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Stellingen
1. De geurstoffen die een plant verspreidt in reactie op vraatschade kunnen bij sluipwespen
zowel voordelige als nadelige gedragsresponsen veroorzaken. Men kan deze
plantengeuren dan ook nietuitsluitend als synomonen beschouwen.
Dit proefschrift
2. Het in zijn geheel besproeien van een gewas met jasmonzuur kan het uitsterven van
specialistische natuurlijke vijanden indat gewas veroorzaken.
N.a.v. Thaler, J.S. (1999)Jasmonate-inducible defences cause increasedparasitism of
herbivores. Nature 399: 686-688, endit proefschrift
3. Er is onvoldoende onderzoek gedaan om te kunnen bepalen of de trofische cascade die bij
effectieve biologische bestrijding in een monocultuur optreedt, ook voorkomt bij een
complexe mengteelt van gewassen.
4. In voedselweb-studies worden interactie-sterktes nog vaak gereduceerd tot een
gemiddelde. Het verdient aanbeveling de dynamiek van interactie-sterktes te bestuderen,
zowel in een voedselweb als inhet informatieweb dat daarmee samenhangt.
5. Het boek Consciousness explained (1991) van Daniel C. Dennett verklaart het bewustzijn
niet.
6. Een 'Index of Cooperative Effort' (ICE) zou naast de aantallen publicaties en citaties een
belangrijke rolmoeten spelen bij het beoordelen van individuele wetenschappers.
7. Als sluipwespen ook populaties van mensen zouden reguleren was de wereld nog veel
groener.
8.Beton maakt meerkapot danje lief is.
9. Om de evenhoevigen op de Veluwe te beschermen tegen MKZ moet de productie van
vleesinNederland ophouden of kleinschaliger worden.
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Abstract
This thesis describes research on multitrophic interactions between parasitoids, herbivores and plants.
These are all involved in a dynamic game of hide-and-seek. Insect herbivores may occur in different
spatial distributions across plants.Some species occur in local clusters, while others have a more even
distribution. Parasitoids arechallenged todealeffectively with such variation in the spatial distribution
of their victims. I studied how different species and strains of Cotesia parasitoids make use of
chemicalinformation andforaging experienceunder varying spatial distributions ofhosts.
The parasitoids Cotesiaglomerata and Cotesiarubeculashow clear interspecific variation in foraging
decisions when exploiting patches with herbivores. C. glomerata tunes its foraging decisions to the
current environment as it gains experience with hosts during subsequent patch visits. In contrast,
foraging decisions in C. rubecula seem insensitive to acquired experience. These Cotesia species
prefer different herbivore species, that occur in different spatial distributions across plants. C.
glomerataprefers toattack Pierisbrassicae,thatoccursin rareclusters of highly variable density. The
parasitoid C. rubeculaspecialises on Pierisrapaethat mostly feeds solitarily on plants.This leads the
parasitoid C.glomerata to experience a more variable environment, with a wider scope for increased
efficiency through learning.
Both Pieris species are present in Europe, but the clustered host is absent in North America. The
parasitoid C.glomerata was introduced to North America in 1883 to control solitarily feeding Pieris
rapae, and about 350 generations of C. glomerata parasitoids have now foraged there. The
experimental results suggest that American C. glomerata have adapted to forage for solitary host
larvae,mostlythrough alossof costly traitsfor finding rare clustered larvae.TheEuropean parasitoids
spend a lot of time on explorative flights, while their American conspecifics seem to minimise travel
costs andeffectively focus on theexploitation ofpatches with solitary hosts.
Herbivores are hard to find victims for parasitoids, and parasitic wasps may use any reliable
information from the environment to locatethem. Plants play a key role in providing this information.
Plants may emit volatile infochemicals, when they are damaged by herbivores. Such volatiles are
attractive to parasitoids and may guide them to their hosts. However, this research shows that the
reliability of plant infochemicals may be very low when a complex of herbivores feeds on the plant.
This is important, as plants are mostly attacked by several herbivore species, both in agricultural and
natural ecosystems. The presence of nonhost herbivores causes parasitoids to waste time on damaged
plants without hosts. A model study shows that the interaction between this 'wasted time' effect and
herbivore diversity stabilises communities of parasitoids and herbivores. However, above a certain
diversity threshold parasitoids may waste too much time on nonhost herbivores. This may lead to the
local extinction of several parasitoid species. Thus, diversity may promote both stability and
extinctions,whenplantsprovideunreliable information.
Thisthesis showsthat theflow of information between allthese actors is crucial for the understanding
of insect behaviour and community dynamics.This information flow involves plants, parasitoids and,
surprisingly, bothhostandnonhost herbivores.
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1
Hide-and-seek on entangled banks

It isinterestingtocontemplatean entangledbank, clothedwithmanyplants ofmanykinds,with
birdssingingonthebushes,withvariousinsectsflittingabout,andwithwormscrawling through
the damp earth, and to reflect that these elaboratelyconstructedforms, so differentfrom each
other, and dependenton each other in so complexa manner, have all beenproduced by laws
acting around us. These laws, taken in the largest sense, being growth with reproduction;
inheritance which is almost implied by reproduction;variabilityfrom the indirect and direct
actionoftheexternalconditions oflife,andfrom useanddisuse;aratioofincrease sohighasto
lead to a strugglefor life, and as a consequence to natural selection, entailing divergenceof
characterandtheextinction ofless-improvedforms
...and thatwhilstthisplanet has gone cyclingon accordingto thefixed lawof gravity,from so
simplea beginningendlessforms most beautifuland most wonderfulhave been,and arebeing
evolved.
-Charles Darwin
1859Ontheoriginofspeciesbymeansofnaturalselection

GENERAL INTRODUCTION

Parasitoids are important in terms of species richness, ecological impact and economic
importance (LaSalle &Gauld 1991,1993; Pickering &Sharkey 1995)and asmodel organisms in
evolutionary and ecological studies (e.g. Godfray 1994;Jones etal. 1995;Abrahamson &Weis
1997;Hassell 2000).Femaleparasitoids forage for insects tousethese ashosts,afood source for
their offspring. The larvae of many parasitoid species eat their host from the inside, in order to
complete development. Successful parasitoid development causes hosts to die and adult
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parasitoids toemerge.Estimates on the exact number of species on earth are of limited accuracy
(May 1998), but parasitoids have been estimated to comprise at least ten percent of all known
animal species (Rothschild 1965;Askew 1971; Hassell 1978) or between 170.000 and 6 million
species (LaSalle &Gauld 1991).Foodwebscomprisinggreen plants,insectherbivores andinsect
parasitoids include over half of all known animal1 species. Gaining insights in their functioning
and structure could provide a basis for deeper understanding of terrestrial communities (Price
1980;Strongetal.1984;Hawkins &Lawton 1987).Parasitoids mayregulate herbivorous insects
innatural ecosystems andthusassistinkeepingthe world agreenplace.Some studies fail to find
such regulation (see e.g. Dempster 1983), but this may partly be due to methodological
difficulties in thedetection of density dependence of parasitism (see Hassell 1986).However, an
analysisof classical biological control projects in agro-ecosystems indicates thatparasitoids often
docontrol herbivore populations,withmore than216projects in99countries achieving complete
or satisfactory pest suppression (Greathead 1986).In this light some authors consider parasitoids
tobekeystone speciesinmanyterrestrialecosystems (LaSalle &Gauld 1991,1993).

Multitrophic interactions
Plants,herbivores andparasitoids areinvolved in amultitrophic gameof hide-and-seek, in which
infochemicals and the spatial distribution of host and nonhost herbivores play akey role. Female
parasitoids are under selection to efficiently spend their limited time on the location and
exploitation of hosts, which often occur in patches (Godfray 1994; Ellers et al. 2000). The
adequacy of foraging decisions in female parasitoids isdirectly linked withreproductive success.
This makes theseanimals highly suitable for evolutionary studies of foraging behaviour (Cook&
Hubbard 1977;vanAlphen &Vet 1986).Hosts for theirpart are under strong selection not tobe
found bytheirparasitoids (Vet etal. 1991;Vet &Dicke 1992).Hostsrelease only small amounts
of volatiles (Turlings et al. 1991a), which reduces their detectability for parasitoids at longer
distances (Vetetal.1991).
Animportant characteristic determining the chances of being located and attacked, is theOspatial
distribution of hosts. Herbivorous hosts may be relatively inconspicuous when they occur
solitarily on plants (Mauricio & Bowers 1990). On the other hand, hosts may experience a
1

metazoans(multi-cellularanimals)
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reduced per capita risk of parasitism when occurring in large aggregates (Hunter 2001). This
might be due to group defence behaviour (Stamp 1981;Vulinec 1990),or to dilution effects and
the limited accessibility of central individuals within a cluster (Turchin & Kareiva 1989).
Gregarious and solitary feeding by herbivorous insects will lead to different patterns of damage
onplants,thusproviding visualinformation toparasitoids insearchofhosts(Wackers 1994).
In addition, feeding by herbivores induces the production and emission of abouquet of volatiles
inmanyplant species (Vet &Dicke 1992).Such synomones areattractive tonatural enemies and
are considered to guide parasitoids and predators to their herbivorous victims (Vet et al. 1991;
Vet &Dicke 1992).A potential drawback of herbivore-induced volatile emission may be that it
makes plants more conspicuous to other herbivores (Dicke & Vet 1999).Plants are able to emit
volatiles inrelatively largequantities, which makes aplant-herbivore-complex moredetectable to
parasitoids than hosts and their by-products (Turlings et al. 1991b;Vet etal. 1991;Steinberg et
al. 1993; Geervliet et al. 1994). Plants may respond differentially to different species and
densities of herbivores in their intensity of volatile production (see Geervliet etal. 1997). Such
differential responses may affect howconspicuous clustered or solitaryherbivores areto foraging
parasitoids.
Some plants emit specific volatile blends for different herbivore species, and thus selectively
attract parasitoids (Du et al. 1996;De Moraes et al. 1998). However, several parasitoid species
areattracted toplants and leaves infested with non-host herbivores (Agelopoulos &Keller 1994;
Geervliet etal. 1996).The volatile blends from these plants may be non-specific or very similar
for different herbivore species (Geervliet et al. 1997;Dicke & Vet 1999).The majority of plant
species in the field will be attacked by a complex of herbivores (Lawton & Schroder 1978;
Futuyma & Gould 1979;Futuyma 1983). Interspecific associations of herbivores on plants may
reduce the reliability of plant volatile information and exploit this to reduce the chances of
location by specialist natural enemies. These have to face such complications and deal with the
presenceofherbivores that areoutsidetheir diet.
The literature abounds with experimental studies on infochemical use byparasitoids (e.g.Waage
1979;Noldus etal.1991;Steinberg etal. 1992;Vet &Dicke 1992;McCall etal. 1993;Wiskerke
etal. 1993;Agelopoulos & Keller 1994;Geervliet etal. 1994;Agelopoulos etal. 1995;Potting
etal. 1995;Geervliet etal. 1996;Colazza etal. 1997;Geervliet etal. 1998a,b;Jang etal.2000).
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Experimental research on behavioural variation in response to variation in host distributions is
much scarcer, but see Wiskerke & Vet (1994); Driessen et al. (1995); Driessen & Bernstein
(1999). In this thesis we investigate both interspecific and intraspecific variation in parasitoid
foraging behaviour. We study the mechanisms underlying parasitoid foraging decisions and
evaluate whether we can infer adaptive variation in the way parasitoids deal with the spatial
distribution of their hosts. The system consists of European and North American Cotesia
parasitoids ofPieris caterpillars thatfeed gregariously orsolitarily oncruciferous plants.
Before presenting my data I will first provide a theoretical background of the behavioural and
evolutionary ecological approach. Next I will address theoretical aspects of foraging for hosts
withdifferent spatialdistributions,andthevalueof information toaparasitoid during foraging. A
third section provides information on the spatial ecology of the experimental system. Finally I
state the general objectives of this thesis and introduce the research described in each of the
following chapters.

THEORETICAL BACKGROUND
Adaptation
Life on earth was already extant about 3,5 • 10 years ago (Schopf 1993). Since then many new
typesof organisms havereplaced othertypes inaflow of evolutionary change.Twofactors cause
this change: chance and natural selection (Darwin 1859;Mayr 1983). An organism with a new
genotype (a mutant) has to deal with a complex environment which is setby its competitors, the
abiotic conditions and the food web context in which it lives. This ecological embedding will
determine how density dependence limits population growth and will thus affect how natural
selection acts on mutant features (Mylius 1999).If the mutant has a new feature that allows it to
invade this complex environment, we may call this feature an 'adaptation' and say that the
mutant has a higher fitness. Behavioural and evolutionary ecologists are interested in evaluating
whether thefeatures weobserveinorganisms today are adaptations.Toinfer whether afeature or
a combination of features is the result of natural selection, instead of chance alone, we need to
showthatitactuallywouldbefavoured byselection (Mayr 1983).
The adaptive value of behaviour can readily be studied in insect parasitoids. In these animals
foraging behaviour is closely linked with reproductive success (Cook & Hubbard 1977; van
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Alphen &Vet 1986;Godfray 1994).Wemay askwhether thebehavioural patterns weobservein
these animals today consist of adaptations as aresult of natural selection. It would be ideal if we
would know thegenes involved in foraging behaviour, their variability and correlations with the
rest of the genotype, their effect on aspects of the phenotype other than foraging behaviour, and
the details of their expression in relation to environmental conditions. Then we could study the
link between gene frequencies and ecological interactions directly. Unfortunately, little if any
such genetic information is currently available, although we may know more about parasitoid
genome sequencesandtheexpression of genesinthenearfuture. Linking genetic andphenotypic
approaches may currently not be workable or effective (Lessells 1991). Behavioural ecologists
have not let themselves be discouraged by the above mentioned lack of information. They have
decided to study questions on adaptation by focusing on thephenotype (e.g.foraging behaviour)
while basically ignoring the mechanisms of genetics. Phenotypic modellers mainly rely on two
approaches.
Agame theoretic approach is adopted when thefitness of particular phenotypes depends on their
frequency in the population (Maynard Smith 1982). It assumes that different types of behaviour
(strategies) play against each other in an evolutionary game. The solution to this game is called
the evolutionarily stable strategy (ESS). When almost all individuals in the population have the
ESS phenotype, no alternative strategy can invade that population (Maynard Smith 1982, 1989;
Marrow &Johnstone 1996).
When the fitness of particular phenotypes is not critically dependent on their frequency in the
population, an optimisation approach can be adopted (but see Heino et al. 1998; Mylius 1999).
Models are made in which the costs and benefits are evaluated of different types of behaviour
(decisions), in terms of a chosen fitness criterion, and under certain constraints with respect to
whatcanbedecided orobtained.The 'best' oroptimal decision within thecontext of themodelis
then compared towhattheanimalunderstudy reallydoes.This can suggestnewhypotheses tobe
tested, and may thus lead to new insights. This approach has led to a body of theory called
optimalforaging theory (Stephens &Krebs 1986).
Optimal foraging theory, and more in general the 'adaptationist programme' has received
criticism, for severalreasons.First of all,"breaking an organism into unitary traits and proposing
an adaptive story for each considered separately" (Gould & Lewontin 1979) is an atomistic
approach that would not do justice to the holistic nature of the genotype. Secondly, a
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characterisation of natural selection as a mechanism that produces perfection does not hit the
mark, a point made with lavish rhetoric and ridicule by Gould & Lewontin (1979). Although
correct, these points criticise a caricature of what the 'adaptationist programme' really is (Mayr
1983).Most adaptationists will agree that the process of natural selection is constrained in many
ways.
However, developments in the field of long-term evolution have led to an idea that tries to
circumvent the problem of genetic constraints. Peter Hammerstein's (1996) 'streetcar theory of
evolution' supposes that although genetics does matter and is important in short-term evolution,
long-term evolution may be relatively free of genetic constraints. Short-term evolution may lead
to equilibria that do not match the 'phenotypic optimum'. However, according to the 'streetcar
theory' new mutant alleles could destabilise such equilibria at a longer time scale, allowing
further evolution. Thus the evolutionary course of the population can be compared to that of a
streetcar, which repeatedly comes to a halt at temporary stops and starts moving after new
passengers -new mutants- have entered it. This process would repeat itself until no new alleles
are able to destabilise the equilibrium, at which time the tram would halt at its final stop
(Hammerstein 1996). The population phenotypic strategy at this equilibrium is a Nash
equilibrium (a best reply against itself, see Hofbauer & Sigmund 1988), and can be an ESS
(Hammerstein & Selten 1994; Hammerstein 1996;Weissing 1996; Marrow & Johnstone 1996).
Thus the end point of long-term evolution could coincide with predictions from phenotypic
models.However, a change in that environment may open up the possibility for new mutants to
invadeandthussettheevolutionary streetcar going again (Hammerstein 1996). This last point
is a reason for concern. The 'streetcar' theory only works when ecological embeddings remain
fixed across evolutionary time scales. In nature, selection pressures may change frequently and
radically long before the 'ESS' mutation has a chance to occur. For example, during the late
Pleistocene, amere 12,000years ago,most modern ecological communities did not exist in their
present locations, or consist of the particular mixture of species that coexist today (Futuyma
1986). This time scale problem suggests that the 'streetcar' idea does not solve the issue of
geneticconstraints.Theseandotherconstraints maybeimportant most of thetime and temporary
local optima may be the norm in nature. The static idea of the 'streetcar' will not apply to
behavioural traits that have evolved recently and to traits evolving under fluctuating selection
(e.g.parasitoid-host coevolution) (Weissing 1996).
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Inthisresearch project Ihavechosennot tocontrast theforaging strategies of Cotesia parasitoids
with anapriori 'phenotypic optimum'.Intheabsenceofknowledge on genetic constraints Ihave
approached constraints at the level of the phenotype and studied behavioural mechanisms and
limitations experimentally. The results of such experiments have served as a context for my
inferences on adaptation. I have used a detailed simulation model to extrapolate from observed
foraging strategies tolifetime reproductive success indifferent environments andinvestigated the
sensitivity of reproductive successtochangesintheseforaging strategies.

Apairwisecomparative method
Interspecific and intraspecific variation in parasitoid foraging behaviour is evaluated, in relation
to the spatial distribution of herbivorous hosts across plants.Differences between populations of
one species or between pairs of species within the same genus reflect relatively recent
evolutionary change ('short' term evolution). Making such comparisons offers several
advantages. Adaptive differences between such groups do reflect responses to environmental
variation, as ancestry does not play a role. After all, congeners and populations of the same
species are likely to have an 'immediate' common ancestor, which makes differences in traits
likelytoactuallyreflect differentiation. Moreover, few variables arelikelytoconfound theresults
of comparisons, simply because congeners and pairs of populations are similar in many aspects
of their biology (M0ller & Birkhead 1992). Furthermore, taxonomists agree more often on the
taxonomy of closely related species than on distantly related ones,which reduces the problem of
poorlyknownphylogenies whenmakingcomparisons (M0ller &Birkhead 1992).
If onechooses to compare closely related groups that forage in habitats that are similar in allbut
one important aspect, then any observed adaptive variation is likely to be actually related to
variation in that aspect of the environment. A combined analysis of congeners and populations
may provide information on time scales of evolutionary change. The power of this approach is
limited by the number of comparisons that can be made. If only a few populations are available
for comparison, theresultswillmainly servetosuggestfurther hypotheses tobetested.

Host distributions andthevalueof information
Hosts will be under selection to occur in spatial distributions that minimise the chances of
parasitism, while parasitoids are under selection to deal efficiently with present distributions of
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hosts across patches. Both hosts and parasitoids are small animals in a large world, and host
location requires the use of different sensory modalities for orientation in spatially structured
environments. Senses provide only local information. Hiding hosts may take advantage of
sensory and other constraints in host-seeking parasitoids. This is another good reason to study
constraints. They may play an interesting role in the evolutionary game between parasitoids and
hosts.
Someof theearlyforaging models,e.g. themarginal valuetheorem (Charnov 1976)assumed that
animals have 'complete information' on the distribution and density of resources in their
environment, which is unlikely to be the case in nature. Equivalently, these models did not take
into account that parasitoids may sample their environment (Cook & Hubbard 1977) and thus
gain experience onwhich tobase their foraging decisions. There is clear empirical evidence that
experience affects parasitoid decisions on where to go and how long to stay (Papaj et al. 1994;
Vetetal. 1995).Thesedecisions arecrucial for reproductive success andhavebeen central tothe
average-rate maximising prey- and patch-models of early foraging theory (Stephens & Krebs
1986).
Many authors have set to study the mechanisms of patch usein afunctional context (e.g.Waage
1979; Haccou et al. 1991;Hemerik et al. 1993; Driessen et al. 1995; Vos et al. 1998). These
studies focused on the mechanisms employed by parasitoids to make decisions on how long to
stay searching in patches with hosts.Two types of information emerged as key factors affecting
parasitoid decisionsonpatch timeallocation:theconcentration ofhost-derived infochemicals ina
patch and the timing of ovipositions. Parasitoids that are able to accurately estimate host density
based on infochemical information may usethis effectively toexploit hosts in any type of spatial
distribution. In this case ovipositions provide reliable information on how many unparasitised
hosts remain in thepatch, as theinitial density in the patch is known. Hosts will face difficulties
tomanipulatetheefficiency of suchparasitoids throughtheirspatial distribution acrosspatches.
On the other hand, when parasitoids are unable to make an accurate initial assessment of host
density in a patch, hosts will have a wide scope for manipulating parasitoid efficiency through
changes in host distribution. In this case only the timing of ovipositions can be used by the
parasitoid, whilethepay-off of different behavioural rules todeal with such information depends
critically on the spatial distribution of hosts across patches (Iwasa etal. 1981).To give a simple
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example, if parasitoids currently have a tendency to stay a long time in a patch after a first
oviposition, hosts 'should' occur singly in patches. All parasitoids will then waste a lot of their
timeandthatwillreducetheriskof parasitism.
However, if parasitoids currently have a high tendency to leave immediately after a first
oviposition, then the sharing of patches by hosts would reduce the chances of parasitism. The
concentration of infochemicals in apatch represents valuable information to parasitoids with the
ability to use it for accurate assessment of host density, as this information allows them to
adaptively change their behaviour. These same infochemicals are much less valuable to
parasitoids that are unable to assess their concentration. This may be a general phenomenon.
Information isonlyasvaluable asitisuseful tochangebehaviour (Stephens 1993).

Thebiologyandspatialecologyof Cotesiaparasitoids,Pierisherbivores and
Brassicaplants
Parasitoids
Cotesia glomerata(L.) lays clutches of eggs inside thecaterpillars of severalPierisspecies, asit
is a gregarious larval endoparasitoid (Laing & Levin 1982). The longevity of C.glomerata
females in the field is unknown. In the laboratory females can live up to five weeks if fed with
honeywater (Laing &Levin 1982). Inacage inthe field female C.glomeratathat were provided
with a honey-solution and water lived up to four or five days (Geervliet 1997). C.glomerata
females havebetween 500and2000eggsuponemergence andcanproduce severalhundred more
duringadulthood (Moiseeva 1976;Shapiro 1976;leMasurier &Waage 1993).
Cotesia rubeculalays single eggs,mainly insidePierisrapaecaterpillars, as it is asolitary larval
endoparasitoid. Inthelaboratory females livebetween three and 26days,withamean of 17days.
In field cages C. rubecula female parasitoids lived on average 14 days (Geervliet 1997). C.
rubecula females have around 30eggsupon emergence andcanproducebetween 40and 80more
laterinlife (Nealis 1990).

Herbivore speciesandparasitoiddevelopment
C.glomerata's main hosts in Europe arethe largecabbage white,Pierisbrassicaeand the small
cabbage white,P. rapae.When given achoice between these two hosts, C.glomerataprefers to
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oviposit in P. brassicae (E.A. van der Grift, M.P. Huiser & L.E.M. Vet unpublished). P.
brassicae and P. rapae are both highly suitable for C. glomeratadevelopment (Brodeur et al.
1998), but P. brassicaesustains the development of larger clutches and larger wasps in a single
larva (Harvey2000).
P. rapaeis more suitable for C.rubecula development than P. brassicae,as P. brassicaelarvae
parasitised byC. rubecula often dieprematurely (Brodeur etal.1998).
Hostdistributions inEurope
Thebasic egg-laying pattern of P. rapaeresults in a Poisson distribution of larvae across plants
in Europe. Most infested plants have a single P. rapaelarva. In contrast, P. brassicaeoccurs in
aggregates of gregariously feeding caterpillars on leaves. Such clusters occur in variable sizes of
up to 150 larvae across plants. Such clusters of P. brassicaeare rare in most of the years in the
Netherlands (Pak etal. 1989).Thebasic spatial pattern of these twoPieriscaterpillars in Europe
consists offew patches withmanyP.brassicae, andmorepatches withfew P.rapae.

Hostdistributions inNorthAmerica
P. rapaemayhave aPoisson or a somewhat more clumped negativebinomial distribution across
plants in North America, depending on the time in the growing season. In comparison with
Europe,largerP. rapaepopulation densities build upeach year inNorth America. This results in
many P. rapaepatches with relatively high densities per patch. P. brassicaeis absent in North
America. Thereisnoothergregariously feeding Pierisspecies onthis continent.

Interspecificvariation inforagingbehaviour
The foraging behaviour exhibited by C. glomerata seems more adapted to the exploitation of
gregarious P. brassicae larvae than of solitary P. rapae larvae (Wiskerke & Vet 1994). C.
glomerataexhibits very rapid sequences of ovipositions within P.brassicaeclusters, but needs a
long time to find solitary larvae on P.ra/?ae-infestedleaves (Vos, re-analysis data Wiskerke &
Vet 1994). C. rubeculais more efficient when foraging on P. rapaepatches. We hypothesised
that this difference was due to variation in walking patterns between the two parasitoid species
(with C. glomerata wasting time due to area restricted search near solitary hosts). However,
analysis of search tracks with an EthoVision video tracking system showed indistinguishable
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search patterns. The only significant behavioural difference in intrapatch behaviour was a higher
walking speed inC. rubecula thatcausesittoencounter hostsatahigherrate (Vosunpublished).
Plants
About 100 species of Cruciferae areknown as host plants of P. brassicae,P. rapaeand P.napi
(Geervliet 1997).These comprise both wild crucifers and cultivated crop plants like cabbages.A
preliminary study showed that cultivated cabbages, especially Brussels sprouts plants(Brassica
oleraceagemmifera)were most attractive to Pierisherbivores in a field with 13species of wild
and cultivated crucifers (L. Castricum, J.J.A van Loon & M. Vos unpublished). Herbivoreinfested cabbages are also highly attractive to Cotesiaparasitoids (Geervliet et al. 1996). The
Pieris-Cotesia system may originally have evolved on small wild crucifers, but cabbages
represent a much higher nutritional value, and attraction to these larger plants is not surprising.
Wild crucifers may still be important early in each season when cultivated cabbages are not yet
available.
For thisresearch project weused Brussels sprouts plants (B.oleraceagemmiferacv Icarus),both
inthelaboratory experiments andinthefield.Plants were about40cmhigh inthelaboratory and
had around 16 leaves. In the field the plants could grow to become 1 m tall and could have
around 40 leaves with a diameter of up to 40 cm. The plants in the field and in the laboratory
semi-field environments were set up as monocultures. Thus parasitoid interplant travels were
alwaysbetween B. oleracea plants.

The community
An entire community of herbivore species occurs on cabbages, including aphids, several
caterpillars, Phyllotretabeetles, leaf miners and root flies (Kirk 1992).All these herbivores may
affect the production of plant volatiles and thus affect the interaction between Pieris hosts and
Cotesia parasitoids. This implies that the spatial distribution of nonhosts may be as important to
parasitoid foraging strategiesasthedistribution ofhosts.
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RESEARCH OBJECTIVES
I explored the strategies of parasitoids that forage for host species with different spatial
distributions across plants. Firstly, I investigated interspecific variation in the patch exploitation
mechanisms of C. rubeculaand C. glomerata that forage in the same habitat with cruciferous
plants,but prefer hosts withdifferent spatial distributions. Secondly Ievaluated whether adaptive
intraspecific variation inforaging behaviour could be inferred between C.glomeratapopulations
that have experienced different host distributions for about 350 generations. Throughout this
thesis I investigated both constraints and plasticity in parasitoid responses to information from
herbivores and plants.A third objective was to investigate the effects of variation in information
useby parasitoids at the level of the community. The general aim is to understand the evolution
andspatialecologyofparasitoid-host interactions andinformation useinthistritrophic system.

Interspecific variation inpatch exploitation
The first objective was to compare the foraging behaviour of two closely related parasitoid
species (C. rubecula and C. glomerata) with respect to leaving tendencies from patches in
different semi-field environments. Parasitoids are unlikely to have complete information on the
quality oftheirhabitat,buttheymay acquirelocal information andexperience.Parasitoids clearly
increase their foraging effort in microhabitats where they had rewarding experiences like
successful ovipositions (Papaj etal. 1994).However, itis not always obvious whether rewarding
experiences should increase or decrease the animal's leaving tendency: in some patch types (e.g.
when there is generally only a single host present) it is adaptive to leave directly after an
oviposition (Strand &Vinson 1982),whileinothersitisbettertostay.
In Chapter 2I clarified this issue for the Cotesia-Pieris system and investigated how intrapatch
experiences like contact with feeding damage and encounters with solitary or clustered hosts
influence parasitoid patch leaving decisions. I also investigated the effect of experiences in
previously visited patches on foraging decisions in the present patch. I chose a statistical
modelling approach to dissect the behavioural strategies of these parasitoids, using the
proportional hazards model (Cox 1972).Thismethod allowsinferring whether theparasitoids use
simplefixedrules or makecomplex flexible decisions. In addition Icompared patch exploitation
inthese Cotesia parasitoids with the mechanisms that havebeen proposed byWaage (1979)and
Driessen etal.(1995)for theparasitoid Venturia canescens.Contrasting different parasitoid-host
systemsmayhelpustotake astepbeyond system-specific ecology.
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Intraspecific variation between Cotesiaglomeratapopulations
The second objective was to investigate intraspecific variation between different C.glomerata
populations. A classical biological control program provided a unique opportunity to test
ecological and evolutionary hypotheses in this system (see le Masurier & Waage 1993). The
parasitoid C. glomerata was introduced from Britain to the USA in 1884 to control the
lepidopterous pest P. rapae (Clausen 1956). P. brassicae is absent in the USA, which forces
North American C.glomeratato deal with solitarily feeding hosts.European C.glomeratahave
todecide whether they will actually accept theP. rapaelarvaethey aremore likely to encounter,
or whether they will reject these as a host, to spare eggs for a possible 'jackpot' cluster of P.
brassicae larvae. It may not be adaptive to use a fixed decision rule like 'only accept P.
brassicae'. Instead, female parasitoids may use various cues for the presence or absence of P.
brassicaeinthecurrent environment.
LeMasurier and Waage (1993) have shown that more than 100years after their introduction, C.
glomeratafrom the USA have ahigher attack rate onP. rapaethan British C.glomerata.These
results did not provide any clue as to which aspects of parasitoid behaviour might be different
between American and British strains of C.glomerata.North American parasitoids might have
evolved new traits for the exploitation of P. rapae, or have lost some characteristics of their
behaviour that are especially tuned to foraging for highly clustered P. brassicae.Both scenarios
mightresultinanincreased efficiency onthesolitary host.
One important aspect of parasitoid behaviour, that may affect attack rates, is host acceptance. In
Chapter 3 Iinvestigated whether differences in host acceptance between the different strains of
C.glomeratacould explain thehigherrate of attack asobserved by leMasurier &Waage(1993).
Furthermore I studied whether the host species in which a parasitoid develops has a phenotypic
effect on host acceptance in the adult animal. Host-derived information perceived during
development oremergence might be acue for European C.glomeratatothe presence or absence
of P.brassicae initsenvironment. Inaddition Iexamined theeffect of oviposition experiences in
P. brassicae versus P. rapae on subsequent host acceptance of P. rapae. For the pairwise
comparison between parasitoid populations Iused C.glomeratastrains that hadboth been reared
onP.rapae.
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Theexperiments by leMasurier &Waage (1993) have suggested that C.glomeratahas adapted
toattack P. rapaein North America. One of the limitations of that study was the confinement of
tested parasitoids to cages. Since I was interested in the possibility of adaptation to spatial
distributions of hosts, I used behavioural observations in semi-field set-ups, thus allowing the
parasitoids totravelbetween plants andleavesinfested withhosts.
In Chapter 4 I investigated travel patterns in C. glomerata strains from Europe and North
America, focusing on tendencies to make explorative flights and to travel between and within
plants.Iexamined patch leaving andarrival atthelevels of plants and leaves andmeasured travel
times between patches. Travel times are important in determining the adaptive value of patch
leaving decisions (see e.g. Driessen & Bernstein 1999). Accurate estimates of parasitoid travel
times are scarce in the literature (but see e.g. Volkl 1994; Volkl & Kraus 1996).To understand
patch exploitation inparasitoids, itisessential toknow whether parasitoids make decisions based
on local information from the present patch, or use information from other patches in the
environment while exploiting the current patch. Therefore I also studied whether the parasitoids
used olfactory information from an alternative, nearby patch of much higher quality, to make
patch leavingdecisionsonthecurrent patch.
In Chapter 5 I used the behavioural data from my semi-field environments to parameterise a
simulation model of Cotesia glomerataforaging behaviour in a large field with Brassicaplants.
The general aim was to relate the variation in foraging behaviour between American and
European parasitoids to variation in lifetime reproductive success. The performance was
investigated of both foraging strategies on the different host distributions occurring in North
America and Europe. Furthermore I checked how robust these strategies are to the ability or
inability of parasitoids to assess host density on plants and leaves. I examined whether the
foraging strategy of the American population is more successful in the North American
environment than the European strategy, 350 generations after C. glomerata's introduction to
North America. Furthermore I considered host decisions on how to distribute offspring across
leaves.Could thehost manipulateparasitisation rates byNorth American parasitoids by changing
the distribution pattern of its offspring? Iasked towhich aspects of parasitoid behaviour lifetime
reproductive success is most sensitive and investigated the proportion of time limitation in
European and American parasitoid populations in environments with different host distributions.
The proportion of time limitation in a population indicates how natural selection will act on
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parasitoidbehaviour. Ifmost parasitoids diebefore theyhavelaid alltheireggs,and arethustime
limited,natural selectionislikelytoactonhostencounterrates.
Hide-and-seek onentangled banks
Infochemicals play a key role in multitrophic relationships, mediating direct and indirect
interactions (Vet &Dicke 1992;Dicke &Vet 1999; Stowe etal. 1995;Sabelis etal. 1999).The
information web, based on infochemicals, is more complex than the food web (Dicke & Vet
1999;Vet 1999).Any infochemical canpotentially be used in thebattle between consumers and
resources,either for defences, or for attacks.Many parasitoids andpredators of insect herbivores
usevolatiles from herbivore-infested plants for the long-distance location of their victims (Vet&
Dicke 1992). The majority of plant species in the field will be attacked by a complex of
herbivores (Lawton &Schroder 1978;Futuyma &Gould 1979;Futuyma 1983).Natural enemies
willhavetodealwith thiscomplexity. This isthetopic of Chapter 6. As yet there areno studies
available on thevolatileblends produced by plants infested with acomplex of herbivore species.
Itislikelythoughthat suchblendsaremoredifficult to 'interpret' for naturalenemies.
Recent advances in the diversity-stability debate have not taken into account that many trophic
interactions are mediated by infochemicals (e.g. McCann et al. 1998; see McCann 2000 for a
review; Borrvall et al. 2000). These studies show that species diversity can increase food web
stability, when weak trophic links dampen the oscillations of strong consumer-resource
interactions (McCann etal. 1998;McCann 2000). Smaller fluctuations reduce the probability of
extinctions, thus promoting food web persistence. I studied the effect of herbivore diversity on
the use of plant information by parasitoids. Is plant information less informative in a multipleherbivore environment, and does this weaken potentially strong parasitoid-host interactions?
Field data were examined with respect to herbivore species diversity on the single plant species
B. oleracea.In laboratory experiments Iinvestigated whether parasitoids are constrained in their
ability to discriminate between leaves infested with hosts, non-hosts, and complexes of host and
non-host herbivores. Based on the results models were explored of parasitoid-herbivore
communities that occur on a single plant species. I studied the effect of information links on
trophic links,which isqualitatively different from aweak trophic interaction dampening astrong
one (McCann etal. 1998).I hypothesised that small increases in diversity at the herbivore level
will increase thepersistence of the parasitoid community and that extinctions areto be expected
athighlevels ofherbivore diversity.
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In addition the different parasitoid species in the model were allowed to be affected in varying
degrees by non-host herbivores to study the effects on the community.
In this project I aimed to partly disentangle the information web, on an entangled bank clothed
with crucifers, with various butterflies and parasitoids flitting about, and to relate differences in
their behaviour to lifetime reproductive success and the persistence of the community.
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Patch exploitation by the parasitoids Cotesia rubecula
and Cotesia glomerata in multi-patch environments with
different host distributions

Summary
We analysed the foraging behaviour of two closely related parasitoid species (Cotesia rubecula
and Cotesia glomerata) with respect to leaving tendencies from patches in different
environments.Weinvestigated howintrapatch experiences likecontact with feeding damage and
encounters with hosts influence patch leaving decisions. We also estimated the effect of
experiences inpreviously visitedpatchesonleavingdecisionsinthepresent patch.
Forthis analysis we applied theproportional hazards model (Cox 1972)todata collected in three
versions of a multiple patch set-up. These set-ups consisted of different host species or
combinations of host species: (1) Pieris rapae, (2) Pieris brassicae, (3) both P. rapae and P.
brassicae. The larvae of these hosts differ in their spatial distribution on plants: P. brassicae
occurinclusters andthedistribution oflarvaeisheterogeneous;P.rapae larvaefeed solitarily.
The specialist parasitoid C. rubeculaused a simple strategy: highest leaving tendency on empty
leaves, lower leaving tendency on leaves infested with the non-preferred host P. brassicae,
lowest leaving tendency on leaves infested with thepreferred host, P. rapae.In the environment
withbothhost species,theleaving tendency onlydecreased onleavesinfested withP. rapae. The
generalistC. glomeratausedamorecomplex setofrules:(a)Multiple ovipositions onthepresent
patch decreased the leaving tendency on leaves containing the gregarious host, (b) Once the
parasitoid had encountered twoor more hosts,ithad alower leaving tendency during subsequent
patch visits, (c) The leaving tendency increased with the number of visits on infested leaves. In
environments where the less preferred host P. rapaewas present, C.glomerataswitched to the
samesimpletypeofruleasusedbyC. rubecula.
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Neither of the two Cotesia species used a count-down rule, in which ovipositions increase the
leaving tendency. We discuss how patch exploitation by both Cotesia species compares to the
patch exploitation mechanisms asproposedbyWaage(1979) andDriessen etal.(1995).
We formulate an 'adjustable termination rate' model for patch exploitation in both Cotesia
speciesinmulti-patch environments.
INTRODUCTION
Optimal foraging theory attempts to relate variation in reproductive success of individuals to
variation in their foraging behaviour. Several optimality models have focused on behavioural
decision variables such as patch residence time. The marginal value theorem (Charnov 1976)
considers the optimal residence time in apatch and suggests that this depends on the gain in the
patch, travel times and the rate of gain in the habitat averaged over the total time spent there.
Charnov's model assumes thatthe animal has 'complete information', which is unlikely tobe the
case in nature. His model does not suggest a mechanism or decision rule that foraging animals
couldapplytoachievetheoptimalresidencetime.
This generates the question how animals should make decisions on when to leave a patch?
Several authors have considered what mechanisms might be employed to achieve optimal patch
residence times. It was suggested that animals use simple, rather fixed 'rules of thumb' (see
Cowie & Krebs 1979; Stephens & Krebs 1986). A number of analyses focused on the
performance of such simple patch leaving rules (Iwasa, Higashi & Yamamura 1981; McNair
1982;Green 1984).However, experimental evidence for the general use of such simple decision
rules isscarce.If animalshaveincomplete information onpatch andhabitat profitability, learning
throughexperience and sampling mayprovide amechanism for theoptimization of patch leaving
decisions.There is clear empirical evidence that experience affects parasitoid decisions on where
to go and how long to stay (Papaj etal. 1994;Vet, Lewis & Carde 1995).Animals can increase
their foraging effort in microhabitats where they had rewarding experiences, like successful
ovipositions, through associative learning (Papaj etal. 1994).However, it is not always obvious
whether rewarding experiences should increase or decrease the animal's leaving tendency: in
some patch types (e.g. when there is generally only a single host present) it is adaptive to leave
after oneoviposition (Strand &Vinson 1982),whileinothers itisbettertostay.
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This leads to the question what kind of cues animals could use to achieve adaptive patch
residence times. Waage (1979) used a parasitoid as a model system and proposed a patch
exploitation mechanism for Venturia canescens: when a parasitoid enters a patch it has a
tendency to stay in that patch and to turn around when encountering the edge of the patch. This
responsiveness to the patch edge is initially set by the intensity of the host-associated chemicals
(kairomones) in the patch. With time, this responsiveness decays at a constant rate to a specific
threshold, after which the parasitoid leaves the patch. Ovipositions increase the responsiveness,
thereby increasing patch residence time. In a recent study Driessen et al. (1995) proposed a
decisionmechanismfor patch leavinginthesamespeciesthatcontrastedtothatofWaage (1979)
in one important way: after the initial assessment of host density, ovipositions decrease the
responsiveness, thereby decreasingpatch residence time (a count-down mechanism). The most
important factor determining which mechanism is adaptive, is the accuracy of patch density
assessment. If this is accurate, the count-down mechanism is adaptive. The second factor
differentiating between these rules is host distribution and depends on the first factor. In an
environment where patches contain a uniform number of hosts (and patch assessment is
accurate), a count-down rule may perform most efficiently, while in a habitat with a
heterogeneous host distribution (and inaccurate patch assessment) Waage's mechanism might be
adaptive.
In the patch exploitation mechanisms as proposed by Waage (1979) and Driessen et al. (1995)
only intra-patch factors play a role. However, the marginal value theorem assumes that the
response topatches istuned tomean host availability inthe environment. Hence,itis essential to
consider whether patch leaving decisions change as the parasitoid gains experience about the
world in which it lives. To answer this question, it is important to observe the animal in an
environment that allows ittoexpress itsentirerange of natural behaviour, i.e. in amultiple patch
environment inwhichtheanimalhasaplacetogotoafter leavingthepatch.
Several authors have correlated patch leaving decisions to experiences on the current patch by
means of the proportional hazards model (Cox 1972). Hemerik et al. (1993) and Haccou et al.
(1991)showed thattheleaving tendency of twoLeptopilina parasitoid species decreased withthe
presence of kairomone, ovipositions and high recent oviposition rates. Van Roermund et al.
(1994)showed that thepresence ofhoneydew andovipositions decreased the leavingtendencyof
the parasitoid Encarsiaformosa. Van Steenis et al. (1996) showed that the leaving tendency of
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Aphidius colemanionly decreased at patches containing a high density of 100hosts. Onthese
patchesA. colemaniused acount-down mechanism: ovipositions increased theleaving tendency,
especially after theparasitoids hadencountered 100hostsormore.
Time allocation toforaging behaviour shouldbeadapted tothedensity andspatial distributionof
hosts in patches. Hosts mayoccur singly, evenly distributed orclustered in apatch. Parasitoids
that attack several host species differing in their spatial distribution mayhave evolved flexible
patch leaving strategies.Inthetritrophic systemofcrucifers, Pieris,andCotesia, thehost species
differ markedly in their spatial distribution onthe scale of plants and leaves. Thesmall white
butterfly (Pierisrapae (L.))laysitseggsseparately, often onlyoneorafewonaleaf.Thisresults
in arather lowvariance inthenumber of larvae perleaf. Thelarvae arealso evenly distributed
over a leaf. We will call this the 'uniform' distribution. The large white butterfly (Pieris
brassicae (L.)) lays its eggs in clusters of seven to 150 eggs, so young larvae have a more
heterogeneous distribution. Cotesia glomerata (L.) is a gregarious larval endoparasitoid of
severalPierisspecies (Brodeur, Geervliet &Vet1996).ItattacksbothP.brassicaeandP.rapae,
with a higher acceptance of P. brassicae larvae. First and second instar P. rapae larvae are
readily accepted (Brodeur et al. 1996). The solitary larval endoparasitoid Cotesiarubecula
(Marshall)isaspecialistonP.rapae,butitwill acceptP.brassicae larvaeaswell (Brodeuretal.
1996). Hence, C. glomerata has to deal with host species that occur in uniform as well as
heterogeneous distributions, while C.rubeculais specialized ontheuniform host distributionof
P. rapae.Toboth Cotesiaspecies there isaclear advantage in developing inthepreferred host
species (Geervliet &Brodeur 1992).Naive females ofboth C.glomerataandC.rubecula do not
discriminatebetween infochemicals from plants infested byP. rapaeandP.brassicae(Geervliet,
Vet &Dicke 1994). There is evidence that both parasitoid species visit both patch types inthe
field (Geervliet etal. 2000).
UsingtheCotesia-Pieris system,we specifically addressthefollowing questions:
1)DoC glomerataandC. rubeculashow differences inthewaythey useinformation tomake
patchleaving decisions?
2) Doboth Cotesiaspecies alter their patch leaving strategies inenvironments that differ inthe
availablehost species?
3)Dotheparasitoids use simplerulesofthumb,ordothey employcomplex,flexible rules?
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4) Do the parasitoids use Waage's (1979) patch exploitation mechanism on the host with the
heterogeneous distribution and Driessen eta/.'s (1995) count-down mechanism on the uniformly
distributed host?
METHODS
Experiments
Inouranalysisweusedthebehavioural datacollectedbyWiskerke &Vet (1994).We summarize
their methods below. Full details of the experimental procedure are given in their paper. The
foraging behaviour of C. rubecula and C. glomerataparasitoids was observed in a 'semi-field
set-up' with ft'erw-infested cabbage plants in a greenhouse compartment. Eight Brussels sprout
plants were placed on a table in two parallel rows. Four of these plants were clean, while the
otherfour wereinfested. Twofans placed attheendof thetableprovided an air stream of 0.3-0.4
ms"1 at the parasitoid release site. This release site, situated at the downwind end of the table,
consisted of an excised Brussels sprouts leaf with feeding damage (no hosts), inflicted by the
same species of host(s) as present in the particular experiment. The leaves had a diameter of
about 12 cm. Three types of experiments per parasitoid species were conducted. In these, eight
plants were used in the following combinations: (I) four plants infested with P.brassicaelarvae
and four clean plants;(II) four plantsinfested withP. rapaelarvae andfour clean plants and (III)
two plants infested with P. rapae larvae, two with P. brassicae larvae and four clean plants.
Butterflies of eachPierisspecies were allowed to oviposit on therespective experimental plants.
The excess of eggs was removed to produce the desired experimental density. A plant infested
with P. brassicaecontained on average 20 early first instar larvae (hereafter ELI), in one or two
clusters. The density in such clusters ranged from one to 30. A plant infested with P. rapae
contained 20 larvae as well, but more evenly distributed over several leaves on the plant. Each
infested leaf contained 1-8 solitarily feeding ELI larvae (average 2.44, s.d. 1.34). The foraging
behaviour of individual parasitoids (C. rubeculaor C. glomerata) was observed and recorded
continuously. Each observation started atthe moment theparasitoid left therelease site and flew
to aplant. An observation was terminated after one hour or when theparasitoid left the foraging
arena, landed elsewhere and remained there for more than one minute (Wiskerke & Vet 1994).
Foreachtreatment 18to24females ofeach Cotesia species weretested.
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Theproportional hazards model
Here we give a short explanation of the essentials of the model, for amore thorough description
we refer to Kalbfleisch & Prentice (1980) and Haccou & Hemerik (1985). The proportional
hazards model is used to analyse which factors in the environment (or experiences of the
parasitoid) are correlated with an increase or decrease in the tendency of a parasitoid to leave a
patch. It is assumed that the parasitoids have a basic tendency to leave the patch (base line
hazard),whichisresetafter certainevents,so-called renewal points.Renewalpointsoccurhereat
the moment a patch is entered and when searching resumes after an oviposition. The model is a
multiple regression method, with the relative strength of each of p factors being estimated by
meansofpartial likelihood maximization (seeKalbfleisch &Prentice 1980).
Equation 1 describestheeffect ofthosefactors ontheleavingtendency:

p

h(t;z)=h0(t)eMl

p,-z,-}

eqn1

i= l

in which h(t;z) is the probability per second to leave the patch (in our case when the parasitoid
flies away from the leaf), and ho(t) is the basic tendency to leave, i.e. when there is no effect of
any factor like experience or environmental information. The n are the factors (covariates) that
might influence the leaving tendency. Each factor z can have different values e.g.: 'no host and
feeding damage present' would be represented by 0, while the presence of the host and feeding
damage would be coded by 1. The (3 values are the relative strengths of the effects of the
covariates. These are estimated in the analysis.The influence of experiences (the covariates) on
the leaving tendency ismodelled as amultiplicative effect of exp((3,z,)onthe base-line hazard.If
this term is below one, the leaving tendency is reduced, above one it is increased. An increased
leavingtendencyimplies ashorter givinguptime (GUT).Theexpected GUTis l/h(t;z).
Covariates
The selection of covariates is a crucial step in the analysis. Many factors may have could be an
effect on the parasitoids' leaving tendency. We have taken into account the biology of both
Cotesia parasitoids, factors found tobe important in other parasitoids and some factors generally
presumed to be important in patch leaving models. Factors including host-induced damage,
kairomone concentration and ovipositions emerge as important in the foraging process. These
factors have a high informational value and are reliable cues. We also allow for the use of
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experiences acquired during previouspatch visits.Itisimportant atwhich spatial scalewedefine
thepatchthatisleft. Dependingonthebehaviouroftheanimal,itmightbethehost,thespotwith
feeding damage andkairomones,aleaf ortheplant.Theparasitoids donotwalk from leaf toleaf
when searchingforhostsonaplant.Movement from leaf toleaf isfacilitated byflight. Themost
dramatic change in foraging behaviour occurs onleaves containing larvae andfeeding damage
(Wiskerke &Vet1994).Therefore, we define thepatchtobealeaf inouranalysis.Hence,leaves
that donot contain hosts anddamage are empty patches. Wedefine 'leaving' as flying away
from aleaf,followed bylanding somewhereelse(e.g.anotherleaf).Iftheparasitoid takesoffand
subsequently relandsonthat sameleaf, weconsider this tobepartofthe same patch visit. These
short excursions arerather similar tothoseof Venturia canescensasfound byWaage (1979)and
Driessen et al. (1995). We have chosen a leaving criterion that allows for a clear biological
interpretation andisnotasarbitrary asthe'14or60seconds off patch'-criteria ofWaage (1979).
An encounter with ahost isdefined byanovipositor insertion into ahost. From thebehaviourial
records of Wiskerke & Vet (1994) it was not possible to discriminate parasitism from
superparasitism for both species of Cotesia.Thedescription of thecovariates wehave selected,
andthewaytheyarecoded,aregiveninTable1.
Table 1Covariatestestedforhavinganeffect ontheleavingtendency.
1.

ThepresentleafcontainsP. brassicaeandhost-damage(no/yes)=(0/l)

2.

ThepresentleafcontainsP. rapaeandhost-damage(no/yes)=(0/l)

3.

Thenumberofencounters,i.e.ovipositorinsertions,duringthepresentleaf-visit
(notationfor0,1, 2ormoreinsertionsis(0/1/>2)anditiscodedas(0/1/2)

4.

Thetotalnumberofencountersintheprotocol(0/l/>2)=(0/l/2)

5.

Thenumberofovipositorinsertionsduringthepreviousleaf-visit(0/1)=( <1 and>2)

6.

P. brassicaeandhostdamagewerepresentduringthepreviousleaf-visit (no/yes)=(0/l)

7.

P.rapaeandhostdamagewerepresentduringthepreviousleaf-visit (no/yes)=(0/l)

8.

Thecumulativenumberofhost-damagedleavesvisited(0/l/>2)=(0/l/2)

9.

Thenumberofundamagedleavesvisitedsincethelatestovipositorinsertion(0/>1)

10. Thetimesincethestartofthebehaviouralobservation
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Statistical analysis
The experiments of Wiskerke & Vet (1994) resulted in six data sets.We analysed each data set
bymeansof theproportionalhazardsmodel.After thelikelihood maximization, ourfirst stepwas
to test whether the joint effect of all covariates was significant. Under the null-hypothesis
Pi=...=PP=0,none of the covariates z,has any effect on the leaving tendency. The test statisticT
has asymptotically aChi-squared distribution withp degrees of freedom (Miller 1981;Haccou&
Hemerik 1985).The second step was to test for each /?(and therefore each covariate) separately
whetherithad asignificant effect. Thethird stepwastotestfor pairwise effects of covariates that
werenot significant bythemselves.When there aree.g.eight degreesof freedom, test statisticsin
the interval (3.84, 15.5) are not significant by themselves, but together with another covariate
they can have a significant multiplied effect (7M5.5). We applied multiple comparisons to test
for such pairwise effects. Wechose to only consider single covariates and pairs of them because
theyallow for clearbiological interpretations.
Inaddition totheproportional hazards analysis,weanalysed partof thedatawithtests asusedby
Waage (1979) andDriessen etal.(1995).Waage's mechanism (1979) and Driessen etal's countdown mechanism (1995) clearly contrast in the way ovipositions affect the residence time in a
patch. However, the two mechanisms do not contrast as clearly with respect to the effect of an
oviposition ontheleavingtendency (seeFigure1).
Hence, separate tests were conducted for the effect of encounters on patch residence times.This
makes comparisons more straightforward andserves asanextracheckontheresultsof themodel
analysis. In these analyses we used all visits to leaves that the parasitoid had not visited before
(thefirst visitstopatches).
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Figure 1 Simplified graphicalrepresentation ofWaage's (1979) patchtimemodel (a)andthe count-down
mechanism (Driessen etal. 1995)(b).The arrow marks theoccurrence of anoviposition. If no oviposition
occurs, the patch should have been left at the time indicated by the asterisk. Underneath the graphs the
residence time and GUT of a patch visit in which one oviposition occurred, are compared to that of a
patch visit in which no oviposition occurred. It should be noted that in both models the intercept of the
lineincreases withhost infestation.
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RESULTS
Foraging behaviour
Wiskerke andVet (1994) give an elaborate description of the foraging behaviour of bothCotesia
species in the different environments. After taking off from the release site the parasitoids often
flew to an infested plant and hovered over the leaves at a distance of a few centimetres. Most
parasitoids visited several leaves on different plants. Both Cotesiaspecies frequently made short
excursions. Either they hovered over other areas of the same leaf, or they even flew over other
leavesbefore relanding.

Baseline hazards
The estimated baseline hazards of C. rubecula and C. glomerata in the three different
environments aregiven inTable2.Thebasic leaving tendencies of C. rubeculaand C. glomerata
arehighintheset-upwhereonlytheir lesspreferred host waspresent, P.brassicaeandP.rapae
respectively. When we compare the estimated baseline hazards for both Cotesia species, it is
clear that C. rubeculatends to have a higher leaving tendency than C. glomerata in all of the
threeenvironments.
Table2Estimatedbaselinehazards(probabilitypersecondtoflyaway)forC. rubeculaandC. glomerata
inthedifferent environments.
Set-up

C. rubecula

C. glomerata

P.rapae
P.brassicae
Both Pierisspp.

0.009749
0.01678
0.008261

0.004175
0.002410
0.004501

Leavingtendencyof C. rubecula
The combined effect of all covariates was significant in each of the three experiments (p<0.05,
Table3).C.rubecula usedthe samecueinallthree environments: onleaves containinghostsand
feeding damage the leaving tendency decreased (Table 4). In the environment with P. rapaethis
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resulted in an increase in theexpected GUT(l/h(t;z)) from 103seconds on an empty leaf, to237
seconds on an infested leaf. In the environment with P. brassicae the expected GUT increased
from 60 to 102 seconds. In the environment with both Pieris species the leaving tendency only
decreased on leaves containing the preferred host, P. rapae. The expected GUT increased from
121 seconds on a leaf that wasclean or infested with theless preferred host P. brassicae, to 401
seconds on a patch with P. rapae. C. rubecula rarely stayed the complete one hour observation
period in the set-up with P. brassicae. The parasitoids often flew to the roof of the glasshouse
after about 30 minutes. C. rubecula employed a simple rule in all three environments, using
information onthecurrent patch tomake patch leaving decisions.
Table 3 Thevalue of thetest statistic T(d.f.) for theCombined effects of all covariates onthe leaving
tendencyinexperiments with C.rubecula.
Set-up

(d.f.)

C.rubeculaonP.rapae
C.rubeculaonP.brassicae
C.rubeculaonbothPierisspp.

71.06

(8)*

39.35

(8)*

124.94

(10)*

* P « 0.001.
Table 4Covariates forC. rubecula(numbersasinTable 1).Test statistic Tismarked withanasterisk ifa
covariate(orpairofcovariates)hasasignificant effect. Downward arrowsindicateadecreasingeffect ofa
covariateontheleaving tendency.

Host(s)

Covariates

7*(d.f.)

P.rapae
(2)presentleafcontainsP.rapaeanddamage
43.77(8)** i
P.brassicae (1)presentleafcontainsP.brassicaeanddamage 21.03(8)*
J,
Bothspp.
(2)presentleafcontainsP.rapae anddamage
85.26(10)** J,
* P < 0 . 0 1 ; * * P < 0.001.

Effect on
leaving
tendency
-0.8385
-0.5384
-1.198
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LeavingtendencyofC. glomerata
The combined effect of all covariates was significant in all three experiments (Table 5).C.
glomerata used information on the presence of hosts and feeding damage in all three
environments: Oninfested leaves theleaving tendency decreased (Table 6).Inthe environment
with P. rapaethis resulted in anincrease intheexpected GUTfrom 240seconds onanempty
leaf,to484secondsonaninfested leaf. Intheenvironment withP. brassicaetheexpectedGUT
increased from 415to 1021seconds.Intheenvironment withbothPierisspeciestheincreasewas
from 222secondsonanemptypatchto499secondsonapatch withP. rapaeand779secondson
apatch withP.brassicae. Inthe set-upwhereP.brassicaewaspresent, encounters with hostson
the present patch decreased the leaving tendency even further although its effect was only
significant incombination withothercovariates (Table6).
Table 5Thevalueofthetest statistic T(d.f.) forthecombined effects ofallcovariates ontheleaving
tendencyinexperimentswithC. glomerata.
Set-up
C.glomerataonP.brassicae
C.glomerataonP.rapae
C.glomerataonbothPierisspp.

T

(d.f.)

140-94
27-22
82.10

(8)*
(8)*
(10)*

*P< 0.001.
After multiple encounters theparasitoids stayed on average 2550 seconds. In theP.brassicaeenvironment experience acquired during previous patch visits influenced the leaving tendency.
Three factors hadapairwise effect incombination with thenumber ofencounters onthepresent
patch: (i) the total number of encounters with hosts; (ii) the total number of infested leaves
already visited; and(iii)thetime in theprotocol. Thefirst decreased theleaving tendency, the
second increased it, while thethird hadadecreasing effect. Thetotal number ofencounters with
hosts andthetime intheprotocol hadapairwise decreasing effect ontheleaving tendency. C.
glomerataused acomplex rule in an environment where only the gregarious host P. brassicae
was present. In environments with the solitary host it switched to a simple rule in which the
leavingtendency wasmainly affected bythepresence andtypeof infestation.
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Table 6 Covariates for C. glomerata(numbers asinTable 1).Test statistic Tis marked with an asteriskif
a covariate (or pair of covariates) has a significant effect. Downward arrows indicate a decreasing effect,
upward arrows anincreasing effect of acovariateon theleaving tendency.

Host(s)

Covariates

T(d.f.)

Effect on
leaving

P

tendency
P. brassicae

(1)present leaf contains P. rapae and damage

16.34 (8)*

(3)# encounters onthepresent leaf

14.86(8)NS

(4)total# encounters with hosts

5.96 (8)NS

(8)total# infested leafs visited

7.80 (8)NS

(10) thetime since start of observation

6.66 (8)NS

3&4

28.67 (8)***

3&8

27.79 (8)***

3&10

23.83(8)**

4&10

20.43(8)**

P. rapae

(2)presentleafcontainsP.rapaeanddamage

Bothhost
spp.

(1)presentleafcontainsP.brassicaeanddamage 21.67(10)*
(2)presentleafcontainsP.rapae anddamage
27.30(10)**

4
i
I
T
1

15.56(8)*

-0.9003
-0.5573
-0.3644
0.4640
-0.0003096

-0.7038
.

_. „ , .
J,

—0.8082

*P<0.05;**P<0.01; ***P<0.001;NS,not significant.

Theeffect of hostdistribution anddensity
Leaves infested with one cluster of P. brassicae larvae usually contained one large site with
feeding damage. In contrast, leaves infested with low densities of P. rapae larvae usually
contained several little sites with feeding damage. Both Cotesia species clearly distinguished the
type of damage: C. glomerata had a high leaving tendency on the low density P. rapae patches
and a lower leaving tendency on the high density P. brassicae patches. C. rubecula had a high
leaving tendency on the high density P. brassicae patches and a low leaving tendency on the
comparatively low density P. rapae patches. Apparently, for C. rubecula a high density does not
automatically translate into a low leaving tendency. This excited our interest in the effect of
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larval density (and the corresponding levelof feeding damage) on the leaving tendencies of both
Cotesiaspecies on patches with P. rapae.Analysis of leaving tendencies on patches containing
one,two,three and four ormoreP. rapaelarvae for visits in which nohost encounters occurred,
revealed that there was no significant effect of density on the leaving tendency, neither for C.
rubecula (P=0.13, logrank test for survival curves), nor for C.glomerata(P=0.34, logrank test).
Hence, larval density on P. rapae-infested leaves did not influence the leaving tendency in the
parasitoids.However, theparasitoids dorespond differently toclean and host-infested leaves and
significantly stay longer on the latter (C. rubecula: P=5-3xl0~5, logrank test, Nempty=50,
Nutfestaf=l76); C.glomerata: />=0.029,logrank test,Nempty=4S, Ninfesle^lOS).
For C. rubeculathere was a significant effect of encounters (0, 1, 2) on the residence time in
patches infested with P. rapae (P« 10~6,Kruskal-Wallis test; all pairs of groups are different,
non-parametric multiplecomparisons (Siegel &Castellan 1988),allP< 0.025).ForC. glomerata
on P. rapaethere was a significant effect as well of encounters on the residence time ((0, 1, 2
encounters), P « 10~3, Kruskal-Wallis test; all pairs of groups are different, multiple
comparisons, all P < 0.01). In both Cotesia species encounters with the solitarily feeding P.
rapaelarvaeincreasedpatchresidencetime.

DISCUSSION AND CONCLUSIONS
Initial search
When an inexperienced C. rubecula or C.glomerata female takes off for the first time, her
informational state is incomplete. She seems incapable of long-distance discrimination between
patches containing preferred and less preferred hosts (Geervliet et al. 1994). The present study
aimed toaddress how parasitoids make patch leaving decisions on different types of patches and
howexperiencemodifies decision making.

C. rubecula
C.rubecula had the lowest leaving tendency on leaves containing the preferred host P. rapae. In
the set-up with P. brassicaeonly, the leaving tendency was highest, both on empty and infested
leaves. Thus, C. rubeculatends to spend a short time in unfavourable parts of its environment
and will forage extensively in the good parts. In all three set-ups previous experiences, (i.e. the
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number of infested leaves visited and the total number of hosts encountered) did not affect the
leavingtendencyinthecurrentpatch.
C. glomerata
C.glomeratafemales had a lower leaving tendency on leaves containing the preferred host than
on leaves infested with P. rapae. Patch leaving decisions in C. glomerata changed with
experience.WhenanaiveC. glomerataparasitoidforaged inanenvironmentwithP.brassicae, it
had a lower leaving tendency on leaves containing feeding damage than on clean leaves. This
tendency decreased after the parasitoid's first few ovipositions. During subsequent visits to
infested leaves the leaving tendency increased. In the field, larval density on patches varies
considerably: P.brassicae clusterscanconsist of anything between seven and 150larvae.In such
a variable environment it maybe adaptive to useinformation on the quality of previously visited
patches to adapt foraging decisions during subsequent patch visits. The increase in leaving
tendencywith thenumber of infested leaves visited intheP.brassicaeset-upwas strongest early
intheexperiments.This isinlinewiththepredictions of themarginal valuetheorem.When more
goodpatches arevisited withrelatively shorttravel times,the estimated valueof the environment
as a whole increases and consequently the leaving tendency should increase. C. glomerata
switched to a simple rule in environments containing P. rapae:information on previous patch
visits didnotaffect theleavingtendencyinP.rapaeenvironments.

Interspecific differences
The two parasitoid species showed interspecific variation in the way they made patch leaving
decisions. C.rubecula had ahigher leaving tendency than C. glomeratain allenvironments. The
high leaving tendencies of C. rubeculafit well into a foraging strategy focusing on a solitary
host. The generalist C. glomerata was more plastic in its decisions than the specialist C.
rubecula.
Resultscomparedtothe modelsofWaageandDriessen etal.
In the patch exploitation mechanisms proposed by Waage (1979) and Driessen et al. (1995) the
concentration of kairomone on apatch determines the initial responsiveness of the parasitoid. In
environments where(i)patches contain reliable anddetectable information onhost availability or

37

38

Chapter 2

(ii) contain a uniform number of hosts, a count-down mechanism (Driessen et al. 1995) would
perform best (factor(i) being thekey factor). When initial patch density assessment is inaccurate,
it wouldbe adaptive for theparasitoids tousean incremental mechanism, i.e. toprolong thetime
inthepatch after ovipositions,asinWaage's (1979)model.
Previous experiments with C.glomerata,using individual females on single leaves and methods
similar to Driessen et al. (1995), showed that the parasitoids did not have different leaving
tendencies on leaves containing feeding damage from one or eight P. brassicaelarvae (P=0.77,
N&\=\5,ATd8=15, logrank test, Vos, unpublished data). This suggests that an incremental
mechanism should be used. Indeed, ovipositions did prolong the time C.glomerata spent on a
patch with P. brassicae. Waage's (1979) patch time model did not address the effects of factors
asexperience inpreviously visited patches orolfactory cuesfrom the environment on patch time
in the current patch. For C. glomerata these factors proved to be important. First of all patch
leaving decisions changed as a function of experience acquired during successive patch visits.
Secondly,patchleaving decisionswere environment-dependent.
Neither of the two Cotesiaspecies used a count-down rule in the environment with the uniform
distribution ofP.rapae.Severalfactors mayprevent theevolution of acount-downrule.
(1) Kairomone concentration or feeding damage may be an unreliable source of information on
host presence. Young P. rapaelarvae for example face a high risk of mortality due to predation
(Jones etal. 1987).Acount-down rule would perform badly in apatch that wasrecently depleted
byapredator.
(2)Detectability maybeproblematic. Driessen etal.'spatches were small (03,4 cm).ABrussels
sprouts leaf islarge ( 0 upto40cm).Theparasitoids maynot be able todetect the concentration
of leaf damage and kairomone on the entire leaf, when searching at a specific site. The results
indeed showthatalthoughboth Cotesiaspecies stay longer oninfested than onuninfested leaves,
theydonotsignificantly increasetheirresidencetimewithlarval density.
(3) The distribution of hosts across patches in the P. rapae environment (low density and
variance) is not strictly uniform. Patches mostly contained one,two or three hosts. This may be
toovariablefor thecount-down ruletoperform well.
Interestingly, inDriessen etal.'s (1995) study, V.canescensseems tohave ahigher efficiency on
patches with four hosts than on patches with one host. This is not the case for either Cotesia
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species on P. rapae. The time until first oviposition (TUFO) did not differ significantly on
patches containing different host densities. Therefore, timeuntilfirstoviposition is not areliable
source of information on host density. There was no significant difference in the efficiency
(number of encounters / patch residence time) on different host densities. On patches containing
two or more hosts, the TUFO and time between first and second oviposition did not differ
significantly either. An increased leaving tendency following an oviposition (as in a count-down
rule) would only diminish the probability of finding another host on that same leaf. When the
estimation of the damage level at low densities of P. rapae is inaccurate, and the time when
ovipositions occur reveals little information on density or depletion, neither Driessen et a/.'s
(1995), nor Waage's (1979) patch exploitation mechanisms should be used. It may be better to
adjust theleavingtendencytoacuelikethepresence or absence offeeding damage, andresetthe
leaving tendency after each oviposition to the initial value as it was set upon entering the patch.
This is what both Cotesiaspecies seem to do: on P. rapae there is no effect of density on the
leaving tendency and encounters reset the leaving tendency, thereby prolonging the residence
timewithanother l/h(t;z) seconds (i.e.thenewexpectedGUT).
A lack of reliable information on host density in a patch is will constrain the use of inter-patch
information as well. Even if the animal has information on the value of patches in its
environment through oviposition experiences, it may be impossible to use that information,
because the value of the current patch relative to that of the 'average patch' is unknown. This
may be the reason that neither C. glomerata,nor C. rubeculashowed use of information on
previouspatch visitsintheenvironment withP. rapae (with ourcovariates).

Adjustabletermination rates
Based on the proportional hazards analysis, we propose the following patch exploitation
mechanism for thedescription of thebehaviourofC. rubecula.
1. Set a 'basic leaving tendency' to the available olfactory information in the environment while
stillin flight.
2.Landon aplantthatreleasesolfactory and/orvisualinformation onfeeding damage.
3.Havearelativelyhigh leavingtendencyiftheleafisclean.
4. Have alower leaving tendency if feeding damage is present (this decrement may also depend
ontheenvironmental olfactory information).
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5. Have a stronger decrease in leaving tendency on a leaf containing the type of damage caused
bythepreferred hostspecies.
6. Reset the leaving tendency after each oviposition, resulting in an expected GUT similar to
whatitwasuponentering thepatch (notethatthisdoesincrease theresidencetime).
Go through the same cycle after taking off from the leaf. The steps involved in the leaving
tendency (1, 3, 4, 5 and 6) can be represented mathematically by an equation similar to the
proportional hazards model (1). Factors involved in a tendency to arrive (like step 2) can be
formulated by essentially the same type of equation (Ormel, Gort & van Alebeek 1995). In
adjustable termination rate models the animal is considered as continually adjusting its
probability per unit time to leave (termination rate), according to "good" and "bad" experiences.
The model can be used in simulations aimed at comparing the performance of complex and
simple decision rules in different environments, taking into account the constraints on the
animal's informational state. Step 2 of the model is supported by the analysis of Wiskerke and
Vet (1994): first landings occur mostly on infested plants, and by extensive work on olfactory
responses in these parasitoids (Steinberg et al. 1992;Geervliet, Vet & Dicke 1994; Geervliet et
al. 1996).The proportional hazards analysis provided the evidence for steps 1,3,4, 5and 6, and
thesesteps arebasedonthosecovariates thathad asignificant effect ontheleavingtendency.
C. glomerata will use a patch-exploitation mechanism rather similar to the one used by C.
rubecula in environments containing only P. rapae. However, for C. glomerata it would be
adaptive to learn to discriminate between the olfactory information released from P.brassicaeand P. rapae-infested plants in habitats containing both host species, and, at step 2, land on
leaves with the preferred host. Recently it was shown that C. glomerata's response to P.
brassicae-infested leaves does increase with oviposition experience in P.brassicae(Geervliet et
al. 1996). As this parasitoid learns to prefer to land on P. brassicae patches, it may start to
specialize on this host and treat environments containing both hosts like an environment
containing solely P.brassicae.In such an environment C.glomeratadiffers from C.rubeculain
a number of ways: (i) the leaving tendency decreases with ovipositions, in step 6; (ii) the
parasitoids use the more complex mechanism in which the use of information on previously
visited patches isincorporated aswell.For C. glomeratawepropose steps 7, 8and 9: Adjust the
leaving tendency according to (i) the cumulative number of ovipositions experienced, (ii) the
number of infested patches visited and (iii) time. The exact balance of these factors will depend
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on the amount of heterogeneity in the environment and may change as the parasitoid moves into
richer or poorer parts of its environment.

Arrivalandleavingtendencies
The analysis presented here focused on patch leaving decisions. Although a proportional hazards
analysis of arrival tendencies is beyond the scope of this paper, it is clear that the efficiency of a
patch leaving mechanism depends heavily on the tendency to arrive in certain patch types. Patch
exploitation strategies can be thought of as balanced sets of effects of experiences on the
tendencies to arrive in and leave certain microhabitats.
Termination rates of foragers are local in time and space. They depend on the animal's
environment and may change as it gains experience and moves into other parts of its habitat. This
is a source of behavioural variation that should not be ignored when considering the adaptive
significance of animal decisions.
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3
Geographic variation in host acceptance in the parasitoid
Cotesia glomerata: genotype versus experience

Summary
Host acceptance of two Pieris species was compared between two strains of the parasitoid
Cotesiaglomerata:one strain from the USA, where C.glomeratawas introduced from Europe
117 years ago, and one native European strain. In the USA, larvae of Pieris rapaeare attacked,
while in Europe both P. rapaeand Pieris brassicaeserve as hosts. P. brassicaeis the preferred
host species, but since it is absent in the USA, it has as not been available to American C.
glomeratafor about 350 generations.We observed clear geographic variation in host acceptance
between American andEuropean parasitoid strains:American C. glomeratarejected P. brassicae
significantly moreoften than European parasitoids did.
In addition we tested how experience modifies host acceptance in European C.glomerata, that
have to deal with a relatively complex environment. Early experience through development in
and emergence from a host clearly changed host acceptance: European C.glomerata showed a
significantly higher acceptance of P. rapaewhen they were reared on P. rapaethan when they
developed in P. brassicae. Host acceptance increased after experience with the less preferred
host, while acceptance of the preferred host was 'hardwired': It was high regardless of previous
experience. Such strong inflexible responses to important stimuli and plastic responses to less
important stimuli can be observed in many parasitoid-host systems. However, our results show
that 350generations of selection seemsufficient tooverride suchhardwiring ofresponses.
A series of oviposition experiences with P. brassicaeversus P. rapae larvae did not affect the
acceptance of a subsequently offered P. rapaelarva, nor did it affect the clutch size in this host.
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Our results are discussed in the context of geographical variation in selection pressures, and
compared withstudiesoninformation useinotherparasitoid-host systems
INTRODUCTION
Classical biological control programmes can provide unique opportunities to test ecological and
evolutionary hypotheses (Greathead 1986;LeMasurier &Waage 1993).Hundreds of generations
after their release interesting comparisons can be made between natural enemies from the new
andtheoriginal environment. Suchcomparisonsbetweenpopulations after prolonged exposureto
different selection regimes can provide information on the magnitude of evolutionary change in
traits (e.g. behaviour) at such a time scale, and on the mechanistic aspects of such change. One
example of such a biological control project is the introduction of the parasitoid Cotesia
glomerata in 1884 (Clausen 1956) from Britain to the USA to control the lepidopterous pest
Pierisrapaethat was accidentally imported from Europe and spread throughout Canada and the
USA from the 1860s onwards (Chittenden 1916;Clausen 1956). Since its release C. glomerata
hasestablished itself withinafew decades throughout mostofNorth America.
In Europe, C. glomerata attacks the gregariously feeding larvae of the large white butterfly,
Pierisbrassicae, the solitary larvae of the small white,Pierisrapae,and to alesser extentPieris
napi, in which field survival is low (Geervliet et al. 2000). In North America P. brassicae is
absent and P. rapaethe main host. P.napican be attacked inthe USA (R.G. Van Drieschepers.
comm.). Both P. brassicae and P. rapae are suitable hosts for C. glomerata development
(Brodeur, Geervliet &Vet 1998),but P.brassicaeis thepreferred host (E.A. van der Grift, M.P.
Huijser &L.E.M. Vet, unpublished), and tends to sustain the development of larger clutches and
larger wasps in asingle larva (Harvey 2000).InEurope C.glomeratamay experience seasons or
years in which clusters of P. brassicaeare extremely rare, while they can be abundant in others
(Pak etal. 1989).This means that C.glomeratamay have a choice between P. brassicaeandP.
rapaein some years or seasons,but cannot count on this choice tobe available (Vos Chapter 5).
It is an interesting question which mechanisms C. glomerata will use in order to determine
whetheritwill actually acceptP. rapaelarvae,thatitismorelikelytoencounter regularly, orthat
it will reject these as a host, to spare its eggs for a possible 'jackpot' cluster of P.brassicae
larvae.Itmaynotbe adaptive touseafixed decision rulelike 'only acceptP. brassicae'. Instead,
female parasitoids mayusevariouscuesfor thepresence orabsenceofP.brassicaeinthecurrent
environment: (i) They may have developed in P. brassicae or P. rapae,and have experienced
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characteristics of the host odour on their cocoon upon emergence (see Herard et al. 1988); (ii)
theymayuse anoviposition experience with P.brassicaeas acuetostartrejecting P. rapae; (iii)
they mayuse visual cues to discriminate between plants damaged by P. brassicae(large feeding
holes) andP. rapae(small feeding holes) (J.Verdegaal, F.Wackers &L.E.M.Vet, unpublished);
and (iv) they may even learn touse subtle differences in plant volatile blends from P.brassicaeversus P. rapae-infested plants (Geervliet et al. 1998), and subsequently only accept larvae on
plantswithP.brassicae-damage. Acombination of suchcuescouldbeused aswell.
The spatial foraging behaviour of European C. glomerata seems more adapted to gregariously
livingP.brassicaelarvaethantothe solitarily feeding larvaeofP. rapae(Wiskerke &Vet 1994;
Vos, Hemerik & Vet 1998). They have a high tendency to repeatedly return to infested leaves
(J.M.S. Burger &M. Vos unpublished; Vos Chapter 4 & 5), which can be adaptive when aleaf
containsalargeclusterofP.brassicae, butnotwhenitonlycontains analreadyparasitised single
P. rapaelarva.
Thepercentage parasitism by C.glomeratain the field isusually higher for P. brassicaethan for
P.rapae,inEurope (Moss 1933;Richards 1940;Sengonca &Peters 1991;Geervliet etal.2000).
Geervliet etal. (2000) have hypothesised that host selection in C.glomeratais more focused on
P. brassicae in Europe, to avoid intrinsic competition with Cotesia rubecula, a superior
competitor in P. rapae(Laing &Corrigan 1987).This competitor is absent in most of the USA.
Natural selection can be expected to have resulted in adaptation of the introduced C. glomerata
population to foraging for the solitary host P. rapae in North America (Le Masurier & Waage
1993).NorthAmerican parasitoids may havelost somecharacteristics of their behaviour that are
especially tuned toforaging for highlyclustered P.brassicae larvae(VosChapters4&5).
Le Masurier and Waage (1993)have shown that more than 100years after their introduction, C.
glomeratafrom the USA have a higher attack rate on P. rapaethan British C.glomerata(in the
laboratory). Their experiment consisted of confining the hosts with a parasitoid for 2 hours in a
cage, after which larvae were dissected to determine levels of parasitism. The results from this
'black box' experiment were in agreement with the prediction that natural selection has changed
thebehaviour of C. glomeratainitsnew environment, whereit attacksP. rapaeintheabsenceof
P. brassicae.However, these results did not provide any clue as to which aspects of parasitoid
behaviour might be different between American and British strains of C.glomerata.Moreover,
the American parasitoids used in the experiments had been reared on P. rapae, while British
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parasitoids were cultured on P. brassicae.The different environments experienced by immature
parasitoids during development, and the different stimuli available to newly emerged parasitoids
in early adulthood may have affected the outcome of the experiments (Le Masurier & Waage
1993).
One important aspect of parasitoid behaviour, that may affect attack rates, is host acceptance.
Differences in host acceptance between the different strains of C. glomeratacould explain the
higher rate of attack as observed by Le Masurier & Waage. Therefore we decided to compare
host acceptance between American and European C. glomerata parasitoids. We ask whether
geographic variation in host acceptance exists between these populations, and whether the host
species in which parasitoids develop has a phenotypic effect on host acceptance in the adult
parasitoids. In addition we ask which mechanisms are used by European C.glomeratato make
decisions onhost acceptance in themore complex European environment. Our specific questions
are: 1. Do American and European strains of the parasitoid C. glomerata differ in their host
acceptance of Pieris rapae and P. brassicae! 2. Do European C. glomerata parasitoids show
phenotypic differences in host acceptance after development in different host species (for one
generation)? 3.Do European C.glomeratause oviposition experiences in P.brassicaeversus P.
rapaeas a cue to change subsequent host acceptance of P. rapae?4. Do geographic origin and
developmental/early adult experience affect C.glomerata'1s clutch size in P. rapae"] 5. Can we
understand the results in the light of the different ecological environments in Europe and North
America? 6.Can we understand the mechanisms of host acceptance in the Cotesia-Pieris system
inrelation tomechanisms inotherparasitoid-host systems?

MATERIALS & METHODS
The food plants were three-monfh-old Brussels sprouts plants (Brassica oleracea L. var.
gemmifera cv. Icarus), grown in a greenhouse ( 20-25 °C, 50-70% RH , L16:D8 ). The host
species were the small white, P. rapae and the large white P. brassicae,which originated from
field collected individuals from the vicinity of Wageningen, TheNetherlands, and werereared in
aclimatechamber (22-24 °C,40-70%RH,L16:D8).Thepreferred first instar larvae of both host
species were used in the experiments. The European parasitoid culture was established from P.
brassicaelarvae that had been placed in, and were recaptured from, Brussels sprouts fields near
Wageningen, the Netherlands, during the summer of 1998. This collection yielded about 100
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cocoon clusters (2000 parasitoids). This European strain of C. glomeratawas continually reared
on first instar larvae of P. brassicae, in a greenhouse compartment (21-25 CC, 50-70% RH,
L16:D8).Parasitoid cocoons werestoredat
12-13 °C;emerged parasitoids were kept in (40*30*30 cm) cages (23 °C,50-70% RH,L16:D8).
Ample water and honey was present. Each generation of parasitoids from the above strain was
also allowed to oviposit in the alternative host, P. rapae.Thus we had also C.glomerataat our
disposal that were reared onP. rapaefor one generation, under the same conditions as described
above.
The American strain of C. glomerata was established from 32 cocoon clusters, about 600
individuals,collected from 5thinstarP. rapaefrom awhite cabbageBrassicaoleracea L.field in
Geneva,NewYork,USA,andkindly sent tousbyMark Schmaedick andTony Shelton in august
1997.TheAmerican C. glomerataparasitoids werecontinuously reared onDutch P. rapaeunder
thesameconditions astheEuropean strain.Both theEuropean andtheAmerican parasitoid strain
had been reared in the laboratory for several generations before being used in the experiments,
thusprobablypurgingmaternal effects thatmightbeduetothedifferent originalenvironments.

Experiment1
The experiments were carried out in the laboratory at 23-24 °C,40-50% RH, and 6000 Lux. For
the experiments 3-5 day old mated female parasitoids were collected from the culture cages and
individually held in a vial with wet cotton wool and a honey droplet. These parasitoids did not
have prior experience with hosts or plant materials. They only had experience with the cocoons
they emerged from. Just prior to an experiment, leaf areas (0.5-0.7 cm2) containing asingle host,
either P. rapaeorP. brassicae,and its feeding damage were cut out of infested Brussels sprouts
leaves. Such a leaf disc was placed in the vial, where the parasitoid was allowed to walk ontoit
and search for the host. For each replicate a new parasitoid, vial and leaf disc were used. A
parasitoid's first contact withthehostoccurred eitherthrough antennation, or ashortexternal stab
of the ovipositor, or by touching the host with the mouth parts. It was recorded whether first
contact wasfollowed byaninsertion oftheovipositorintothehost. Hereafter wewillrefer tothis
phase in behaviour as "antennal" acceptance. Walking away after first contact was recorded as
antennal rejection. Theduration of ovipositor insertions was measured to determine whether this
couldbeused asacriterion for ovipositorial acceptance orrejection: After anovipositor insertion
each larva was dissected in water under a microscope, with a light source underneath the
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dissection slide, in order to count the number of parasitoid eggs present inside. When no eggs
wereobserved, thiswasscored asovipositorial rejection. When oneor moreeggswerefound this
was recorded as ovipositorial acceptance, which is host acceptance. Treatments: Six different
treatments were used: European C.glomeratareared on P. brassicaeor reared on P. rapaeand
American C. glomeratarearedonP. rapaeweretested oneitherP. rapaeorP.brassicae. Thusit
was possible to separate phenotypic effects (by development in different host species or early
adult experience with cocoons), from genotypic effects (European versus American strains) on
host acceptance. Each of the six treatments was replicated 36 times. All these 216 parasitoids
madeafirst contact withahostlarva.

Experiment 2
In experiment 2a we repeated treatments 1, 2 and 3 of experiment 1. In experiment 2b we
measured the effect of a series of oviposition experiences with P. rapaeversus P. brassicaeon
subsequent acceptance of P. rapaeas a host. The experimental procedure was similar to that of
experiment 1. Each parasitoid was allowed to walk onto a leaf disc that contained a single P.
rapae orP.brassicae larva,andhave anoviposition experience.This treatment wasrepeated two
more times within about 30 minutes, each time with a new leaf disc and larva, so that each
parasitoid had three oviposition experiences with larvae of a single host species. Subsequently,
acceptance of P. rapae as a host was tested as in experiment 1. All parasitoids in this latter
experiment had been reared on P. rapae.Experiment 2 differed from experiment 1in that we
used slightly larger infested leaf areas (about 1cm2);we observed antennal acceptance/rejection,
but measured only part of the ovipositor insertion times.We dissected larvae asin experiment 1.
Foreachtreatment 30replicates were performed.

Statistical analysis
Chi-square tests for 2 x 2 tables with Yates correction for continuity were used for host
acceptance data. As some groups were used in a number of comparisons (n), differences were
considered significant at P-values below 0.05/(n), the so-called Bonferroni correction. Clutch
sizeswere compared with aMultifactor Analysis of Variance.The three qualitative factors were:
origin (US or Europe), experimental host (P.rapaeor P.brassicae),and developmental host(P.
rapaeor P. brassicae).Clutch sizes following different oviposition experiences were compared
usingaMann-WhitneyU-test.
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RESULTS
Experiment1
Genotype versusearlyexperiencewiththenatalhost
Table 1shows theresults for theparasitoids that were tested on P. rapae.Most of the European
and American C.glomerataparasitoids that were reared on P. rapae accepted this host, at the
level of antennal as well as ovipositorial decisions. There was no difference in host acceptance
between the European and American strains, when they had been reared on the same host, P.
rapae (P=0.54). European C. glomerata that were reared on a different host, P. brassicae,
rejected P.rapaesignificantly more often thanparasitoids of the samestrain thathadbeen reared
on P. rapaefor one generation (P=0.0039). European C.glomeratareared on P. brassicaealso
rejected P. rapae significantly more often than American C. glomerata reared on P. rapae
(P<0.001,note:thisisthesamesituation asintheexperimentbyLeMasurier &Waage(1993)).
Table 1Host acceptance inaparasitoid strain from Europe (EUR) andonefrom theUSA,tested onP.
rapae, whenrearedonP. brassicaeorP. rapae.
Strain origin,
rearing host
EUR, P. brass.
EUR, P. rapae
USA, P. rapae

Antennal
rejection

10
2
0

Antennal
acceptance

26
34
36

Ovipositorial
rejection

11
6
5

Ovipositorial Total
acceptance rejection

15
28
31

21
8
5

Total
acceptance

15
28
31

a
b
b

Different letters (a,b)indicate significant differences in (total) host acceptance.

Table 2 shows the results for the parasitoids that were tested on P. brassicae. Most of the
European C. glomerata parasitoids, regardless of the host they were reared on, accepted P.
brassicaeat the level of antennal as well as ovipositional decisions. American C.glomeratathat
were reared on P. rapae significantly more often rejected P. brassicae than European C.
glomeratathat were reared on P. rapae,indicating geographic variation in the acceptance of P.
brassicaebetweenthetwoparasitoid populations (P«0.001).
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Table 2 Host acceptance in a parasitoid strain from Europe (EUR) and one from the USA, tested on P.
brassicae,whenreared onP. brassicaeorP. rapae.
Strainorigin, Antennal
rearinghost rejection
EUR, P. brass.
EUR, P. rapae
USA, P. rapae

0
0
12

Antennal
Ovipositorial
acceptance rejection
36
36
24

3
1
7

Ovipositorial
acceptance
33
35
17

Total
rejection
3
1
19

Total
acceptance
33
35
17

a
a
b

Different letters(a,b)indicatesignificant differences in(total)hostacceptance.
Figure 1 shows the clutch sizes laid by American and European parasitoids, when tested on P.
brassicae or P. rapae, after development in one of these hosts. None of the three tested factors
had a significant effect on clutch size, (Mulifactor ANOVA, POrigin=0.14,Pexpenmemaihost=0.47,
Pdeveiopmentaihost=0.93). Ovipositorial rejections could occur in two distinct intervals: after short
times of 1-5 seconds 9 1 % of the insertions were rejections, and after long times of 21-120
seconds 7 1 %of the insertions were rejections. Almost all insertion times within the range of 6-20
seconds were ovipositions (99%).

Experiment2
Genotype versus early experience with the natal host
The part of experiment 2 that repeated the three treatments of experiment 1where acceptance was
tested on the host P. rapae, yielded essentially the same results: C. glomerata rejected P. rapae
more often after development in P. brassicae (%2, P=0.0068, while there was no difference
between American and European parasitoids when both developed in P. rapae (%2, P=0.70),
(Table 3).
Oviposition experience as a cuel
Our results showed that 27 out of 30 C. glomerata parasitoids antennally accepted P. rapae after
three ovipositions in P. rapae (and development in P. rapae). Surprisingly, antennal acceptance
of P. rapae still amounted 25 out of 30 times, after three ovipositions in P. brassicae. Thus a
series of oviposition experiences in the preferred versus less preferred host did not significantly
affect subsequent acceptance of P. rapae in a no-choice situation(% ,P=0.70, with Yates
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Figure 1Clutch sizesinthehosts P.brassicaeandP. rapaebyparasitoids from Europe (Euro) and North
America (US), that had developed in P. brassicae (br) or P. rapae, (pr). Error bars represent standard
deviations.
correction for continuity). The average clutch size in P. rapae after a series of ovipositions in P.
brassicae (16.6, Ndissected = 17) did not differ significantly from the average clutch size after a
series of ovipositions in P. rapae (16.3, N d j Ssected = 12; MWU, P=0.93). The average size of the
first clutch had been 24.8 (Ndjssected = 17) after development in P. brassicae, and 24.3 (Ndissected =
12) after development in P. rapae. Apparently clutch size decreased from about 24.5 to about
16.5 after a series of three ovipositions.
Table 3 Host acceptancein aparasitoid strainfrom Europe (EUR) and onefrom theUSA,tested on
P. rapae,whenreared onP. brassicaeorP. rapae.
Strain origin,
rearing host

Antennal
rejection

EUR, P. brassicae 16
EUR, P. rapae
5
USA,P. rapae
3

Antennal
acceptance
14
25
27

a
b
b

Different letters (a,b) indicate significant differences in
antennal host acceptance.
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DISCUSSION AND CONCLUSIONS
Le Masurier and Waage (1993) found a higher attack rate on P. rapae in a US strain of the
parasitoid C. glomerata when compared to a British strain, about 325 generations after its
introduction from Britain tothe USA. One of themain ecological factors that differ between the
USA and Britain, is that thehost P. brassicaeis absent in the USA, whileit is the preferred host
of C. glomeratain Europe. LeMasurier andWaage (1993) have suggested that the higher attack
rateonP. rapaeintheUSstrainreflects adaptation toasituationwhereP.rapae isthemainhost,
inthe absenceofP.brassicae. However, they couldnotruleout thepossibility thatdifferences in
experience during parasitoid development or at emergence influenced the observed attack rates.
TheUS C.glomeratadeveloped inthesamehostthey weretested on (P.rapae),while BritishC.
glomeratadeveloped in P. brassicae,but were tested on P. rapae. Chemicals emanating from
parasitoid cocoons can provide emerging parasitoids with information that they use in host
searching as adults (Herard et al.1988; Turlings et al. 1993). So our question was, whether the
observed differences in attack rates reflected true geographic variation among strains, or
phenotypic variationduetodifferential experience.

Geographic variationversusearlyadult experience
When European and US parasitoids were reared and tested on P. rapae,they did not show any
genotypic difference in acceptance of P. rapaeasahost. Acceptance of P. rapaein European C.
glomeratawas already high when they were reared on this host, so US parasitoids could hardly
'improve' on this. However, when both strains were reared on P. rapae, but tested on P.
brassicae, the US parasitoids significantly more often rejected P. brassicae than European
parasitoids did.TheUS animals seem tohave lost agreat deal of their tendency toparasitise this
host,thathasnotbeen available intheUSAfor several hundred generations.Parasitoids from the
US strain often showed adifferent type of behaviour during the initial host acceptance phase: A
first encounter by aUSparasitoid often consisted of touching thehost with its mouth parts while
lowering its entirebody over thehost by flexing all legs.Thisbehaviour wasnot observed in the
European strain of C. glomerata,where first encounters occurred only by antennation or a short
stab with the ovipositor. Interestingly, US C. glomerata that walked away and ignored P.
brassicaeafter a first encounter, were highly motivated to continue searching on other parts of
theleaf area withfeeding damage and hostby-products from this host. Infact they would not let
themselves be easily removed from the leaflet. Apparently it is only the larva itself that is less
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attractive to the parasitoids. This also indicates that plant volatiles from the damaged leaf area
mayincreasethetendency of aparasitoid tosearch,butdonotplay adecisive rolein determining
hostacceptance inC. glomerata.
European C. glomerata rejected P. rapae significantly more often after development in P.
brassicae than after havingP.rapaeasitsnatalhost.Thisphenotypic effect ofthe developmental
hostmayhaveplayed aroleintheexperiments ofLeMasurier &Waage(1993),andmay explain
the observed difference in attack rates between British and US C. glomerata: British C.
glomeratamayhavehad asignificantly lower attackrateonP. rapaeduetotheirdevelopment in
P.brassicae.
When wetestedEuropean C. glomerataonP. brassicae, most of theparasitoids readily accepted
thishost,irrespective of their natalhost. This conforms with the notion of P. brassicae being the
preferred hostof C. glomeratainEurope.
Clutchsizedecisions
We did not find any difference in clutch sizes due to geographical origin or the host species our
parasitoids were reared or tested on. Oviposition experiences did not significantly affect clutch
size either. Some conflicting evidence exists on clutch size allocation in C.glomerata.Brodeur,
Geervliet & Vet (1998) showed that European C.glomerata(reared on P. brassicae)produced
larger clutch sizes on P.brassicaethan on P. rapae.The parasitoids emerging from these larger
clutchesinP.brassicae didnot differ in any life-history parameter from those emerging from the
smaller clutchesinP. rapae, which confirms P.brassicae's role as abetter hostfor C. glomerata.
Harvey (2000) observed that European C. glomerata allocated larger clutches to P. brassicae
than to P. rapae, and showed that wasps from P. brassicae tended to be larger. However,
Brodeur &Vet (1995) didnot find a difference in C.glomerataclutch size inP. rapaeversusP.
brassicae.Moreover, Le Masurier (1991) found the opposite, a higher clutch size of British C.
glomerata(reared onP. brassicae)inP. rapaethan inP. brassicae.LeMasurier didnot observe
a difference in clutch sizebetween American and British C. glomeratainP. rapae.These results
suggest that C.glomerataclutch size is highly dependent on the experimental set-up, procedure
and state of the animals, and that clutch size is apparently not a major factor in adaptation of C.
glomerata totheUS environment.
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Phenotypic variation after oviposition experience?
We expected that a series of ovipositions in the preferred host P. brassicae would lead to
subsequent rejections ofP.rapaeasahost.However, threeovipositions inthishost didnot affect
host acceptance relative to three ovipositions in P. rapae. Geervliet et al. (1998) showed that
European C.glomerata,with P. brassicaeasthe natal host,did not have an innate preference for
P. brassicae-infested plants, but did develop a landing preference for P.brassicae-infestcd
Brussels sprouts leaves over P. rapae-infested Brussels sprouts leaves after two attack
experiences with either P. rapaeor P. brassicaelarvae. It is possible that P. brassicaebeing the
natalhost was anecessary condition for this learning toprefer P.brassicae-iafested leaves. Such
learning of P. brassicae-specificplant odours might help C.glomerata to mainly deal with P.
brassicae-patches after ithasfound thishostfor thefirst time.
Be that as it may, using a series of ovipositions as a cue for the presence of P. brassicaein the
environment, is a bit of an 'a posteriori' way of dealing with information: If C. glomeratalands
on acluster of P. brassicae,it can probably deposit its entire egg complement in these preferred
hosts. Learning to reject P. rapae would become rather irrelevant after such an event. So,
oviposition experiences may not be a useful source of information for parasitoids that have to
decide whether or not to accept the many P. rapaelarvae they will most likely encounter before
ever bumping into a cluster of their preferred host species. Maybe the only a priori information
available to a parasitoid comes from the natal host: If odours on a parasitoid's cocoon indicate
development in P. brassicae, that host may still exist as a population in the environment. We
have seen that development inP. brassicaeled to a significantly higher rejection of P. rapae,in
two separate experiments. The preference of C. glomeratafor P. brassicae(E.A. van der Grift,
M.P. Huijser &L.E.M. Vet, unpublished) was observed using parasitoids that had developed in
P. brassicae.We have no data for a choice situation after development in P. rapae,but our nochoiceexperiments showthatC. glomeratamostly acceptsP.rapaewhen thiswasthenatalhost.
Based on the above results, we conclude that C. glomerata does not use ovipositions in P.
brassicae, nor does it need to use these, to learn to reject P. rapae as a host. Moreover, C.
glomeratadoesnot need any experience withP. brassicaetolearn toprefer this host: Even after
development in P. rapae, and without any oviposition experience, 97 % of the parasitoids
acceptedP.brassicae for oviposition.
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Geographical variation:NorthAmericaversusEuropeasanenvironment
From the viewpoint of C. glomerata the main ecological factors differentiating the US from
Europehavebeentheabsenceof theclustered hostP.brassicaeandtheparasitoid C. rubecula in
the US. Both of these factors can be expected to lead to behavioural evolution of US C.
glomerata. In the US there has been no selective advantage of focusing on cues specifically
related to the presence of P. brassicaeduring host location, of retaining a high acceptance level
for P. brassicae,or of maintaining behaviour that is efficient in the exploitation of patches with
clustered hosts. P. napi may occur with several larvae on a leaf, but never in a cluster like P.
brassicae(upto 150larvae side by side).So,inNorthAmerica C. glomeratawill not experience
the heterogeneity in larvae across plants as it may experience in Europe when P. brassicaeis
present.

Nichesegregation between C.glomerataand C. rubecula
Geervliet et al. (2000) have suggested that C. glomerata and C. rubecula coexist by niche
segregation intheNetherlands,withC. glomerata mainly usingP.brassicae(if available),andC.
rubecula mainly using P. rapae, as a result of C. rubecula outcompeting C. glomerata in P.
rapaelarvae. However, simulation results suggest that a majority of Netherlands C. glomerata
will not encounter acluster of P. brassicaewithin a lifetime (Vos Chapter 5).This indicates that
there maybe a strong selection pressure on C.glomeratato accept P. rapaeas ahost, especially
in yearsthatP.brassicae clusters arerare (most years,Paketal. 1989,F.Karamaouna&M.Vos
unpublished; L. Castricum, J.J.A. van Loon & M.Vos unpublished). The selection pressure
imposed by intrinsic competition with C. rubeculain multi-parasitised hosts will depend on the
parasitism levels C.rubeculacanreach inP. rapae,and onthe availability of P.brassicaein the
environment. Preliminary field data suggest that parasitism levels by C. rubecula can be low
(10%), at least in some years (L. Castricum, J.J.A van Loon & M. Vos, unpublished field data
1995). Further studies could show the probability that parasitoids of both species end up in the
same larva in the field, at natural host densities. Differential use of P. rapaeand P. brassicaein
the field could also be due to a temporal domination of the C. glomerata population by
parasitoids that have developed in, and emerged from a few clusters of P. brassicae.A single
cluster of P. brassicaecan potentially yield several thousand parasitoids, that, according to our
results are highly likely to accept P. brassicaeand reject P. rapaeas a host. C.glomeratadoes
not have this tendency after development in P. rapae.This suggests that host acceptance in C.
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glomeratamay be more tuned to the actual presence or absence of P. brassicae in the system
than to avoiding intrinsic competition with C.rubeculain theNetherlands. However, one should
be extremely careful when extrapolating laboratory host acceptance data to parasitism levels in
thefield (Bourchier &Smith 1996).

FitnessinP.rapaeversus P.brassicae
Preliminary experiments did not show any difference in developmental time or survival in P.
rapaeand P.brassicae between the American and European strains.However, it is likely that C.
glomeratahasaconsiderably largerfecundity after development inP.brassicae than inP. rapae:
Le Masurier and Waage (1993) found that British C. glomerata emerged with about 800 eggs
after development in P. brassicae,which was considerably more than the 500eggs in American
C. glomerata that had P. rapae as their natal host. To rule out a genotypic effect, fecundity
should alsobemeasured inAmericanC. glomeratareared onP.brassicae.

Acceptance inparasitoid-host interactions: population differences andthe
developmental host
Host acceptance has been studied extensively in parasitoid species that are used for biological
control purposes (e.g. Bjorksten & Hoffmann 1995;Henter et al. 1996; Bjorksten & Hoffmann
1998; Rojas et al. 1999). Often these parasitoids are reared on a factitious host, that can be
cultured more easily, but would not be found orparasitised in the field. Continuous rearing on a
single host species may result in an micro-evolutionary 'experiment': The parasitoid strain may
undergo selection pressures that tune it intousing that host,possibly atacost in traits for dealing
withother(possibly thetarget (=natural))host species,thatcouldbeencountered uponreleases.
Astrain of theparasitoid Catolaccus grandisshowed asignificant switch inhost acceptance after
only 10generations ofrearing onthefactitious host Callosobruchus maculatus. This could notbe
reversed by rearing thisparasitoid for asingle generation onits natural hostAnthonomus grandis
(Rojas etal. 1999).Theresults of this study suggests that genetic changes in host acceptance can
be very rapid, although it may also be a matter of many years. A population of the parasitoid
Encarsiaformosa that had been reared on the host Trialeurodesvaporariorumfor many years
accepted a lower percentage of Bemisia tabaci whitefly hosts than a population that had been
reared for several years on B. tabaci (Henter et al. 1996). It is also possible that many of the
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foraging characteristics of the field population are retained, while the acceptance of the
laboratory strain increases. A Trichogrammaminutum strain that was collected from obliquebanded leaf roller eggs (Choristoneura rosaceand) had amuch higher level of acceptance of this
host than several T.minutumstrains collected on other hosts.However, all parasitoid strains had
ahighlevelof acceptance of therearinghostEphestiakuehniella(McGregoretal.1998).
Bjorksten and Hoffmann (1998) found that parasitoid experience due to the rearing host or
ovipositions altered the acceptance of low-ranked hosts,but not of highly preferred hosts in four
strains of Trichogramma brassicae. A similar effect was observed in the parasitoid
Diachasmimorpha tryoni: experience did affect hostresponses onless-preferred hosts,but noton
preferred hosts (Duan &Messing 1999).This effect on the acceptance of only low-ranked hosts
was similar in our Cotesia-Pieris system: experience due torearing host did affect acceptanceof
thelesspreferred hostP. rapae,but notof thepreferred hostP. bassicae. Apparently, acceptance
of a high quality host is to some extent 'hardwired' in these systems while acceptance of a less
preferred host isflexible, and can serve as a 'backup' under conditions where thebest hostisnot
available. However, our American parasitoids do not readily accept P. brassicaeas a host. This
trait may have been lost during the 350 generations C. glomerata did not have access to P.
brassicae in North America. Behavioural differentiation between geographically separate
populations often seems to occur by the loss of (parts of) behaviour patterns (Foster 1999).
Crosses between populations of different geographic origins could illuminate the genetic
contribution to variation in traits like host acceptance (Hopper et al. 1993). Such studies could
lead to fundamental insights in local adaptation and lead to strategic knowledge that could be
implemented toimprovebiologicalcontrol practices
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4
Travelling behaviour in the parasitoid Cotesia glomerata: a
comparison between American and European populations

Summary
Travelling behaviour was studied in American and European populations of the parasitoid
Cotesiaglomerata,in multi-patch environments with one of its hosts Pieris rapae.Also, patch
leaving decisions were investigated in the presence or absence of an alternative high quality
patch,withaclusterofPierisbrassicae larvae.ThishighqualityhostispresentinEuropebutnot
inNorthAmerica.
European and American C.glomeratadiffer inthewaythey fly and orientate in space.European
C.glomerataflew more often and hovered above more plants than their American conspecifics.
European C. glomerata visited and searched many patches shortly, whereas American C.
glomeratasearched only afew patches thoroughly. Behaviour wasmore explorative in European
C. glomerataandmoreexploitative intheAmericanparasitoids.
C.glomeratatravel times were longerbetween plants than within plants inEuropean parasitoids,
but not in the American strains.European C.glomeratafrequently hovered across several plants
before choosingtoland,whileflight inAmerican parasitoids wasoften straight toaneighbouring
infested plant. Travel times were short relative topatch residence times,in parasitoids from both
geographicalareas.
Thepresence of ahigh quality alternative patch had neither a measurable effect on patch leaving
decisions, nor on other aspects of foraging behaviour. This suggests that foraging decisions on a
patchareprimarilybasedonlocal information.
Both American and European C. glomerata frequently revisited host-infested leaves. A
substantial proportion of ovipositions was due to such revisits. This indicates that patch
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exploitation consists of multistage decision making, where initial decisions are adjusted after
parasitoids have dealt with (and learned on) several other patches in the local environment.
Revisits may partly compensate for an initial lack of global information on the parasitoid's
environment.
We discuss how the observed variation in foraging behaviour is related to different spatial
distributions ofPierishostsinEuropeandNorth America.

INTRODUCTION
The exploitation of resources across patches is one of the central subjects of foraging theory
(Stephens &Krebs 1986).Foraging animals cannot be assumed tohavecomplete information on
the distribution of resources, encounter rates with patches, rates of gain in different patch types,
traveltimes,andmanyother aspectsof theirenvironment (Stephens &Krebs 1986).The fact that
foragers doface incomplete information problems (sensu Stephens &Krebs 1986),hasbeen dealt
with by many authors, both theoretically and experimentally, f.e. (McNamara & Houston 1980;
Iwasa et al. 1981;Lima 1983; Green 1984; Stephens & Krebs 1986; Mitchell 1989; Stephens
1989;Vet etal. 1998,Vosetal. 1998).Several studieshaveclarified howintra-patch experiences
affect thedecisiontoleaveapatch ininsectparasitoids (e.g.vanAlphen &Galis 1983;Haccouet
al. 1991; Hemerik et al. 1993; van Roermund et al. 1994; Driessen et al. 1995; Driessen &
Bernstein 1999). Only a few authors have analysed parasitoid decisions in a multi-patch
environment (Waage 1979;Wiskerke &Vet 1994;Vos etal. 1998),which is the natural context
for foraging decisions. Observing parasitoid behaviour in multi-patch environments naturally
provides information on travel times. Parasitoids may choose to travel within or between
herbivore-infested plants, or hover across many plants and leaves to sample the environment for
olfactory and /or visual information on the presence or distribution of hosts. Travel times areof
utmost importance in determining the adaptive value of patch leaving decisions (e.g.Driessen &
Bernstein 1999).Accurate estimates of parasitoid travel times are almost lacking inthe literature
(butseee.g.Volkl 1994;Volkl&Kraus 1996).
Patch exploitation consists of the whole cycle from entering one patch to entering another one.
Thus it includes patch leaving, travel time and arrival decisions. Movement patterns across
patches determine which information is experienced, while the available information may affect
patch exploitation decisions. Parasitoid travel may be restricted to local flights between nearby
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patches, or involve hovering to sample a more extended area. The adaptive value of sample
flights depends on the spatial distribution of host species.Distribution patterns of hosts can vary
for at least two reasons: First of all, different host species may show pronounced differences in
aggregation across patches. Secondly, the distribution of a single host species may differ
markedly across geographical areas. Both factors play a role in the Cotesia-Pierissystem: In
Europe solitarily feeding P. rapaelarvae follow a Poisson distribution across cruciferous plants
(see Vos Chapter 5), while the preferred but rare gregarious host P. brassicae follows a
heterogeneous distribution (highly clustered, with 7-150 larvae side by side on a leaf). In North
America P. rapaehasaPoisson distribution early and lateinthe season, and anegative binomial
distribution during summer (but not nearly as clustered as the host P. brassicae,which is absent
inNorthAmerica, see(http://eap.mcgill.ca/CPCP_l.htm)).
Thepresent paper hastwo aims, (i)Weinvestigate travelling behaviour inparasitoid strains from
two geographical areas with highly divergent spatial distributions of herbivorous hosts. Our
analysis includes travel times within and between plants, and parasitoid arrival tendencies on
infested plants and leaves (as opposed to empty plants and leaves). These data will be used in a
companion paper where we model the effects of different travel strategies on life time
reproductive success, (ii) To understand the observed travel patterns we study whether the
parasitoids useolfactory information from an alternative, nearbypatch of muchhigher quality,to
make patch leaving decisions on the current patch. This should provide information on whether
decisions are based on local information, (the current patch), or on simultaneous information
from severalpatchesinthelocal environment.

Thesystem
In Europe, the parasitoid Cotesia glomerata attacks the clustered larvae of the large white
butterfly, Pierisbrassicae,and the solitary larvae of the small white, Pieris rapae.Of both host
species,larval instars 1-3 (L1.3)arehighly suitablefor C. glomeratadevelopment (Brodeur, etal.
1998). P. brassicaerepresents aricherresource than P. rapae,as one single P. brassicaelarva
can sustain the development of more female C. glomerata parasitoids, while other fitness
parameters are equal (Brodeur et al. 1998). The foraging behaviour of European C. glomerata
seemsmore adapted tothegregariously living larvae of P.brassicaethan tothe solitarily feeding
larvaeoff. rapae(Wiskerke &Vet 1994;Vosetal.1998).
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In North America P. rapae is the main host of C. glomerata. There P. rapaewas first noticed in
1860,inQuebec (Scudder 1887).By 1886ithad spread asfar south asthe Gulf of Mexico,as far
north asHudson's Bay, and west tothe Rocky Mountains (Scudder 1887;Harcourt 1963).Itnow
occurs throughout most of North America (Harcourt 1963). In response to the ravages that P.
rapaecaused oncabbages,theparasitoid C. glomeratawasintentionally introduced from Europe
(well,from theUK),in 1884,nearWashington DC (Clausen 1956).From there it quickly spread
almostfrom coast tocoast,nowtobefound inallsections ofNorthAmerica inhabited by itshost
(Clausen 1956).
Host densities are very different in Europe and North America: In Europe densities of P.rapae
typically average between 0 and 1.6 eggs per plant (Pak etal. 1989). In the Netherlands we did
not find more than 5 eggs or (Lu) larvae per infested plant, mostly 0, 1, or 2. The plants we
sampled inBrassicaoleracea-fields in theNetherlands had on average40 leaves.Infested leaves
contained mostly 1, less often 2, and rarely 3 (L1.3) P. rapae larvae (L. Castricum, J.J.A. van
Loon &M.Vos ;F.Karamaouna&M. Vos,unpublished field data).P.brassicaeeggs or larvae
typically occur in a few clusters (7-150) in a field, with an average of less than 0.15 per plant
(Pak etal. 1989),or about 1cluster per 200-300 plants (estimate based on Pak etal. 1989; field
dataL.Castricum, J.J.A. vanLoon &M.Vosunpublished). In North America densities typically
rangefrom 0to30P. rapaeeggsper plant (Ontario,Harcourt 1961),and from 0to 30larvaeper
plant (New York State, van Nouhuys & Via 1999). Plants will on average contain 3-15 (L1-3)
larvae (Harcourt 1961).Wehave not found any information in the literature on the density of P.
rapaeatthelevelof leaves.However, SaskyavanNouhuys from Cornell University has sampled
crucifers for P. rapae from 1992-1996, in New York State, where one of our American C.
glomerata strains originates. "Most eggs are laid on big horizontal leaves in the sun, so if the
butterfly density washightherecouldbe5eggs oneach of several leaves.During thepeak ofthe
season all plants in cultivated fields would be infested (and defoliated) if they had not been
sprayed. Early and late in the season about 1in 40 plants would be infested." (S. van Nouhuys,
personalcommunication).
InMassachusetts, where ourotherAmerican strain originates,theenvironment maybe somewhat
intermediatebetweenEuropeandNewYork State/Ontario.Averagedensities varybetween 0.01
and 3 larvae per plant (Van Driesche 1988; R. Van Driesche pers. comm.). However, densities
can be highly variable (which is more typical for the American situation) and the data in Van
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Driesche (1988) may not be particularly representative for all other sites or years in
Massachusetts (R. Van Driesche, pers. comm.). Another similarity between Europe and
Massachusetts is the presence of C. rubecula.It has been introduced to Massachusetts by Van
Driesche in 1988, in the area where our other C. glomerata strain originates (J. Benson, pers.
comm.).
Le Masurier and Waage (1993) have shown that more than 100 years after its introduction, an
equivalent of more than three hundred generations, C.glomerata from the USA have a higher
attack rate onP. rapaethan British C.glomerata(in the laboratory). Their experiment consisted
of confining thehostswith aparasitoid for 2hoursin acage,after which larvaewere dissected to
determine levels of parasitism. The results from this "black box" experiment conformed to the
prediction that natural selection has changed the behaviour of C. glomerata in its new
environment, where it attacks P. rapae in the absence of P. brassicae. However, it did not
provide us with clues as to which aspects of parasitoid behaviour might be different between
American and British strains of C. glomerata.Moreover, the American parasitoids used in the
experimentshadbeen rearedonP. rapae, while British parasitoids werecultured onP.brassicae.
The different environments experienced by immature parasitoids during development, and the
different stimuli available tonewly emerged parasitoids inearly adulthood mayhave affected the
outcome of theexperiments (LeMasurier &Waage 1993).Parasitoid cocoons mayemit different
odours after parasitoid development in different host species. Parasitoids may use the
infochemicals from theircocoons asacuefor host andpatchquality laterin life, and adjust patch
exploitation decisions accordingly.

Questions
Using the Cotesia-Pieris system, we specifically address the following questions: 1. Do
American andEuropean C. glomeratashowdifferent patterns ofmovement acrosspatches?2.Do
travel times differ between parasitoid strains, and between host-infested leaves within and
between plants? 3. Do the parasitoids use (volatile) information from nearby patches while
making foraging decisions on the current patch? 4. Does development in different host species
affect foraging decisionsintheadultparasitoids?
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MATERIALS & METHODS
The European C. glomerata cultures were established from P. brassicae larvae that had been
placed in, and were recaptured from, Brussels sprouts fields near Wageningen, the Netherlands,
during the summer of 1997. This collection yielded about 100 cocoon clusters, about 2000
parasitoids. This European strain of C. glomeratawas continually reared on first instar larvae of
P. brassicae,in agreenhouse compartment (21-25 °C, 50-70%RH, L16:D8).Parasitoid cocoons
were stored at 12-13 °C; emerged parasitoids were kept in (40x30x30 cm) cages (22.5-23.5 °C,
50-70% RH, L16:D8).Ample water and honey was present. Each generation of parasitoids from
the above strain was also allowed to oviposit in the alternative host, P. rapae.Thus we had also
C. glomerata at our disposal that were reared on this host for one generation, under the same
conditions asdescribed above.
TheEuropean strain ofC. rubeculawasestablished from P. rapaelarvaethat hadbeen placed in,
and were recaptured from, Brussels sprouts fields near Wageningen, the Netherlands, during the
summer of 1997. This collection yielded about 100 solitary cocoons, and the same number of
parasitoids.
One American strain of C. glomerata was established from 32 cocoon clusters, about 600
individuals, collected from 5th instar P. rapaefrom awhite cabbage field in Geneva, New York,
USA, and kindly sent to us by Mark Schmaedick and Tony Shelton in august 1997. Geneva is
about400kmfrom theoriginalrelease siteof C. glomerataintheUnitedStates.
The other American strain of C. glomerata was established from three cocoon clusters, 55
individuals, collected from cabbage fields near Amherst field station in Massachusetts, and
kindly sent tousbyRoy van Driesche in august 1997.Both American C.glomeratastrains were
continuously rearedonP. rapaeunderthesameconditions astheEuropean strain.
The food plants were three-month-old Brussels sprouts plants (Brassica oleracea L. var.
gemmifera cv. Icarus). Brussels sprouts plants were grown in a greenhouse (20-25 °C, 50-70%
RH,L16:D8 ).Thehost species were the small white,P. rapaeand the large whiteP.brassicae.
They were reared at 22-24 °C,60-70%RH and aL16:D8 photoregime. Thepreferred first instar
larvaeofbothhostspecieswereusedintheexperiments.
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Preparationsfor experiment1
Atthe start of each experimental day,3-10dayoldmatedfemale parasitoids were collected from
the culture cages and individually held in a vial with wet cotton wool and a honey droplet. The
parasitoids (in vials) were transferred to the experimental set-up and tested after at least half an
hour of acclimatization. These parasitoids did not have prior adult experience with hosts orplant
materials.Theyonlyhadexperiencewiththecocoons theyemerged from.

Set-upexperiment 1
Theforaging behaviour of C. glomerataparasitoids wasobserved ina "semi-field set-up"withP.
rapae-infestedcabbageplants inagreenhouse compartment.. Theset-upconsisted of six Brussels
sprout plants placed on a table in two parallel rows. Three of these plants were clean, while the
other three wereinfested. The distance between plants was about 45 cm.Two fans placed atthe
end of the table provided an air stream of 0.2-0.3 m s 1 at the parasitoid release site.This release
site, situated at the downwind end of the table, consisted of a Brussels sprouts leaf disc with
feeding damage of one early first instar P. rapae larva (the larva was removed). The distance
between the release site and the first two experimental plants was about 30 cm. In this set-up
parasitoid flight responses were above90%.Brassicaoleracealeaveshad adiameter of about 12
cm.Eachinfested plant hadtwoinfested leaves,eachcontaining twolarvae (soalways four hosts
perplant, twohosts per leaf). Five strains of Cotesia parasitoids were tested in this environment:
(i) European C.glomerata (strain from Wageningen, the Netherlands) cultured on P.brassicae;
(ii)European C.glomerata(strain from Wageningen, theNetherlands) cultured onP. rapae;(iii)
American C. glomerata (strain from Geneva, New York State) cultured on P. rapae; (iv)
American C. glomerata(strain from Amherst, Massachusetts) cultured onP.rapae;(v)European
C.rubecula (strainWageningen,theNetherlands) cultured onP. rapae. Allstrains were collected
inthefield, thesummerbefore thestartoftheexperiments.
The foraging behaviour of individual parasitoids was observed and recorded continuously. Each
observation started at the moment the parasitoid left the release site and flew to a plant. Five
minutes after the beginning of each experiment wind speed was reduced to 0.2 ms"1 at the two
experimental plants closest to the release site. At this wind speed the parasitoids could hover
freely across the six plants in the experimental environment. Observations were terminated after
45 minutes or when the parasitoid left the foraging arena, landed elsewhere and remained there
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for morethan twominutes,or whenitremained motionless for morethan twominutes within the
set-up.Foreachparasitoid strain 21to24females weretested.
Preparationsfor experiment2
Femaleparasitoids weretreated exactly asinexperiment 1,butwerein addition given experience
with a host. Just prior to an experiment, leaf areas (about 10 cm2) containing both feeding
damageand asingleP. rapaelarvae were cut out of infested Brussels sprouts leaves.Such aleaf
discwasplacedinapetridish,wheretheparasitoid wasallowedtowalkontoitandparasitize the
host. After 15 to 30 minutes this procedure was repeated with another leaf disc and larva.
Parasitoids not accepting the larvae for oviposition were excluded from the experiments.
Geervliet etal.(1998) found that after twoovipositions inP. rapaeorP.brassicaeC. glomerata
is able to discriminate between leaves infested with P. rapaeand P. brassicaefrom a distance.
Thus, giving parasitoids this experience can help them to learn to discriminate between
backgrounds containingonlyP.rapae,orbothP.rapaeandP.brassicae.

Set-upexperiment2
The foraging behaviour of C. rubeculaand C.glomerata parasitoids was observed in a "semifield set-up" consisting of five Brussels sprouts plants in a greenhouse compartment. Four of
these plants were arranged in a square on a table. These provided an infochemical background
that either simulated anAmerican or aEuropean environment: IntheEuropean background three
plants were infested with oneP.rapaelarva, while the fourth plant was infested with aclusterof
13 P.brassicaelarvae.IntheAmerican background allfour plantshadoneleaf infested with four
P. rapaelarvae.Two fans placed attheend of thetable provided an air stream of 0.2 ms"1 atthe
experimental leaf on the fifth plant, which wasplaced at the downwind end of the table.On this
plantparasitoid behaviourwasobserved, onaleaf thatcontained 0, 1,or 8P. rapaelarvae.Inthe
European background theplant withP.brassicaewas always one of the twoplants closest tothe
experimental fifth plant. The distance between the experimental fifth plant and the first two
background plants wasabout60cm.
All larvae were carefully placed on the plants with a fine brush 24-30 hours in advance of the
experiments. For the European environment we chose P. rapae density 1 as this is the most
common density in the field. For the American environment we chose P. rapae density 4 per
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plant as: (i) It is within the range of averages per plant for New York state, the origin of the
Americanparasitoid strain;(ii)itiswithin therangeofpeakdensities for Europe; (iii)it contrasts
very well with the experimental densities 1and 8: should the parasitoids be able to detect host
densityfrom adistance, these densities should allow for clear differences inbehaviour. The high
experimental density of 8larvae was chosen because thisis likely tobe the maximum densityon
a leaf that canbe encountered innature. If parasitoids show similarbehaviour on densities 1and
8,theyprobably dothesamealongtheentirerangeofnaturalhostdensitiesonleaves.
Theforaging behaviour of individual parasitoids wasobserved and continuously recorded with a
handheld microcomputer, using Observer software (Noldus information technology 1993).Each
observation started when theparasitoid walked outof the vial ontothecentre of the experimental
leaf on the fifth plant. An observation was terminated: 1) When the parasitoid left the
experimental leaf, landed somewhere else and remained there fore more than one minute, or 2)
when thewaspsatmotionless for morethen 5minutes.Weconsiderthe startof suchaperiod asa
decision by the parasitoid to stop foraging. From experience we know that a wasp is unlikely to
resume foraging inthe next hours once it has assumed such amotionless position. Atotal of 200
parasitoids was observed: 66 to 67 females for each strain divided over 3 densities and 2
backgrounds.

Notation
Below we will refer to European C.glomerata cultured on P. brassicae as strain Eurobras, to
European C.glomeratacultured on P. rapaeas strain Eurorap, to North American C. glomerata
from NewYork state as strain USNY, andtoAmerican C. glomeratafrom Massachusetts as strain
UoMass*

Statistical analysis
Most of the data were analyzed with generalized linear models (GLMs) using procedure
GENMOD in SAS6.11(SASInstituteInc. 1996).Wecorrected for slight differences in protocol
duration with an offset (logtime) statement. Multiple comparisons were made using contrast
statements. In the analysis of experiment 1 we performed planned contrasts between strains
Eurorap and Eurobras, Eurorap and USNY, and USNY and USMASS- For paired observations we
used the Wilcoxon signed-ranks test (WSR, e.g. for observations on travel times within and
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between plants in the same parasitoid, with significance at P=0.05). In a few cases a MannWhitney U test (MWU) was used. For the analysis of experiment 2 we performed planned
contrasts between strains Eurorap and Eurobras, and Eurorap and USNY- Differences were
considered significant at P=0.05/n, in the case of (n) multiple comparisons (contrasts). This is a
(conservative) Bonferroni correction for multiple comparisons.

RESULTS
Experiment 1 movement patterns
American and European C. glomerata parasitoids showed clear differences in the tendency to fly:
Strains USNY and USMASS flew on average 6.7 and 7.2 times during 45 minutes of observation,
while strains Eurobras and Eurorap flew 17.8 and 13.5 times in the same period, see Figure 1.
The difference between strains Eurorap and USNY was significant. There was no difference in the
number of flights between strains from the same geographical area (GLM: PEurorap- USNY =
0 . 0 0 0 8 ; PuSNY-USMASS= 0 . 6 9 ; PEurobras-Eurorap = 0 . 0 9 ) .
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Figure 1 The number of flights in a multi-patch environment by different C. glomerata strains from
Europe andNorthAmerica after development in P. brassicaeor P. rapae.
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During an experiment, strains USNY and USMASS hovered on average in front of 1.9 and 1.8
different plants, while strains Eurobras and Eurorap hovered in front of 3.2 and 2.8 different
plants, see Figure 2. Again, the difference between strains Eurorap and USNY was significant;
while there was no difference in hovering between strains from the same geographical area
(GLM: PEurorap- U S N Y = 0.0001; P U S N Y - U S M A s s = 0.88; PEurobras-Eurorap=0.45).
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Figure 2 The number of plants hovered over in a multi-patch environment by different C. glomerata
strainsfromEuropeandNorthAmericaafter developmentinP. brassicaeorP. rapae.
During each inter-plant flight, strains USNY and USMASShovered on average in front of 1.3 and
1.2 different plants, while strains Eurobras and Eurorap hovered in front of 2.2 and 2.0 different
plants. The difference between strains Eurorap and USNY was marginally non-significant; while
there was clearly no difference in hovering between strains from the same geographical area
(GLM: PEurorap- USNY = 0.018 (the critical P= 0.0167, using the conservative Bonferroni
Correction); PUSNY-USMASS= 0.80; PEurobras-Eurorap =0.11).
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Thestrains USNY and USMASSmadeonaverage0.6and0.65revisitstohost-infested leaves,while
strains Eurorap and Eurobras made on average 1.7 and 3.8 revisits. The difference between
strains Eurorap and USNY wasjust not significant, while the number of revisits was significantly
higherinstrainEurobras thaninEurorap(MWU:PEurorap- USNY=0.021;
The above mentioned tendencies to fly across patches caused strains USNY and USMASSto make
onaverage 3.0 and 2.8 visits tohost-infested leaves,while strainsEurorap and Eurobras madeon
average 4.7 and 6.2 visits The difference between strains Eurorap and USNY was significant,
while there was no difference in the total number of patch visits between strains from the same
geographical area ( M W U : PEuroraP- U S N Y = 0.0080; P USNY-USMASS = 0.65; PEurobras-Eurorap=0.021).

With each flight between plants, the probability to arrive at an infested plant was 0.67 in strain
USNY and 0.68 in strain USMASS- This arrival probability was 0.6 in strain Eurorap and 0.85 in
strain Eurobras.With each flight toleaves on infested plants, the probability to arrive at infested
leaves was 0.89 in strain USNY and 0.29 in strain USMASS- This arrival probability was 0.76 in
strainEurorap and0.62 instrainEurobras.

Experiment 1 traveltimes
Traveltimesbetweenplants werelongerthantravel times withinplantsintheEuropean strainsof
C. glomerata

(WSR: PEurobras-within-between= 0 . 0 3 3 , PE„rorap-within-between=0.012). Average travel times

from leaf to leaf were 46 seconds within plants, and 125 seconds between plants, in strain
Eurobras. Flights lasted on average 35 seconds within plants, and 77 seconds between plants in
strain Eurorap, see Figure 3.There was no significant difference in travel times between versus
within plants in the North American strains (WSR: P USNY-within-between=0.72, PusMASs-within-between

=0.45). Average travel times were 21 seconds within plants, and 26 seconds between plants, in
strain USNY-Flights lasted onaverage30seconds withinplants,and 39secondsbetweenplantsin
strain USMASS, see Figure 3. Travel times between plants were significantly different between
strains Eurorap and USNY (MWU:PEurorap- USNY = 0.00068), but not between strains from within
EuropeandNorthAmerica (MWU:P USNY-TJSMASS= 0.85;PEurobras-Eurorap=0.77).Parasitoids from
strain Eurorap travelled more times between plants than parasitoids from strain USNY: 2.5 versus
1.6 times, (MWU: P=0.0041), and also had a higher proportion of travel between plants: 0.51
versus0.25,(MWU:P=0.0057).
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Iwithinplants

• betweenplants

Euro,bras
Euro,rap
USNY,rap
USMASS,rap
C.glomeratapopulationsof different origin
Figure 3 Travel times:the duration of flights from leaf toleaf, within and between plants by different C.
glomeratastrainsfrom EuropeandNorthAmerica after development inP. brassicaeorP. rapae.

Experiment 2 local informationand patchexploitation.
We compared foraging decisions on P. rapae-infested leaves in the presence or absence of a
nearby (60 cm) high quality alternative patch with a cluster of P. brassicae larvae. We tested
strains USNY, Eurorap and Eurobras, on experimental leaves containing 0, 1,or 8 P. rapae larvae.
Patch residence times at host density 0 did not differ among strains (GLM: P=0.86), nor was
there any effect of the alternative patch in the background. There was a significant effect of strain
and density on residence times in host-infested patches (GLM: Pstrain =0.0001, Pdensity= 0.0004).
Background information and interaction effects were not significant (GLM Pbackground = 0.70,
Pstrain*density = 0.99, Pstrain* background = 0 . 1 3 , Pdensity*background = 0.80). Residence times did not differ

between the two European strains (GLM: PEurobras-Eurorap=0.46), but differed significantly between
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strains Eurorap and USNY (GLM:PEurorap- USNY=0.0004). Patchresidence times increased from
about 140 seconds on empty leaves to about 630 seconds on leaves with host density 8, in the
European parasitoids. Patch residence times increased from about 170 seconds on empty patches
toabout 1500secondsonpatcheswitheighthosts,intheNorthAmerican strain (Fig4).
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Figure 4Residencetimesonleaves,atdifferent densitiesofthehostP.rapae bydifferent C. glomerata
strainsfromEuropeandNorthAmericaafterdevelopmentinP. brassicaeorP. rapae.
There was a significant strain effect on the number of ovipositions per patch visit, both at host
density 1(GLM: P= 0.0034) and host density 8 (GLM: P=0.0016). In neither case was there an
effect of background information (GLM: P= 0.48, P=0.36). Strain USNY had a higher number of
ovipositions perpatch visit than strain Eurorap,both atdensity 1and density 8(GLM:P= 0.004,
P=0.014). The twoEuropean strains did not differ in the number of ovipositions per patch visit,
neither ondensity 1,norondensity 8(GLM:P=0.77,P=0,23).
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DISCUSSION
Travel decisions are a key component of patch exploitation mechanisms. Optimal foraging
models often implicitly assume that travel times are imposed by the environment (see e.g. Iwasa
et al. 1981; Stephens & Krebs 1986; Driessen & Bernstein 1999). In such model approaches
natural selection is assumed to optimize decisions on the search time in each patch as a function
of the average travel time between patches. Our results show that travel time is not always an
environment-imposed fact of life, but that it can rather be a decision variable itself. Parasitoids
have a choice to travel within or between (herbivore-infested) plants. Furthermore, they have a
choice in how much time to allocate to interplant flights, before choosing to land on another
patch. We studied travel patterns in C. glomerata parasitoid strains from Europe and North
America, in a multi-patch environment. The European strain Eurorap hovered in front of more
plants, had more and longer inter-plant travel times, a higher proportion of inter-plant travel
times, and visited more host-infested leaves than the North American C.glomeratastrain USNY,
in the same environment. This suggests that parasitoids from different strains are likely to build
anentirelydifferent internal representation of anidentical environment: TheEuropean parasitoids
experienced many patches, searching each patch for a short time, while the American parasitoids
searched only a few patches thoroughly. The USNY parasitoids had more ovipositions per patch
visit than the Eurorap parasitoids. American C.glomerataoften flew straight to a neighbouring
plant,whileEuropean C. glomeratafrequently hovered infront of severalplantsbefore landing.
These differences in spatial foraging behaviour give the impression of a more explorative
strategy in the European parasitoids, and a more exploitative strategy in the North American
parasitoids. The adaptive value of patch exploitation mechanisms is intimately tied to the spatial
distribution ofresources (e.g.Iwasa etal. 1981;Driessen etal. 1995;Vosetal. 1998,Driessen&
Bernstein 1999). Spatial distributions of Pieris hosts differ markedly in Europe and North
America: InEurope P.rapaefollows aPoisson distribution acrossplants,whilethepreferred (but
rare) highquality host P.brassicae occurs in afew clusters in afield. InNorth America P.rapae
follows a Poisson distribution early and late in the season, but a negative binomial distribution
with higher densities per plant during midsummer (Harcourt 1961; S. van Nouhuys pers comm,
seeVosChapter5).
We hypothesise that the extended inter-plant hovering in European C.glomeratais a means to
facilitate location ofP.brassicae inEurope, asvolatileinformation might beeasiertoperceiveor
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usewhen hovering in andout of an odourplume.As afirst step,our second experiment intended
to test whether the parasitoids use olfactory information from a nearby patch, while making
decisions on the current patch.We showed that there was nomeasurable effect of a high quality
P. brassicae-mfested patch on the patch leaving tendency in C. glomerata parasitoids, even
though it wouldbe highly adaptive toquickly leave apoor patch for ahigh quality patch only 60
cm away. Preliminary experiments showed that the responsiveness to an infested leaf is highest
from a distance of 0-30 cm in C.glomerata.This is also the distance at which parasitoids hover
across leaves. These results suggest that extended hovering might be an essential feature for
locating a nearby cluster of P. brassicae. Such inter-plant hovering was most pronounced in
European C.glomeratathat had developed inP.brassicae.This suggests that C.glomeratauses
early experience with P. brassicae as a cue to the presence of this preferred host in the
environment, and adjusts its searching behaviour accordingly (also see Vos Chapter 3).In North
America explorative flights may not pay-off, as flight is likely to be costly, both in terms of
energy and the risk of mortality (see Volkl & Kraus 1996; Weisser & Volkl 1997), while a
benefit intheform ofrarehighqualityhostclustersisabsentinthis environment.
The above mentioned results indicate that foraging decisions are primarily based on local
information, and that C. glomerata parasitoids do not simultaneously process olfactory
information from several nearby patches while making decisions in the current patch. However,
C. glomerataparasitoids frequently revisited patches after severalvisitstootherpatches.Thiscan
potentially facilitate information useonalarger spatial scale.Although itisnotimmediately clear
whetherrevisits lead toahigherpay-off than visits tonew patches,thisresultisimportant from a
theoretical point of view. Initial patch leaving decisions as observed within a limited
experimental timeframe, may not represent the final decision of aparasitoid for that patch. Patch
exploitation can consist of multistage decision making, where initial decisions are adjusted after
the parasitoids have dealt with (and learned on) several other patches in the local environment.
Therevisits inourexperiments arenot due todepletion within, or confinement tothe multi-patch
environment. If we did not stop the experiment after 45 minutes, the parasitoids would mostly
intensely search the set-up for several hours before flying to the ceiling, still leaving a
considerableproportion ofhosts unparasitised.
Our results indicate that parasitoids may initially use highly local information, but make final
exploitation decisions at the level of an area consisting of several patches. In a following paper
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we will explore the effects of local information processing, different travel patterns and
multistage decision making on parasitoid life-time reproductive success in environments with
different spatial distributions of hosts.
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5
Linking foraging behaviour to lifetime
reproductive success for an insect parasitoid
adaptation to host distributions

Summary
European and American populations of the parasitoid Cotesiaglomerata,that forage for hosts
with different spatial distributions, show pronounced differences in foraging behaviour across
plants and leaves. This variation was observed about 350 generations after C. glomerata'&
introduction from Europe to North America. We used simulation models to study how these
behavioural differences affect lifetime reproductive success in environments with different host
distributions. The larval host Pierisrapaefollows anegative binomial distribution across plants,
with 1-5 larvaeperinfested leaf during thesummer inNorthAmerica, and aPoisson distribution,
with typically 1 larva per infested leaf early and late in the season. The host P. rapae has a
Poisson distribution acrossplantsinEurope.Thepreferred gregarious hostP.brassicae ispresent
inEurope,but not inNorth America. This host occurs inrare clusters of 7-150larvae on asingle
leaf.
Our simulations showed that the foraging strategy of American C. glomerataresulted in ahigher
lifetime reproductive success on aPoisson P. rapaedistribution than the strategy of European C.
glomerata. Lifetime reproductive success did not differ between populations on a negative
binomial P. rapae distribution. Our results suggest that C. glomeratahas adapted to the North
American environment through the loss of explorative traits that are necessary to locate rare
clustersof P.brassicae inEurope.American parasitoids spend lesstimeonexploration andmore
timeonexploitation ofpatches.
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Lifetime reproductive success of the European strategy was most sensitive to an increase in the
giving up time (GUT) on infested leaves. American parasitoids differed most from their
Europeanconspecifics inexactlythisbehaviouralparameter and showed a 121%higherGUT.
In our first simulations parasitoids could not discriminate from adistance between different host
densities on infested plants and leaves. In following simulations we allowed the parasitoids to
perceive information on plant and/or leaf damage levels in their local environment, and to use
thisinformation topreferentially land on high-density patches.Lifetime reproductive success did
notsignificantly increase undersuch anincreased perception anduseof information.
Oursimulations suggestthatNorth American parasitoids aremostly time-limited early andlatein
theseason and mostly egg-limited in themiddle of the season.Wediscuss our results inthe light
of behavioural adaptation, under incomplete information, to different spatial distributions of
resources.

INTRODUCTION
Acentral question inforaging theory ishow strategies for the exploitation of patchily distributed
resources are related to the reproductive success of foraging animals. Many parasitoid species
exploit herbivorous insect larvae in plant canopies. These host larvae can occur in hierarchical
patches, consisting of plants and leaves. Travel times from leaf to leaf can be smaller within
plants than between plants.In many studies of foraging and patch exploitation, only the decision
of when to leave a patch is taken into account (e.g. Charnov 1976;Iwasa etal. 1981;Haccou et
al. 1991;Hemerik etal. 1993;Driessen etal.1995; Rodriguez-Girones &Vasquez 1997;Voset
al. 1998; Driessen & Bernstein 1999). However, the adaptive value of patch leaving decisions
may be closely linked to patch arrival (Vos et al. 1998) and travel time decisions. In an
hierarchically structured environment parasitoids can choose to travel within or between plants,
which implies a choice in the type and magnitude of travel times (Vos Chapter 4). In optimal
foraging models a performance function is often used that maximises the long-term rate of
offspring production (E),givenacertain givingup-rule:

E=

N
(Ttravel + Tsearch)

eqn1
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where N is the average number of offspring per patch, Tu-avei is the average travel time between
patches and Tsearchis the average time spent searching in each patch (Iwasa et al. 1981;also see
Stephens & Krebs 1986;Driessen & Bernstein 1999). Natural selection is assumed to optimise
decisions on Tsearch as a function of Travel , where Ttravei is supposed to be imposed by the
environment (Iwasa et al. 1981). However, under a hierarchical patch structure the actual
optimisation problem doesnotonlyinvolve decisions onTsearch,depending onTravel.Instead, the
problem involves the simultaneous optimisation of decisions on both Tsearch and T,raVei•These
decisions should depend on the distributions of hosts across plants and leaves, which do impose
minimal traveltimeswithin andbetweenplants,but alsoonthecosts (energy, timeand wear)and
possiblebenefits (information acquisition) of longerthanminimaltraveltimes.
Previous experiments have shown pronounced differences in decisions on T^ei and Tsearch
between European and American populations of the parasitoid Cotesia glomerata. European
parasitoids typicallyhoverandhopacrossmanyplants andleaves andhave shortresidencetimes,
while theAmerican parasitoids fly much less and search more persistently within infested plants
(Vos Chapter 4). C. glomerata travel times are longer between plants than within plants in
European parasitoids,but arenot different in the American population. European parasitoids tend
to hover across several plants before choosing to land, and thus have longer travel times between
plantsthanAmericanparasitoids.
The European wasps have a higher tendency to return to previously visited infested leaves (Vos
Chapter4).Inmanytheoretical studies (e.g.Charnov 1976;Iwasaetal. 1981; Rodriguez-Girones
& Vasquez 1997) the assumption is made that revisits to patches do not occur and that foragers
make one leaving decision, that is final, on each patch. However, parasitoids of our European
population of C. glomeratarevisit host-infested leaves up to four times, and those of our North
American population up to two times, after visits to other patches. This indicates that patchexploitation can be a process of multistage decision making, with early patch decisions being
adjusted duringlater visits (VosChapter 4).Thepossibly adaptive value of revisits and decisions
to travel within or between plants is intimately tied to the spatial distribution of hosts. Host
distribution does impose a certain amount of travel time and will thus affect a parasitoid's time
budget. This will in turn affect how natural selection acts on life history decisions like
investments in eggs and survival, and affect the proportions of time limitation and egg limitation
in aparasitoid population. Itisimportant toknow whether aparasitoid population ismostlytime-
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limited:manytheoretical studies assume timelimitation, whichimpliesthatnatural selection acts
on traits affecting parasitism rates. The distribution of Pieris caterpillars can vary considerably
with geographical area, season and the particular species involved and parasitoids have to deal
withthisvariation.
Generalaims
Our general aimis torelate thevariation inforaging behaviour between American and European
parasitoids to variation in lifetime reproductive success. We investigate the performance of both
foraging strategies on the different host distributions occurring in North America and Europe.
Furthermore we check how lifetime reproductive success changes when we vary the amount of
information aparasitoid canhaveonits environment.

Thesystem
Theparasitoid C.glomeratais indigenous toEurope and wasintroduced inNorth America from
Europe in 1884, about 350 C. glomerata generations ago. In Europe, C. glomerata parasitises
larvae of Pieris brassicae and Pieris rapae. Its repertoire of spatial foraging behaviour seems
adapted to the gregarious larvae of P. brassicae and is much less efficient on the solitarily
feeding P. rapaelarvae (Wiskerke &Vet 1994).P.brassicaeclusters arerareinmost years (Pak
etal. 1989).A cluster occurs on about one in every 200-300 Brassicaplants (calculation based
on Pak et al. 1989 and L. Castricum, J.J.A. van Loon & M. Vos, unpublished field data). This
implies that a P. brassicaecluster could be present on about one in every 20-30 /'j'en's-infested
plants (seebelow).P.rapae occurs atlow densities inEurope,with averages around 0.1P.rapae
per plant (Pak etal. 1989;Karamaouna &Vosunpublished), and peaks in averages reaching 1.6
perplant (Paketal.1989).
C. glomerata attacks P. rapae in North America, since P. brassicae is absent there, P. rapae
occurs at low densities early and late in the season in North America (S. van Nouhuys, pers.
comm.). The distribution of P. rapae across plants agrees well with a Poisson distribution at
densities below two per plant (Harcourt 1961). In the middle of the season North American P.
rapae populations reachhigh densities,having anegative binomial distribution, withmeans of316 (L1.3) larvae per plant (Harcourt 1961). Densities on leaves range from one to five (S. van
Nouhuys, pers. comm.), versus a typical density of one L1.3 larva per leaf when P. rapae
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population densities are low (F. Karamaouna & M. Vos unpublished). North American C.
glomeratahavebeen suggested tohave evolved ahigher attack ratethan European C. glomerata,
onP. rapae (LeMasurier &Waage 1993).
Specificaimsand questions
Firstly, we use a simulation model to evaluate the lifetime reproductive success resulting from
alternative foraging strategies in twogeographically distinct parasitoid populations.The model is
based on data from foraging experiments in multi-plant environments with European and North
American C. glomerataparasitoids and literature/field data on host distributions in Europe and
North America. Our model explicitly incorporates the hierarchical structure of patches and
parasitoid exploitation patterns within such structure. We specifically ask: 1. How is lifetime
reproductive success in parasitoids from Europe and North America affected by the distribution
ofP. rapae hosts acrossplants and leaves? 2.Istheforaging strategy of theAmerican population
more successful in the North American environment than the European strategy about 350
generations after C. glomerata's introduction to North America? 3. What is the proportion of
time-limited animals in European and American parasitoid populations under Poisson and
negativebinomialhost distributions?
Secondly, we use this model to study parasitoid lifetime reproductive success under different
ecological scenarios. Inthese scenarios we askquestions ondecisions inparasitoids as well asin
hosts. We vary: (i) the amount of information available to the parasitoids, (ii) host decisions on
how to distribute their offspring, and (iii) the eggload available to female parasitoids. We
specifically ask:4.Wouldtheabilitytoperceive anduseinformation onhostinfestation levelson
plants and/or leaves in the local area lead to anincrease in lifetime reproductive success? Thisis
particularly imporant for the American population that has to deal with a heterogeneous host
distribution in the middle of the season 5. Would such an ability have a higher pay-off if it
spanned a wider local environment? 6.Would the host's decision to always have single eggs on
leaves reduce parasitisation rates by North American parasitoids? 7. To which aspects of
parasitoid behaviour is lifetime reproductive success most sensitive? 8. How would variation in
fecundity further differentiate theforaging success of North American C. glomerataon aPoisson
andanegativebinomialdistribution ofhosts?
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MATERIALS & METHODS
We constructed a model for simulating the foraging behaviour of an individual C.glomerata
female, during her entire lifetime. She forages in a field of 3025 Brassica oleracea plants (55
plants long and 55plants wide) and makes patch arrival and leaving decisions both at the spatial
scale of plants and leaves. In order to answer each of our questions we varied certain
characteristics of the basic model: a) the foraging behaviour characteristic for each strain
(American orEuropean),b)hostdistribution,c)useof information onhostdensities,d) fecundity
(egg load).The behaviour of each parasitoid is stochastic. We simulated 100parasitoid lifetimes
for each ecological scenario. Below we provide our methods in three sections, two for the
description of theexperimental and literature data weused for the model, and one describing the
modelitself.

Experimentaldata
Weusedtheresultsof twoexperiments (seeVosChapter4for details)toparameterise the foraging
model.Inthefirst experimentweobservedindividualC. glomeratafemales foraging onasingleleaf
onaBrassica oleraceaplantwithhostdensitiesofzero,oneoreightP.rapaelarvae (N=22 foreach
treatment). We used results of parasitoids from two different populations: one from the USA,
(Geneva, New York state), and one from Europe (vicinity Wageningen, The Netherlands).
Parasitoids of both strains had been reared on P. rapae,under identical climatic conditions. Both
strainshadbeen inthelaboratoryfor several generationsbefore beingusedintheexperiments,thus
purging maternal effects that might be due to the original environment. In the experimental
background, fourft'eris-infestedplants provided alternative patches to go to,in case the parasitoid
decided to leavethe current patch. This experiment provided data on: 1)giving uptimes on empty
leaves (GUTempty), 2) giving up times on infested leaves (GUTinfested), 3) intervals between
ovipositions (IBOs). These are either the time until the first oviposition on a patch, or the time
betweenovipositions.
In the second experiment we allowed individual C.glomeratafemales to forage in a multi-patch
environment consisting of six B. oleraceaplants for 45-60 minutes. Three of these plants were
infested with four P. rapae larvae.Theinfested plantshad twoinfested leaves,eachcontaining two
larvae. We used the same strains as in the first experiment (N-22 for each parasitoid strain). The
multi-patch experiment provided data on 1) travel times between plants and within plants, 2) the
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probabilities totravel between versus within plants, 3)probabilities to fly to empty versus infested
plants, 4) probabilities to fly to empty versus infested leaves, 5) the probabilities of revisiting
infested leaves,6)thesametypeofdataasthesinglepatchexperiment (seeabove).Wewillcallthe
Wageningenpopulation 'European',andtheGenevapopulation 'American',for convenience,andto
emphasisethatthesepopulationshavegeographicaloriginsthatdiffer inecologicalconditions.

Literature data
Cass and Harcourt provide extensive data on population densities and distributions of P. rapaein
NorthAmerica.Cass(1960)found averagesof 1.9 and4.3larvaepercabbageplant,intwoyears,in
untreated plots. Harcourt found on average 3-16 (Li_3) P. rapaelarvae per cabbage plant, over a
five-year period,ininsecticide-free plots,(Harcourt 1961,1962).Forthevariance-mean relationship
of a negative binomial distribution the expectation of the variance is: s2 = m+m2/k. Harcourt's
estimateofkis2.91for thefirst threeinstarsofP.rapae, whicharethemost suitablehost stagesfor
C.glomerata. Based on Harcourt's (1961) variance-means data (see his figures 1and 2) we have
chosen anaverageofm=5andk=2.91asthevaluesweusedinoursimulations,tocreate anegative
binomial distribution of larvae across plants. The variance-mean relationship of a Poisson
distribution gives the expectation of the variance as s = m. We estimated the mean density on a
plant tobe 0.1 for the European distribution, based on the data of Pak etal.(1989), and our own
1997fielddata(m=0.10,s2=0.11,F.Karamaouna&M.Vosunpublished).Harcourt (1961) showed
thatP. rapae'sdistribution agreeswell with aPoisson distribution atsuchlowdensities.Weuseda
mean and variance of 0.1 L1.3P. rapaeper plant to simulate a European field distribution or an
Americandistributionearlyorlateintheseason.

The Lifetime Foraging Model
We modeled a realistic spatial environment consisting of plants and leaves, and the behaviour of
parasitoids within such structure, including revisits to patches and travelling within and between
plants. This environment consisted of a field of 55 by 55 plants with a defined host distribution,
either a Poisson distribution or a negative binomial distribution of P. rapaelarvae across plants.
UnderthePoisson distribution plants contained zero,one,ortwohosts.Individual leaves contained
zero or one host. Under the negative binomial distribution plants contained 0-13 hosts per plant.
Individual infested leaves contained 1-5 larvae (distr. NBmuitipie).Especially to answer question 2),
whether a (negative binomial) host distribution with only a single egg on each leaf would affect
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parasitoid lifetime reproductive success, we also simulated the samenegative binomial distribution
of hosts across plants, where only a single larva per infested leaf was present (distr. NBSjngie). We
compared the European and American foraging strategies in environments where only P. rapae is
present (as did le Masurier & Waage 1993). This facilitated a straightforward comparison of the
efficiency of both strategies on P. rapae,but note that part of especially the European foraging
strategy may be tuned to exploiting the potential presence of P. brassicae in the environment (see
discussion).Our simulations start withreleasing aparasitoid ontheplant inthemiddle of the field.
Thisparasitoid haseither thebehavioural strategy of theUSA strain, orthatof theEuropean strain.
Theforaging parasitoidexploitstheplantsandleavesinthefield subject to:(i)aprobabilityofintraplanttravelwhenonaninfested plant,(ii)aprobabilityofintra-planttravelwhenonanemptyplant,
(iii) a probability to choose between neighbouring infested versus empty plants, either landing
randomlywithrespecttohostdensityoninfested plants (iii,a),orwithaprobability proportional to
host density (iii,b) Theparasitoids can choose toland on oneof the eight surrounding plants (in a
3x3plantblock),oroneofthe24surroundingplants(ina5x5plantblock),thusallowingparasitoids
to makechoices at different spatial scales, (iv) aprobability tochoosebetween infested and empty
leaves, either landing randomly with respect to host density on infested leaves (iv, a), or with a
probabilityproportionaltothedensityoninfested leaves(iv,b).
Thus parasitoids can either have no information on host densities,just partial information (only at
the plant or leaf level), or 'complete' information, (both at the plant and leaf level, also see
discussion). Note that this information is not truly complete as it only concerns the local
environment (8or24surroundingplants).Inthemostsimple 'default' situation theparasitoidshave
no information on surrounding plant and leaf damage levels. They only discriminate between
'infested' and 'clean', andmakelandingchoicesamongtheeightsurroundingplants.
On empty leaves the parasitoid 'draws' a giving up time (GUTcmpty),a travel time and travels.On
infested leaves,theparasitoid draws aGUTinfestedandanintervalbetween oppositions (IBO).If the
IBOisshorterthantheGUTinfested,anoviposition occurs,withaclutchsizeof20eggs(VosChapter
3),according tothedrawn IBO.Elsetheparasitoid leaves after thedrawn GUTinfested-Thisdrawing
of GUTs and IBOs continues until a shorter GUTinfesIed is drawn, or all hosts on the patch are
parasitised,uponwhichtheparasitoid leaves.Eachparasitoid isallowedtoforage anentire lifetime,
drawn from an exponential distribution with an average of 86400 seconds, (=24 hours=three
foraging daysofeighthours,seeVosChapter 1,ourparasitoids liveonaveragethree daysinacage
in the field (Geervliet 1997) and are most active between about 8 am and 4 pm, Vos personal
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observation). We simulated parasitoids with 500, 1000, 1400, 1500, 2000, 2500 or 3000 eggs. C.
glomeratafemale fecundity varies between 500 and 2200 eggs (Moiseeva 1976; Shapiro 1976;
LeMasurier &Waage 1993;Laing & Levin 1982;Tagawa 2000). Our 'default' parasitoid has an
eggcomplementof 1400eggs.Wedonotincorporate atrade-off betweenfecundity andlongevityin
oursimulations,asthenecessaryexperimental dataarenotavailable.However,wewillshowgraphs
onlifetimereproductive successforthefull rangeoflifespansand fecundities.
The above steps are summarised in aflow diagram (Figure 1),that shows thebehavioural cycleof
the parasitoid. Finally, we show all used parameter values in Table 1, and discuss these in the
Appendix. Using these parameters, our simulations provided results on 'emerging' parameters like
numbersofovipositionsandvisitstoinfested plantsandleavesthatweresatisfactorily similartoour
experimental results (Table 2). Note that both the real behaviour in the experiment and the
simulationsarestochastic andcouldgivedifferent resultsif theywererunagain.Theabovecheckis
notavalidationbutshowswemodelledwhatweintendedtomodel.
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Figure 1 Flow diagram of the foraging behaviour of a C. glomerata parasitoid in a field with hierarchical
patches (hosts are distributed across plants and leaves)
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Table 1Parameter valuesused inthesimulations,based onexperiments with American (Am) and
European (Eur) C.glomerataparasitoids (VosChapter4) andcalculations intheappendix.All parameters
involvingtimewere fitted toanexponential distribution.Last column showsthepercentagechange from
theEuropean totheAmerican value.

Change from EurtoAm value

Am, Eur
Intrinsic intervals between
ovipositions
Intrinsic givingup times
oninfested leaves
Intrinsic givingup times
onempty leaves
Travel times within
plants
Travel times between
plants
P(gotoinfested plant)
P(gotoinfested leaf)
P(stay on infested plant)
P(stay onempty plant)
P(l st revisittoinfested leaf)
P(2ndrevisittoinfested leaf)
P(3rdrevisittoinfested leaf)
P(4*revisittoinfested leaf)
Locally perceived
environment
Information use
onhost density
Fecundity,both strains
Foraging lifetime

671, 903, (seconds,meanof exp.distr.)

-26'

855, 387, (seconds,meanofexp.distr.)

+121

185, 137, (seconds,mean of exp.distr.)

+35'

21,

-40%

35

(seconds,mean of exp.distr.)

26, 77
0.67, 0.60
0.89, 0.76
0.76, 0.65
0.47, 0.26
0.50, 0.99
0.25, 0.50
0,
0.25
0, 0.063

(seconds,mean ofexp.distr.)

8,24

(surroundingplants,for both strains)

-66%
+12%
+17%
+17%
+81 %
-49%
-50%

none,only onplants,only onleaves,bothonplants and leaves
500, 1000,1400, 1500,2000,2500,3000(eggs)
86400
(seconds,mean ofexp.distr.)
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Table 2Results of45minutestochasticsimulations (N=100)offoraging behaviour inourexperimental
set-up,compared toactual experimental results (N=22).Weshow 'emerging' parameters (averagesand
standarddeviations)resultingfromtheusedparameterestimates.
Numberof
ovipositions

Numberof visits
to infested plants

Numberof visits
toinfested leaves

DataAm.
Simulation Am.

3.2(1.2)
3.0(1.5)

1.6(0.71)
1.9 (1.0)

3.0(1.4)
3.5(1.5)

Data Eur.
Simulation Eur.

2.0(1.0)
2.2(1.5)

2.5 (1.3)
3.0 (1.3)

4.7 (2.5)
4.6 (1.7)

Statistical analysis
We used N=100 replicates for each ecological scenario. The results from different ecological
scenariosorparasitoid populationswerecompared usingaKruskalWallis test (KW, nonparametric
analysis of variance).Subsequently nonparametric multiple comparisons wereperformed (Siegel&
Castellan 1988). We chose to use the KW-test as our data on lifetime fitness could not be
transformed to approach a normal distribution. We used the Mann-Whitney U test (MWU) for
several comparisons of twosamples. If samples wereused in several (n)comparisons, we adjusted
theP-levelto0.05/n (Bonferroni correction).For ease of readingwewillusethe term 'parasitoids'
and 'strains' when presenting the outcome of our simulations. These terms refer to the particular
foraging strategies we modelled for the North American and European Cotesia glomerata
parasitoids.Wewillusetheterms 'reproductive success' and 'fitness' meaning thenumberof eggs
laidduringtheentirelifetimeofparasitoidsinoursimulations.

Sensitivity analysis
Wetested the sensitivity of lifetime reproductive success to anincrease or decrease of 10%in the
valueof eachbehavioural parameter.Wedidthisfor boththeEuropean andtheAmerican foraging
strategy, in a Poisson environment. The default behavioural parameter values were as in Table 1,
while fecundity was 1400eggs.Animals used noinformation onhost densities from adistance and
chose to land among the eight surrounding plants. A single set of simulations consisted of 100
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parasitoid lifetimes. Setswith(identical) default parameter valueswerereplicated tentimesforboth
theAmerican andEuropean foraging strategy,tocheckhowmuchvariationinlifetime reproductive
successwecanexpect between setsduetostochasticity alone.Thesensitivity was analysed forten
behavioural parameters. Thesets for anincrease ordecrease of 10%in a single parameter value
werecompared withthedefault set,usingaMWU-testandaP-levelof0.025.Each default sethad
been designated to a particular behavioural parameter prior to the simulations. The sensitivity
analysisentailed60setsof 100simulations.

RESULTS
EuropeanandAmericanfitnessondifferent host distributions
Host distribution significantly affected lifetime reproductive success for both the European and
American Cotesiaglomerata foraging strategies (KW,P=9.010"6andP=4.2-10"5).
European 'parasitoids' laidonaverage 876eggsinthenegativebinomialenvironmentwithmultiple
larvaeperleaf, 731eggsinthenegativebinomial environment withsinglehostsonleaves,and523
eggs in the Poisson environment, seeFigure 2. Multiple comparisons showed significant fitness
differences between theNBmuitiPie andthePoisson environment, andbetween theNBSingieand the
Poisson environment. There was no significant difference in reproductive success between the
NBmuitipieandNBsingieenvironments.
American 'parasitoids' laidonaverage950eggsinthenegativebinomialenvironment withmultiple
larvaeperleaf,770eggsinthenegativebinomial environment withsinglehostsonleaves,and 694
eggsinthePoissonenvironment,seeFigure3.Multiplecomparisonsrevealed
that lifetime reproductive success fortheAmerican strain wassignificantly different betweenthe
NBmuitjPie and NBSingie , and between the NBmuitipie and Poisson environments. There was no
significant difference inreproductive successundertheNBsingieandPoissonhostdistributions.
The American strategy resulted in a higher fitness than the European strategy on the Poisson
distribution (MWU,P=0.011).Reproductive successdidnotdiffer betweenparasitoid strainsonthe
negativebinomialdistribution(NBmuitip]e)» (MWU,P=0.14).
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Figure 2 Parasitoid lifetime reproductive success (average ±standard error)of theEuropean C. glomerata
foraging strategy on different host distributions across plants: negative binomial (NBmultiple and
NBsingle indicate the density of larvae on leaves) or Poisson. Different letters indicate significant
differences.
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Figure 3 Parasitoid lifetime reproductive success (average ± standard error) of the American C.
glomerata foraging strategy on different host distributions across plants: negative binomial (NBmultiple
and NBsingle indicate the density of larvae on leaves) or Poisson. Different letters indicate significant
differences.
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Incomplete information
We considered several ecological scenarios where parasitoids either had (and used): no olfactory
information onfeeding damage levelsintheirlocal environment, onlypartial information, focusing
on either plants or leaves, or complete olfactory information on the local environment, both at the
levelofplantsandleaves.The 'informed' parasitoidsusedcuesonhostdensitytopreferentially land
on higher density patches. In our simulations, 'uninformed' parasitoids of both populations landed
on plants with an average density of 5.3 hosts and on leaves with on average 2.9 hosts in the
negative binomial environment (NBmuitiPie)-Parasitoids visited plants with an average density of 7.0
hostswheninformed onplantdamage,andvisited leaveswith onaverage 3.3 hosts when informed
on leaf damage. An improved informational state did not result in any significant difference in
lifetime reproductive success, neither for the European, nor for the American strain, on any of the
threehostdistributions(KW,allP>0.05).
In these simulations parasitoids perceived the eight surrounding plants as the local environment.
We also allowed American parasitoids toperceive 24 instead of eight surrounding plants (a 5by
5localenvironment instead of 3by3),both under aPoisson and anegativebinomial distribution.
This did not lead to a significant change in lifetime reproductive success (MWU, P=0.58,
P=0.50).
Lifetime reproductive success:Variabilityandsensitivityto behaviour
Lifetime reproductive success varied considerably among the ten default sets of 100 simulations
of a parasitoid life time, due to the stochasticity of behavioural decisions. The number of eggs
laid by American 'parasitoids' ranged from 548 to 679,with an average of 630,in these ten sets
of simulations. The European 'parasitoids' laid 438-555 eggs, with an average of 503.Most of
the simulations with an increase or decrease in a single behavioural parameter value of 10% fell
withintheaboveranges,anddidnotdiffer significantly from thedefault simulation set.
American parasitoids showed atrend for ahigher fitness, (759eggs),when the giving uptimeon
infested leaves wasdecreased with 10%(P=0.0475),as well as atrend for ahigher fitness, (683
eggs), when the probability to go to infested leaves was increased (P=0.0328). European
parasitoids had a significantly higher fitness (592 eggs) when the giving up time on infested
leaves was increased (P=0.0051), and a significantly lower fitness (424 eggs) when the
probability torevisit infested leaves wasdecreased (P=0.019).
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Time limitedoregg limited?
Host distribution clearly affected the proportions of time-limited and egg-limited parasitoids in the
American and European populations. Of the American parasitoids 83 % was time-limited in the
Poisson environment, and 50 %in thenegative binomial environment. In comparison, a somewhat
largerpercentageoftheEuropeanparasitoidstendedtobetime-limited.OftheEuropean strain91 %
wastime-limitedinthePoissonenvironment,and61%inthenegativebinomialenvironment.These
percentages hold for animals with afecundity of 1400eggs.Figure4 showshow thepercentageof
time-limitation increased with fecundity in theAmerican parasitoid population, in the Poisson and
negativebinomial(NBmuitiPie)environments(seediscussion).
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Figure4Percentagetime-limitationintheAmericanparasitoidpopulationinenvironmentswithPoissonand
negativebinomial(NBmuitipie)distributionsofhostsacrossplants.
Theparasitoidsofbothstrainsmademorevisitstoemptythanto(rare)infested leavesinthePoisson
environment. The European strategy led on average to 194 visits to empty leaves versus 84 visits
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(including revisits) to infested leaves during a parasitoid lifetime (MWU, P=1.5-10~7). European
parasitoidsvisitedonaverage60different plants,ofwhichupto30wereinfested withP.rapae. The
American strategy led on average to 105 visits to empty leaves versus 61 visits to infested leaves
(includingrevisits),duringalifetime(MWU,P=1.3106),inthePoisson environment.
TheAmericanparasitoids visited lessemptyleavesthantheirEuropean conspecifics, inthePoisson
environment (MWU, P=0.0050). In the negative binomial environment the parasitoids of both
strains visited moreinfested than empty leaves.TheEuropean strategy led on average to 113visits
toinfested leavesand82visitstoemptyleavesduringaparasitoidlifetime (MWU,P=0.00048).The
American strategy resulted in means of 50 visits to infested leaves and 23 visits to empty leaves
duringalifetime (MWU,P=2.21012).

Variation inlifespanandfecundity
Figures5en6showparasitoid reproductive successinanegativebinomial(NBmuitipie)andaPoisson
environment depending on life span and fecundity, for the American strategy. The increase in
reproductive success with life span is about two times steeper in the negative binomial than in the
Poisson environment, for all fecundities. The parasitoids that became egg-limited, did so at a
younger agein thenegative binomial environment. Note that the horizontal series of datapointsin
figure 5 and 6 represent individuals that were egg-limited at the end of their lives, and that the
bundleofdatapointswithapositivesloperepresentsindividualsthatweretime-limited attheendof
theirlives.
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Figure 5 Parasitoid lifetime reproductive success (eggs laid) in anegativebinomial (NBmuMpk)environment
dependingonlife spanandfecundity, fortheAmericanforaging strategy.
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Figure 6 Parasitoid lifetime reproductive success (eggs laid) in a Poisson environment depending on life
spanandfecundity, fortheAmericanforaging strategy.
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DISCUSSION
Alternativeforaging strategies inC. glomerata:
adaptive behavioural differentiation?
The foraging strategy of the North American parasitoid population resulted in a higher lifetime
reproductive success than the European strategy on a Poisson distribution of hosts across plants.
North American C.glomeratahave todeal with such ahost distribution during two periods each
year: early on, when the population is building up from the first generation of hosts, and later,
during the last host generation that will produce overwintering parasitoids. The North American
foraging strategy willresult in ahigher fitness than theEuropean strategy in theNorth American
environment, where the solitarily feeding host P. rapaeis present and the gregariously feeding
hostP. brassicaeis absent. Itwouldin fact be moreefficient inEurope aswell, with its Poisson
distribution of P. rapae, if P. brassicae were never present there. Possibly, the European C.
glomerataforaging strategy is more tuned to investing time and energy in explorative flights in
order to increase the chance of encountering rare P. brassicae clusters in the European
environment (VosChapter4). Thisexplorativebehaviour comes atacostof encountering lessP.
rapae hoststhan wouldbepossible undermoreexploitative foraging behaviour.TheEuropean C.
glomerata strategy may be a compromise between conflicting demands on the behavioural
repertoire: Time can be invested in (inefficient) searching on P. rapae-infested leaves (see
Wiskerke &Vet 1994),orontravellingtolocateP.brassicae. Theparasitoidsmayrisk tomissa
high quality cluster of P. brassicaewhen focusing on the exploitation of P. rapae,and may risk
tohave no offspring at all when focusing entirely on rare P.brassicaeclusters. Host acceptance
in C. glomerata reflects this compromise: European parasitoids readily accept P. rapae after
development in this host, but often reject it after development in P. brassicae,then only readily
accepting P. brassicae as a host (Vos Chapter 3). European C. glomerata readily accept P.
brassicae,even when P. rapaewas the natal host. Interestingly, the American population of C.
glomerata seems to have lost this trait. It significantly less often accepts P. brassicae (Vos
Chapter 3).When comparing thebehaviour ofEuropean andAmerican C.glomerata,quite afew
traits that areuseful for C. glomeratawhen foraging for P. brassicae(see Wiskerke &Vet 1994)
are absent orless frequent intheNorthAmerican foraging strategy (Vos Chapter 4). Behavioural
differentiation of populations seems to occur more frequently through the loss of (parts of) a
behavioural repertoire than through the genesis of novel behaviour patterns (Foster 1999). For
example, in a study of more than 25 populations of sticklebacks, all adaptive behavioural
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differentiation appears tohaveoccurred bylossof ancestral behaviourpatterns,orbyshifts inthe
frequency of their expression (Foster 1999).A specific pattern in ecotypic differentiation by loss
of behaviour patterns was repeatedly observed, in ten populations in geographically disparate
lakes (Foster 1999). We think that the absence of P. brassicae in North America may have
resulted in resolving part of a conflict within the generalist behavioural repertoire of C.
glomerata. The current American spatial foraging strategy is certainly more adaptive in this
environment. On the Poisson distribution of both on early and late host generations its
performance is superior to that of the European strategy. The differences between the European
and American strains may reflect genetic differentiation due to 350 generations of selection
againsttraitsfor dealingwith ahighlyclustered host,intheAmerican environment. However, we
cannot exclude maternal effects, although these may have been purged in the laboratory (see
materials&methods),norcanweformally excludepotentialinfections withmicroorganisms asa
causeofthedifferences between strains (seeHopperetal. 1993).Crossescouldprovide areliable
method todetermine the genetic contribution tobehavioural variation between strains (Hopperet
al. 1993). Very little is known about behavioural variation among C. glomerata strains within
Europe and North America. A North American C. glomerata strain from Amherst,
Massachusetts, showed flight behaviour that was highly similar to that of our New York strain
(Vos Chapter 4), but this strain was less active within patches. Van Nouhuys and Via (1999)
showed behavioural differentiation between New York C. glomerata strains from wild and
cultivated habitats, but could not show local adaptation to these different environments. To our
knowledge no behavioural comparison has been made among European C. glomerata
populations.

Hostdistributionandadaptation under incomplete information
Previous experiments in a semi-field set-up showed that C.glomeratadid not change their time
allocation toan empty orlow densityP. rapaepatch, when analternative high quality patch with
a P. brassicae cluster was available at a distance of only 60 cm (Vos Chapter 4). This result
indicates that patch leaving decisions are made locally and are not affected by information from
nearby patches.Italso suggests that the typical hovering across plants and leaves in European C.
glomerata's is essential for the location of P. brassicae. In our simulations in a Poisson
environment, European C.glomeratavisited 60 different plants in a lifetime, of which up to 30
werePieris-infested. Abouttenpercent of theEuropean parasitoids visited morethan 20 different
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Pieris-infested plants and would thus have a high probability of encountering a P. brassicae
cluster during alifetime.
However, C.glomerataarenot onlyattracted to ft'era-infested Brassicaplantsinthe field. Plant
volatiles induced bynon-host herbivores confuse these parasitoids and attract them toplants and
leaves without hosts (Geervliet et al. 1996; Vos et al. 2001). Although the parasitoids do not
discriminate between host and non-host-infested plants from a distance, they clearly do
discriminate between patch types once they have landed on a leaf, and adjust their patch times
accordingly (Vos et al. 2001). This plant-mediated indirect effect of non-hosts still costs
considerable amounts of time, especially when non-hosts are abundant (Vos et al. 2001). In a
field situation, where multiple-herbivore-plant complexes will be the norm, the distribution of
non-hostsmaybeasimportantfor lifetime reproductive successasthedistribution ofhosts.
C.glomeratadoesnotuseinformation on theconcentration ofkairomonesin apatch toadjust its
leaving tendency (Vos et al. 1998). However, the parasitoids might be able to use olfactory
information on feeding damage from a distance, and preferentially land on patches with high
damage levels (see Geervliet et al. 1998, shown for P. brassicae, not for P. rapae). Our
simulations did not show a fitness advantage of a preference for landing on relatively highdensity patches. This could easily come as a surprise, if one associates high host densities with
high patch quality, high within patch efficiency, and shorter times spent travelling than in a
scenario with visits to infested patches of random density. However, C. glomerata exploits
patchesinawaythatresultsin similarefficiencies ondensitiesof onetofour hostsonaleaf (Vos
etal. 1998).Furthermore, travel times between leaves are relatively short, and intervals between
ovipositions relatively long.This resultsinsimilar efficiencies for scenarios with andwithoutuse
of information onhostdensities.
The presence of the clustered high quality host P. brassicaemay be the main uncertainty in the
life of aEuropean C.glomerataparasitoid. If afemale C.glomerataencounters thishost earlyin
life, shemay learn to specialise on it (Geervliet etal. 1998;but see Vos Chapter 3),and use her
entire egg complement on one to three clusters of larvae. This is likely to occur when P.
brassicaeis present at peak densities as e.g. in 1982 (see Pak etal. 1989).In most years only a
minority of C.glomerata is likely to encounter a single cluster of P. brassicae,probably after
spending quite a lot of time on P. rapae (or even non-host) patches. Of course the above
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uncertainty does not play a role in North America because P. brassicae is consistently absent
there.
Distributionasahoststrategy
Our simulations showed that lifetime reproductive success in North American C.glomerata
would be lower in a negative binomial environment, if adult P. rapae butterflies decided to
always only lay single eggs on clean leaves. Under the P. rapae distribution that would result
from suchbehaviour, theriskofparasitism wouldbelowerfor individual larvae.Infact, P.rapae
butterflies do tend to lay single eggs on leaves, on the leeward side of plants (Harcourt 1961).
However, egg laying decisions may be constrained by flight ability, especially in a windy
environment (see Harcourt 1962).Butterflies may experience only a few leaves on each plant as
suitable for landing, and thus separate females will tend to lay single eggs on the same leaves.
This can result in a situation where plants may have only one or two infested leaves, each
containing 5larvae (S.van Nouhuys pers comm).P.rapaewillface higher parasitization ratesin
suchadistribution.

Time limited oregg limited?
The European strategy will lead to a high proportion of time-limited parasitoids in an
environment with a Poisson distribution of P. rapae hosts: The majority of female parasitoids
will have eggs in their ovaries at the end of their lives. However, in the European environment
some parasitoids will have a chance to find P. brassicae.They could easily lay their remaining
egg complement in a single cluster of thishost and thus achieve arelatively high contribution of
offspring to the next generation (see Driessen & Hemerik 1992;Ellers 1998;Ellers et al.2000,
for parallel parasitoid systems).Asmentioned above,time limitation maynot only depend on the
temporal and spatial distribution of the host species P. rapae and P. brassicae,but also on the
distribution of non-host herbivores that cause C. glomerata to waste time. The American
situation is interesting, in that host generations follow an alternation of Poisson and negative
binomial distributions. Parasitoids are selected to have (relatively) many eggs in the negative
binomial environment, but their offspring will emerge in a Poisson environment where it would
have paid to invest in longevity. Such changing selection pressures in subsequent generations
mayleadtotheevolution of atrade-off that isnotoptimal inanyof thetwoenvironments.
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It would be interesting to compare C.glomerata from northern and southern populations. In more
southerly areas, a longer growing season supports more generations per year (e.g. six occur
around Colombia, Missouri) (http://eap.mcgill.ca/CPC_l.htm). In southern populations selection
may lead to higher investments in fecundity than in northern populations.

General conclusions
Host distribution has a significant effect on parasitoid lifetime reproductive success. Natural
selection may lead to striking geographic variation in foraging behaviour on different host
distributions, within a period of 350 parasitoid generations. Constraints on the informational state
of individual parasitoids are unimportant with respect to some aspects of environmental variation,
but do matter with respect to other environmental characteristics. We showed that the parasitoids'
foraging strategy was robust to a lack of information on host densities, and to the fact that
information is only locally available. A lack of information on the presence of the preferred host
P. brassicae in Europe may be much more important: The European strategy seems a
compromise in which explorative efforts to locate P. brassicae cause a reduced efficiency in the
exploitation of P. rapae. American C. glomerata do not face this dilemma, and seem to have
adapted to the American

P. rapae environment by spending their time and energy on

exploitation, and not on the costly explorative behaviour that is so characteristic of their
European conspecifics.
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Appendix
C.glomerataparasitoids adjust their tendency to stay searching in a patch with each oviposition
they have (Vos et al. 1998). This means that realised patch residence times and efficiencies
depend both on the parasitoids' 'intrinsic tendency' to encounter hosts, and on the parasitoids'
intrinsic tendency to leave (1/GUT). In the model the occurrence of ovipositions during a patch
visit depends on draws from two variables that represent these intrinsic tendencies. For
convenience we call these: the intrinsic interval between ovipositions (IBO) and the intrinsic
giving up time (GUT). We calculated the intrinsic IBOs and GUTs from the realised IBOs and
GUTs that we observed in our experiments. Note that the realised experimental values are not
identical to these underlying variables. For example, if the average intrinsic GUT were small
relative to the underlying IBO, the IBOs observed in the experiment would only represent the
leftmost tail of the distribution of IBOs (because parasitoids mostly leave a patch before the
underlying IBO has a chance to become realised). Below we provide a technical description of
our method to determine these underlying processes that wil result in realised intervals between
ovipositions andgivinguptimes:
Realised IBOs and GUTs result from two underlying random processes with different
mean times of occurrences. These processes are assumed to be generating theoretical values for
IBOs and GUTs following exponential distributions with parameter Xtand X2 respectively. Fora
stochastic variable, say Z, following an exponential distribution with parameter X,the mean and
varianceare l/Xand (1M.)2(seeAl for thecumulative distribution function).
(Al) F(z) =P(Z<z) = }xe-hdt
o
The realised intervals between ovipositions are the cases for which the stochastic variable Y
(giving up time) has a value Tgut that is greater than the value r ov for the stochastic variable X
(inter-oviposition time). The realised IBOs and GUTs have, theoretically, means given by the
conditional expectations E(X\Y >X) and E(Y\X > Y). It can easily be shown that both these
conditionalexpectations havethesamevalue.The startingintegral, someintermediateresultsand
theexpected valuearegiven for therealised IBOsin(A2).
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From our experiments we computed the observed mean value for all IBOs and GUTs. This
represents the realised value of \l(k\+ki). Before we were able to estimate the mean values for
the theoretical distributions \fk\ and 1/^2, it was necessary to look at the fraction of the
observations that is a realised giving up time. The complementary fraction is the fraction of
realised intervals between ovipositions. In (A3) it can be seen that the fraction of realised
ovipositions in the data equals Xi/(Xi+A,2). Therefore, we estimated IM4 as the quotient of the
observed mean time for both GUTs and IBOs and the fraction of realised ovipositions.
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The results of this calculation are presented in table 3.
Table 3 Data from behavioural records necessary for the calculation of the theoretical mean 1/Xi for
intervalsbetween ovipositions (IBO)and 1/X2for givinguptimes(GUT).
Reserved

Nobserved Fraction obs. Fraction obs. Total mean (s) Estimated Estimated

IBO

GUT

inter-ovip

GUT

Am

72

60

6~56

044

376

671

855

Eur

39

89

0.30

0.70

271

903

387

1/X,,(s)

1/X2 (s)

110

Chapters

6
Plant-mediated indirect effects and the persistence of
parasitoid-herbivore communities

Summary
We have examined the effects of herbivore diversity on parasitoid community persistence and
stability,mediated bynon-specific information from herbivore-infested plants.
First, weinvestigated host location andpatch time allocation in theparasitoid Cotesia glomerata
inenvironments wherehost and/or non-host herbivores werepresent onBrassica oleracea leaves.
Parasitoids were attracted by infochemicals from leaves containing non-host herbivores. They
spent considerable amounts of time on such leaves. Thus, when information from the plant is
indistinct, herbivore diversity is likely to weaken interaction strengths between parasitoids and
hosts.Infour B. oleraceafields, allplants contained herbivores, mostly twoormore species.We
modelled parasitoid-herbivore communities increasing in complexity, based on our experiments
andfield data.Increasingherbivore diversitypromoted thepersistence of parasitoid communities.
However, at a higher threshold of herbivore diversity parasitoids became extinct due to
insufficient parasitism rates. Thus, diversity can potentially drive both persistence and
extinctions.

INTRODUCTION
Infochemicals play a key role in multi-trophic relationships, mediating direct and indirect
interactions (Vet &Dicke 1992;Dicke &Vet 1999;Stowe etal. 1995;Sabelis etal. 1999).The
information web, based on infochemicals, is more complex than the food web (Dicke & Vet
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1999;Vet 1999).Any infochemical can potentially be used in the battle between consumers and
resources, either for defences, or for attacks.Many parasitoids and predators of insect herbivores
usevolatiles from herbivore-infested plants for the long-distance location of theirvictims (Vet &
Dicke 1992). Some plants can emit specific volatile blends for different herbivore species (De
Moraes et al. 1998) and thus selectively attract parasitoids (Du et al.1996; De Moraes et al.
1998). However, several parasitoid species are attracted to plants and leaves infested with nonhost herbivores (Agelopoulos & Keller 1994; Geervliet et al. 1996). The volatile blends from
these plants may be non-specific or very similar for different herbivore species. The above
studies have considered the response of parasitoids or predators to plants infested with only one
herbivore species. The study by Shiojiri et al. (2000) is an interesting exception. It compares
attraction to plants with hosts alone versus the combination of host and non-host species. The
majority of plant species in the field will be attacked by a complex of herbivores (Lawton &
Schroder 1978; Futuyma & Gould 1979; Futuyma 1983). Natural enemies will often have to
choose between plants containing a complex of host and non-host herbivores versus plants
infested with non-hosts only. This is exactly the topic of the present paper. As yet there are no
studies available on the volatile blends produced by plants infested with a complex of herbivore
species.Itis likely though that suchblends aremoredifficult to 'interpret' for natural enemies.It
isstillunknown whetherplant species that attract aparticular parasitoid species when attackedby
oneherbivore species,arestill abletodosowheninfested withacomplex of herbivores.
Recent advances in the diversity-stability debate have not taken into account that many trophic
interactions are mediated by infochemicals (e.g. McCann et al. 1998; see McCann 2000 for a
review; Borrvall etal. 2000).These contributions areimportant in that they reconnect ecological
theory with the brimming complexity of real communities (Polis 1998). They show that species
diversity can increase food web stability, when weak trophic links dampen the oscillations of
strongconsumer-resource interactions (McCann etal. 1998;McCann 2000). Smaller fluctuations
reduce the probability of extinctions, thus promoting food web persistence. In addition, Borrvall
et al.'s (2000) model suggests that high-diversity food webs are less prone to cascading
extinctions thanlow-diversity ones,should asingle speciesbe lost.
We are interested in the effect of herbivore diversity on the use of plant information by
parasitoids. Is plant information less informative in a multiple-herbivore environment, and does
this weaken potentially strong parasitoid-host interactions? A major question is whether we
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should expect suchamajority ofweaklinkstoevolve (alsoseeKokkoris etal.1999)if interaction
strengths in natural communities are indeed skewed towards weak ones (Paine 1992;Raffaelli &
Hall 1996), and if models predict that such weak links are important for food web persistence
(McCann etal. 1998).Weinvestigate field dataonherbivore species diversity onthe singleplant
species Brassica oleracea. In laboratory experiments we examine whether parasitoids are
constrained in their discrimination between leaves infested with hosts, non-hosts, and complexes
of host and non-host herbivores. The parasitoids waste valuable time on leaves containing only
non-host herbivores. Based on these results we explore models of parasitoid-herbivore
communities that occur on a single plant species. In contrast with the study by McCann et al.
(1998),weinvestigate communities inwhich infochemical-mediated interactions directly weaken
strong consumer-resource interactions. This mechanism is qualitatively different from a weak
trophic interaction dampening astrong one,asit actsthrough information links instead of trophic
links. We hypothesise that increasing diversity at the herbivore level will initially increase the
persistence of the parasitoid community. Parasitoid extinctions at high levels of herbivore
diversity are, however, to be expected. At such high levels of diversity the parasitoids can
becomesoinefficient, thattheirreproduction doesnotcompensate for mortality.
Innature,plants mayvaryconsiderably inthe specificity of thevolatileinformation theyprovide.
Parasitoid species may differ in their ability todiscriminate between highly similar odourblends,
or in the time they waste on leaves with non-host herbivores. Within parasitoid species,
individuals may vary because of species-specific genetic variation and/or learning. A major
questionishow natural selection willacton suchvariation.To study theeffect onthe community
we allow the different parasitoid species in our model to be affected in varying degrees by nonhostherbivores.
Our analysis indicates thatindirect interactions in theinformation webcan exert major effects on
food web persistence and need to be incorporated in the diversity-stability debate. The entire
complex of non-host herbivores can determine the interaction strength between a herbivore and
itsparasitoid. Inthatsensedifferent herbivore speciesarenot 'redundant'. Every single speciesin
a diverse community contributes to the probabilities of persistence and extinction in that
community.
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METHODS
Fieldsamples
In four pesticide-free fields (each 37 x 42 m), close to Wageningen, the Netherlands, with
Brussels sprouts plants, Brassicaoleraceagemmiferacv. Icarus, whole plants were sampled for
thepresence of insect herbivores. One sample consisted of ablock of 5x 5plants.Five samples
weretaken withinoneweek (125plants,4824leaves).

Behavioural assays
Parasitoids originated from cabbage fields in the vicinity of Wageningen and were collected
duringtheprevious season. Femaleparasitoids of thespecies Cotesiaglomerata wereused (three
tofive days old).Experimental plants,B. oleracea(of the above variety) were three months old.
The host and non-host herbivores used in bioassays were the preferred first instar Pierisrapae
(P.r.) larvae and late third and early fourth instar Plutellaxylostella (P.x.)larvae. Experiments
werecarriedoutinagreenhousecompartment at22-26°C,60-70%RH.

Experiment1,dualchoice set-up.
Twofans behind agauzeprovided air flow atadistance of 80cmfrom thetwoodour sourcesi.e.
individual Brussels sprouts leaves, placed in a 500 ml Erlenmeyer filled with water and plugged
with cotton wool. The parasitoid release site and odour sources formed an equilateral triangle
with 40-cm sides.Wind speed was 0.3-0.35 m/sec in experiment (la), and was reduced to 0.200.25 m/sec in experiment (lb), which increased parasitoid responsiveness. The landing choiceof
individual parasitoids wastested for several combinations of herbivore-infested leaves, similar to
those occurring in the field. Experiment (la): 6 (P.x.) versus 2 (P.r.). Experiment (lbi): clean
versus 2 (P.r.) and, (lb2): 6 (P.x.) versus 2 (P.r.) and 6 (P.x.). Infestation was obtained by
allowing larvae of P. xylostella and/or P. rapaeto feed on a single leaf on a plant for about 24
hours before testing. Leaves were cut off the plant just prior to experiments. Release sites for
parasitoids wereprepared in asimilar way. Before each test, thecaterpillar wasremoved, andthe
leaf area containing frass and damage due to 1(P. r.) was cut out, to be used as release site.At
the start of each choice test, aparasitoid wasplaced on therelease site togive it experience with
odours associated with its host. After each test, left and right odour sources were exchanged.
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Replicates experiment (la): 26parasitoids were tested in 7 days. Replicates experiment (lb): 70
parasitoids weretestedin(lbj) and79in(lb^)overthecourseof 16days.
Experiment2,patch leavingdecisions.
We observed leaf departure on a single leaf of an experimental plant that was placed in front of
six infested plants that simulated abackground natural environment. At the end of the set-uptwo
fans provided an air current. The distance between plants was about 30 cm. At the experimental
leaf wind speed was 0.2-0.25 m/sec. Treatments: Three of the background plants were infested
with six (P. x). Theotherthreeplants wereinfested withtwo(P.r.)and six (P. x.).Thetwotypes
of plants had alternating positions within and between the two rows. An experimental leaf was
either: (i)a clean leaf on aclean plant; (ii)the only infested leaf on aplant with 6 (P.x.);or (iii)
theonlyinfested leaf onaplant with6(P.x.)and2(P.r.).Thelarvaewerecarefully placed onthe
plants about 24 hours in advance of the experiments. Before each test, a parasitoid was given
experience on the same type of leaf disc as in experiment 1, for a period of three minutes.
Behaviour was recorded using a handheld computer, until a parasitoid flew away and landed
somewhere elseorremained motionless for morethan five minutes.Replicates experiment 2:For
each of the 3treatments 21parasitoids were observed. Statistical analysis:Experiments (la) and
(lb) were analysed with a generalised linear model (GLM), in SAS 6.11. The results of choices
on a single day were taken as a single replicate. Experiments (lbl) and (lb2) were compared
using a GLM as well.Experiment 2wasanalysed with aKruskal-Wallis test and non-parametric
multiplecomparisons (mc),(Siegel &Castellan 1988).

Themodel
We investigate how the diversity of herbivores and parasitoids, under incomplete plant
information, affects variability, both at the level of the population and the entire community. In
particular we study whether diversity bounds the minima during population fluctuations away
from zero, (and above one). In addition we study how diversity, and the extent to which
parasitoids are constrained by incomplete information, affect parasitoid community persistence
and extinctions. Our approach is to compare ecological scenarios. We start with a simple
community consisting of a single herbivore and its specialist parasitoid. Then we proceed by
analysing communities of increasing complexity by adding parasitoid-host pairs. Our model
describes the interaction of up to eight competing herbivores (Ht,j=l, ...,8), with up to eight
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specialist parasitoids (P„ i=l, ...,8) and is a modified and extended version of the RosenzweigMacArthur equations (Rosenzweig & MacArthur 1963) and the model by Kretzschmar et al.
(1993). Each herbivorous host can grow to carrying capacity following logistic growth. The
carrying capacity of each host is decreased due to inter-specific competition. Each parasitoid
species wastes some of itstimeonnon-host herbivores.This isincorporated asparameter/in the
parasitoids' Holling type II functional response (Holling 1959). This parameter represents the
time spent on non-hosts as a fraction of the time spent on hosts. As the number of herbivore
species in the community increases, the interaction strength between each parasitoid and its host
decreases,aseachaddednon-hostherbivorefurther reduces effective searchtime.
Forsimplicity andclarity wegiveeach parasitoid andhost speciesidentical biological parameter
values,exceptparameter/in theparasitoids.Weanalysethemodelfor scenarios whereparasitoid
speciesdiffer intheamountoftimetheywasteonnon-hostherbivores.Asanexamplewepresent
acommunity withsevenparasitoid-host pairs,wherethe/-values are0,0.1, 0.12,0.14,0.16,0.4,
and 0.6. We assume plants to be present throughout the parasitoid-host interaction. The model
hasnparasitoid-host pairs,with(n= 1,...,8).HencethereareIn differential equations (i=l,...,8):
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dt
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where r denotes maximum relative growth rate of herbivores, k the carrying capacity of
herbivores,wthecoefficient ofcompetitionbetween herbivores,x theattackrateofparasitoids,z
the half saturation constant, / the time wasted on non-hosts as a fraction of the time spent on
hosts, c the conversion of herbivores into parasitoids, by parasitism, and n the death rate of
parasitoids. Initial population densities of herbivore species 1-8 are 996, 997, ...,1003 and of
parasitoids 1-8 are 96, 97,...,103. Parameter values are given in the figure captions. The
conclusions based on this model are robust for a simultaneous increase or decrease of all
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parameter values with 10or 30%.Individual parameter values were increased or decreased with
50%.Thisresulted inessentially the samepattern asinFigures 1and 2,but shifted left, right,up,
or down, relativetothe same increase in community complexity.Weused anumerical integrator
(GRIND, De Boer (1983)) that implements a variable time-step method, ROW4A (Gottwald &
Wannerl981).

RESULTS
Fieldsamples
In our samples from four Brassicaoleraceafields, all plants were herbivore-infested, with 73%
of the plants containing twoor more herbivore species.Plants were infested with aphids, mainly
Brevicoryne brassicae, and some Myzus persicae, with Phyllotreta leaf beetles, and with the
caterpillar herbivores Plutella xylostella, Autographa gamma, Mamestra brassicae and Pieris
rapae,ahost of the parasitoid Cotesia glomerata.The different herbivore species frequently cooccurred onasingleleaf.

Experiment1
We focused on the parasitoid C.glomerata,a host species P. rapae, and a non-host species P.
xylostellain our laboratory bioassays. In adual choice flight set-up, C.glomerataparasitoids did
not discriminate between leaves infested with their host P. rapae and leaves infested with the
non-hostP.xylostella(GLM,P=0.70,n<jays=7,nwaSps=26,Table 1,exp. la).Inexperiment (lb) the
parasitoids showed clear discrimination between leaves infested with the host P. rapae and
uninfested leaves (GLM, P=0.0001,ndays=15, nwaSps=59). In 86% of the cases parasitoids chose
for thehost-infested leaf (Table 1).
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Table 1 Number of landings of the parasitoid C.glomerata in dual choice tests between differently
infested cabbage leaves. Clean represents undamaged leaves. Infested leaves contain the non-host
herbivoreP. xylostellaand/orthehostherbivoreP. rapae.
Dualchoicetest

(la)
(lbi)
(lb 2 )

non-host vs.host
clean vs.host
non-host vs.non-host +host

GLM-testfordifference inchoices
between(lbi)and(lb2)

Landings

12 vs. 14
8 vs.51
27vs.42

Percentage P-value
Tohost-leaf
54%
86%
61 %

0.70
0.0001 *
0.062

0.0019 *

The percentage of C.glomeratafemales choosing for the leaf containing the host significantly
dropped when non-host larvae were present on both odour sources (GLM, P=0.0019, Table 1).
Only 61%of the parasitoids made a choice for the leaf that contained the host in this set-up
(Table 1).Thisisnotsignificantly different from random (GLM,P=0.062,ndays=15,nwasps=69).
Experiment 2
Patch residence times on leaves with non-host herbivores (and on clean leaves) were on average
about400 seconds.This issignificantly different from the900seconds onleaves wherebothhost
andnon-host larvaewerepresent (mc,P=0.006;mc,P=0.002respectively).
Themodel
In our model, a single parasitoid species and its host have a strong interaction, experiencing
fluctuations thatwould effectively leadtotheextinction of theparasitoid (Figs. 1 and 2).Without
plant-mediated indirect links between parasitoids and non-host herbivores, more complex
parasitoid communities would experience the same non-viable minimum number during
fluctuations. However, if each parasitoid experiences a weak negative indirect effect of all nonhost herbivore species in the system, increasing complexity does decrease the amplitude of
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oscillations and keeps parasitoid population densities further away from zero (Figs. 1 and 2,
.£0.1).
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Figure 1 Minimum parasitoid population densities in parasitoid-host communities of increasing
complexity,for/=0.1and/=0.2(r=0.09;k= 10000; w= 0.1;x=0.2;z= 1000;c=1;\x=0.1).
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Figure 2 Parasitoid dynamics incommunities of increasingcomplexity,^=0.1(r= 0.09;k=10000;
w=0.1;x = 0.2;z=1000; c=1; /I=0.1).
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Herbivoredensitiesexhibit asimilarpattern (not shown).Inthisexample,with/= 0.1,the
community shows severalqualitative shifts initsdynamics:three,four orfive parasitoid species
showirregular fluctuations, sixorsevenparasitoid speciesexhibitlimitcycles,andeight different
parasitoids converge toastableequilibrium.Thedynamicsof thecommunity becomemore
reliableasdiversity increases.However,ifweincreasetheindirect effect of non-host species,(by
increasingparameter/from 0.1to0.2,e.g.becauseparasitoids wastealotoftimeonnon-hosts),
theparasitoids incomplex communities canbecomesoinefficient thatthey goextinct (Fig.1).
For/=0.2dynamics stabiliseatfive pairs,butallparasitoid population densities decrease
exponentiallyincommunities with sixormoreparasitoid andherbivore species.Inthatcaseall
herbivores growtotheircarrying capacity.
Intheabove analyses allparasitoids weregiven anequal/-value,for time wastedonnon-hosts.In
nature, each parasitoid species may have a certain range of/-values, because of species-specific
genetic variation and/or learning. As we are interested in the role of natural selection in shaping
communities,wealsoallowedthedifferent parasitoid speciestobe

— f =0
f =0.1,0.12,0.14,0.16
— f =0.4,0.6

Time
Figure 3 Parasitoid dynamics, each species with a different /-value (for time wasted on non-host
herbivores)./=0:largefluctuations, f=0.\-0.\6: limitcyclesfarawayfrom zero,/=0.4,0.6: extinct.
affected in varying degrees by non-host herbivores. We observed that populations of parasitoids
that waste a lot of time on non-hosts, i.e. with high/-values (0.4,0.6) went extinct (Fig. 3).The
population with/=0 exhibited large oscillations, with minimum population densities below one.
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From a practical point of view this indicates extinction as well. The remaining parasitoid
populations had low to intermediate/-values (0.1-0.16).These populations exhibited limit cycles
withminimumdensities far aboveone.
DISCUSSION
Strongconsumer-resource interactions areweakened bydiversity atthe level of resource species,
if this diversity causes consumers to waste time. The time spent handling non-diet resources
lowers the maximum consumption rate of a consumer, or, in other words, the plateau of its
functional response curve (see e.g. Hughes 1979; Kretzschmar et al.1993). In addition, 'wasted
time' tends to weaken the relative effect of host density in the denominator of the functional
response equation. This reduces the destabilising effect of inverse density dependence under a
Type II functional response (see e.g. DeAngelis et al. 1975;Murdoch & Oaten 1975; Crawley
1992). We can think of many interactions where resource diversity imposes time costs on
consumers. Of course such costs will mainly have an impact on consumers that are time-limited.
Inanysystem whereconsumers need arecognition timeinordertodiscriminatebetweendietand
non-diet items, increased diversity will weaken consumer-resource interaction strengths. This
holds true because each and every consumer species needs to deal with an increasing proportion
of non-diet items as resource diversity increases. One can for example think of zooplankton
species filter-feeding in water with edible and inedible species of algae (e.g. Kerfoot etal. 1985;
Kretzschmar et al. 1993), sit-and-wait predators handling prey and non-prey species, and
parasitoids orpredators searching on patches with either diet or non-diet species. 'Wasting time'
may be a quite general phenomenon in the biology of animals, with other examples including
mutual interference between predators (e.g. DeAngelis et a/.1975; Hassell 1978; Clark et al.
1999),parasitoids being attracted toplant speciesthatnevercontain hosts (e.g.Takabayashi etal.
1998)andpreythat stayin arefuge withoutfeeding there (e.g.Gelwick2000).
Herbivore species co-occurring on a single plant species might be competitors in terms of the
food web, but mutualists in terms of the information web. If herbivore complexes make plant
information less informative, each herbivore in such a complex might be relatively protected
from specialist natural enemies, and, to a lesser extent, from generalists. Our experimental data
clearly show that the parasitoids have no problem locating leaves with hosts, if non-hosts are
absent. However, this ability was significantly reduced in the presence of non-host herbivores.
Mostof theliterature onvolatiles from herbivore-infested plants considers theseplant synomones
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to guide natural enemies to their herbivorous victims and thus solve the reliability-detectability
problem (Vet etal. 1991; Vet &Dicke 1992).We argue that this view may be too optimistic on
thereliability sideofit.Complexes of herbivores onasingleplant species arecommon, if notthe
norm in nature. Such complexes are likely to induce the production of less informative volatile
blends as compared to herbivory by a single herbivore. If herbivore-infested plants are nonspecifically signalling 'herbivory', and parasitoids waste time on non-hosts, they could be worse
off than under random search. This would be a far cry from the 'short-cut guide to dinner' as
synomones areconsidered inchemical ecologytoday.
Ourmodelresults show that suchareduced information content ofplantvolatileblendsmayhave
profound consequences for the persistence of natural enemies. Initially, an increase in the
diversity of herbivore species promoted persistence of parasitoid species. Minimum population
densitiesbounded awayfrom zero,andboththedynamicsof populations and thecommunity asa
whole became less variable, and thus more reliable. However, for our model communities an
upperthreshold of diversity existed. Adding asingleparasitoid-host pairtoastablecommunity at
such a threshold, led to the extinction of all parasitoid species in the community. This is a
reflection of the fact that all parasitoid species in those model runs had identical biological
parameters. If we allowed for variation in /-values (representing time wasted on non-hosts)
between parasitoid species,we always observed thespecies withhigh/-values goingextinct first.
As soon as the community was below the upper threshold of diversity, extinctions would stop.
This resulted in communities of intermediate complexity. Parasitoids with an/-value of zero
(wasting no time on non-hosts at all) exhibited strong fluctuations, with minimum densities
below one. Such perfect parasitoids would therefore go extinct as well. In this scenario the
remaining communities contained onlyparasitoid species that waste relatively little time on nonhosts (low to intermediate/-values). From these results a picture emerges of on the one hand
natural selection eliminating parasitoids that cannot deal with the complexity of the system, and
on the other hand chance operating on small numbers eliminating parasitoids that are perfectly
efficient (i.e.they arewastingnotimeonnon-hostherbivores (/=0)).
The 'wasted time' mechanism has its greatest potential effect on the persistence of specialist
natural enemies. This is in contrast with McCann's (2000) 'added-weak link' mechanism that
works for generalists. McCann etal.(1998) predicted that specialist-dominated communities are
more variable than generalist-dominated ones.We predict that this will only hold if the 'wasted
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time' mechanism isnot operating.Thiscould bethecasewhenplant information is specific, even
under herbivory by a diverse assemblage of herbivores. In addition, natural enemies have to be
perfectly abletointerpretthis information.
Thepersistence inourmodelsdepends onthepresence of severalresource species.Each resource
species contributes proportionally to persistence. This sheds a different light on the issue of
redundancy (in the sense of having multiple species in a functional group, e.g. Naeem & Li
1997).
When studying the evolution of parasitoid-host interactions in the context of the diversity in
natural food webs, more attention should be devoted to volatile production in natural plants
infested with multiple herbivore species.Many of the modules in information webs are linked to
plant infochemicals, especially in terrestrial food webs.Plant infochemicals have the potential to
mediate a whole suite of trophic interactions, like parasitism or predation, intra-guild predation,
exploitative competition between predators orparasitoids, apparent competition, andpredation or
parasitism by top carnivores or hyper-parasitoids (see Dicke & Vet 1999; Vet 1999). It might
well be interesting to investigate the relative effects of information web modules and food web
modules on the stability of the entire system. Our results show that a diverse community of
herbivores and parasitoids can exist on one single plant species. We suggest that the 'wasted
time' mechanism mediated by non-specific plant information, might well contribute to the
brimming complexity we see in natural communities containing many more plant species than
our single species example. It may be one of the mechanisms that cause natural food webs to
mainlyconsistof weaklinks.
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7
Summarising Discussion

Evolution since Darwin
In 1883,the yearafter Darwin died,theparasitoid Cotesiaglomerata wasshipped from Britainto
the USA. It was released to control Pieris rapae on cabbages, became established in 1884
(Clausen 1956) and has foraged in its new environment ever since. Thus C. glomeratabecame
partof anunintended evolutionary field experiment (LeMasurier &Waage 1993).European and
North American C. glomeratapopulations have experienced different ecological conditions for
about 350 generations. An important aspect differentiating these environments is the spatial
distribution of the available host species. In North America, C. glomerata mainly uses the
solitarily feeding herbivore P. rapaeas a host. The clustered host P. brassicaeis absent in the
USA. InEurope,boththese Pierisspecies areattacked byC. glomerata.Theforaging strategyof
European C.glomeratais less efficient onP. rapaethan the strategy of C. rubecula, a specialist
parasitoid of this species (Wiskerke & Vet 1994). Interestingly, American C. glomerata now
haveahigher attackrateonP. rapaethantheirBritish conspecifics, suggesting that C. glomerata
hasadaptedtoattack thishostinNorth America (LeMasurier &Waage 1993).
My chief objective in this study was to evaluate and explain the observed variation in foraging
behaviour between Cotesiapopulations in terms of adaptations, constraints and mechanims. We
compared the foraging strategies of different populations in the same environment to study
genotypic differences, and manipulated environmental information and early adult experience to
studyphenotypic variation inparasitoid foraging behaviour.
In the first part of this thesis we examined variation in decisions on patch leaving and host
acceptance, with afocus on the effects of environmental information and experiences withhosts.
In the second part we studied variation in parasitoid travelling behaviour, using behavioural
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observations in multi-patch environments and a detailed simulation model. We used our
simulations to investigate the fitness consequences of alternative foraging strategies in habitats
withdifferent hostdistributions.Inthethirdpart of thisthesis wecombined experimental results,
field data and a simple model, to scale up from parasitoid behaviour and information use to the
dynamics of diverseparasitoid-herbivore communities. Intherest of thischapter Isummarise the
results and discuss parasitoid foraging behaviour in terms of adaptation under incomplete
information and its consequences at the level of the communitiy. I close with the general
conclusions ofthisstudy.
The three major objectives of this research project were to evaluate and understand 1)
interspecific variation in information use by C. glomerata and C. rubecula during patch
exploitation, 2) the adaptive significance of behavioural differences between European and
North American C.glomeratapopulations and 3) the effects of constrained information use in
insectparasitoids athigher levelsof ecological organisation.
Interspecific variation
InEurope, both C.glomerataand C.rubeculaaccept P. rapaeas ahost. C.rubeculaspecialises
on P. rapae, but C. glomerata prefers P. brassicae. These host species differ in their spatial
distribution on plants. P. rapae larvae feed solitarily on leaves and often have a Poisson
distribution acrossplants.P.brassicae larvaefeed gregariously onaleaf andhavehighly variable
densities onplants.P.brassicaeclusters arerare inmost years inEurope,but they do sometimes
occur in high densities. Naive C. rubecula and C. glomerata are attracted to /"ierw-infested
plants,irrespective of theparticular species on theplant. The aboveimplies that both parasitoids
have to deal with patches containing preferred and less preferred hosts in Europe. This leads to
the question how both Cotesia species deal with such /'j'cn's-infested patches, and which
information andexperiences areused tomakedecisions onpatch exploitation.
In Chapter 2 Iused statistical modelling to analyse patch leaving tendencies in C.rubeculaand
C.glomeratainmulti-patch environments that contained thepreferred or lesspreferred host, ora
combination of these. C.rubecula used asimplestrategy.Leavingtendencies werehighonleaves
thatwereemptyorinfested withlesspreferred hosts,especially intheenvironment whereonlyP.
brassicae was present. Thus C. rubecula spends a short time in unfavourable parts of the
environment and will forage extensively on patches with P. rapae.C.rubeculadid not show to
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useprevious experiencetomakepatch leavingdecisionsinthecurrentpatch.Learning isunlikely
toimprove foraging performance in an environment where infested plants have arandom spatial
distribution andhostsmostlyoccur singly oninfested leaves.
C. glomerata used flexible behavioural rules in the environment with the clustered host.
Ovipositions affected the leaving tendency on the present patch and during subsequent patch
visits. The leaving tendency also changed with the number of visits to host-infested leaves. C.
glomerataswitched to a simple type of rule as used by C. rubeculain the environments where
onlyP. rapae orbothhost species werepresent. This suggests thatC. glomeratamayonlyuseits
more flexible behaviour inthe years withunusually high densities of P. brassicae.One aspectof
patchleavinginC. rubeculaandC. glomerataissurprising.Theparasitoids didnotleavedirectly
after an oviposition in P. rapae,even when only a single larva was present. This is a waste of
time. In addition we did not observe any use of chemical information on host densities to adjust
patch leaving tendencies in these two Cotesia species. The parasitoids only showed to
discriminate between clean and infested leaves. Such wasteful patch time allocation and limited
information use seemtoreflect alackof adaptation tothe current spatial distribution of P.rapae
inEurope. However, theconcentration ofinfochemicals on aleaf maybe an unreliable sourceof
information on the actual host density (e.g. due to host removal by predators). A strategy that
uses unreliable information to assess patch quality will be inefficient and is thus unlikely to
evolve.Given theparasitoid's limited use of information and its tendency toprolong patch visits
after ovipositions,thebestthingP. rapaecan doistooccur singlyinpatches.Thiswill minimise
the per capita risk of parasitism, as it causes parasitoids to waste a maximum amount of time.
Given theselimitations,thespecialist C. rubecula isstill anefficient forager onP. rapae,relative
to C.glomerata.It needs a short time to find P. rapaein a patch, which allows it to have short
giving up times. Thus it seems to minimise its waste of time. C.glomerataneeds more time to
find P. rapae inapatch,whichrequires longer givinguptimes. C.glomeratais ahighly efficient
forager on patches with P. brassicae. The problem lies in locating these rare clusters. The
abundance ofP.rapae patches maytoacertain extentmask thepresence ofP.brassicae clusters,
that would be more conspicuous if no other herbivores occurred on plants. These species of
parasitoids andhosts areinvolved in adynamic gameofhide-and seek, andthecosts and benefits
of behavioural rules may keep changing with each of the evolutionary moves of these players.
Parasitoids and hosts may use chemical information for attacks and defenses, and exploit
constraints oninformation useintheirantagonists.

131

132

Chapter 7

Acomparison of EuropeanandNorthAmerican C. glomeratapopulations
Thethreemaindifferences betweenEurope(includingBritain) andtheUSAhavebeen that 1)the
clustered high quality host P. brassicae is absent inAmerica, 2) P. rapaereaches high densities,
and a corresponding negative binomial distribution across plants in the middle of the season in
America, while P. rapaedensities remain much lower in Europe, with a corresponding Poisson
distribution across plants and 3) C.rubeculais absent in most states in the USA. This change in
key characteristics of the environment for the introduced C.glomeratapopulation raises several
questions. Do American C.glomeratastill accept P. brassicaeas a host, after not having dealt
with it for 350 generations? Do American C.glomerata use spatial foraging strategies that are
more efficient when foraging for P. rapae than European C. glomerata? Which are the
mechanisms that underly such adaptive variation? In chapters three, four and five I studied
variationinforaging behaviour amongEuropean andNorthAmerican C. glomeratapopulations.
In Chapter 3 Iinvestigated variation in host acceptance. Parasitoids from different populations
were compared after development in the same host species, while phenotypic differences were
studied after development in different hosts.When European and USparasitoids were reared and
tested on P. rapae,they did not show any genotypic difference in acceptance of P. rapae as a
host. However, when both strains were reared on P. rapae, but tested on P. brassicae, the
American parasitoids significantly more often rejected P. brassicae than European parasitoids
did. The US animals seem to have lost a great deal of their tendency toparasitise this host, that
has not been available in the USA for several hundred generations. European C. glomerata
rejected P. rapaesignificantly more often after development in P. brassicaethan after having P.
rapae asitsnatalhost.Theseparasitoids mayusehost-derived infochemicals ontheircocoon asa
cue to the presence of P. brassicae in their environment and use this information to reject P.
rapae. Most of the European parasitoids readily accepted P. brassicae for oviposition,
irrespective of their natalhost.This conforms with thenotion of P. brassicae being the preferred
hostofC. glomerata inEurope.
In addition Itested whether aseries of ovipositions in the preferred host P. brassicaewould lead
tosubsequentrejections ofP. rapae asahost,inEuropean C. glomerata.However, acceptanceof
P. rapae did not after the parasitoids had experienced ovipositions in P. brassicae versus P.
rapae. To use a series of ovipositions as a cue for the presence of P. brassicae in the
environment, wouldbe abit of an 'a posteriori' way of dealing withinformation. If C. glomerata
lands on a cluster of P. brassicae, it can probably deposit its entire egg complement in these
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preferred hosts. Learning to reject P. rapaewould become rather irrelevant after such an event.
So,oviposition experiences maynotbe auseful source of information for parasitoids that haveto
decide whether or not to accept the many P. rapaelarvae they will most likely encounter before
evercomingupon aclusterof theirpreferred hostspecies.
In the US there has been no selective advantage of focusing on cues specifically related to the
presence of P. brassicae during host location, of retaining a high acceptance level for P.
brassicae, or of maintaining behaviour that is efficient in the exploitation of patches with
clustered hosts. In North America C.glomeratawill not experience the heterogeneity in larvae
acrossplants asitmayexperience inEuropewhenP.brassicae ispresent.
Experience alters host acceptance of low-ranked hosts, but not of preferred hosts in several
parasitoid species (Bjorksten and Hoffmann 1998; Duan & Messing 1999). This effect on the
acceptance of only low-ranked hosts was similar inthe Cotesia-Pieris system: experience dueto
rearing on a specific host affected acceptance of less preferred P. rapae larvae, but not of the
preferred host P. bassicae. Apparently, acceptance of a high quality host is to some extent
'hardwired' inthesesystemswhileacceptanceof alesspreferred hostisflexible, andcanserveas
a 'backup' under conditions where the best host is not available. Interestingly, this 'hardwired'
acceptance of P. brassicaeseems to have been lost during the 350 generations C.glomeratadid
not have access to this host in North America. Behavioural differentiation between
geographically separate populations often seems to occur by the loss of (parts of) behaviour
patterns (Foster 1999).Another aspect of C. glomeratabehaviour that may have differentiated is
travellingbehaviour, asextensiveflights mayberequired tolocaterareclustersofP.brassicae.
In Chapter 4 I studied travel patterns in C.glomerataparasitoid strains from Europe and North
America, in amulti-patch environment. TheEuropean strain hovered infront of moreplants,had
more and longer inter-plant travel times, a higher proportion of inter-plant travel times, and
visited more host-infested leaves than the North American C. glomerata strain, in the same
environment. The European parasitoids experienced many patches, searching each patch for a
short time, while the American parasitoids searched only a few patches thoroughly. The
American parasitoids had more ovipositions per patch visit than European parasitoids. These
differences in spatialforaging behaviour givetheimpression of amoreexplorative strategy inthe
European parasitoids, and a more exploitative strategy in the North American parasitoids. I
hypothesise that the extended inter-plant hovering in European C. glomerata is a means to
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facilitate location of P.brassicae inEurope,asvolatileinformation mightbeeasiertoperceiveor
use when hovering in and out of odour plumes. In North America explorative flights may not
pay-off, as flight is likely tobe costly, both in terms of energy and the risk of mortality, while a
benefit intheform ofrarehighqualityhostclustersisabsentinthis environment.
Parasitoids use local information, but the exact extent of 'local' is often unknown. Our second
experiment intended to test whether the parasitoids use olfactory information from a nearby
patch, whilemaking decisions onthe currentpatch.Ishowed that there wasnomeasurable effect
of a high quality P. brassicae-infestedpatch on the patch leaving tendency in C. glomerata
parasitoids, (even though it would be highly adaptive to quickly leave a poor patch for a high
quality patch only 60 cm away). Preliminary experiments showed that the responsiveness to an
infested leaf is highest from a distance of 0-30 cm in C.glomerata.This is also the distance at
which parasitoids hover across leaves. These results indicate that extended hovering may be an
essential feature for locating anearby cluster of P.brassicae.Such inter-plant hovering wasmost
pronounced in European C.glomeratathat had developed in P. brassicae.This suggests that C.
glomeratamay use early experience with P. brassicaeas a cue to the presence of this preferred
hostintheenvironment, andadjusts itssearchingbehaviour accordingly.
The above mentioned results indicate that foraging decisions are primarily based on local
information, and that C. glomerata parasitoids do not simultaneously process olfactory
information from several nearby patches, while making decisions in the current patch. However,
C. glomerataparasitoids frequently revisitedpatches after severalvisitstootherpatches.Thiscan
potentially facilitate information useonalargerspatial scale.Althoughitisnotimmediately clear
whetherrevisits resultin ahigher pay-off than visits tonew patches,thisresult is important from
a theoretical point of view: Initial patch leaving decisions as observed within a limited
experimental timeframe, maynot represent the final decision of aparasitoid for that patch. Patch
exploitation can consist of multistage decision making, where initial decisions are adjusted after
the parasitoids have dealt with (and maybe learned on) several other patches in the local
environment.
In Chapter 5 I investigated how variation in foraging behaviour between American and
European parasitoids affects lifetime reproductive success.Adetailed simulation model wasused
to extrapolate from our experimental results to the lifetime foraging of these parasitoids in
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environments with different spatial distributions of P. rapae.The 'American strategy' resulted in
a higher fitness on a Poisson P. rapaedistribution, which normally occurs in Europe and early
and late in the season in North America. Reproductive success did not differ between strategies
on the negative binomial distribution, which is characteristic for midsummer American P.rapae
populations. The 'European strategy' paid for its prolonged explorative flights between plants
that could not result in locating aP. brassicaecluster in an environment with only P. rapae.The
'American strategy' did not waste time on such flights and allocated most of the time to intrapatch searching for P. rapae. Lifetime reproductive success of the European foraging strategy
was most sensitive to an increase in the giving up time on leaves. The American parasitoids
differed mostfrom theirEuropean conspecifics inexactly thisbehavioural parameter and showed
a 121%higherGUT.
In the first simulations parasitoids could not discriminate from a distance between different host
densities on infested plants and leaves.Following simulations allowed theparasitoids toperceive
information on plant and/or leaf damage levels in their local environment, and to use this
information topreferentially land on high-density patches. Lifetime reproductive success did not
significantly increase under such an increased perception and use of information. This may be
due to the fact that the current patch leaving strategy is not tuned to make efficient use of this
information onhostdensities.
InEurope, less than oneineverytwenty ft'era-infested plantshasacluster ofP.brassicaeonit.
In the simulations only ten percent of the European parasitoids visited more than twentyPierisinfested plants. This indicates that C. glomerata1s,probability of encountering a P. brassicae
cluster during a lifetime in Europe is low, given its current strategy for travelling and patch
exploitation.
The simulations showed that lifetime reproductive success in North American C.glomerata
would be lower in a negative binomial environment, if adult P. rapae butterflies decided to
always lay single eggs on clean leaves. Under the P. rapae distribution that would result from
such behaviour, the risk of parasitism would be lower for individual larvae. P. rapae butterflies
probably do prefer to lay single eggs on clean leaves. However, conditions may be windy,
butterfly flight abilityconstrained andfew cabbageleaves suitablefor landing.Thismayresult in
thehigherdensitiesperleaf inNorthAmerican midsummerP. rapaepopulations.
The variation in foraging behaviour between American and European C. glomerata does not
reflect a simple change in a single trait. All behavioural parameters for patch arrival, patch
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leaving and travel time decisions varied considerably between these populations. Differences fell
within a range of a 66% decrease to a 121% increase in parameter values. These parasitoids
occupyremarkably different areasinbehavioural parameterspace.
Community-level consequences of incomplete information
InChapter61investigated howthepresenceofnonhost herbivores onplants affects the foraging
behaviour of C. glomerata,and modelled the potential effects at the level of the community. C.
glomeratauses herbivore-induced plant volatiles to locate its hosts. Since plants are most likely
attacked by a complex of herbivores, I asked how parasitoids deal with plant information that
reflects herbivory bybothhostandnonhostherbivores.
Our experimental results showed that C.glomeratafaced problems when nonhosts were present
in the environment. Parasitoids were attracted by infochemicals from leaves with nonhost
herbivores and spent considerable amounts of time on such leaves. When information from the
plant isindistinct, herbivore diversity is likely toweaken interaction strengths between hosts and
specialist parasitoids. The model results showed that small increases in herbivore diversity
promoted the persistence of parasitoid communities. However, at a higher threshold of diversity
parasitoids became extinct due to insufficient parasitism rates. Thus diversity can potentially
drive both persistence and extinctions, if diversity causes parasitoids to waste time. 'Wasting
time' may be a quite general phenomenon in the biology of animals, with other examples
including mutual interference between predators (e.g.DeAngelis eta/.1975;Hassell 1978;Clark
etal. 1999),parasitoids beingattracted toplant speciesthatnevercontainhosts (e.g.Takabayashi
etal. 1998)andpreythatstayinarefuge wherethey areunabletofeed (e.g.Gelwick 2000).
Herbivore species co-occurring on a single plant species might be competitors in terms of the
food web, but mutualists in terms of the information web. If herbivore complexes make plant
information less informative, each herbivore in such a complex might be relatively protected
from specialist natural enemies, and, to a lesser extent, from generalists. My experimental data
clearly show that the parasitoids have no problem locating leaves with hosts, if non-hosts are
absent. However, this ability was significantly reduced in the presence of non-host herbivores.
Mostof theliterature onvolatilesfrom herbivore-infested plants considers theseplant synomones
to guide natural enemies to their herbivorous victims and thus solve the reliability-detectability
problem (Vet etal. 1991;Vet &Dicke 1992).Iargue that thisview maybetoooptimistic onthe
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reliability side of it. Herbivore-induced plant volatiles may not always be a 'short cut guide to
dinner', andmayinfact causenatural enemiestowastevaluabletime.
If I allowed for variation in the time wasted on non-hosts between parasitoid species, I always
observed the 'wasteful' species going extinct first. As soon as the community was below an
upperthreshold ofdiversity, extinctions would stop.This resulted incommunities of intermediate
complexity.Parasitoids thatwastednotimeatallonnon-hostsexhibited strongfluctuations, with
minimumdensitiesbelow one.Suchperfect parasitoids would therefore goextinct aswell.Inthis
scenario the remaining communities contained only parasitoid species that waste relatively little
time on non-hosts. From these results a picture emerges of on the one hand natural selection
eliminating parasitoids that cannot deal with thecomplexity of the system, andon the other hand
chance operating on small numbers eliminating parasitoids that are perfectly efficient (i.e. they
arewastingnotimeonnon-host herbivores).
The 'wasted time' mechanism has its greatest potential effect on the persistence of specialist
natural enemies. This is in contrast with the mechanism proposed by McCann et al. (1998), in
which weak trophic links dampen strong consumer-resource interactions. This mechanism works
for generalists. McCann et al. (1998) predicted that specialist-dominated communities will be
more variable than generalist-dominated ones. I predict that this will only hold if the 'wasted
time' mechanism isnotoperating.This couldbethecasewhenplant information isspecific, even
under herbivory by a diverse assemblage of herbivores. In addition, natural enemies would have
tobeperfectly abletointerpret thisinformation. Thepersistence inmymodel system depends on
the presence of several resource species. Each resource species contributes proportionally to
persistence. This sheds a different light on the issue of redundancy (in the sense of having
multiple species in a functional group, e.g. Naeem & Li 1997). Every single species may be
important in determining community persistence.When studying the evolution of parasitoid-host
interactions inthecontext ofthediversity innatural food webs,more attention should bedevoted
to volatile production in natural plants infested with multiple herbivore species. Many of the
modules in information webs are linked to plant infochemicals, especially in terrestrial food
webs.Plant infochemicals havethepotential tomediate awhole suite of trophic interactions, like
parasitism or predation, intra-guild predation, exploitative competition between predators or
parasitoids, apparent competition, and predation or parasitism by top carnivores or hyperparasitoids (see Dicke & Vet 1999; Vet 1999). It might well be interesting to investigate the
relative effects of information web modules and food web modules on the stability of the entire
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system.Myresults show that adiverse community of herbivores and parasitoids can exist onone
single plant species. I suggest that the 'wasted time' mechanism mediated by non-specific plant
information, might well contribute to the brimming complexity we see in natural communities
containingmanymoreplant speciesthanoursinglespeciesexample.
General conclusions
The parasitoid C.glomerataforages under incomplete information, in a complex environment.
Its two main host species are difficult to locate. Solitarily feeding P. rapae larvae are
inconspicuous, and clusters of thepreferred host P. brassicaearerare.Information from the first
trophic level in the form of herbivore-induced plant volatiles may be of little help, as a whole
suite of nonhost herbivores may induce the production of highly similar plant volatile blends.
Such odours from plants with nonhost herbivores are attractive to C.glomerataand cause these
parasitoids to waste time. C. glomerata's solution to this problem is a compromise. It leaves
nonhost patches relatively quickly, exploits the less preferred P. rapae larvae that it encouters
frequently and invests time in extensive explorative flights to locate rare P. brassicaeclusters.
The foraging strategy of C. glomerata combines a limited use of environmental cues with
behavioural rules thatworkirrespective of thequalityof environmental information. This maybe
the best it can do, given that herbivores are partly in control of the reliability of plant
infochemicals.
Incomplete information islessproblematic toC. rubecula. This parasitoid employs a simple and
seemingly inflexible strategy, that is highly effective. C. rubeculado not need to invest time in
explorative flights to locate arare host. Interestingly, C.glomeratahave lost agreat deal of their
tendency for explorative behaviour during a period of 350 generations in North America, where
rare clustered hosts are absent. These parasitoids seem to minimise travel costs and effectively
focus on the exploitation of P. rapae.My results suggest adaptive behavioural differentiation in
C.glomerata, based onalossofcostlytraitsfor dealing witharare clustered host.
Incomplete information in parasitoids can result from defensive strategies in host and nonhost
herbivores. The spatial distribution of nonhosts may be as important for the efficiency of
parasitoid foraging strategies asthe distribution of hosts. Nonhost herbivores, and their effect on
the reliability of plant information should be included in evolutionary studies on parasitoid
foraging behaviour.
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Model results show that infochemical-mediated indirect effects of nonhost herbivores on
specialist parasitoids may dramatically affect parasitoid community dynamics. Depending on
herbivore diversity, such effects may either drive extinctions or promote the persistence of
parasitoid communities.
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Samenvatting
Deze Nederlandse samenvatting heb ik geschreven voor niet-vakgenoten. Hij verschilt daarom
vandeEngelsesamenvattendediscussie,diemeergerichtisopvakgenoten.
Sluipwespen zijn om verschillende redenen interessant en het bestuderen waard. Ze spelen een
belangrijke rolbinnen ecosystemen,vertonen eenenormesoortenrijkdom enzijn van economisch
belang door hun rol in de biologische bestrijding van plaaginsecten. Bovendien zijn het de
modeldieren bij uitstek voor evolutionair ecologisch onderzoek. Sluipwespen worden ook wel
parasitoi'den genoemd. Vrouwelijke parasitoi'den zoeken naar andereinsecten om daar eitjes inte
leggen.Eengeparasiteerd insectdient alsgastheer,eenvoedselbron voordenakomelingen vande
sluipwesp.De larven van veel soorten sluipwespen eten hun gastheer vanbinnenuit op.Als deze
larven zich succesvol ontwikkelen, leidt dit tot de dood van de gastheer en het uitkomen van
volwassen parasitoi'den. Het aantal nakomelingen dat een sluipwesp kan krijgen, hangt nauw
samenmet deefficientie van haar zoekgedrag. Dit zoeken van sluipwespen naar gastheren wordt
foerageren genoemd. Momenteel foerageren er tussen de 170.000 en 6 miljoen soorten
sluipwespen op aarde. Daarmee nemen ze een belangrijke positie in: meer dan de helft van alle
bekende diersoorten maakt deel uit van voedselwebben bestaande uit sluipwespen, herbivore
insecten enplanten. Als we meer inzicht krijgen in de werking van deze voedselwebben, kan dit
eenbasis zijn voor dieperbegrip van andere levensgemeenschappen, zowelophet land alsinhet
water. Sluipwespen helpen mee met het groen houden van de wereld. Meer dan 216 biologische
bestrijdingsprojecten in 99 landen hebben laten zien dat sluipwespen plaaginsecten volledig
kunnen onderdrukken.
In dit onderzoek heb ik het foerageergedrag van sluipwespen onderzocht om evolutionaire en
ecologische vragen te beantwoorden. De evolutionaire vragen, die ook wel functionele vragen
worden genoemd, draaien om het waarom.Waarom foerageert een sluipwesp op deze manier en
niet anders? Kunnen we dit gedrag begrijpen als een resultaat van natuurlijke selectie, een
evolutionair proces? Leidt dit gedrag tot succes in het spel van overleving en voortplanting? De
ecologische vragen richten zich meer op de werking van het systeem, de dynamiek en het
voortbestaan van de interacties tussen sluipwespen, herbivoren en planten. Het kan zeer
verhelderend zijn om verschillende typen vragen te combineren binnen een onderzoeksproject.
Foerageerstrategieen lenenzichbij uitstek voorzo'n combinatie vanecologische en evolutionaire
vragen. Deze strategieen bepalen voor een aanzienlijk deel de interactie-sterkte tussen
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sluipwespen, herbivoren en planten. Interactie-sterktes vormen het evolutionaire spanningsveld
tussenbovengenoemde spelersenzijn desleuteltothetbegrijpen vanvoedselwebben.
Evolutiesinds Darwin
In 1883, het jaar nadat Darwin stierf, werd de sluipwesp Cotesia glomerata verscheept van
Groot-Brittannie naar de Verenigde Staten.Aldaar werd C.glomeratalosgelaten om koolwitjesrapsen te bestrijden in koolgewassen. De Cotesia's vestigden zich al in 1884 en de
opeenvolgende generaties sluipwespen hebben totopdedagvan vandaag naar gastheren gezocht
in deze nieuwe omgeving. We kunnen nu zeggen dat met de introductie van C. glomerata in
Noord Amerika onbedoeld een evolutionair veldexperiment werd ingezet. Europese en Noord
Amerikaanse C. glomerata populaties hebben gedurende 350 generaties geleefd onder sterk
verschillende ecologische omstandigheden.
Eenbelangrijk verschil tussen de twee omgevingen is demanier waarop gastheren verdeeld zijn
over de ruimte. In Noord Amerika valt C. glomerata voornamelijk solitaire (alleen levende)
larven van het kleine koolwitje (Pieris rapae) aan. Het grote koolwitje (Pieris brassicae),
waarvan de larven in clusters van 7 tot 150 rupsen voorkomen, is afwezig in Noord Amerika.
Dezetweekoolwitjessoorten komeninEuropawelsamenvoorenworden hierbeide aangevallen
doordesluipwespC. glomerata.
De foerageerstrategie van Europese C.glomeratasluipwespen is minder efficient bij het zoeken
naar solitair voorkomende P. rapaerupsen dan de foerageerstrategie van de sluipwesp Cotesia
rubecula, diegespecialiseerd isinhetparasiteren vanP.rapae.
Engelse onderzoekers hebben gevonden dat Amerikaanse C. glomerata sluipwespen nu
efficienter zijn in het aanvallen van P. rapaedan hun Britse soortgenoten. Dit suggereert dat C.
glomeratazich heeft aangepast aan het parasiteren van deze gastheer in Noord Amerika. Uit het
Engelse onderzoek werd echter nognietduidelijk hoehetkomtdatAmerikaanse sluipwespen tot
een hogere aanvalssnelheid komen, omdat in het experiment geen gedragsobservaties werden
gedaan.
Hethoofddoel vanmijn onderzoek ishet geven vaneenverklaringvoordevariatiein zoekgedrag
tussen verschillende populaties van Cotesia sluipwespen. Ik onderzoek of deze verschillen
aanpassingen aandeomgevingkunnen zijn, wat debeperkingen zijn inde gedragsmogelijkheden
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van de sluipwespen en welke mechanismes de dieren gebruiken om tot een bepaalde
zoekstrategie te komen. Om aangeboren verschillen te bestuderen heb ik de zoekstrategieen van
verschillende Cotesia populaties vergeleken indezelfde omgeving.Omdeeffecten vanvariatiein
deomgeving op zoekgedrag tebestuderen heb ik de voor de sluipwespen beschikbare informatie
overdeomgeving gevarieerd enjonge sluipwespen verschillendevoorervaringen gegeven.
De proefopstellingen leken vaak op een veldsituatie, zodat de sluipwespen zoveel mogelijk hun
natuurlijke gedragsrepertoirekonden vertonen.
In het eerste deel van dit proefschrift beschrijf ik onderzoek aan de variatie in beslissingen van
sluipwespen om gastheren te accepteren (om eitjes in te leggen) en in beslissingen om te
vertrekken van deplekjes waaropdie gastheren voorkomen. Beslissingen over gastheeracceptatie
zijn belangrijk omdat de overlevingskans van sluipwespenlarven in verschillende soorten rupsen
sterk kan verschillen. Vertrekbeslissingen zijn belangrijk omdat sluipwespen daarmee
tijdverspilling kunnen voorkomen. Het heeft weinig zin om op een uitgeput plekje verder te
zoeken als in de nabije omgeving veel betere plekjes met rupsen te vinden zijn. Sluipwespen
hebben maareenbeperkte levensduur en deparasitoiden die die tijd efficient gebruiken om naar
gastheren tezoekenzullenrelatief meernakomelingen hebben.
In het tweede deel van dit proefschrift behandel ik variatie in het reisgedrag van Cotesia
glomerata. De sluipwespen vliegen vanblad totblad, zowelbinnen als tussen planten. Ze landen
vaakopblaadjes metvraatschade enzoekendanlopendverdernaarrupsen.Erkanvariatiezijn in
reistijden tussenplanten,inderelatievehoeveelheid tijd diewordtbesteed aanvliegend oflopend
zoeken enin deneiging ombinnen dezelfde plant verder te zoeken ofjuist naar een andere plant
te vliegen als de sluipwesp van een blaadje vertrekt. Al deze aspecten bepalen hoe efficient een
bepaalde foerageerstrategie is bij een bepaalde ruimtelijke verdeling van gastheren. Bij dit
onderzoek heb ik gebruik gemaakt van gedragsobservaties en een gedetailleerd simulatie-model.
Ik gebruikte de simulaties om te onderzoeken hoe alternatieve foerageerstrategieen leiden tot
verschillen in reproductief succes ('t behaalde aantal nakomelingen), in omgevingen met
verschillenderuimtelijke verdelingen van gastheren.
Voor het derde deel van dit proefschrift heb ik gebruik gemaakt van experimentele resultaten,
veldgegevens eneen eenvoudig model,omteonderzoeken hoehet sluipwespengedrag doorwerkt
op de dynamiek van de levensgemeenschap van sluipwespen en herbivoren op koolplanten.
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Hierbij schalen we dus op van onze kennis van individuele dieren, naar de schommelingen in
aantallen dieren in de loop van de tijd. Ik zal hieronder de belangrijkste doelstellingen van dit
onderzoek noemen, mijn resultaten samenvatten en dit stuk afsluiten met mijn algemene
conclusies.
De drie belangrijkste doelstellingen van dit onderzoek waren het evalueren en begrijpen van 1)
verschillen tussen C. glomerata en C. rubecula in het gebruiken van informatie tijdens de
exploitatie van plekjes met gastheren, 2) het belang van gedragsverschillen tussen Europese en
Noord Amerikaanse C.glomeratapopulaties voor het behalen van reproductief succes en 3) de
effecten van een beperkt informatiegebruik door sluipwespen op het functioneren van de
levensgemeenschapvansluipwespen enherbivoren opkoolplanten.

Interspecifiekevariatie(verschillen tussen sluipwespensoorten)
In Europa accepteren zowel C. glomerata als C. rubecula het kleine koolwitje, P. rapae als
gastheer. C.rubeculais een specialist opP. rapae,terwijl C.glomerataeen voorkeur heeft voor
P. brassicae.Deze voorkeuren weerspiegelen hoe geschikt de verschillende gastheren zijn voor
de ontwikkeling van Cotesiaglomerataen C. rubecula.De larven van P. rapaeen P.brassicae
verschillen in hunruimtelijke verdeling opplanten. P. rapaelarven eten solitair van bladeren en
volgen vaak een Poisson verdeling over planten. Daarbij is zowel het aantal rupsen op een plant
als de spreiding in het aantal rupsen op een plant erg laag. Op ongeveer 1op de 10koolplanten
zit P. rapae. Op zo'n besmette plant zitten meestal maar 1 of 2 rupsen. De larven van P.
brassicaeeten in een groep van een blad en komen opplanten in zeer variabele aantallen van 7
tot 150 rupsen voor. Deze P. brassicae clusters zijn in de meeste jaren zeldzaam in Europa.
Meestal is er slechts 1cluster te vinden ineen groep van 250koolplanten. In sommigejaren kan
P.brassicaeechtermassaal voorkomen.
Onervaren C. rubecula and C. glomerata sluipwespen worden aangetrokken door planten met
Piem-schade. Het maakt hierbij niet uit of deze schade door het grote of het kleine koolwitje is
veroorzaakt. Daardoor zullen beide soorten Cotesiain Europa foerageren op verschillende typen
blaadjes, zowel met gastheren waar ze voorkeur voor hebben als met gastheren die ze niet
prefereren. Dit leidt tot de vraag hoe beide CoteWa-soorten zullen omgaan met de verschillende
typen door Pieris aangevreten bladeren, en welke informatie en ervaringen ze gebruiken om
exploitatie-beslissingen tenemenopdezebladeren.
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In hoofdstuk 2 heb ik gebruik gemaakt van een statistisch model (Cox' proportional hazards
model) om de vertrekneigingen te analyseren van C. rubecula en C. glomerata. De
vertrekneiging is de kans per seconde om van een blaadje weg te vliegen. De sluipwespen
foerageerden in een omgeving met geprefereerde gastheren, niet geprefereerde gastheren, of een
combinatie van die twee. C.rubeculagebruikte een eenvoudige strategie. De vertrekneiging was
hoogopbladeren dieleegwaren,of aangevreten doordeniet geprefereerde gastheer, vooral inde
omgeving waar alleen P. brassicaeaanwezig was. Dit zal er toe leiden dat C. rubecula weinig
tijd besteedt aan onvoordelige plekjes en meer tijd zal investeren op blaadjes met P. rapae.De
sluipwesp C. rubecula leek geen gebruik te maken van voorafgaande ervaringen om
vertrekbeslissingen tenemen ophet huidigeblad.Het valt ook niet te verwachten dat leergedrag
het foerageersucces kan verbeteren in een omgeving waarin geinfecteerde planten willekeurig
zijn verdeeld overderuimteenwaarin gastheren meestalinhuneentje opeenblad voorkomen.
C. glomerata vertoonde veel flexibeler gedrag tijdens het foerageren in een omgeving met de
geclusterde gastheer. Ontmoetingen metgastherenbei'nvloeddendevertrekneiging ophethuidige
plekje. Dit effect werkte nog door tijdens latere plekbezoeken aan andere bladeren. De
vertrekneiging van blaadjes veranderde ook naarmate het aantal bezoeken aan verschillende
aangevreten blaadjes toenam. C. glomerata vertoonde echter net zulk eenvoudig gedrag als C.
rubecula in de omgevingen waar alleen P. rapae of beide gastheren aanwezig waren. Dit
suggereert datC. glomeratazijn flexibelere foerageergedrag misschien alleen gebruikt indejaren
dat er buitengewoon hoge aantallen van P. brassicae voorkomen. Een aspect aan het
vertrekgedrag van C.rubeculaandC. glomeratawasverrassend. Desluipwespen vertrokken niet
meteenna een ovipositie in P.rapae,zelfs alsermaar een larve ophet plekje aanwezig was.Dit
is tijdverspilling. Verder leek geen van beide Cotesiasoorten gebruik te maken van chemische
informatie over het aantal gastheren op een blad, om hun vertrekneiging af te stemmen. De
sluipwespen hadden alleen verschillende vertrekneigingen op schone en aangevreten blaadjes.
Zo'n verspilling van tijd en een beperkt gebruik van informatie lijken een gebrek aan aanpassing
aan de huidige verdeling van Europese P. rapae larven over blaadjes te weerspiegelen. Daarbij
dient wel te worden vermeld dat de concentratie van infochemicalien (geurstoffen) een
onbetrouwbare bron van informatie kan zijn, bij voorbeeld omdat predatoren regelmatig rupsen
van blaadjes verwijderen. Een strategie die onbetrouwbare informatie gebruikt voor het
inschatten vanhet aantal gastheren opplekjes zalhetreproductief succesniet verhogen.
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Wekunnen onsookafvragen watvoorrupsen debeste strategicisomoverderuimteverdeeld te
zijn bij een bepaalde zoekstrategie van de sluipwespen. Gegeven dat de sluipwespen slechts
beperkt gebruik maken van informatie en gegeven dat ze langer blijven op een plekje na elke
parasitering, is het solitair voorkomen opplekjes waarschijnlijk het beste watP. rapaekan doen.
Dit zal het risico opparasitering van individuele rupsen minimaliseren, omdat het een maximale
tijdverspilling bij desluipwespen veroorzaakt. Ondanksdegenoemdebeperkingen isdespecialist
C. rubecula toch vrij efficient in het foerageren op P. rapae, zeker in vergelijking met C.
glomerata. De sluipwesp C.rubeculaheeft een korte tijd nodig om een P. rapaelarve te vinden
opeenbladenkandaardoor ook eenhogerevertrekneiging opbladeren hebben. Opdezemanier
lijkt deze sluipwesp haartijdverspilling teminimaliseren. C.glomerataheeft meer tijd nodig om
P. rapae op een plekje te vinden. Daarom moeten deze sluipwespen een relatief lage
vertrekneiging hebben om toch kans te maken op het ontmoeten van een gastheer, voordat het
plekje wordt verlaten.
C. glomerata is zeer efficient in het foerageren op plekjes met P. brassicae. Het probleem zit
meer in het localiseren van de zeldzame P. brassicaeclusters. De overvloed aan plekjes met P.
rapae maskeert tot op zekere hoogte de aanwezigheid van P. brassicae clusters. Deze clusters
zouden veel meer opvallen als er geen andere herbivoren (planteneters) op koolplanten zaten.
Dan zouden namelijk alleen de met P. brassicaegeinfecteerde planten naar vraatschade ruiken.
Cotesiasluipwespen en Pieris gastheren zijn verwikkeld in een dynamisch spel van zoeken en
verstoppen waarbij dekosten enbaten vanverschillende strategieen blijven veranderen terwijl de
spelers hun nieuwe zetten doen in de loop van de evolutie. Sluipwespen en gastheren kunnen
chemischeinformatie gebruiken, zowelbij aanval alsbij verdediging.Daarbij ishetmogelijk dat
zeinspelenopbeperkingen indezintuigfysiologie enhetinformatiegebruik vanhun tegenspelers.
Eenvergelijking van EuropeseenNoordAmerikaanse C. glomeratapopulaties
De drie belangrijkste verschillen tussen Europa (Groot Brittannie inbegrepen) en de Verenigde
Staten zijn dat 1)de geclusterde en meest geschikte gastheer P. brassicae afwezig is in Noord
Amerika, 2)P. rapaehoge dichtheden bereikt gedurende dezomer in Noord Amerika, terwijl P.
rapae dichtheden veel lager blijven in Europa. Bij die hogere aantallen rupsen hoort een
ruimtelijke verdeling (negatief binomiaal) waarbij de spreiding in het aantal rupesen op planten
relatief groterisdanbij dealgenoemdePoisson verdeling.3)C. rubecula afwezig isindemeeste
staten vandeUSA.
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Deze verandering in belangrijke aspecten van de leefomgeving voor de gei'ntroduceerde C.
glomerata populatie roept verschillende vragen op. Accepteren Amerikaanse C. glomerata
sluipwespen nog steeds P. brassicae, terwijl er al 350 generaties geen contact is geweest met
deze gastheer? Gebruiken Amerikaanse C.glomeratasluipwespen ruimtelijk foerageergedrag dat
efficienter is bij het zoeken naar P. rapae dan dat van Europese C. glomerata''si Welke
gedragsmechanismen liggen ten grondslag aan zulke variatie? In de hoofdstukken drie, vier en
vijf beschrijf ik mijn onderzoek aan gedragsverschillen tussen Europese and Noord Amerikaanse
C.glomeratapopulaties.
Inhoofdstuk 3behandel ik variatiein gastheeracceptatie. Cotesiasluipwespen van verschillende
populaties zijn vergeleken in hun gastheeracceptatiegedrag nadat deze hun ontwikkeling hadden
doorgemaakt in dezelfde soort gastheer. Fenotypische verschillen (omgevingseffecten) werden
onderzocht door de sluipwespen hun ontwikkeling in verschillende soorten gastheren door te
latenmaken.
Als Europese en Amerikaanse parasitoi'den zowel gekweekt als getest werden op P. rapae,dan
was er geen genotypisch verschil in acceptatie van P. rapae als gastheer tussen deze stammen.
Als daarentegen beide sluipwespenlijnen werden gekweekt op P. rapae, maar getest op P.
brassicae, dan accepteerden de Amerikaanse parasitoi'den significant minder vaak P.brassicae
dan hun Europese soortgenoten. De Amerikaanse dieren lijken een aanzienlijk deel van hun
neiging om deze gastheer te parasiteren verloren te hebben gedurende de honderden generaties
dat deze gastheer niet beschikbaar was in Noord Amerika. Europese C.glomerata's keurden P.
rapaesignificant vaker af na ontwikkeling inP.brassicaedanwanneer P. rapaede gastheer was
geweest waarin ze zich ontwikkelden. Sluipwespen kunnen als ze uit hun kokon komen daarop
infochemicalien ruiken die van hun gastheer afkomstig zijn. Dezeinformatie kunnen zebenutten
als een aanwijzing dat P. brassicaeaanwezig is in de omgeving en vervolgens gebruiken om de
minder geschikte P. rapaelarven af tekeuren. DemeesteEuropese C.glomerata'% accepteerden
onmiddelijk P. brassicae alsgastheer, ongeacht of zezich inP. rapaeof P.brassicaeontwikkeld
hadden. Dit komt overeen met het idee dat P. brassicae de geprefeerde en meest geschikte
gastheer vanC. glomerataisinEuropa.
Daarnaast hebik onderzocht of deervaring van het leggen van eieren in de voorkeursgastheer P.
brassicaezou leiden tot het afkeuren van daarna aangeboden P. rapaelarven, door Europese C.

147

148

Samenvatling

glomerata's. In tegenstelling tot wat ik in eerste instantie verwachtte, veranderde de acceptatie
van de minder geschikte P. rapaelarven niet na ovipositie-ervaringen met de meer geschikte P.
brassicaelarven. Toch valt dit resultaat goed tebegrijpen. Omeen serie oviposities te gebruiken
alseenaanwijzing voorde aanwezigheid vanP.brassicaeindeomgevingiswelerg 'mosterd na
de maaltijd'. Als een C. glomerata sluipwesp een cluster van P. brassicae vindt, kan ze
waarschijnlijk al haar eieren in deze gastheren leggen. Daarna is het niet meer relevant of P.
rapaeafgekeurd zou moet worden. Daarom zijn oviposities in P. brassicaewaarschijnlijk geen
nuttige bron van informatie voor sluipwespen die moeten beslissen of ze de P. rapaelarven die
zevakertegenkomenwelofnietzullen accepteren.
IndeVerenigde Staten iservelegeneraties langgeen voordeel geweest omspecifieke informatie
tegebruiken die aanP.brassicaegerelateerd is tijdens het zoeken naar gastheren. Er is ook geen
selectiedruk geweest op het behouden van een hoog acceptatie-niveau van P. brassicae, of om
gedraginstandtehouden datefficient isbijdeexploitatie vanplekjes metgeclusterde gastheren.
Van verschillende sluipwespenssoorten is bekend dat ervaring wel de gastheer-acceptatie van
minder geprefereerde gastheren verandert, maar niet van geprefereerde gastheren. Dit effect op
de acceptatie van minder geprefereerde gastheren kwam ook voor inhet Cotesia-Pierissysteem:
ervaring alsgevolgvan ontwikkeling ineenbepaalde gastheer beinvloeddewel de acceptatie van
P. rapaelarvae,maarniet vandegeprefereerde gastheer P.brassicae.Kennelijk zit de acceptatie
van een gastheer van hoge kwaliteit tot op zekere hoogte 'ingebakken' in deze sluipwespen,
terwijl de acceptatie van gastheren van lagere kwaliteit veel flexibeler is, zodat daarop kan
worden teruggevallen inomstandighedenwaarindebestegastheernietbeschikbaaris.
Het is interessant dat de 'ingebakken' hoge acceptatie van P. brassicae verloren lijkt te zijn
gegaan gedurende de 350 generaties dat C. glomerata geen toegang had tot deze gastheer in
Noord Amerika. Ook bij andere diersoorten, bij voorbeeld bij stekelbaarsjes, treedt gedragsdifferentiatie tussen geografisch gescheiden populaties vaak op door het verlies van (delen van)
gedragspatronen. Een ander aspect vanC. glomerata-gedrag dat gedifferentieerd zou kunnen zijn
is het reisgedrag, omdat in Europa uitgebreide vluchten nodig zijn om zeldzame clusters van P.
brassicae telocaliseren eninNoordAmerika niet.
In hoofdstuk 4 beschrijf ik het reisgedrag van C. glomerata's van Europese en Noord
Amerikaanse stammen in een omgeving met verscheidene planten, die een veldsituatie nabootst.
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Sluipwespen van de Europese stam cirkelden boven meer planten, hadden meer en langere
reistijden tussen planten, hadden eenhogereproportie vluchten tussenplanten enbezochten meer
blaadjes met gastheren dan de Noord Amerikaanse C. glomerata's in dezelfde omgeving. De
Europese sluipwespen kwamen op veel blaadjes en doorzochten die voor een relatief korte tijd,
terwijl de Amerikaanse sluipwespen slechts op enkele blaadjes kwamen, maar die wel langdurig
en grondig doorzochten. Amerikaanse C. glomerata's, hadden meer oviposities per plekbezoek
dan de Europese C.glomerata's. Deze verschillen in ruimtelijk foerageergedrag duiden op een
meer exploratieve (verkennende) strategic bij de Europese Cotesia's, en op een meer op
exploitatie gerichte strategic bij de Noord Amerikaanse Cotesia's. Mijn hypothese is dat het
uitgebreide rondvliegen tussen planten bij Europese C. glomerata's een mechanisme is om P.
brassicae te localiseren. In Noord Amerika zijn exploratieve vluchten waarschijnlijk minder
nuttig, omdat vliegen energetisch erg kostbaar is, terwijl de opbrengst, namelijk het vinden van
zeldzame gastheren vanhogekwaliteit, afwezig isindezeomgeving.
Sluipwespen gebruiken informatie uit hun directe omgeving, maar de precieze omvang van deze
'directe omgeving' is vaak onbekend. In een volgend experiment onderzocht ik of de
sluipwespen olfactorische informatie (geuren) van een nabij gelegen plekje gebruikten terwijl ze
foerageerbeslissingen nemen ophet huidige plekje. Deheb laten zien dat er geen meetbaar effect
was van een nabij gelegen plek met een cluster van de voorkeurs-gastheer P. brassicae op de
vertrekneiging van C.glomerata sluipwespen. Dit is verrassend, omdat het toch zeer voordelig
zou zijn om snel een slecht plekje te verlaten als een een zeer goed plekje 60 cm verderop
aanwezig is.Tijdens voorbereidende experimenten merkteik al dat de respons van C. glomerata
op een aangevreten blad het sterkst was op een afstand van 0 tot 30 centimeter. Dit is ook de
afstand diesluipwespen aanhouden alszebovenblaadjes rondcirkelen. Dezeresultaten gevenaan
dat het uitgebreide vliegen tussen planten en cirkelen boven planten essentieel kan zijn voor het
vinden van zelfs een zeer nabijgelegen cluster P. brassicaelarven. Dit cirkelen tussen en boven
planten leekhet sterkst aanwezig te zijn bij Europese C.glomerata's die zich ontwikkeld hadden
in P.brassicae.Dit suggereert dat C. glomeratavroege ervaringen met P. brassicaegebruikt als
aanwijzing dat deze voorkeurs-gastheer in de omgeving aanwezig is, en haar zoekgedrag daarop
afstemt.
De boven-genoemde resultaten geven aan dat foerageerbeslissingen voornamelijk worden
genomen opbasis van informatie uit de directe omgeving, en datC. glomeratasluipwespen niet
gelijktijdig olfactorische informatie van verschillende nabijgelegen plekjes gebruiken bij het
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nemen vanbeslissingen ophet huidigeplekje. Hier staattegenover datC. glomeratasluipwespen
zeer regelmatig terugkwamen op al bezochte plekjes, na bezoeken op andereplekjes. Dit kan in
principeinformatie-gebruik opeen wijdereruimtelijke schaalmogelijk maken.Alhoewelhet niet
meteen duidelijk is wat het voordeel is van zulke herbezoeken, zijn deze resultaten toch
belangrijk vanuit theoretisch oogpunt: Beslissingen die in eerste instantie op een blaadje worden
genomen hoeven niet de eindbeslissing van een sluipwesp met betrekking tot dat plekje te
vertegenwoordigen. De exploitatie van plekjes kan worden geregeld door een meertraps
beslissingsproces, waarbij beslissingen worden bijgesteld nadat de sluipwesp ervaring heeft
opgedaanopverschillendeandereplekjes indeomgeving.
In hoofdstuk 5 beschrijf ik hoe de verschillen in foerageergedrag tussen Amerikaanse en
Europese Cotesia's zich vertalen in het aantal nakomelingen dat zij krijgen gedurende hun hele
leven, wat ik hierna reproductief succes zal noemen. Met een gedetailleerd simulatie-model
extrapoleerde ik van mijn experimentele resultaten naar het foerageergedrag gedurende een heel
sluipwespenleven in omgevingen met verschillende ruimtelijke verdelingen van P. rapae. De
zoekstrategie van Amerikaanse Cotesia's resulteerde in een hoger reproductief succes op een
Poissonverdeling vanP. rapae. Zo'n verdelingkomtnormaalgesproken voorinEuropaenvroeg
enlaatinhet seizoeninNoordAmerika.Hetreproductieve succesvan deverschillende stammen
verschilde niet op de negatief binomiale verdeling, die karakteristiek is voor midzomerse P.
rapaepopulatiesin Noord Amerika. De 'Europese strategic' betaalde voor de lange exploratieve
vluchten tussen planten, terwijl dat nooit kon resulteren in het vinden van een P. brassicae
cluster. In de omgeving was immers alleen P. rapae aanwezig. De 'Amerikaanse strategic'
verspilde geen tijd aan zulke vluchten en investeerde veel tijd aan het op plekjes zoeken naar P.
rapae. Het reproductieve succes als gevolg van de Europese foerageerstrategie was het meest
gevoelig voor een toename in de opgeeftijd opblaadjes. Juist hierin verschilden de Amerikaanse
sluipwespen het meest van hun Europese soortgenoten. De Noord Amerikaanse C. glomerata''s
hadden een 121procenthogereopgeeftijd opblaadjes.
In de eerste simulaties waren de sluipwespen niet in staat van een afstand onderscheid te maken
tussen verschillende gastheerdichtheden op gei'nfecteerde planten en bladeren. In daarop
volgende simulaties stonden we de sluipwespen toe om informatie over de hoeveelheid
vraatschade op planten en/of bladeren waar te nemen in hun nabije omgeving, en om deze
informatie te benutten door bij voorkeur te landen op plekjes met veel gastheren. Het
reproductieve succes van de C. glomerata's nam niet significant toe bij zo'n verhoogde
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waarneming van vraatschadeniveaus enhet gebruik van deze informatie. Dit komt waarschijnlijk
doordat de huidige vertrekstrategie niet is afgestemd op het efficient gebruiken van deze
informatie over gastheerdichtheden.
In Europa zit op minder dan 1op de 20 door Pieris gei'nfecteerde planten een cluster van P.
brassicae.In de simulaties bezocht slechts tien procent van de Europese sluipwespen meer dan
twintig planten met Piem-schade. Dit geeft aan dat de kans van een Europees C.glomerata
vrouwtje om tijdens haar leven een P. brassicae cluster tegen te komen laag is, bij de huidige
strategicvoorreizenenexploiterenvan plekjes.
De simulaties lieten zien dat het reproductieve succes van Noord Amerikaanse C. glomerata''s
lager zou zijn in een omgeving waar P. rapaevlinders altijd een enkel eitje op een schoon blad
zouden leggen. Bij de ruimtelijke verdeling van P. rapae die daaruit zou voortvloeien, zou het
risico vanparasitering voorindividuele larven lager zijn. Waarschijnlijk leggen P. rapaevlinders
inderdaad het liefst enkele eitjes op schone bladeren. De vliegkunst van koolwitjes kent echter
zijn beperkingen en onder winderige omstandigheden zal slechts een beperkt aantal koolblaadjes
geschikt zijn om op te landen. Dit kan resulteren in de hogere dichtheden per blad bij
midzomerpopulaties vanNoordAmerikaanse kleine koolwitjes.
Devariatie in foerageergedrag tussen Amerikaanse en Europese C.glomerata's is meer dan een
kleine verandering in een enkel kenmerk. Alle gedragsparameters voor de aankomstkansen op
plekjes, vertrekneigingen enreistijdbeslissingen varieerden aanzienlijk tussen dezepopulaties.De
waardes hiervoor van de Amerikaanse sluipwespen waren van zo'n 66 procent lager tot 121
procent hoger dan die van hun Europese soortgenoten. Het gedrag van deze sluipwespen ligt in
opmerkelijk verschillende gebiedenindeparameterruimte.

Incompleteinformatie:consequentiesvoorde levensgemeenschap
In hoofdstuk 6 I laat ik zien hoe de aanwezigheid van andere soorten herbivoren, die geen
gastheer zijn, het foerageergedrag van C.glomeratabeinvloedt.Opbasis van deze resultaten heb
ik een model gemaakt om de potentiele effecten op het niveau van de levensgemeenschap te
onderzoeken. C.glomerata gebruikt door herbivoren ge'induceerde vluchtige plantenstoffen om
gastheren te localiseren. Omdat planten meestal door een complex van herbivoren worden
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aangevallen, vroeg ik me af hoe sluipwespen omgaan met chemische planteninformatie die het
gevolgisvanvraatdoorzowelgastheren alsandere herbivoren.
De experimentele resultaten lieten zien dat C.glomeratain de problemen komt als ook andere
herbivoren schade aan de planten veroorzaken. De sluipwespen werden aangetrokken door
infochemicalien van blaadjes met andere soorten herbivoren en besteedden een aanzienlijke
hoeveelheid tijd aan zulke blaadjes. Wanneer plantengeuren niet duidelijk aangeven welke
soorten herbivoren op een bepaald moment schade veroorzaken, dan zal een toename in de
diversiteit van herbivoren de interactie-sterktes tussen gastheren en specialistische sluipwespen
verzwakken. Uit de modelresultaten blijkt dat het voortbestaan (de persistentie) van
gemeenschappen van sluipwespen enherbivoren wordt bevorderd dooreentoename in diversiteit
als die gaat van zeer weinig soorten naar een meer diverse gemeenschap. Er is echter een
drempelwaarde van diversiteit waarboven de sluipwespen kunnen uitsterven doordat ze te veel
worden gehinderd doordeaanwezigheid vanherbivoren diegeengastheer zijn.
Zokan diversiteit het voortbestaan van populaties bevorderen, maar ook leiden tothet uitsterven
vandiepopulaties,alsdiversiteit tijdverspilling veroorzaakt bij sluipwespen.
Tijdverspilling' iswaarschijnlijk eenzeer algemeen fenomeen inde ecologie van dieren,met als
andere voorbeelden wederzijdse interferentie (hindering) tussen predatoren, het aangetrokken
worden van sluipwespen door planten waarop nooit gastheren zitten, en prooien die in een
refugium (schuilplaats) blijven waarzenietkunnen eten.
Verschillende soorten herbivoren die samen voorkomen op een enkele plantensoort zijn
misschien concurrenten in termen van het voedselweb, maar werken samen via het 'informatieweb'. Als een complex van herbivoren plantengeuren minder informatief maakt, dan zal elke
herbivoor in dat complex iets meer beschermd zijn tegen specialistische natuurlijke vijanden en,
in mindere mate ook tegen generalisten. Mijn experimenten tonen duidelijk aan dat de
sluipwespen geenenkelprobleemhebbenomblaadjes tevindenmetgastheren, alsergeen andere
herbivoren aanwezig zijn. Echter, dit vermogen neemt significant af in de aanwezigheid van
andere planteneters. Het grootste deel van de literatuur over vluchtige stoffen van door
herbivoren beschadigde planten neemt aan dat deze geuren, ook wel synomonen genoemd,
natuurlijke vijanden naar de herbivoren leiden. Daarmee zouden planten een belangrijk
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foerageerprobleem oplossen door natuurlijke vijanden van betrouwbare en goed waarneembare
chemischeinformatie over herbivoren te voorzien. Mijn onderzoek laat zien dat dit gezichtspunt
ten minste voor spruitkoolplanten te optimistisch is wat betreft de betrouwbaarheid van
synomonen. Door herbivoren gei'nduceerde vluchtige plantenstoffen kunnen de olfactorische
variant op een dwaallicht zijn, en de oorzaak van aanzienlijke tijdverspilling bij natuurlijke
vijanden.
Als ik in het model variatie toeliet in de tijd die verschillende soorten sluipwespen besteden aan
andere herbivoren, dan zag ik altijd dat de meest 'spilzieke' sluipwespen als eerste uitstierven.
Zodradegemeenschapondereenbepaaldekritische soortenrijkdomkwam,traden geen extincties
meer op. Dit resulteerde in gemeenschappen die niet sterk verarmd, maar ook niet erg complex
waren. Sluipwespen die in het geheel geen tijd verspilden aan andere herbivoren vertoonden
sterke fluctuaties in aantallen, met zeer lage minimum dichtheden. Deze sluipwespen zijn zo
efficient, dat ze hun gastheren regelmatig tot op de grens van uitsterven brengen, waardoor hun
eigen populatie ook regelmatig bijna ten onder gaat. Zulke 'perfecte' sluipwespen zouden
daardoor in de praktijk ook een groot risico op uitsterven hebben. In dit scenario bevatten de
overgebleven levensgemeenschappen alleen sluipwespensoorten dierelatief weinig tijd verspillen
aan herbivoren die geen gastheren zijn. Uit deze resultaten komt een beeld naar voren van
natuurlijke selectieaandeenekant,diejuist diesluipwespen elimineertdienietweten omtegaan
met de complexiteit van het systeem, en aan de andere kant het toeval, dat inwerkt op zeer lage
minimum populatie-aantallen, dat de sluipwespen elimineert die op het perfecte af efficient zijn
(omdatzegeentijd verspillen aanandere soortenherbivoren).
Het 'verspilde tijd' mechanisme heeft potentieel het grootste effect op het voortbestaan van
specialistische natuurlijke vijanden. Dit in tegenstelling tot een mechanisme dat welhet 'zwakke
interactie' effect wordt genoemd. Daarbij kunnen zwakke interacties tussen sommige natuurlijke
vijanden en prooien de sterke interacties dempen tussen andere predatoren en prooien. Dit
zwakke interactie effect werkt alleen bij generalisten en leidt tot de voorspelling dat door
specialisten gedomineerde levensgemeenschappen sterkere fluctuaties zullen vertonen dan de
levensgemeenschappen die door generalisten worden gedomineerd. Bevoorspel dat dit alleen zo
kan zijn alshet 'verspilde tijd' mechanisme ineenbepaald systeem niet belangrijk is.Dat zou zo
kunnen zijn wanneer plantengeuren specifieke betrouwbare informatie geven, zelfs als er een
complex vanherbivoren aanwezig is.Daarnaast zouden natuurlijke vijanden danook nog in staat
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moeten zijn om dezeinformatie correct te interpreteren. Het voortbestaan van de soorten in mijn
model systeem hangt af van de aanwezigheid van verschillende gastheersoorten. Elke
gastheersoort draagt proportioned bij aan het voortbestaan vanhet systeem. Dit werpt een nieuw
licht op het idee van 'redundantie' (in de zin van het voorkomen van meer soorten binnen een
functionele groep van organismen, zoals planten of herbivoren). Het is mogelijk dat elke soort
een belangrijke bijdrage levert aan het voortbestaan van de levensgemeenschap. Bij onderzoek
aan de evolutie van sluipwesp-gastheer interacties, in de context van diversiteit in natuurlijke
voedselwebben, zou meer aandacht mogen worden besteed aan de productie van vluchtige
plantenstoffen in wildeplanten die gei'nfecteerd zijn met verschillende soorten herbivoren. Veel
van de modules (subsystemen) in informatiewebben zijn verbonden met infochemicalien van
planten,inhetbijzonder in terrestrische voedselwebben. Zulke synomonen kunnen als middelaar
optreden bij een scala aan (trofische) interacties, zoals parasitisme of predatie, 'intra-guild
predation', exploitatieve concurrentie tussen predatoren of sluipwespen, 'apparent competition',
en predatie of parasitering door topcarnivoren of hyper-parasitoi'den (sluipwespen van
sluipwespen). Het zou interessant zijn om te onderzoeken wat de relatieve effecten zijn van
informatieweb-modules en voedselweb-modules op de stabiliteit van het hele systeem. Mijn
modelresultaten laten zien dat een diverse levensgemeenschap van herbivoren en sluipwespen
kan voortbestaan op een enkele plantensoort. Deze resultaten suggereren dat het 'verspilde tijd'
mechanisme, dat wordt veroorzaakt door niet-specifieke planten-informatie een steentje bijdraagt
aan de overweldigende complexiteit die we zien in natuurlijke levensgemeenschappen, die veel
meerplantensoorten bevatten danons voorbeeld-systeem.
Algemeneconclusies
De parasitoi'de C.glomeratafoerageert in een complexe leefomgeving, terwijl daarover slechts
beperkte informatie beschikbaar is. De twee belangrijkste gastheren zijn moeilijk te vinden.
SolitaireP.rapae rupsen zijn onopvallend, enclusters vandegeprefereerde gastheer P. brassicae
zijn zeldzaam. Informatie vanhet eerstetrofische niveau indevormvandoor vraat-gei'nduceerde
plantengeuren is maar van beperkte waarde, omdat een scala aan herbivoren die geen gastheer
zijn de productie van vrijwel dezelfde plantengeuren induceren. Zulke geuren van planten met
schade, maar zonder gastheren zijn aantrekkelijk voor C. glomerata en veroorzaken dat de
sluipwespen tijd verspillen. C. glomerata's oplossing voor dit probleem is een compromis. De
sluipwespen bezoeken weliswaar plekjes waarop andere herbivoren zitten, maar ze blijven daar
relatief kort. C.glomerataexploiteert de larven van P. rapae,waarvoor ze geen voorkeur heeft,

Samenvatting

maardie zewel regelmatig tegen komten investeert tijd in uitgebreide exploratieve vluchten om
zeldzameP. brassicae clusters telocaliseren. De foerageerstrategie van C.glomeratacombineert
een beperkt gebruik van prikkels uit de omgeving met gedragsregels die werken, ongeacht de
kwaliteit van de informatie uit de omgeving. Dit zou heel goed het best haalbare kunnen zijn,
gegeven dat herbivoren gedeeltelijk bepalen hoe (on-)betrouwbaar de geur-informatie van
aangevreten plantenis.
Incomplete informatie is minder problematisch voor C. rubecula. Deze sluipwesp past een
simpele en schijnbaar inflexible strategic toe,die zeer effectief is. C.rubeculahoeft geen tijd te
investeren in exploratieve vluchten om een zeldzame geclusterde gastheer te vinden. Interessant
genoeg heeft C. glomerata een groot deel van deze neiging tot exploratief gedrag verloren
gedurende een periode van 350 generaties in Noord Amerika, waar zeldzame geclusterde
gastheren niet voorkomen. Deze sluipwespen lijken reiskosten te minimaliseren en zich effectief
te richten op het exploiteren van P. rapae. Mijn resultaten suggereren adaptieve gedragsdifferentiatie in C. glomerata, gebaseerd op een verlies van 'dure' eigenschappen voor het
gebruiken vaneenzeldzame geclusterde gastheer.
Incomplete informatie in sluipwespen kan het gevolg zijn van defensieve strategieen van
herbivoren. Deze kunnen gezamenlijk voorkomen op planten, en daardoor de
informatievoorziening aan sluipwespen van die planten bemoeilijken. Daarmee wordt de
ruimtelijke verdeling van herbivoren die geen gastheer zijn net zo belangrijk voor de efficientie
vaneenbepaalde sluipwesp alsdeverdeling van gastheren. Herbivoren diegeen gastheer zijn, en
hun effect opde betrouwbaarheid van planteninformatie zouden meegenomen moeten worden in
evolutionaire studiesnaarhetfoerageergedrag vanparasitoiden.
Model-resultaten laten zien dat herbivoren die geen gastheer zijn, via planten-infochemicalien
belangrijke indirecte effecten kunnen hebben op de dynamiek van levensgemeenschappen van
sluipwespen en herbivoren. Afhankelijk van de diversiteit aan herbivoren, kunnen zulke effecten
het plaatselijk uitsterven van sluipwespensoorten veroorzaken, of juist het voortbestaan van
levensgemeenschappen bevorderen.
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Nawoord
Op dezeplaats wil ik graag iedereen bedanken die een bijdrage heeft geleverd aan het tot stand
komen van dit proefschrift. Allereerst wil ik mijn bewondering uitspreken voor mijn promotor
Louise Vet en mijn co-promotor Lia Hemerik. Jullie hebben me meesterlijk begeleid, en jullie
uitmuntende kennis van zaken met me gedeeld. Ik wist me volledig doorjullie ondersteund bij
het volgen vanmijn ideeen enkon rekenen op goede raad precies wanneer dat nodig was.Dc heb
vanjullie geleerd dat samenwerken echt werkt, en daar heb ik nog elke dag plezier van. Louise,
demagie vanbruisend onderzoek, enthousiasme voor de wetenschap en soepelecontacten tussen
collega's isniet een simpele true. Over wat het welis,heb ik veelvanje geleerd tijdens dejaren
injouw groep en daar ben ikje erg dankbaar voor. Lia,jouw tijd en expertise waren de Pokon
voor mijn groei als theoretisch ecoloog. Daarvoor ben ik je buitengewoon dankbaar. Mijn
vaardigheden inmodellerenenprogrammerenhebikgrotendeels aanjou tedanken.Die zijn voor
mijvanonschatbare waarde.Wehebbenechtsamengewerkt, en welopeenheelplezierige wijze.
Heel erg bedankt! Mijn promotor Joop van Lenteren wil ik bedanken voor de ondersteuning, de
bemoedigende woorden en het zeer snel en zorgvuldig becommentarieren van mijn
hoofdstukken. Joop,ik heb veel aanje suggesties gehad en ik ben erg blij dat ik vierjaar in zo'n
actieveen goed geoliedevakgroephebmogenwerken.
Mijn onderzoek was onmogelijk geweest zonder de niet aflatende inspanningen van Leo
Koopman, Andre Gidding, Frans van Aggelen, Henk Snellen, Herman Dijkman en de
medewerkers van Unifarm. Zij zorgden voor de koolwitjes, sluipwespen en planten. Jullie zijn
fantastisch! Kweekproblemen werden buiten de deur gehouden of zeer snel opgelost. Daarvoor
hartelijk dank.
Ik heb veel plezier beleefd aan het begeleiden van mijn afstudeerstudenten: Lenka Castricum,
Joep Burger, Manon van der Lans, Sonia Moreno Berrocal en Jan Willem Burgmans. Bedankt
voor jullie inzet en de samenwerking! Ik heb veel van jullie geleerd. Daarnaast waren jullie
resultaten belangrijk voorverschillendehoofdstukken vandit proefschrift.
I would like to express my sincere thanks to Roy Van Driesche, Tony Shelton and Mark
Schmaedick for sending me American C.glomerata.Without these parasitoids I could not have
completed this project. Mark was extremely kind and helpful in sending me copies of the older
literature that I could not possibly get hold of in European libraries. I would also like to thank

Saskya vanNouhuys for providing essential information onthe spatial distribution of P.rapaein
New York State. Many thanks! I thank Filitsa Karamaouna for working with me at the
LaboratoryforEntomology andfor herdedication tothefieldwork inthesummerof 1997.
Ik wil ook graag mijn dank overbrengen aan de medewerksters van de bibliotheek. Jullie zijn
helemaal geweldig! Verder bedank ik alle collega's op Entomologie voor de mooie tijd en al
jullie hulp.Inhetbijzonder dank ikBregenJoep,dienuttigen scherpzinnig commentaar op mijn
stukken leverden en een vakantie mogelijk maakten door voor mijn kweken te zorgen. Ook aan
het AlO-klasje heb ik veel nuttige suggesties te danken. Joop van Loon dank ik voor het
organiseren van een veldproef en het samen begeleiden van een studente. Marcel Dicke heeft
verschillende kristalheldere opmerkingen gemaakt waar ik veel aan heb gehad en waardevol
commentaar geleverd opeen vroegeversie vanhoofdstuk 6.Ellis Meekes stelde ongepubliceerde
veldgegevens ter beschikking, die mij meer inzicht gaven in het systeem. Rob van der Vossen
lostecomputerproblemen onmiddellijk op.Dat heeft veel stress gescheeld. Alex Bruijnis stuurde
steeds razendsnel Joop's commentaar door. Dank! Gerrit Gort van de leerstoelgroep wiskundige
en statistische methoden heeft mijn eindeloze vragen over statistiek en GLMs beantwoord,
waarvoor mijn hartelijke dank.Elisabeth vanAst-Gray verbeterde het Engels van een manuscript
en Cees van Achterberg heeft gecontroleerd of mijn Amerikaanse Cotesia'secht weltot de soort
Cotesia glomerata behoren. Vanuit Leiden kreeg ik leerzame opmerkingen van Patsy Haccou en
Evert Meelis over proportional hazards analyses en van Jacques van Alphen en Gerard Driessen
over vertrekmechanismes bij sluipwespen. Het commentaar van Gerard op een vroege versie van
hoofdstuk 2 is de kwaliteit van het stuk zeer ten goede gekomen. Ik heb mijn proefschrift
afgerond tijdens een postdoc bij het NIOO, Centrum voor Limnologie in Nieuwersluis. Ik wil
mijn collega's hier hartelijk bedanken voor deprettige werksfeer en samenwerking, voor de layout tips en uitleg over het scannen van dia's en werken met printfiles en ook voor vele andere
zaken die het afronden van dit proefschrift hebben vergemakkelijkt. In het bijzonder wil ik
noemen: Anthony Verschoor, Wolf Mooij, Peter Schippers, Guus Postema, Miguel RodriguezGirones,Jorn Pilon, Iris Charalambides, Koos Vijverberg, Edith de Munter, Erik Wessel, Jasper
vanderKuipenEllen vanDonk.
Krijn Zuyderhoudt wil ik graag hartelijk bedanken voor het ontwerpen van de prachtige omslag
vanditproefschrift envoor zijn hulpbij hetbedenken vandelay-out. Lea van denBosch vanhet
secretariaat ten behoeve van de promoties wil ik hartelijk bedanken voor haar inzet en het
beantwoorden vanmijn vragen.

In de laatste dagen voor het bij de drukker inleveren van dit proefschrift hebben Anthony
Verschoor, Ingrid Verrijdt, Krijn Zuyderhoudt en Lea Zuyderhoudt onmisbare hulp verleend.
EchteHelden!
Van mijn vrienden wil ik in het bijzonder mijn paranimfen Lucienne Vuister en Esmee Waller
bedanken voor al de goede tijden. Veel dank aan mijn ouders die dit allemaal mogelijk hebben
gemaakt. Mijn moeder en vader hebben me al de kansen gegeven die ik nodig had en me
gestimuleerd omsteedsdemeestboeiende weginteslaan.
Met Lea samen is elke weg boeiend. Dank voor al je liefde en steun en je geduld in deze
proefschriftjaren.
Matthijs,
Nieuwersluis, 22april2001
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