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Abstract

Reduction of herbivore populations is more often observed in vegetationally diverse than in
simple ecosystems. Consequently, plant-species mixtures (i.e. intercropping) may be used to
manage pest problems in agro-ecosystems, thereby contributing to the development of ecologically
sustainable crop production. Compared with monotypic stands, increasing vegetation diversity may
suppress herbivore populations through the reduction in the apparency and quality of crop plants
and by the increased success of natural enemies. Unfortunately, the highly variable responses of
both herbivores and natural enemies to intercropping provide insufficient information to make
generalisations for the selection of pest-suppressive plant-mixtures. An explanation for this lack of
information is that predictions of the hypotheses explaining the pest-suppression are relevant at the
population level, while the underlying mechanisms at the behavioural (i.e. functional) level remain
largely untested. In this thesis I attempted to further our understanding of how vegetation diversity
leads to pest suppression in agro-ecosystems. The aims were (1) to understand the cause(s) of lower
herbivore numbers in vegetationally more diverse cropping systems compared to monocultures and
(2) to study the behavioural bases of the responses of natural enemies to vegetation diversity. The
studied system included Brussels sprout (Brassica oleracea gemmifera), its herbivores, and
Diadegma semiclausum, a parasitoid of the diamondback moth. Vegetational diversity was
characterised by mixing Brussels sprout with either barley (Hordeum vulgare) or mustard (Sinapis
alba). Numbers of several herbivore species were reduced when Brussels sprout was mixed with
barley. A study showed that the plant competition in the species mixture influenced herbivore
responses by altering plant quality compared with the monocrop. Field and simulation studies
showed that responses of herbivores in diversified habitats were influenced by species-related
differences in foraging behaviour. Behavioural and analytical studies showed the importance of
inter- and intraspecific variation in volatiles of both damaged and undamaged plants in the
attraction of the parasitoid D. semiclausum. Plant mixtures interacted with the searching behaviour
and time-allocation of wasps. Compared with pure Brussels sprout patches, mustard attracted and
retained individuals longer, whereas barley reduced their tendency to enter the plant patch.
Although both mustard and barley reduced the tendency of wasps to locate hosts on Brussels sprout,
parasitoids improved their foraging efficiency through oviposition experiences and became equally
efficient in finding further hosts. In conclusion, this thesis demonstrates the importance of foraging

behaviour in explaining variable responses of herbivores and parasitoids to plant-species mixtures.

Keywords: vegetational diversity, intercropping, plant quality, herbivores, D. semiclausum, foraging

behaviour, time-allocation;
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“Ki gépen szall folébe, annak térkep e tdj,

s nem tudja, hol lakott itt Vorosmarty Mihaly,
annak mit rejt e téerkep? Gyarat s vad laktanyat,
de nékem szocskéet, 6krot, tornyot, szelid tanyat;
az gyarat lat a latcson és szantofoldeket,

mig én a dolgozot is, ki dolgaért remeg,”

“For him who flies above it, a map is all he sees,

this living scape of being but symbols and degrees;

the reader of the maplines has neither known nor felt

the place where the great Mihaly Vorosmarty dwelt;
what’s hidden in the map? Yes, barracks, mills, and arms,
but for me crickets, oxen, steeples, quiet farms;

with field-glasses he marks the crops and industries,

1

but I, the trembling laborer, the forest trees,’

Miklos Radnoti — Nem tudhatom... (I know not what...)
January 17, 1944.

translated by Zsuzsanna Ozsvath and Frederick Turner
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Cross-scale pest management

General introduction - Cross-scale management of functional diversity

for sustainable pest control in agro-ecosystems

1. Introduction

Nature’s services constitute the basis of our existence on Earth. Some of these services like
food, pharmaceuticals, clear water and air and fossil energy are obvious, whereas some indirect
services like prevention from pest and disease outbreaks remain obscure to many of us. This is
because indirect ecosystem services are emergent properties of complex interactions of species with
their biotic and abiotic environment (e.g. Levin, 1999). Many of Nature’s services are renewable,
but only as much as system processes allow them to be. Unfortunately, the rate of depletion of
ecosystem services by humans exceeds their rate of renewal and worse, we disassemble the driving
processes responsible for their delivery (Levin, 1999, Holling et al., 2002).

Natural pest control is an ecosystem service, success of which is related to land-use and species
richness in the system (Wilby and Thomas, 2002). Despite of the increasing development and
intensification of pest control measures, pre-harvest crop losses in agro-ecosystems increased from
35% to 42% in the period of 1965 to 1990 (Pimentel, 1991, Lewis et al., 1997). Estimates of crop
losses in developing countries including post-harvest losses may reach 60-70% (Thomas, 1999). If
we were able to understand the link between biodiversity, land use and pest suppression, we could
be able to develop pest management strategies that are not only productive, but ecologically

sustainable as well.

The sustainability of a system is its “capacity to create, test and maintain adaptive capability”,
whereas its adaptive capacity (i.e. resilience) is a “measure of its vulnerability to unexpected or
unpredictable shocks” (Holling, 2001). Therefore sustainable control of pests should be a strategic
combination of practices that draw on the pest-suppressive properties of natural ecosystems without
impairing their adaptive capacity. A locally adaptive management practice may be maladaptive at a
regional level, because it does not consider processes taking place at different scales (Lewis et al,
1997, Levin, 1999, Holling et al., 2002). For example, local environmental friendly production
systems may not be sustainable at a large scale, simply because they reduce the number of resource
types (i.e. plant species) and associated food-webs from where they receive natural pest control.
This is especially true for cropping systems where annual disruption of habitats represents a sink for
species occurring in the region. Pest control services in these systems depend on the organismal
diversity in surrounding landscape elements.

Conservation ecology (CE) and conservation biological control (CBC) both focus on

understanding the relationship between species diversity and function, but each developed
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independently into different directions. While CE focuses on the preservation of species in food-
webs, CBC is often more concerned with the enhancement of local populations of natural enemies
for pest control. However, to manipulate local dynamics of pests and natural enemies, sustainable
management of agro-ecosystems must rely on an understanding of relationships between species
diversity and functioning of species. Hence, CBC should become a combination of applied food-
web dynamics and habitat management for the suppression of local pest populations (Polis and
Winemiller, 1996, Kean et al., 2003).

In this chapter I will review ecological theory relevant to the prevention of pest outbreaks and
describe a conceptual framework for the development of sustainable pest management strategies.
First, the importance of species diversity, and spatial and temporal processes for the functioning of
natural systems is summarised and the impact of agricultural intensification on these processes is
discussed. Next, a concept for integrating principles from CE and CBC is described, which
embraces aspects of how to draw on inherent pest management properties of ecosystems without
destabilising them, making the management practice sustainable. Finally, the objectives of this
thesis with a short overview of theory are presented, followed by a description of the research

questions.

2. Species diversity and community stability

It is known that species-diverse ecosystems often exhibit positive properties, compared to
simple ecosystems, like more efficient use of resources, compensatory growth and low fluctuation
in population density (Ewel 1986, Tilman and Downing, 1994, Tilman et al., 1996, but see Pfisterer
and Schmid, 2002). An additional property often observed is protection against pests. In early
studies it was found that pest outbreaks were more frequent in boreal forests than in tropical
ecosystems, and greatly simplified ecosystems often displayed violent fluctuations in population
densities, whereas diverse natural communities showed less dramatic oscillations (Odum, 1953,
Elton, 1958).

Oscillations in resource-consumer dynamics are essential, because more species may exist “on
the oscillations of other species”, whereby competitive chaos contributes to higher species diversity
on limited resources (Huisman and Weissing, 1999). However, food webs vary largely with respect
to the strength of interaction between species (Polis and Strong, 1996), so that dynamics of
communities are often influenced by a few species that, via strong feedback loops, have a
disproportionately large impact on the dynamics of the system (Paine, 1966, Estes and Palmisano,
1974). Until recently, weak to intermediate interactions between species that are more abundant and
tend to fluctuate widely, received little attention (Berlow, 1999, McCann, 2000). However, because
they dampen oscillations of strong resource-consumer interactions, they play an important role in
determining community stability by decreasing the chance of extinction, i.e. keeping densities away

from zero (McCann et al., 1998, but see Berlow, 1999). Therefore in diverse ecosystems “individual
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species take up the slack for each other, owing in part to independent statistical fluctuation, and no
doubt in part to reduced competitive pressure” (Levin, 1999). Consequently, a system may respond
to external changes in a gradual way until resilience (i.e. stability) is diminished to the point where
strong links are being lost, resulting in catastrophic shifts to alternative states (Scheffer et al., 2001,
Scheffer, 2002). This, in principle, leads to the conclusion that all species in an ecosystem are

“sacred” and important in the maintenance of stability (McCann, 2000).

When a species is freed from the “control” of top-down and bottom-up forces, an upsurge in its
abundance may occur (i.e. pest outbreaks). The lower incidence of pest outbreaks in diverse
ecosystems was initially explained by the presence of more natural enemies, which controlled
densities of individual herbivore species (MacArthur, 1955, but see McCann, 2000). In general
there is little or no correlation between species diversity of a community and population density of
individual species (McCann, 2000). However, functional properties of diverse systems may be
better correlated with population density. Rodriguez and Hawkins (2000) found no relationship
between species diversity of a parasitoid food-web and levels of parasitism. However, when the
dataset was re-analysed so that functional characteristics of trophic relationships were considered
(i.e. number of links, net interaction effects), parasitism rates were influenced by food web
structure, and hyperparasitoids with weak interactions had a strong influence on parasitism
(Montoya et al., 2003). In their analysis, a higher food-web complexity resulted in lower parasitism
rates (Montoya et al., 2003). In another study carried out in an agricultural food-web, increasing the
richness of natural enemies led to a greater reduction of pest populations through facilitative
interactions between parasitoids and predators. When predators were absent in the food web,
parasitism rates by a specialist parasitoid were low, because of the higher density of a non-host
herbivore relative to the host. However, when predators were included in the food web, they
reduced the densities of the non-host, so the host became more “accessible” and the mortality of
herbivores increased in a non-additive way leading to higher crop yield (Cardinale et al., 2003).

These examples illustrate that species-function in food-webs is influential in determining the
abundance of individual species, where not only strong, but weak, indirect interactions are also
important. Although with higher species diversity a reduction in the density of single species is little
correlated, one may expect a reduction in unpredictable fluctuations, that is, in the “uncertainty” of

pest outbreaks.

Because there is often overlap between the function of species comprising a community,
stability is rather determined by function than by identity of species (Hooper and Vitousek, 1997,
Peterson et al. 1998). This conclusion was deduced from the generally non-linear relationship
frequently observed between species diversity and ecosystem stability. Subsequent theories
assumed an increasing overlap in the ecological functioning with increasing species diversity

(Ehrlich and Ehrlich, 1981), demonstrating that species-diverse systems may exhibit functional
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redundancy. Idiosynchrasy may exist between diversity and function especially in systems where
species diversity is low and species show little overlap in function. Idiosynchrasy shows that the
strength of interactions may vary between species, and that strong interactions are often “drivers” of
community dynamics (Lawton, 1994, Walker, 1995). These concepts often concentrated on
diversity-stability relationships at a local scale. However, ecosystem functioning is not restricted to
local communities and distribution of species across scales is influenced by how they “observe” and
function in their environment (Levin, 1992, Ritchie and OIff, 1999). The degree of functional
overlap between species across spatial and temporal scales may reinforce ecosystem stability,

termed as cross-scale resilience (Peterson et al., 1998).

3. Spatial processes and trophic interactions

Agro-ecosystems are less species-diverse than semi-natural and natural ecosystems (Duelli et
al., 1999), which is related to the limited number of resource types (i.e. plant species) available and
to the management of resources that alters competitive situations and selectively favours a few
herbivores that reach pest status. Consequently, much of organismal diversity in agro-ecosystems is
associated with the surrounding landscape elements, so the question rises how fragmentation of
semi-natural and natural habitats and habitat complexity influence pest control services in adjacent

agro-ecosystems.

3.1.  Large-scale processes and population interactions

It is a combination of landscape characteristics, like the quality and geometry of landscape
elements, and characteristics of species, like their dispersal ability, that largely determine the
persistence of species in a landscape. Limited dispersal itself can lead to spatial aggregation of
organisms (Tilman et al., 1997), but changes in geometry of landscapes have drastic effects on the
spatial distribution of organisms (Plotnick and Gardner, 2002). Landscape fragments influence the
distribution of species by limiting their dispersal via changing the rate of dispersal of individuals
and by representing reflecting boundaries (e.g. river basins). Because of their size and greater
carrying capacity, large habitat patches have more immigrants and fewer emigrants than small ones
(MacArthur and Wilson, 1967, Tscharntke and Briandl, 2003). In natural terrestrial landscapes,
fragment size, shape and isolation are confounded characteristics determining connectivity of
landscape elements and thereby species load. When fragments are large, shape and isolation
distance have less importance, because connectivity is high (Krawchuk and Taylor, 2003). When
patch size is reduced, configuration becomes important in determining connectivity between
patches.

A species may compensate for habitat-loss until a threshold in isolation and fragment size (i.e.

critical habitat size) is reached. This threshold is related to the dispersal ability of the species to
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gather enough resources and the carrying capacity of the habitat to provide them with resources
(With and Crist, 1995; Tscharntke et al., 2002). Exceeding this threshold results in the local
extinction of populations and even species (Plotnick and Gardner, 2002, With et al., 2002,
Tscharntke and Bréndl, 2003). By determining species diversity, spatial structuring of resources
also mediates interspecific interactions (Maron and Harrison, 1997); prey-predator population
dynamics is influenced by the geometry of the environment wherein species interact (Cuddington
and Yodzis, 2002), so that dynamics may shift from near-equilibrium states to extinction of both
prey and predator populations. Food-chain length and trophic structure are vulnerable to
fragmentation, with parasitoids often being more vulnerable than their host (Hunter, 2002a). Loss of
higher trophic levels may lead to pest outbreaks. For example, fragmentation of forest ecosystems
led to large-scale defoliation by the forest tent caterpillars, because parasitoids with lower dispersal
ability were de-coupled from their host (Roland and Taylor 1997).

By influencing interspecific interactions, and by preventing the rapid spread of single traits to
all populations across a region, spatial structuring determines co-evolutionary selection forces
across landscapes (Thompson, 2001). Due to uneven distribution of interacting species across
landscapes, a genetic trait may be adaptive at locations where two species coexist and interact (i.e.
co-evolutionary hotspots), and maladaptive at locations where the interaction does not take place
(Thompson, 2001). Therefore, spatial heterogeneity of landscapes have implications for the
development and spread of resistance to pesticides in pest species in a landscape. Large-scale
monocultures are expected to aggravate problems with the developments of pest and disease
resistance, whereas heterogeneous landscapes may act as reservoirs for susceptible pest/disease
genotypes and slow down the evolution of resistance (Wissinger, 1997).

Annual agro-ecosystems are considered ephemeral, where the yearly destruction of habitat has
implications for biological control. It is expected that life-history strategies of insects will be
differently influenced by an increase of crop habitat. In annual agro-ecosystems r-selected
herbivores with short life-span, fast development and high reproductive capacity (i.e. strongly
fluctuating populations) are favoured over later successional K-selected species with longer life-
span (Wissinger, 1997, Landis and Marino, 1999). Moreover, pests with shorter developmental time
have less natural enemy species that phenologically overlap with the development of the host than
herbivores with longer life-span, so biological control of short-lived herbivores may decrease when

species are randomly lost (Wilby and Thomas, 2002).

3.2, Small-scale processes and victim-exploiter dynamics

Responses of organisms at small spatial scales are stronger influenced by individual cases of
variation than those at large scales, so predictions on the responses of organisms are also more
difficult to make at small scales (Levin, 1992). At large scales limited dispersal is a determining

factor, and life history traits correlating well with dispersal of animals (e.g. body size), may provide
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sufficient information to quantify effects of spatially heterogeneous environments on species
coexistence (Ritchie and OIff, 1999). At small scales, individuals are within their dispersal domain,
and behavioural differences at the individual level may become increasingly influential (Bergelson
and Kareiva 1987, Bommarco and Banks 2003).

3.2.1. Structural complexity

Small-scale structural complexity of the environment is influential to foraging success of
parasitoids (Casas and Djemai, 2002), e.g. an increasing complexity of plant surface may lead to a
decrease of parasitism (Andow and Prokrym, 1990, Gingras et al., 2002). Huffaker’s classic study
showed that the increasing complexity of the environment increased the persistence of predator-
prey systems (Huffaker, 1958, Huffaker et al., 1963), leading to the prediction that complexity
“stabilises” predator-prey dynamics (but see Bierzychudek, 1988). A study on an aphid-ladybird
system found a destabilising effect of spatial heterogeneity on prey-predator dynamics, leading to
prey outbreaks (Kareiva, 1987), where the outcome of the dynamics depended on the behavioural
details of ladybirds (i.e. searching behaviour) and on the distribution of the prey (Kareiva and Odell,
1987). A recent study established that the greater persistence of a predator-prey system in spatially
heterogeneous environments, resulted from the average probability that the prey found unoccupied
patches, the average probability that predators found the prey, and the stochasticity of individual
colonisation events (Ellner et al., 2001). The essential process allowing persistence of the
population was isolation by distance, where subdivision of habitats provided refuges for the prey
relative to the predator (Ellner et al., 2001).

3.2.2. Chemical ecology, direct and indirect plant defences

Living elements of the habitat, like the plants, are not just neutral media wherein organisms
travel and interact, but they convey information that can influence interactions between species. In
natural ecosystems, low plant apparency, direct (i.e. bottom up) and indirect (i.e. top-down)
defences, all protect plants from excessive herbivore damage, so a complementarity between
bottom-up and top-down forces acting on herbivores may exist (Power, 1992, Ode et al., 2004).
Apart from using direct (i.e. structural and allelochemical) defences against herbivores, plant-
derived infochemicals are perceived and used in multitrophic contexts (Price et al., 1980) and
thereby play an important role in indirect defences of plants against herbivores (Vet and Dicke,
1992, Dicke and van Loon, 2000).

Plant-derived infochemicals are used by parasitoids in the process of host location (Vinson,
1976, Vet and Dicke, 1992, Tumlinson et al., 1993, V6lkl and Sullivan, 2000), but as they do not
guarantee the presence of a suitable host, they provide incomplete information. Therefore,

parasitoids in complex habitats may often be faced with the reliability-detectability problem (Vet et
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al., 1991): volatiles from the host’s plant may be easy to detect, but they are less reliable signals of
the host’s presence. Host-related cues are reliable signals of the host’s presence, but as they are
small in quantity, their detectability is far below to that of plant cues. However, plant volatiles that
are induced by the feeding of herbivores (so called herbivore-induced volatiles) reliably predict the
host’s presence and are detectable from greater distances than the host itself (Vet et al., 1991, Vet
and Dicke, 1992). This way induced plant volatiles may be important mediators of host/prey-
parasitoid/predator interactions (e.g. DeMoraes et al., 1998, Kessler and Baldwin, 2001).

The efficient use of plant cues in a habitat with host and non-host infested plants of different
species may however, be hampered by a high level of “background noise” relative to the “signal”
(e.g. Dicke et al., 2003). Therefore, behavioural differences of parasitoids in the processing of plant-
derived infochemicals may influence population-level interactions and could potentially influence
persistence of host-parasitoid communities (Vet, 2001, Vos et al., 2001, Shiojiri et al., 2001).
Differences between parasitoid species in their responses to plant-derived cues, might lead to
differences in parasitism levels even in closely related cruciferous habitats (Geervliet et al., 2000).
Interestingly, information constraints of searching parasitoids to discriminate between volatiles
from host- infested and non- host infested plants may result in a more prudent exploitation of hosts

contributing to the persistence of communities with more parasitoid species (Vos et al., 2001).

These examples illustrate that the functioning of species (i.e. searching behaviour), may exert
strong effects at the population and community levels. Besides, these observations also highlight
that any generalisations on how small-scale complexity of habitat affects stability of predator-prey
interactions is not possible without information on the behavioural and biological details of the
system, which will determine if habitat heterogeneity will synchronise or asynchronise host/prey-

parasitoid/predator interactions leading to persistence, pest outbreaks or extinction of populations.

4. A concept for Conservation Ecology and Conservation Biological Control

The above overview indicates that stability of ecosystems and the occurrence of pest outbreaks
is an emergent property of complex interactions within and between trophic levels, and that
processes at different scales may mediate these interactions. This also explains why pest control
measures that traditionally concentrated on applying unilateral “therapeutic” treatments to eliminate
pests, often failed because they were neutralised by countermoves within the system, e.g. removal
of a pest species is followed by the development of another herbivore to pest status (for discussions
see Lewis et al., 1997, Thomas, 1999).

In order to be successful, management policies should take multilateral approaches not only at a
local but also at a regional scale. Based on the concept of cross-scale resilience and a better
understanding of the relationship between species diversity and function, we may identify potential

feedback loops that help us to re-enforce ecosystem functions in disturbed agricultural landscapes.
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In this concept, principles of CE and CBC are integrated (fig. 1). Agricultural production inherently
generates disturbance, which can disassemble the regional species pool. Therefore, management
practices must reduce source and sink effects of local populations to preserve species and maintain
food-web interactions at a regional scale. Conservation ecology has a central role in the
preservation of species interactions, by determining the maximum scale and level of disturbance
that an agro-ecosystem shall exert on the regional species pool. Thus, methods to estimate

ecosystem functions (i.e. resilience) across landscapes need to be developed (e.g. Peterson, 2002).

Conservation ecology
Food-web l Species l Population

1 1 1
! Maintain | Preserve | i\ Reduce |
1 -Cross-scale -species -source-sink
! interactions ! ! ! 1 effect '
1 1 1 1 1
Actual Potential
didSHEoh ¥ GhRubaRte
Capac:t}i Re-organise Fpportunlty
Regional Local
pool pool
Opportunit}i Exploit Fapacity
Potential Actual
service service
| Select : :Augment : :Synchronise:
! -complement | ! -infochemicals! EE ! -proximity :
1 -Synergise : -food 1 v-availability
e 4 A ihosUprey 1 A lapparency |
Food-web T Species T Population

Conservation biological control

Figure 1. Integration of principles of conservation biological control (CBC) and conservation ecology (CE)
to utilise pest reduction properties in local (i.e. agricultural) production systems while maintaining resilience
in regional (i.e. natural) ecosystems. The regional (i.e. natural) pool provides opportunities for CBC, which
“tailors” them to local management practices via managing resources across scales (from food-web to
population levels). This creates disturbance that could destabilise system processes and reduce their capacity
to generate further opportunity. However, CE can reduce disturbance and maintain resilience. Note that CBC

provides active tools for utilisation, whereas CE rather preserves the systems innate capacity to re-generate.
By preserving food-web interactions, natural ecosystem processes decrease the chance for

unpredictable pest outbreaks, and generate opportunity for CBC in local agro-ecosystems. For

example, non-crop landscape elements surrounding crops may provide valuable biocontrol services,

10
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so the spatial management of late-successional habitats is of high importance (fig. 2a). Permanent
semi-natural habitats (i.e. ecotones) that typically surround crop fields (i.e. hedgerows, woodlots,
field boundaries) and fallows are important biotopes for preserving natural enemies and recruiting
them for biological control in adjacent crop fields (Ewel 1986, Wissinger 1997, Letourneau and
Goldstein, 2001). Many generalist natural enemies (e.g. chrysopids, carabids) associated with
annual cropping systems are “cyclic colonisers”, because they colonise crops and return to the
proximal non-crop habitats for overwintering or in times of disturbance (e.g. Leather et al. 1993,
Wissinger 1997), so the temporal connectivity of crop and non-crop elements is an important factor

influencing species diversity in crop fields (fig. 2b).

(b)

Figure 2. The concept of cross-scale management of functional diversity for pest control. (a) Processes at
spatial scales are presented as nested sets of interactions. I. Connectivity of habitats maintains food-web
dynamics at a meta-population level, where dots represent local populations. Semi-natural i.e. ecotone areas
are borders important in II. preservation of species and III. recruitment of later successional species into
agro-ecosystems. Pest control in annual cropping systems benefits from V. facilitating and synchronising
natural enemies between and within crop fields, where fallow cultivation (grey plots), flowering margins and
intercropping provide the tools. (b) The temporal (i.e. successional) connectivity of natural and semi-natural
(i.e. ecotone) habitats, for the annual cyclic colonisation of agro-ecosystems by later successional species.
The solid arrow represents direction of succession of vegetational and insect communities, from annual
cropping systems to semi-natural and natural climax communities. Dashed arrows represent interchange of

species between habitats.
Indeed, fraction, configuration and connectivity of non-crop landscape elements can have

threshold values for providing sufficient biological control to adjacent crop fields (With et al. 2002,
Den Belder at al. 2002, Bianchi and van der Werf, 2003).

11
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However, as greater species diversity does not necessarily lead to higher level of biological
control in adjacent crop fields (Rosenheim, 1998), management tools should be provided that
“tailor” regional services to maximise pest control in local habitats and create minimum
disturbance. In the following sections an overview is given of how pest-suppressive properties of
local agro-ecosystems may be increased by selective augmentation of natural enemies and reduced

apparency of crop plants for herbivores.

4.1.  Selection of controlling measures

The terms synergy and complementarity may be used to describe how interactions between
species in a food-web increase mortality of a target pest. Synergism is when the interaction between
two species enhances function (i.e. pest control) in a non-additive way, whereas complementarity
increases function additively (Thomas, 1999, Wilby and Thomas, 2002). Several examples of
synergism and complementarity are known that may reduce pest populations (see Lewis et al.,
1997, Thomas, 1999, Cortesero et al.,, 2000, Wilby and Thomas, 2002). Synergy and
complementarity of interactions between trophic levels, like direct and indirect lines of defences,
may be used to combat pests on crop plants. For example not only those traits that directly influence
herbivores could be used to protect crops, but traits that are responsible for the attraction of plants
for natural enemies (i.e. infochemicals, extra-floral nectars) should also be preserved (e.g. Loughrin
et al., 1995). Herbivores that are developing on sub-optimal diets often suffer higher mortality by
natural enemies (Benrey and Denno, 1997). Thus synergy between direct and indirect defence can
be reached by using a combined approach of plant defences that slow down herbivore development
thereby creating opportunity for parasitoids to reduce pest populations. Partial or tissue-specific
resistance in crops against herbivores, or botanical pesticides that slow down herbivore
development, but do not kill them, allow population build-up of natural enemies (see Lewis et al.,
1997, Charleston, 2004). Cultivars can be selected that not only hinder herbivore development but
even boost natural enemy activity (van Lenteren and de Ponti, 1990, Bottrell et al., 1998).

Synergy and complementarity of interactions can be considered within trophic levels, when
natural enemies complement or enhance each others performance. Natural enemies attacking a
herbivore species need to be selected in such a way that all developmental stages of the herbivore
exploited by different parasitoid species are controlled (Wilby and Thomas, 2002). Natural enemies
may be selected so that they increase each others performance in a non-additive way, known as

predator-predator facilitation (Cardinale et al., 2003).

4.2.  Augment and synchronise

Knowledge from plant-insect interactions can be applied to engineer spatial heterogeneity and

composition of vegetation for the augmentation of natural enemies to increase the efficiency of
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biological control (Kean et al., 2003). Such tools involve the manipulation of food sources, or the
provision of alternative host or prey (Landis et al., 2000, Wilkinson and Landis, in press). However,
the selective enhancement of natural enemies requires in-depth knowledge of the biology of the
species in the ecosystem. Inappropriate subsidy of resources may increase pest pressure, either by
disrupting the activity of natural enemies, benefiting the antagonists of natural enemies (i.e.
hyperparasitoids) or the pest itself (Kean et al., 2003, Wilkinson and Landis, in press). Practices
attracting natural enemies into crop fields include the use of sugar sprays to aggregate e.g. ladybird
beetles in specific areas (Hagen and Tassan, 1970, van der Werf et al., 2000), or selectively
providing floral nectar that is favoured by parasitoids but not by the pest (Wickers, 2001, Landis et
al., 2000, Winkler et al., 2003, Wackers, 2004).

In annual cropping systems, biological control may be too late because natural enemies arrive in
the habitat when pest populations have already built up (van Lenteren, 1980). Synchronising natural
enemy and herbivore populations may circumvent this problem, if augmentative techniques are
applied in time and in the adequate proximity to the target crop (Landis et al., 2000, Wickers and
Steppuhn, 2003). An aspect often overlooked in biological control is the management of natural
enemies in times when hosts are not present in the field. Alternative food sources and host or prey
should be available when the target pest is scarce, allowing natural enemy populations to persist
(Landis et al., 2000, Wilkinson and Landis, in press). During cultivation time, management
practices may ‘“circulate” natural enemy populations between plots to increase biocontrol over
larger areas. Mechanical practices may be efficiently used to facilitate dispersal of beneficials to
distant plots or back to overwintering sites (Burgio et al., 2000).

Practices to synchronise herbivore and natural enemy populations include the application of trap
crops and polycultures, and generally lead to a decrease in pest numbers (Hokkanen, 1991, Andow,
1991, Smith and McSorley 2000). Herbivores may use infochemicals in the process of host-plant
location. Traditional management strategies like trap cropping make use of the greater attractivity of
herbivores towards “decoy” plants than towards the crop, which enables farmers to reduce pest
pressure and pesticide applications (Hokkanen, 1991, Potting et al., 2002). As foraging parasitoids
also use plant-derived infochemicals, management of infochemicals may provide perspectives to
target pests by natural enemies via the application of plant-species mixtures. The study of chemo-
ecological relationships in a tritrophic context led to the development of a stimulo-deterrent
diversionary strategy in Africa, where the intercropped plant molasses grass attracted parasitoids to
the vicinity of cereal crops and at the same time repelled the stemborer pests (Khan et al., 1997,
Gohole, 2003). Plant-species mixtures may reduce herbivore numbers simply via structural
diversification (Finch and Collier, 2000). Undersowing or intercropping crops with companion
plants can hamper movement and foraging behaviour of herbivores leading to pest reduction
(Andow, 1991, Altieri, 1994, Finch and Kienegger, 1997, Hooks and Johnson, 2003).

13
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Undersowing with clover may create a refuge for natural enemies by providing alternative
host/prey, thereby leading to increased biological control efficiency at low pest population levels in
annual cropping systems (Lewis et al., 1997). However, vegetation diversity may also interfere with
the efficiency of natural enemies, particularly specialists, in finding their hosts (e.g. Gingras et al.,
2002, Sheehan, 1986). Species mixtures may be used, that simultaneously reduce host-plant
apparency for the pest and increase parasitism rates. It will be obvious that to reach such

complementarity, in-depth knowledge on the behavioural details of the system is required.

5. Research objectives

The aim of my research was to specify the ecological conditions necessary for the suppression
of herbivores and augmentation of natural enemies, using vegetation diversification in agro-
ecosystems. The experimental work focussed on elucidating the interaction between vegetationally
diverse habitats (i.e. plant-species mixtures) and herbivore and natural enemy populations. The
experimental system, the specific aims of the research and the hypotheses are described below,

including the outline of the experimental approach used in the different chapters.

Parasitoid

Herbivore

Figure 3. The tritrophic context studied in this thesis. Solid arrows represent trophic relationships. The plant
species were Brussels sprout (Brassica oleracea gemmifera), with the companion plants malting barley
(Hordeum vulgare) and white mustard (Sinapis alba). The herbivore species were Plutella xylostella, Pieris
rapae and Brevicoryne brassicae. The parasitoid studied was Diadegma semiclausum, a specialist parasitoid
of P. xylostella. Dashed arrows represent the relationships studied. The results of (1) indirect and (2) direct
effects of malting barley on herbivore populations on Brussels sprout are presented in chapters 3 and 4,
respectively. The effects of (3) barley and mustard as a companion plant on the searching behaviour of D.
semiclausum are presented in chapters 5,6 and 7 (see text for further explanation).
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5.1.  The experimental system

The experimental system focussed on the insects associated with Brussels sprout plants
(Brassica oleracea L. var gemmifera) (fig. 3). The entomofauna of Brassicaceae is distinct and
well-studied in a multitrophic context and it is one of the model systems for research on agro-
biodiversity (Root, 1973, Price et al., 1980, Kareiva, 1985, Geervliet, 1997, Perfecto and Vet, 2003,
Hooks and Johnson, 2003). There were various specialist herbivores associated with Brassicas that
were studied in different phases of the research. The prominent ones were the diamondback moth
(Plutella xylostella L.), the cabbage aphid (Brevicoryne brassicae L.) and the cabbage butterflies
(Pieris brassicae L. and P. rapae L.). The natural enemy species studied was Diadegma
semiclausum (Hellén) (Ichneumonidae, Campopleginae), a specialist parasitoid of P. xylostella.

The responses of herbivores and the parasitoid to intercropping were studied when Brussels
sprout was associated with the companion plant species malting barley (Hordeum vulgare L. cv
Video) or white mustard (Sinapis alba L. cv Carnaval). We chose the malting barley as a
companion plant, because it has an entomofauna distinctly different from that of Brussels sprout, so
barley presumably did not provide direct subsidy (i.e. alternative food, host) for the higher trophic
levels under study. Sinapis alba was chosen because it was a crucifer with a similar entomofauna
and comparable secondary chemistry to that of the Brussels sprout.

This thesis tried to give answers to two major questions: (1) What are the cause(s) of lower
herbivore numbers in vegetationally more diverse cropping systems compared to monocrops? (2)

How do natural enemies respond to vegetation diversity?

5.2.  Responses of herbivores to vegetation diversity

Many, often partly overlapping hypotheses have been formulated to explain the lower pest
abundance in intercropping systems compared to monocultures. According to the “host-plant-
quality” hypothesis, mixing plant species adversely affects nutritional quality and chemical
suitability of the host plants, compared with those grown in monocultures (Bach, 1981, van
Lenteren, 1998). However, many studies examining principles of pest reduction in intercropped
systems, solely attribute “pest-suppressive” effects to the higher degree of plant diversity and
disregard the influence of plant density and concomitant differences in plant growth and quality
(Smith and McSorley, 2000, Hooks and Johnson, 2003). As a result, the effects of interspecific
plant competition with the direct effects of plant diversity on herbivore responses remain
confounded (Chapter 3).

Other hypotheses describe the direct, negative effects of vegetation diversity on the ability of
herbivores to find, stay and accumulate on host plants when compared to pure stands. The most
frequently cited one is the “resource-concentration" hypothesis, which predicts that specialist

herbivores are more likely to immigrate and stay in pure than in diverse stands (Root, 1973). This

15



Chapter 1

“trapping “ effect may be the result of several factors like patch size, purity, plant density, patch
shape, distance between patches and plant size (Pimentel, 1961, Root, 1973, Cromartie, 1975; 1981;
Stanton, 1983; Grez and Prado, 2000). The resource concentration hypothesis explains differences
in herbivore numbers by the differences in the abundance and arrangement of host plants, where
non-host plants may have a neutral effect on the herbivore. For example, Kareiva (1985) showed
that the greater accumulation of flea beetles in large host plant patches may be explained by lower
emigration rates from large than from small patches, where movement behaviour explained the
effect of patch size.

In several studies an active interference by the companion plant with searching herbivores is
supposed. These mechanisms included physical obstruction, visual camouflage, masking of host
plant odours, producing repellent volatiles or even altering the volatile profile of host plants (for
overviews see Vandermeer, 1992, Finch and Collier, 2000,). Frustratingly, many of these
hypotheses were made without an explicit testing of the underlying mechanisms (but see Garcia and
Altieri, 1992, Finch and Kienegger, 1997). Recently, Finch and Collier (2000) put forward the
“appropriate-inappropriate” landing theory, which stated that associated plants in close proximity to
host plants reduced herbivore numbers by interfering visually and structurally with the host-plant
finding and acceptance behaviour of herbivores. Because it was based on detailed comparative
observations of herbivores, this theory incorporated behavioural details and eliminated much of the
misconceptions and untested assumptions from previous hypotheses. Although numbers of all
herbivore species were reduced in their experimental undersown system, this reduction differed
with the insect species studied. It was not explicitly pointed out, but the variable response might
have indicated possible differences in the sensory modalities between the species studied. Despite
of the ample information present on the foraging behaviour of many herbivore species, there has
been limited effort to explore the responses of local populations of herbivores to patch size and

vegetation composition as functions of foraging behaviour (Chapter 4).

5.3.  Responses of natural enemies to vegetation diversity

The “enemies hypothesis” is one of the earliest hypothesis formulated concerning the
explanation of lower pest numbers in mixed cropping, and it states that lower abundance of
herbivores in vegetationally diverse than in pure stands is explained by an increased success of top-
down regulation by natural enemies (Root, 1973). This enhanced control by natural enemies is
explained by a compounded effect of several factors. (1) Diverse habitats offer important requisites
for parasitoids and predators, such as nectar and pollen sources, that are not or insufficiently
available in monocultures. (2) Populations of generalist predators and parasitoids are less likely to
fluctuate because of the greater diversity of host or prey species within complex environments. (3)
Specialist predators and parasitoids are less likely to fluctuate widely, because the refuge provided

by a complex environment enables their prey/host species to escape widespread annihilation
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(Huffaker, 1958, Huffaker et al., 1963, Root, 1973). The predictions of the enemies hypothesis were
rarely supported by experimental data and great variation from negative, neutral to positive effects
of habitat diversification on parasitism levels were observed (Sheehan, 1986, Russell, 1989).
Sheehan (1986) pointed out that agro-ecosystem diversification could have negative effects on the
searching and foraging behaviour of specialist enemies like parasitoids.

The basis of this contradiction is that the predictions of the “enemies hypothesis” are based on
population (i.e. numerical) responses of natural enemies, rather than on behavioural (i.e. functional)
responses. Besides, most of the studies testing the hypothesis, collected data on parasitism rates,
while host densities were not standardised (Sheehan, 1986). Clearly, the behavioural responses of
natural enemies to vegetation diversity should be understood before responses at the population-
level are interpreted.

However, predictions on parasitoid foraging in nature may be misleading when studies are
restricted to single plant attributes (e.g. volatiles) in laboratory bioassays, while disregarding effects
of other factors (e.g. plant structure) (Hunter, 2002b). Another factor overlooked in this respect is
that parasitoids may increase their foraging success in complex environments by learning habitat
cues (Papaj and Vet, 1990, Vet et al., 1990, Vet et al., 1995). The only study so far by Perfecto and
Vet (2003) found that experience of foraging parasitoids with cues from mono- and dicultures
indeed led to differences in initial host-encounter rates. Hence, the effect of habitat diversity on
natural enemies should be based on more realistic experimental set-ups, where the effects of

experience should also be considered (Chapters 5,6,7).

5.4.  Outline of chapters

In chapter 2, field observations are described that investigated whether intercropping Brussels
sprout with barley influenced populations of herbivores and natural enemies. In field and semi-field
experiments in chapter 3, I describe whether differences in host-plant quality, as a result of
competition between plants, confound the direct effects of plant diversity on herbivore responses. In
a combination of field and simulation studies in chapter 4, I applied basic knowledge on the
foraging strategies of three specialist herbivores, the cabbage aphid (Brevicoryne brassicae), the
cabbage butterfly (Pieris rapae) and the diamondback moth (Plutella xylostella), to explain
differences in their responses to small-scale fragmentation of their habitat. In chapter S, responses
of D. semiclausum to inter- and intraspecific variation in volatile profiles of crucifers and a non-
crucifer species were described by using a combination of Y-tube olfactometer bioassays and a
chemical analysis of headspace volatiles from plants. The effects of density, species composition
and configuration of plants on the searching efficiency of D. semiclausum to locate host patches
was studied in different semi-field set-ups in chapter 6. In another semi-field set-up in chapter 7, |
investigated how experiences with encountering host patches affect subsequent foraging success

and time-allocation of D. semiclausum in different plant species compositions. In chapter 8, the
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findings from the thesis are discussed, with an emphasis on how results may be used to specify the
ecological conditions for conservation and augmentation of natural enemies by diversification of the

agro-ecosystems.
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Influence of intercropping Brussels sprout with malting barley on

abundance of insect herbivores and natural enemies

Abstract

Abundances of herbivore and natural enemy populations were measured and compared in a
Brussels sprout malting barley row-intercrop and a Brussels sprout monoculture. Insect counts were
recorded by yellow water traps and individual plant observations. The herbivores monitored were
the cabbage aphid (Brevicoryne brassicae), the green peach aphid (Myzus persicae), the eggs and
larvae of the cabbage moth (Mamestra brassicae), larvae of the diamondback moth (Plutella
xylostella) and larvae of the small cabbage butterfly (Pieris brassicae). The natural enemy species
monitored were larval and pupal counts of hoverflies, adult counts of the aphid parasitoid Aphidius
spp. and Diaeretiella rapae, and rates of parasitism of P. xylostella by Diadegma spp. and that of B.
brassicae by D. rapae. Intercropping reduced abundances of both winged and apterous forms of B.
brassicae and M. persicae. Yellow traps caught more adults of P. xylostella in the mono- than in the
intercrop. Abundance of P. xylostella larvae and pupae were higher in the monocrop early in the
season, but their abundance in the intercrop was equal to or higher than those in the monocrop in
the second half of the observation period. Intercropping reduced egg and larval numbers of M.
brassicae, but larval counts of P. rapae were not different between inter- and monocropped plots.
Overall densities of syrphid larvae were higher in mono- than in intercropped plots, but this
difference diminished and average abundance of pupating larvae was higher in the inter- than in the
monocrop in the second half of the season. Numbers of Aphidius spp. and Aphelinus spp. were
higher in the inter- than in the monocropped plots. The rates of parasitism by Diadegma spp. and D.
rapae were not influenced by the cropping system. Results are discussed with focus on possible

mechanisms to be investigated in forthcoming chapters.

Keywords: intercropping, herbivores, natural enemies, pest suppression

21




Chapter 2

1. Introduction

The observation that herbivore damage and outbreaks are frequently lower in vegetationally
diverse than in monotypic cropping systems has been fascinating ecologists for several decades
(Elton, 1958, Root, 1973, Risch et al., 1983, Andow, 1991, Smith and McSorley, 2000, Hooks and
Johnson, 2003). Originally, two hypotheses have been formulated to explain the lower herbivore
numbers: the “enemies hypothesis” and the “resource concentration hypothesis” (Root, 1973). The
enemies hypothesis predicts a higher mortality of herbivores in diverse than in simple systems
because of the increased success of natural enemies. This increased success is due to the larger
amounts of alternative resources (i.e. host, prey, food) and the more suitable microhabitats that
vegetationally diverse habitats provide, leading to greater survival and success of natural enemies
compared to monotypic stands. Moreover, herbivore-natural enemy dynamics are expected to
fluctuate less in diverse than in simple habitats, because the refuge provided by a complex
environment enables their prey/host species to escape widespread annihilation (Huffaker, 1958,
Huffaker et al., 1963, Root, 1973, but see Kareiva, 1987, Ellner et al., 2001).

The resource concentration hypothesis predicts that specialist herbivores are more likely to
locate and stay in pure than in diverse stands. Several mechanisms responsible for this effect have
been reported like (1) physical obstruction, (2) visual camouflage, (3) masking of host plant odours,
(4) olfactory repellence and (5) reduced host plant quality for herbivore development (Vandermeer,
1992, Finch and Collier, 2000, Hooks and Johnson, 2003). In addition, the recently formulated
appropriate-inappropriate landings theory states that non-host plants in close proximity to host
plants reduce herbivore numbers by interfering visually and structurally with the host-plant finding
and acceptance behaviour of herbivores (Finch and Collier, 2000). Although experimental evidence
supporting the two hypotheses have accumulated in the past decades, considerable variation both in
herbivore and natural enemy responses was found, which prevented any generalisations to be made
(Risch et al., 1983, Sheehan, 1986, Russell, 1989, Andow, 1991, Hooks and Johnson, 2003).

The entomofauna of Brassicaceae is distinct and well-studied and it became the model system
for research on agro-biodiversity (Root, 1973, Price et al., 1980, Kareiva, 1985, Geervliet, 1997,
Perfecto and Vet, 2003, Hooks and Johnson, 2003). Agricultural diversification tactics of
cruciferous crops involved intercropping, undersowing with living and dying mulches, trap
cropping and flowering field edges (for reviews see Smith and McSorley, 2000, Hooks and
Johnson, 2003). However, the ecological mechanisms responsible for the responses of arthropods to
diversified Brassica cropping systems were not always tested and remained poorly understood.

In this study, the effect of vegetational diversification on insect herbivores and their natural
enemies in a Brussels sprout — barley intercropping, a combination that has not been tested before,

were compared. The main objective was to provide a starting point for a series of manipulative
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studies that would provide in-depth knowledge on the mechanisms determining herbivore and

natural enemy responses to agro-ecosystem diversification.

2. Materials and Methods

2.1.  Experimental fields

An intercropping of Brussels sprout (Brassica oleracea gemmifera L. cv. Maximus) and malting
barley (Hordeum vulgare L. cv. Video) was established, with a monoculture of Brussels sprout as
control. Barley was sown the same day when the 5-6 week old Brussels sprout plants were
transplanted to the field on 21 May 2001. Plants were arranged according to an additive row-
intercrop design, where 3 rows of barley were placed between every two rows of Brussels sprout.
Row and plant spacing of Brussels sprout was 75 cm and 50 cm, respectively, both in the mono-
and in the intercrop. Plots (30m x 30m) of each treatment were established with three replications at
two locations. The isolation distance between plots was a path of at least 7 m wide sown with a
grass mixture of Lolium spp. and Poa spp. The locations were in the vicinity of Wageningen (The
Netherlands), about 15 km distance from each other. One of them was located in a woodland
composed of Quercus spp., Fagus silvaticus and pine trees in the direct vicinity and with
community gardens at a few hundred meters distance. The other location was surrounded over
several square kilometres by a mosaic of intensively cultivated crops i.e. maize, potatoes, wheat and
large pastures. Plots at both locations received the same amount of organic fertiliser and soil

cultivation. No chemical treatment was applied throughout the season.

2.2.  Sampling by yellow water traps

Yellow traps (15cm diameter and 1.5cm deep) filled with water containing surfactant were used
to monitor flying insects. Three traps were placed into each plot. The traps in the intercropped plots
were placed in the Brussels sprout rows to make sure that they operated in similar direct
surroundings in the different treatments (Fig.1.). As the height of vegetation increased, traps were
adjusted to the level of the top of the canopy. Traps were emptied twice or three times a week.
Aphids were identified to species, parasitoids to genus level. The sampling period was 5 June till 18
July [from 15 to 58 days after planting (DAP)]. Because of logistic reasons, sampling was carried

out at one location only.
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Figure 1. Schematic representation of the placement of yellow traps in the plots. Dots with crosses represent
Brussels sprout and lines represent barley. Black dots are yellow water traps placed 6m distance from each
other and at least 9m from the field edge. Note that plant and row spacing and the distances between plots are

not on scale.
2.3. Insect counts

Fifteen randomly selected Brussels sprout plants per plot at both sites were sampled once a
week. Winged and apterous forms of M. persicae and B. brassicae, larval and pupal numbers of P.
xylostella and larval numbers of M. brassicae per plant were recorded. Syrphids, as important
predators of aphids, were monitored and their larval and pupal stages were distinguished. The
apparent rates of parasitism of P. xylostella by Diadegma spp., were recorded as the fraction of
unhatched parasitoid cocoons of the total number of larvae and pupae of the hosts present on the
plants. The apparent parasitism of B. brassicae by Diaeretiella rapae was also recorded as the
fraction of unhatched parasitoid mummies of the total number of aphids present on the plants.
Sampled plants were marked and avoided in later sampling. Observations took place from 30 DAP
to 104 DAP. The leaf area of Brussels sprout plants was monitored each week throughout the
season. Three randomly selected plants per plot were removed, and the leaf area per plant was
determined with a leaf area meter (LI-COR®).

2.4.  Data analysis

Data from yellow traps, individual plant observations, leaf area data, and counts from suction
traps were normalised by log;o transformation [log;o(x+1)]. Parasitism data were arcsine— square
root transformed [arcsin( \/@ ] . A Mixed Model for Analyses of Variances with compound
symmetry or autoregressive structure on the covariance matrices was used (Littell et al., 1996)
(PROC MIXED, with REPEATED statement, SAS 8.0). In the model, location was treated as a

random factor whereas plots were considered as experimental units with repeated observations. The
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selection between the fitted models for final inferences was based on the fit statistics of Akaike's
Information Criterion and Schwarz® Bayesian Criterion (Littell et al., 1996). The yellow trap data
did not contain a random factor, and therefore they were analysed by an ANOVA. Due to damage
in the trap material inflicted by heavy rainfall, data from 24, 25, 28, 30 and 58 DAP were not

considered in the analysis.

3. Results

3.1.  Yellow trap catches

Results of yellow trap catches showed that all examined species responded to cropping system.
The three herbivores were caught in higher numbers in mono- than in intercropped fields. Catches
of M. persicae (P<0.004, df=1, F=9.2), B. brassicae (P<0.001, df=1, F=106.4) and P. xylostella
(P<0.001, df=1, F=47.9) were higher in Brussels sprout mono- than in intercropped plots (fig. 2.)

Interestingly, catches of the two observed aphid parasitoid groups showed the opposite
tendencies than catches of the herbivores. Significantly more Aphidius spp. were caught in inter-
than in monocropped sprout (P<0.001, df=1, F=196.6). D. rapae was caught in significantly higher

numbers in intercropped sprouts when compared to the monocultures (P=0.001, df=1, F=12.4).
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Figure 2. Average (+SE) of total catches per plot of M. persicae, B. brassicae, P. xylostella, Aphidius spp.
and D. rapae and Aphelinus spp. collected from yellow water traps in inter- (white bars) and monocrops
(black bars).
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3.2.  Herbivores on Brussels sprout

Intercropping influenced abundance of M. persicae and B. brassicae. Significantly lower
abundance of the winged forms of M. persicae was recorded on inter- than on monocropped plants
(fig. 3a, P<0.001, df=1, F=53.8), indicating a lower colonisation of Brussels sprout. This finding
was in line with the tendencies observed from yellow trap catches. After 72 DAP hardly any winged
forms were recorded. When densities of apterous forms were included in the comparison (fig. 3b.),
the difference could be observed until the end of the observation period (P<0.001, df=1, F=93.5).
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Figure 3. Average number (+SE) of (a) winged forms and (b) all forms of Myzus persicae L. per plant in
inter- (dotted line, triangles) and monocropped (solid line, circles) plots at different days after planting
(DAP).

Winged morphs of B. brassicae showed significantly lower abundance on inter- than on
monocropped Brussels sprout plants (fig. 4a, P<0.001, df=1, F=30.8). Their maximum abundance
was reached at a later time (53 DAP) than winged forms of M. persicae (39 DAP). When densities
of apterous forms were included in the comparison (fig. 4b.), the difference further increased
(P<0.001, df=1, F=88.1). However, differences in abundance between the mono- and intercrop
gradually diminished after 87 DAP and counts did not differ during the last two sampling dates (93
and 106 DAP, fig. 4b).
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Figure 4. Average number (£SE) of (a) winged forms and (b) all forms of Brevicoryne brassicae L. per
plant in inter- (dotted line, triangles) and monocropped (solid line, circles) plots at different days after
planting (DAP).
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Figure 5. Average number of (+SE) larvae and pupae of Plutella xylostella L. per plant in inter- (dotted line,
triangles) and monocropped (solid line, circles) plots at different days after planting (DAP).

The observed lepidopteran herbivores responded to intercropping in different ways. Overall
densities of larvae and pupae of P. xylostella did not differ significantly between the treatments (fig.
5., P=0.115, df=1, F=2.52). However, the significant interaction between cropping system and
observation date showed that differences in population levels between cropping systems changed
across the observation period (Cropping system*DAP: P=0.003, df=9, F=3.0). Early in the season
larval and pupal densities were higher in the mono- than in the intercrop, but these differences
diminished from 65 DAP onwards.
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Egg (fig. 6a, P<0.001, df=1, F=16.87) and larval (fig. 6b, P<0.001, df=1, F=174.0) counts of the
cabbage moth M. brassicae were lower in inter- than in monocropped plots. Although larval counts
showed considerable variation over time, differences between treatments existed until the end of the

s€ason.

No. of M. brassicae egg per plant
No. of M. brassicae larvae per plant

Figure 6. Average number (+SE) of (a) eggs and (b) larvae of Mamestra brassicae L. per plant in inter-

(dotted line, triangles) and monocropped (solid line, circles) plots at different days after planting (DAP).

Larval densities of the small cabbage butterfly P. rapae were not influenced by cropping system
(P=0.151, df=1, F=2.1) and there was no interaction with DAP (Cropping system*DAP: P=0.16,

df=9, F=0.17) showing similar tendencies throughout the observation period.

3.3.  Natural enemies

Overall counts of hoverfly (Syrphidae) larvae were higher in mono- than in intercropped plots
(fig 7a, P=0.015, df=1, F=6.2). However, the difference between treatments diminished and
abundance was equal to or higher in the inter- than in the monocrop from 72 DAP onwards
(Cropping system*DAP: P<0.001, df=9, F=8.7). Syrphid pupae occurred at 58 DAP and reached
higher numbers in the inter- than in the monocrop from 72 DAP until the end of the experiment (fig.
7b, P<0.001, df=1, F=59.0).
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Figure 7. Average number (+SE) of (a) larvae and (b) pupae of Syrphidae per plant in inter- (dotted line,
triangles) and monocropped (solid line, circles) plots at different days after planting (DAP).

Apparent rates of parasitism by hymenopteran parasitoids of B. brassicae and P. xylostella were
measured. Parasitism of B. brassicae by D. rapae increased from the start of the observation period
and reached its average maximum of & 40 percent at 72 DAP, after which it decreased till the end of
the experiment (fig. 8a). Parasitism levels by this species did not differ between inter- and
monocropped plots (P=0.926, df=1, F=0.01). P. xylostella larvae were mostly parasitised by D.
semiclausum and rarely by D. fenestrale. Parasitism levels were low in the first half of the
observation period and gradually increased towards the end of the experiment reaching levels close
to 100 percent at the end of the observation period (fig. 8b). Parasitism levels by Diadegma spp. did
not differ between inter- and monocropped plots (P=0.381, df=1, F=0.9).
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Figure 8. Percent parasitism (=SE) of (a) Brevicoryne brassicae L. by Diaeretiella rapae M Intosh and (b)
of Plutella xylostella L. by Diadegma spp. per plant in inter- (dotted line, triangles) and monocropped (solid
line, circles) plots at different days after planting (DAP).
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3.4.  Plant size

Brussels sprout plants were smaller in intercropped plots than in monocultures (Fig. 9)
(P<0.001, df=1, F=133.4). The difference in plant size increased until 72 DAP, when the leaf

surface of monocropped plants was 2 fold higher than that of intercropped plants.

LA (m?2) per plant

DAP
Figure 9. Plant growth expressed as leaf area (LA; £SE) of inter- (dotted line, triangles) and monocropped
(solid line, circles) Brussels sprout plants at different days after planting (DAP).

Later in the season (£90 DAP) the leaves of the monocropped plants started to senesce and their
leaf area decreased. Leaf area of intercropped plants continued to increase until the end of the
observation period and the difference between treatments was decreasing (Cropping system*DAP:
P<0.001, df=6, F=10.1).

4. Discussion

4.1.  Herbivores

Yellow trap catches and individual plant observations revealed a reduction in the numbers of
winged forms of M. persicae and B. brassicae in the intercrops when compared to monocultures,
indicating differences in colonisation rates. Intercropping also reduced numbers of apterous forms
of both species. Studies carried out in other intercropping systems also reported reduction in
numbers of these aphid species. Broccoli intercropped with living mulches (Costello and Altieri,
1995), and undersowing white cabbage or collard with clover reduced abundance of M. persicae
and B. brassicae when compared to monocultures (Lehmus et al., 1996, Finch and Kienegger,

1997). Undersowing Brussels sprout with spurrey (Theunissen and Den Ouden, 1980), with clover
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(Vidal, 1997) or with black mustard (Bukovinszky et al., 2003), reduced population densities of B.
brassicae.

Yellow traps caught less P. xylostella moths, indicating a lower colonisation of Brussels sprout
plants in the inter- than in the monocrop. However, these tendencies were reflected in larval and
pupal counts at the beginning of the observation period only, and differences diminished later on.
The lower egg and larval counts of M. brassicae suggested a reduced colonisation by this species in
the inter- than in the monocropped plots. Other studies reported lower abundance of P. xylostella in
intercropping systems with labiatae herbs (Dover, 1986), subterranean clover (Finch and Kienegger,
1997), strawberry clover (Theunissen and Schelling, 1996), red clover (Asman et al., 2001), or with
indian mustard (Asman, 2002; Charleston and Kfir, 2000).

Finch and Kienegger (1997) demonstrated that population sizes of B. brassicae, P. xylostella
and M. brassicae on collard plants were reduced by undersowing it with clover. This effect was
explained by the structural properties of the non-crop plant possibly interfering with host searching
and acceptance behaviour of herbivores. They concluded that at least 50% of the vertical profile of
the target plant should be covered by the non-crop plant for sufficient reduction in colonisation. In
another study, intercropping cabbage with high clover reduced oviposition by P. xylostella when
compared to intercropping with short clover or monocultures of cabbage (Asman et al., 2001).
Since the height of barley reached the height of sprout plants early in the season (25-30 DAP), it
might have reduced numbers of colonising M. persicae, B. brassicae and P. xylostella via structural
interference. Interestingly, intercropping did not influence larval densities of Pieris rapae. In other
studies P. rapae responded to intercropping practices in different ways. Intercropping collards with
clover reduced the number of eggs laid by P. rapae (Finch and Kienegger, 1997). However, in the
study of Maguire (1984) collards surrounded by tomato received more eggs than collards
surrounded by other collards. It seems that Pieris rapae responds rather to the size of resource
patches than to the species composition of surrounding vegetation (Maguire, 1983; Clough et al.,
2002). Its foraging behaviour compared to other crucifer specialists may be responsible for the
observed patterns in abundances (Root and Kareiva, 1984; Hern et al., 1996). To unravel why
changing structure of surrounding vegetation represents a greater barrier for some species and less
to others, studies are needed in which the different effects of spatial patterns of the habitat on

foraging behaviour of herbivores can be separated (Chapter 4).

Later in the season differences in population levels of B. brassicae and P. xylostella diminished.
Although the barley already died off, it was difficult to explain this by the lack of structural effects
of intercropped vegetation alone, because winged forms of colonising aphids were already rare. If
aphids did colonise plots late in the season, it was expected to increase their abundances equally in
the different treatments. An explanation could be a possible difference in quality between mono-
and intercropped plants. Monocropped Brussels sprout grew faster and attained greater leaf area

than intercropped sprout, but this tendency seemed to change at the end of the season. Several
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studies suggested that differences in herbivore populations between mono- and intercrop might be
related to changes in plant quality, but few studies actually have tested this assumption (Gold et al.,
1990, Smith and McSorley, 2000, Hooks and Johnson, 2003). Thus, studies are needed to
investigate the possible role of host plant quality in the responses of herbivores to intercropping
(Bukovinszky et al., 2004).

4.2.  Natural enemies

Syrphids on Brussels sprout responded to intercropping differently early and late in the season.
Larvae were more abundant in the monoculture early in the season, but they reached equal to or
higher abundance with more individuals pupating on the inter- than on the monocropped plants.
Although syrphids are generalist predators that exploit both Brussels sprout and cereal habitats, they
may prefer cereals (Tenhumberg and Poehling, 1995), where there is not only a greater diversity of
hosts, but where temperature and humidity may also favour their egg laying behaviour (Wahbi,
1967, Ankersmit et al., 1986). Syrphid larvae late in the season could have eventually aggregated on
intercropped Brussels sprouts that still supported increasing B. brassicae populations. As a result,
the number of syrphid larvae declined later and more syrphids pupated on inter- than on
monocropped sprout. Dying mulches have been reported to increase abundance of natural enemies
on adjacent crop plants, often increasing efficiency of biological control (Hooks and Johnson,
2003). Our finding suggests that in intercropping systems, the phenology of the non-crop relative to

the crop plants should be considered to increase natural enemy abundance and success in the crop.

Results from yellow trap catches suggested greater abundance of Aphidius spp. and Diaeretiella
rapae in the inter- than in the monocropped plots. These species exploit aphids on both plant
species. Barley harboured cereal aphids throughout the season (data not shown), so parasitoids
could have exploited more host species in the inter- than in the monocrop. However, a greater
abundance of D. rapae did result in higher parasitism rates in the inter- than in the monocrop.
Moreover, rates of parasitism of the diamondback moth by Diadegma spp., did not differ between
mono- and intercropped plots. It is possible that barley did not have a positive effect on Diadegma
spp., like providing alternative food (nectar) and hosts that could have enhanced the activity of
these specialist parasitoids. Diadegma spp. reached higher levels of parasitism late in the season,
when barley started withering already. It could be that characteristics of the intercrop (e.g.
microclimate, presence of aphid honeydew) were not different anymore from those in the
monotypic stands that would have differentially influenced parasitism levels. Other studies also
showed that the greater abundance of natural enemies in intercropping might not always lead to
better biological control (Vidal, 1997, Gohole, 2003). Structural and infochemical effects of diverse
vegetation may interact with searching behaviour of parasitoids and can influence parasitism levels
(Price, 1988, Andow and Prokrym, 1990, Khan et al., 1997). Clearly, more mechanistic behavioural
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studies are needed to explain how foraging success of natural enemies is influenced by vegetation
diversity (Chapters 5,6,7).

In conclusion we may say that intercropping with barley reduced the abundance of most of the
studied herbivore species on Brussels sprout. This reduction in abundance was concomitant with a
greater abundance of two aphid parasitoid species. However, no differences in herbivore mortality
due to parasitism were detected. In the forthcoming chapters, I investigate several possible
mechanisms influencing success of herbivores and their natural enemies in vegetationally diverse

and in monotypic systems.
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Plant competition in pest-suppressive intercropping systems

complicates evaluation of herbivore responses

Abstract

In the light of current theories on the effects of intercropping on pest reduction, population
responses of the diamondback moth (Plutella xylostella), the cabbage aphid (Brevicoryne brassicae)
and the life history traits of the large white butterfly (Pieris brassicae) were studied in a Brussels
sprout (Brassica oleracea gemmifera)/malting barley (Hordeum vulgare) additive row intercrop and
a Brussels sprout monoculture. More P. xylostella adults were caught in the monoculture than in the
intercrop. Numbers of P. xylostella larvae and pupae per sprout plant were lower in intercropped
plots than in monocultures. However, more larvae and pupae were found per m* leaf area in the
inter- than in the monocrop. Both the densities per plant and per m? leaf area of B. brassicae
populations were lower in the inter- than in the monocrop. After the barley withered and
competition with Brussels sprout abated, aphid densities became higher in the inter- than in the
monocrop. These findings may be explained by interspecific plant competition resulting in stressed
sprout plants with a smaller size and delayed phenology relative to monocropped plants. Effects of
differences in plant nutritional quality on herbivore performance were studied by offering leaves of
inter- and monocropped sprout plants to larval P. brassicae. Performance and food utilisation were
significantly better on leaves from the intercrop (lower dry weight consumption, higher growth
rates) than from the monocrop. Defoliation rate was also higher on leaves of intercropped plants
than on monocropped ones. The studies indicate that plant stress and consequent changes in
developmental rate and nutritional quality of plants are playing a role in herbivore population
responses to intercropping. It is argued that such confounding effects of plant competition in
intercropping designs can hamper the evaluation of herbivore responses in pest-suppressive agro-

ecosystems.

Keywords: intercropping, interspecific competition, “host-plant-quality hypothesis”, Brevicoryne

brassicae, Plutella xylostella, Pieris brassicae;
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1. Introduction

Increasing within-field vegetation diversity (e.g. intercropping) often reduces pest insect
populations compared with monocultures (Andow, 1991; Altieri, 1994; Smith and McSorley, 2000).
Many often partly overlapping hypotheses have been formulated to explain differences in pest
abundance in intercropping systems compared to monocultures. Most frequently cited is the
“resource-concentration" hypothesis, which predicts that the spatial configuration of diverse
vegetation makes host plants in intercrop less “susceptible” to herbivore attack, by directly
interfering with visual and olfactory components of host-plant location and movement of herbivores
(Root, 1973; Stanton, 1983). The recently formulated “appropriate-inappropriate” landing theory
states that associated plants in close proximity to host plants may directly disrupt the host-plant
finding and acceptance behaviour of herbivores (Finch and Collier, 2000). According to the “host-
plant-quality” hypothesis intercropping adversely affects nutritional quality and chemical suitability
of the host plants of herbivores, compared with monocultures (Bach, 1981; Van Lenteren, 1998),

often causing reduced herbivore performance.
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Figure 1. A schematic drawing of a (a.) monoculture, (b.) an additive and (c.) a substitutive (replacement)
row intercropping. Dots represent main crop, lines are rows of the associated crop.

Many case studies purporting to test the underlying principles of pest reduction in intercropped
systems disregard the influence of plant density and attribute pest “suppressive” effects to the
higher degree of plant diversity alone (Smith and McSorley, 2000). Furthermore, many different
intercropping designs are being used for comparisons with monocultures (Fig. 1). “Substitutive”
(replacement) designs (Fig. 1c) are inapplicable because they confound the effects of resource
concentration with the effect of treatment (Andow, 1991). Additive designs (Fig. 1b) are widely
used for comparisons, because here the density of the target plant is the same in the mono- and
intercrop. However, addition of an associated crop can lead to plant competition and thus to

changes in host-plant quality of the target crop. Although the importance of plant biomass in the
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comparisons of herbivore densities has been pointed out (Root, 1973; Andow, 1991), many studies
neglect the differences in plant growth and quality. Although error variance, caused by differences
in plant size, can be eliminated by analysis of covariances (Andow, 1991), differences in arthropod
responses to altered host plant quality are not accounted for. As a result, the confounding effects of
interspecific competition with the direct effects of plant diversity on herbivore responses remain a
scarcely studied problem (Hooks and Johnson, 2003). The issue in this study was whether
differences in host-plant quality, as a result of competition between plants are confounding the
direct effects of plant diversity on herbivore responses.

Brussels sprout/malting barley intercrop was used to study the effects of vegetation diversity on
population sizes of the diamondback moth (Plutella xylostella L.) and the cabbage aphid
(Brevicoryne brassicae L.). In a second experiment the effects of intercropping were evaluated on
the nutritional quality of host plants for one of the specialist herbivores on crucifers, the large white

butterfly (Pieris brassicae L.).
2. Materials and Methods
2.1.  Experimental fields

An intercropping of Brussels sprout (Brassica oleracea gemmifera L. cv. Maximus) and malting
barley (Hordeum vulgare L. cv. Video) was established, with monoculture of Brussels sprout as
control. Barley was sown on May 12 and 5-6 week old Brussels sprout plants were transplanted to
the field on May 19" 2000. Plants were arranged according to an additive row-intercrop design,
where 3 rows of barley were placed between every two rows of Brussels sprout (Fig. 1b). Row and
plant spacing of Brussels sprout was 75 cm and 30 cm, respectively, both in the monocrop and the
intercrop. Plots (80m x 50m) of each treatment were established and replicated twice at two

locations in the vicinity of Wageningen (The Netherlands).
2.2.  Plant growth

The leaf area of Brussels sprout plants was monitored each week throughout the season. Five
randomly selected plants per plot were removed and the leaf area per plant was determined with a
leaf area meter (LI-COR®™).
2.3.  Insects populations

Adults of P. xylostella were monitored by using transparent cylindrical sticky traps (glue:

Tanglefoot™). Nine traps were placed 15 cm above the ground in the canopy layer of Brussels

sprout, in each of the inter- and monocropped plots at one of the two locations. After five days,

39



Chapter 3

traps were removed and any moths or parasitoids caught were identified. Numbers of Diadegma
semiclausum (Hellén) and Diaeretiella rapae M Intosh caught in sticky traps were recorded as the
main parasitoids of P. sylostella and B. brassicae, respectively. New traps were set out a week later.
Trapping was done for three weeks from July 5 to August 9 [47 and 82 days after planting (DAP)].
Fifteen randomly selected Brussels sprout plants per plot were sampled each week starting 35 DAP.
Larval and pupal densities of P. xylostella and numbers of B. brassicae were recorded per plant and
per leaf area (m?). The apparent levels of parasitism of P. xylostella by Diadegma spp. were also
recorded as the fraction of unhatched parasitoid cocoons of the total larvae and pupae of the host

present on the plants, for four weeks starting 73 DAP.
2.4.  Herbivore development

Plants from both treatments were selected randomly and taken to the laboratory, where they
were offered to larvae of P. brassicae. The experiment was carried out from August 10 (83 DAP)
until September 2, using the culture of P. brassicae maintained at the Laboratory of Entomology at
Wageningen University. As size and leaf numbers of sprout plants were different in mono- and
intercropped plots, leaves from three levels (upper, middle and lower levels) were taken for further
treatments within the monocrop vs. intercrop comparison. Neonate caterpillars (n=20) were
transferred individually into Petri dishes and were provided ad libitum with leaf discs throughout
their development (16:8 L:D, 70% RH, 21 °C). Fresh leaves were provided every day. A balance of
0.1-mg accuracy (Sartorius®™) was used to measure fresh weight of caterpillars on a daily base.
Pupal and adult weights were measured once at the end of the experiment. Larval development was
compared by determining the larval instar once every three hours in each moulting period.
Consumption by caterpillars was recorded (both as cm” leaf area and mg dry weight) by scanning
the remaining leaf discs every day and measuring them using the imaging software Scion Image
Beta 4.02 (Scion Corporation®). Fifteen fresh leaf discs of each treatment were weighed every day,
dried at 50 °C for 4 days and re-weighed. The Bradford-technique (Jones, 1989) was used to
determine the water-soluble protein content of the leaves once at the start and once at the end of the

experiment.
2.5.  Data analysis

Leaf area data, P. xylostella and B. brassicae counts were normalized by log;o transformation
[logio(x+1)]. Parasitism data were arcsine—square root transformed [arcsin(\/@ ]. A General Linear
Mixed Model for Analyses of Variances with compound symmetry or autoregressive structure on
the covariance matrices was used (Littell et al., 1996) (PROC MIXED, with REPEATED statement,
SAS 8.0). In the model, location was treated as a random variable whereas plots were considered as

experimental units with repeated observations. The selection between the fitted models for final
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inferences was based on the fit statistics of Akaike's Information Criterion and Schwarz' Bayesian
Criterion (Littell et al., 1996). Because eight weeks had passed between the last and the preceding
observation date on aphid counts and leaf area measurements, these data were not included in the
model. Instead, comparisons were carried out using a Mann-Whitney U-test. Sticky trap counts of
adult P. xylostella and counts of parasitoids were analysed by General Linear Model procedures.

Growth rates of P. brassicae caterpillars were compared by estimating slopes of the larval
growth curves using the GLIM (Generalised Linear Model): InWeight=6,+f,;*time and comparing
the predicted slopes (5;) (SAS PROC GENMOD). Developmental times were compared across
three larval instars (2", 3", and 4™) by using a proportional hazard model for time-structured data
(Kalbfleisch and Prentice, 1980). Larval consumption, pupal and adult weights and leaf quality data
were analysed by GLIM procedures. Analyses were performed by using SAS 8.0 (SAS Institute
Inc.) and SPSS 10.0.5. (SPSS Inc. 1989-1999).

3. Results
3.1.  Plant growth
Brussels sprout plants were smaller in intercropped plots than in monocultures (Fig. 2)

(P<0.0001, df=1, F=347.33). These differences increased until mid-August (75 DAP), when the leaf
surface area of monocropped plants was 10 fold higher than that of the intercropped ones.

LA (m2) per plant

35 55 75 95 115 135 155

DAP
Figure 2. Plant growth expressed as leaf area (LA; +SE) of inter- (dotted line) and monocropped (solid line)

Brussels sprout plants at different days after planting (DAP). Arrow indicates when barley withered in the
intercrop. Some error bars were smaller than the size of the data symbol.

41



Chapter 3

Both growth and developmental rates of the intercropped plants were suppressed by
interspecific competition. Barley began to wither 90 DAP, competition for water abated and leaf
area of Brussels sprout in the intercrop continued to increase. About the same time, the leaves in the
monoculture started to senesce and the leaf area decreased. Late in the season (155 DAP), the leaf
area of inter- and monocropped Brussels sprout plants did no longer differ (Mann-Whitney U-test,
P=0.773).

3.2.  Insect populations

Significantly more P. xylostella adults were caught in monocropped than in intercropped plots,
e.g. there was a more than 10 fold difference 65 DAP (Fig. 3a) (P<0.0001, df=1, F=123.21). Larval
and pupal counts of P. xylostella per plant were significantly lower in the intercrop (P<0.0001,
df=1, F=36.06).
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Figure 3. (a) Average number (+SE) of larvae and pupae of Plutella xylostella L. per plant (lines) and
number of adults per trap (bars), in inter- (dotted line, white bars) and in monocropped (solid line, grey bars)
plots. (b) Average number (+SE) of larvae and pupae per m” leaf area in inter- (dotted line) and

monocropped (solid line) plots at different days after planting (DAP).

However, when the densities were calculated per m? of leaf area, larger numbers were found in the
intercrop than in the monoculture (P<0.0001, df=1, F=72.15). This difference was very pronounced
in the first half of the season, but disappeared later on (Fig. 3b).

B. brassicae numbers in the monocultures showed an exponential increase early in the season
(Fig. 4a), lower numbers of aphids being observed in inter- compared with monocropped plots
(P<0.0001, df=1, F=291.56). This tendency seemed consistent and did not change when differences
in plant size were considered (Fig. 4b) (P<0.0001, df=1, F=62.74). However, at the last sampling
date (155 DAP), B. brassicae reached significantly higher numbers in the inter- than in the
monocrop, both as number per plant (Mann-Whitney U-test P=0.021, Fig. 4a) and number per m’
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leaf area (Mann-Whitney U-test P=0.043, Fig. 4b). When this tendency was observed, the leaf area
of Brussels sprout in the monocrop was decreasing due to senescing leaves, while the leaf area of

Brussels sprout in the intercrop was still increasing.
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Figure 4. Average number (£S.E.) of Brevicoryne brassicae L. (a) per plant and (b) per m* leaf area in inter-
(dotted line) and monocropped (solid line) plots at different days after planting (DAP). Arrow indicates when
barley withered in the intercrop.

Significantly more Diaeretiella rapae individuals were caught by sticky traps in the mono- than
in the intercrop, resulting in a 20 and 10 fold difference 50 DAP (F= 23.32, df=1, P<0.0001) and 82
DAP (F=23.81, df=1, P<0.0001), respectively. Significantly more D. semiclausum were caught in
the mono- than in the intercrop, resulting in a 8 and 6 fold difference 50 DAP (F= 8.13, df=I,
P<0.008) and 82 DAP (F=8.89, df=1, P<0.0005), respectively. The average parasitism of P.
xylostella by Diadegma spp. ranged from 25% to 32% and did not differ between treatments
(F=0.59, df=1, P=0.449).

3.3. Herbivore development

Cropping system influenced food consumption and utilisation of caterpillars (Table 1). Larvae
consumed more foliage on intercropped than on monocropped plants (Fig. 5a). The extent of this
defoliation was smaller on the upper leaves than on the lower ones, as leaf level had a significant
effect. The interaction between cropping system and leaf level was significant, suggesting that leaf
consumption across the three leaf levels was influenced by cropping system (Table 1). Caterpillars
consumed more dry mass to develop on monocropped than on intercropped plants (Fig. 5b). Larvae
on the lower leaves consumed significantly more dry mass than on upper ones. Differences between
mono- and intercropped plants were consistent over leaf levels, as the interaction was not

significant.
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Table 1. Likelihood Ratio statistics (type 3 analysis) on the effects of inter- or monocrop, sex and leaf level
(lower, middle, upper) on larval consumption, growth rates, pupal and adult weights of Pieris brassicae L.
The nominal variables X1 and X2 denote the three leaf levels.

Source df Chi’ P
Sex 1 1.38 0.2405
Cropping system 1 126.42 <0.0001
Consumption X1 1 135.74 <0.0001
(cm” Leaf Area)' X2 1 140.88 <0.0001
Cropping system*X1 1 34.20 <0.0001
Cropping system*X2 1 13.22 <0.0003
Sex 1 0.52 04711
Consumption Cropping system 1 26.33 <0.0001
(mg dry weight)® X1 1 82.45 <0.0001
X2 1 68.39 <0.0001
Sex 1 3.77 0.0523
Larval growth® Cropping system 1 9.99 0.0016
X1 1 110.88 <0.0001
X2 1 83.58 <0.0001
Sex 1 9.72 0.0018
Cropping system 1 0.65 0.4212
X1 1 76.46 <0.0001
Pupal weight (mg)* X2 1 73.30 <0.0001
Cropping system*X1 1 12.51 0.0004
Cropping system*X2 1 12.22 0.0005
Sex 1 0.08 0.7712
Cropping system 1 0.04 0.8367
Adult weight (mg)” X1 1 29.37 <0.0001
X2 1 41.99 <0.0001
Cropping system*X1 1 6.50 0.0108
Cropping system* X2 1 6.07 0.0137
% Non-significant interactions are omitted from the model.
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Figure 5. (a) Leaf area and (b) dry matter consumption of Pieris brassicae L. at different leaf levels (lower,

middle, upper) on inter- (white bars) and monocropped (grey bars) Brussels sprout (average+S.D.).
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There was a significant effect of cropping system on P. brassicae growth rates (Table 1), which
were slightly higher on inter- than on monocropped plants (Fig. 6a). Caterpillars feeding on the
upper leaves attained higher growth rates than on lower ones. The interaction between leaf level and
cropping system was not significant, indicating that the differences between the two cropping
systems were consistent over the three leaf levels. Cox regression analysis showed that the overall
developmental time of caterpillars was not influenced by the cropping system (Wald-test=0.680,
df=5, P=0.410). Developmental times differed for different leaf levels, the lower leaves supporting
slower growth than middle and upper ones (Wald-test=96.255, df=5, P<0.0001). Interactions
between leaf level and cropping system were not significant (X1*Cropping system, Wald-test=
0.736, df= 7, P= 0.981, X2* Cropping system Wald-test= 0.17, df= 7, P= 0.889), indicating that
changes across leaf levels were similar in intercropped and monocropped plots.
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Figure 6. (a) Larval growth rates, (b) pupal and (c) adult weights of Pieris brassicae L. on lower, middle,

upper leaves of inter- (white bars) and monocropped (grey bars) Brussels sprout (average+S.D.).
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Pupal and adult weights did not differ between inter- and monocrop (Table 1; Fig. 6b and c).
Pupae and adults developing on the lower leaves were smaller than on the middle and upper leaves,
whereas the mean weights of pupae and adults on middle and upper leaves were almost identical
(Fig. 6b and c). Pupae and adults on the lower leaf level were heavier on intercropped than on
monocropped plants, as there was a significant interaction between cropping system and leaf level.
Among all the dependent variables examined, sex had a significant effect on pupal weight only
(Table 1). Males and females responded similarly to cropping system and leaf level, as there was no
significant “Cropping system*Sex" interaction. Males were heavier than females, which was in
contrast with earlier findings (Karowe and Schoonhoven, 1992).

The fresh weight and water content (mg/cm?) of intercropped leaves were lower than those of
monocropped plants (Table 2). As dry weight of leaves in the intercrop was smaller, the percentage
water content does not reflect this tendency. Both the fresh and dry weight of the leaves were
significantly influenced by leaf level, the lower leaves being generally heavier than the upper ones
(Tables 2, 3). Moreover, the differences over leaf levels were influenced strongly by cropping
system. The water-soluble protein content of intercropped and monocropped plants did not differ
(Table 3).

Table 2. Average (= SD) fresh and dry weight, water and protein content of Brussels sprout leaves collected

from inter- an monocropped plants at three leaf levels.

Fresh Weight  Dry Weight Water Content Protein

Leaf Treatment Content
Level n=165 n=165 n=165 n=10
(mg/cm®) (mg/cm®) % g/g d.w.
Monocrop 30.2£2.4 5.840.4 80.8+0.6 0.27+0.026
Upper
Intercrop 25.1+1.4 4.0+0.3 83.9+1.2 0.27+0.016
Monocrop 33.1+1.9 5.940.5 82+0.9 0.21+0.02
Middle
Intercrop 25.7£1.8 4.3+0.3 83.3+0.7 0.22+0.02
Monocrop 344+2.4 4.9+0.6 85.7+1.2 0.16+0.01
Lower
Intercrop 26+1.2 4.3+0.2 83.2+0.8 0.17+0.02
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Table 3. Likelihood Ratio statistics (type 3 analysis) on the effects of inter- or monocrop and leaf level
(lower, middle, upper) on fresh and dry weight, water and nitrogen content of Brussels sprout leaves. The
nominal variables X1 and X2 denote the three leaf levels.

Source df Chi’ P
Cropping system 1 445.92 <0.0001
Fresh weight (mg/cm?)* X1 1 90.89 <0.0001
X2 1 8.03 0.0046
Cropping system*X1 1 39.59 <0.0001
Cropping system*X2 1 3.94 0.0473
Cropping system 1 658.12 <0.0001
X1 1 27.33 <0.0001
Dry weight (mg/cm?)* X2 1 79.38 <0.0001
Cropping system*X1 1 107.08 <0.0001
Cropping system*X2 1 92.49 <0.0001
Cropping system 1 99.83 <0.0001
X1 1 103.13 <0.0001
Water content (%)* X2 1 75.72 <0.0001
Cropping system*X1 1 167.41 <0.0001
Cropping system*X2 1 82.24 <0.0001
Cropping system 1 2.49 0.1143
N-content X1 1 117.88 <0.0001
(g/g dry weight)* X2 1 51.70 <0.0001

% Non-significant interactions are omitted from the model.

Upper leaves contained most of the protein whereas the bottom leaves had the least. There was
no interaction between cropping system and leaf level, so the protein content of intercropped leaves

was similar to those of monocropped leaves.

4. Discussion

Populations of both P. xylostella (Dover, 1986; Theunissen and Schelling, 1996) and B.
brassicae (Theunissen and Den Ouden, 1980; Vidal, 1997) were negatively influenced in several
intercropping trials. The present observations showed that populations of P. xylostella and B.
brassicae were lower in the Brussels sprout/malting barley intercropping system then in the
Brussels sprout monocrop. The natural enemies observed did not contribute to differences in
herbivore densities between the treatments. In the intercrop, plant size, shape and leaf area changed
due to interspecific plant competition. Differences in plant size can complicate even the simplest
comparison of herbivore population size and pressure, since the reference unit (plant) is not
standardised in the treatments. Schellhorn and Sork (1997) found that differences in the densities of

specialist herbivores between weedy and monocropped collards were not reflected in damage levels
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and concluded that plant competition interfered with their attempts to reduce herbivore damage. In
our study the significantly reduced populations of P. xylostella larvae potentially inflicted higher
pressure (numbers per cm”) on Brussels sprout in the inter- than in the monocrop.

Once the host plant is located, the oviposition behaviour of herbivores may be influenced by
host-plant quality (Wolfson, 1980). Herbivores respond to changes in size and architecture of their
host plant. The size of the substrate influenced oviposition behaviour of the cabbage moth
(Mamestra brassicae L.) (Rojas and Wyatt, 1999), whereas for the cabbage root fly (Delia
brassicae W.) (Kostal, 1993) and the cabbage butterfly (Pieris rapae L.) (Ives, 1978; Jones and
Ives, 1979) the shape of the substrate was decisive in making oviposition choices. The size and
phenological stage of Brussels sprout in the intercrop was different from those plants in the
monocrop and it might have influenced host plant selection and acceptance by P. xylostella moths
and B. brassicae alatae. Changes in the shape and size of individual plants may influence
behavioural responses of herbivores in diverse habitats in other ways. Finch et al. (2003) found that
the height and leaf surface areas of plants in the neighbourhood of the host plant are important
factors determining oviposition on cauliflower plants by the cabbage root fly. Consequently, plant
spacing and neighbourhood may alter the effects of the cropping system on foraging behaviour of
insect herbivores not only through changing the shape and size of the crop plant alone. The size of

associated plants relative to the size of the crop plant may also influence herbivore behaviour.

Sub-optimal host plant quality may influence herbivore abundance, as was demonstrated in the
cassava/cowpea intercropping system, where cassava plants maintained lower whitefly densities as
a result of plant competition (Gold et al., 1990). Differences in fresh weight and water content of
leaves suggest that Brussels sprout plants intercropped with malting barley may have endured
drought stress. As barley was taller than Brussels sprout within 20 DAP, the lower dry weight of
Brussels sprout leaves possibly reflected a lower photosynthetic activity in the intercrop than in the
monocrop. Although larvae of P. brassicae consumed more area of intercropped leaves, dry weight
consumption was still below of those larvae feeding on monocropped leaves because of the lighter
leaves in the intercrop. The findings that larvae attained higher growth rates and the same overall
pupal and adult weights by consuming less dry weight indicate a better food utilisation in the inter-
than in the monocrop. These responses of P. brassicae to intercropping were stronger at the lower
leaf level, where even pupal and adult weights were lower in the monoculture than in the intercrop.
This shows that leaf age and cultivation practice were interacting factors influencing herbivore
performance. The finding that herbivore response to drought stress is more drastic when the plant
tissue they feed on is older has been previously demonstrated (Wearing, 1967; Bjorkman and
Larsson, 1999).

Although within-plant differences in protein content might explain the observed differences in
consumption and growth rates of larvae at the three leaf levels, differences of protein levels alone

could not explain differences in nutritional suitability between inter- and monocropped plants.

48



Plant competition and herbivore responses

However, food utilisation of herbivores is also influenced by the levels of other nutrients, like
carbohydrates, that may also change in stressed plants (Holtzer et al., 1988). Besides the absolute
amounts of single nutrients, ratios of proteins and carbohydrates may also be important determining
food utilisation of herbivores and may even influence their responses to plant allelochemicals
(Simpson and Raubenheimer, 2001). Therefore, plant competition in intercropping systems may
influence food utilisation of herbivores in several ways.

In contrast with P. brassicae, plant competition in the intercropped plots appeared to affect B.
brassicae populations in a negative way. Although moderate drought stress can facilitate
development of B. brassicae by increasing amino-acid concentration of the host plant (Miles et al.,
1982), Brussels sprout plants exposed to a strong deficit of turgor make the cabbage aphid restless
eventually rejecting the plant (Wearing and Van Emden, 1967). Clough et al. (2002) used the same
crop combination at the location of our study site and eliminated interspecific competition by
surrounding Brussels sprout patches of different sizes with malting barley. Although less B.
brassicae colonised Brussels sprout patches associated with barley, population densities throughout
the season were not different compared with the monocrop. These findings give further support to
the hypothesis that in the present study, plant stress in the intercropped plots had a negative effect
on aphid populations. Reversed tendencies in aphid numbers at the end of the season could be
explained by differences in the nutritional condition of foliage due to delayed crop phenology in the
intercrop. While monocropped plants eventually lost their leaves towards the end of the season as
sprout formation commenced, intercropped plants still produced vigorous leaves by then free from

drought stress, supporting increasing B. brassicae populations.

5. Conclusions

Resource concentration is a collective term that includes factors like patch size, plant density,
plant diversity, patch shape, distance between patches and plant size (Cromartie, 1975; 1981,
Stanton, 1983; Grez and Prado, 2000). This study demonstrates that additive intercropping designs
can introduce interspecific plant competition, which changes the size, architecture and nutritional
suitability of the host plant. Consequently, plant competition is a factor that may strongly influence
herbivore responses to resource concentration and may affect subsequent herbivore success in
diverse systems. This complicates comparisons at the higher trophic levels.

Herbivores often perform better on physiologically stressed plants (White, 1974) or on plant
parts with greater vigour (Price, 1991). While consumption and growth rates of P. brassicae were
enhanced by plant stress and delayed plant phenology, populations of the cabbage aphid were
adversely influenced, supporting the theory that different guilds of herbivores may respond to host-
plant stress very differently (Bjorkman and Larsson, 1999). Hence, other representatives of different
feeding guilds (e.g. sucking, chewing, browsing etc.) should be tested to develop a general idea of

herbivore response to host—plant quality in a specific cropping system. As altered growth rates and
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phenology of plants can affect population dynamics of herbivores long after competition has
stopped, long - term effects of competition - induced changes in plant quality on herbivore
responses may be an important factor to be considered when additive intercropping designs are
evaluated. Gold et al. (1990) argued that indirect effects of plant competition might be an important
factor responsible for the highly variable responses of herbivores to intercropping. This may be
further supported by the fact that pathways of primary and secondary compounds in plants are
interrelated, so plant stress can unpredictably affect constitutive and induced defences against
herbivores (Dale, 1988).

With strong plant competition intercropping is clearly inapplicable, but lower levels of plant
competition may still have significant effects on the physiological and behavioural responses and
population dynamics of herbivores. Because competitive relationships are different in every plant
combination, the mechanistic evaluation of different intercropping systems in conventional field
trials is virtually impossible. There is a need for combining fieldwork with a laboratory approach
comprised of behavioural and physiological studies to separate the direct effects of increasing

vegetation diversity from the confounding effects of plant stress.
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The role of foraging behaviour in the spatial dynamics of herbivores in

heterogeneous habitats

Abstract

Experimental data on the relationship between plant-patch size and population density of
herbivores within fields often deviate from predictions of the theory of island biogeography and the
resource concentration hypothesis. We argue that features of foraging behaviour can explain
differential responses of specialist herbivores to habitat heterogeneity. In a combination of field and
simulation studies, we applied basic knowledge on the foraging strategies of three specialist
herbivores, the cabbage aphid (Brevicoryne brassicae), the cabbage butterfly (Pieris rapae L.) and
the diamondback moth (Plutella xylostella L.), to explain differences in their responses to small-
scale fragmentation of their habitat. In our field study, populations of specialist herbivores with
different foraging strategies responded to different sizes of host plant patches (9 plants and 100
plants) in different ways. The densities of winged cabbage aphids were independent of patch size.
Egg-densities of the cabbage butterfly were higher in small than in large patches. Densities of
diamondback moth adults were higher in large than in small patches. When patches in a background
of barley were compared to those in grass, densities of the cabbage aphid and the diamondback
moth were reduced, but densities of the cabbage butterfly were not influenced. Foraging strategies
of the three species were implemented in an individual-based simulation framework. Individuals of
a contact searcher species (cabbage aphid) recognised a host plant only after landing. The visual
searcher (cabbage butterfly) and the olfactory searcher (diamondback moth) had different sensory
capabilities for in-flight detection of host plants. These strategies were studied by varying the
parameters that differed among species; i.e. displacement speed (distance travelled per unit time)
and arrestment responses to host plants. Simulated patch size-density relationships were similar to
those observed in the field. The importance of foraging behaviour in the responses of herbivores to

spatial heterogeneity of the habitat is discussed.

Keywords: Brevicoryne brassicae, Pieris rapae, Plutella xylostella, patch size, population density,

foraging behaviour, individual-based spatial modelling;
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1. Introduction

Understanding the relationships between species abundance and spatial heterogeneity of the
habitat is a primary concern of conservation ecologists, and of increasing interest for agro-
ecologists. Large-scale agricultural land-use leads to species loss due to habitat fragmentation
(Kruess and Tscharntke, 1994; Tscharntke et al., 2002; Hunter, 2002, Tscharntke and Bréandl, 2004).
At the same time large-scale agricultural areas are known to suffer larger pest outbreaks than finely
grained habitats (i.e. polycultures) that are embedded in diverse landscape mosaics (Ewel, 1986,
Andow, 1991). Consequently, much ecological research is devoted to explore the relationships
between area and isolation of habitat patches, species-richness and population densities of
individual species. While species richness-habitat area relationships are often positively correlated,
studies show deviances on how densities of individual species are influenced. Empirical studies and
analyses of literature data demonstrated that responses of animals to changing patch sizes are not
uniform; studies found strongly positive, negative, or no correlation between patch size and
densities of individual species (Bender et al., 1998, Connor et al., 2000, Bommarco and Banks,
2003). Because they are relevant to different spatial scales, the theories formulated to explain how
patch size affects densities of individual species often contradict experimental data (Connor et al.,
2000, Bowman et al., 2002), which further complicates any generalisations to be made.

The resource concentration hypothesis explains responses of herbivores at smaller spatial scales
(i.e. local population) with differences in dietary breadth and movement behaviour of individuals as
the determining factors (Root, 1973). It applies to specialist insect herbivores only; densities of
generalist species should be independent of patch size. It implies that insect movement at small
scales is responsible for lower immigration into and higher emigration out of smaller patches
compared to larger patches. Differences in emigration rates as a result of movement behaviour
within patches appeared to strongly affect densities of herbivores in host plant patches of different
sizes (Kareiva, 1985). However, differences in dietary breadth and movement alone may provide
insufficient prediction of patch responses of herbivores. Different specialist herbivores were found
to respond to changing scales of habitat fragmentation in different ways (Banks, 1998). Moreover,
different specialist herbivores on the same plant species were found to respond to patch size
differently and non-linear patch size-herbivore density relationships were observed (Bach, 1986,
1988ab). Variation in herbivore responses to small-scale habitat fragmentation has been found, even
when the same plant-herbivore system was examined (Cromartie, 1975, Maguire, 1983, Grez and
Gonzalez, 1995).

The experimental designs often differ with regard to spatial scale, which is known to alter
responses of herbivores to resource patchiness (Bommarco and Banks, 2003). For example local
population sizes of the specialist small cabbage white butterfly (Pieris rapae L.) are not only

influenced by the size of patches but also by the isolation distance among them (Fahrig and
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Paloheimo, 1988). All these examples underline the need to acquire knowledge on how responses of
herbivores are influenced by resource patchiness at different spatial scales.

Because of the short time that host plants in agricultural landscapes are available for insect
population development, categorising differences in immigration behaviour among species, e.g.
orientation type, aerial vs. ground level movement, may help to explain local population densities in
response to patchiness in annual agricultural cropping systems (Bowman et al., 2002). Despite of
the ample information on the foraging behaviour of many herbivore species, there has been limited
effort to explore the responses of local populations of herbivores to patch size and vegetation
composition as functions of foraging behaviour. In a combination of field and simulation studies,
we applied basic knowledge on the foraging strategies of three specialist herbivores, the cabbage
aphid (Brevicoryne brassicae L.), the cabbage butterfly (Pieris rapae L.) and the diamondback
moth (Plutella xylostella L.), to explain differences in their responses to small-scale fragmentation
of their habitat. Densities of the three specialist herbivores were followed in a field experiment, so
we could compare species responses of colonising populations and population densities across the
season. A spatially explicit individual-based model was used to simulate the effects of behavioural
differences on herbivore response to resource patchiness. It seems that the three species use a

combination of sensory modalities, but each to a different extent.

Cabbage aphid. Because of their low flight-speed, aphids are more passive travellers when
compared to insects with larger body size. As a result, drifting with the wind is an important
characteristic of their dispersal over greater distances (Compton, 2002). When leaving the air
column, aphids use visual cues and land on yellow-green objects looming up against their flight
path (Kennedy et al., 1961). Visual cues are useful to distinguish high- (trees, shrubs) and low-lying
(grassy) green elements but are unlikely to be specific for plant species (Kennedy et al., 1959,
Compton, 2002, but see Moericke, 1969). After landing in the vegetation, aphids engage in short-
distance (attack) flights close to the vegetation, until a host plant is found (Moericke, 1955,
Kennedy et al.,, 1961, Compton, 2002). Field observations showed that many aphid species,
including the cabbage aphid, recognise the host plant only after landing on it (Kennedy, 1959).
Although there is evidence that volatiles from the host may elicit a sensory response of aphids that
some species may use to increase their chances of host location (Pickett et al., 1992, Powell and
Hardie, 2001), the success of host plant location in many species may be extremely low (Ward et
al., 1998). Although the cabbage aphid was found to respond to volatiles of its host plant in
olfactometer bioassays (Petterson, 1973, Nottingham et al., 1991) the presence of host-plant odours
did not affect its targeted (host-response) flight in flight chamber bioassays (Nottingham and
Hardie, 1993). Therefore the role of olfactory cues in the long-range orientation of B. brassicae is

likely to be very limited.
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Cabbage butterfly. The searching pattern of the small cabbage butterfly is described as random
and its pre-oviposition behaviour involves the use of visual and volatile cues for directed search at
small scales (Hern et al., 1996). The importance of visual stimuli in the host plant finding of Pieris
spp. is supported by their ability to learn optical traits of suitable host plants upon a contact-
chemosensory reward (Traynier, 1984, 1986, van Loon et al., 1992). Jones (1977), Root and
Kareiva (1984), and Yamamura (1999) described the movement pattern of P. rapae in spatially
heterogeneous crucifer fields. During an egg-laying bout a female lays one or two eggs per plant.
Following oviposition, females often fly above the vegetation and travel long distances before the
next landing. Even when host plants are abundant, there is a minimum distance that females travel
between successive egg-laying bouts, estimated to be between 1.33m and 3m (Root and Kareiva,
1984, Yamamura, 1999).

Diamondback moth. 1t is suggested that diamondback moths use volatile cues to locate their
host plants (Palaniswamy et al., 1986, Aude Couty, personal communication). Ovipositing females
lay more than one egg on a host plant and the presence of conspecific eggs and larvae do not
influence oviposition rates (Groeters et al., 1992, Gonring et al., 2000). When host plants are
abundant, diamondback moth females do not travel between ovipositions (Justus and Mitchell,
1996). Once inside the habitat, females are likely to be arrested, engaging in short distance flights to

neighbouring plants.

Brevicoryne

Displacement Speed

Figure 1. A representation of the differences in the three main characteristics describing foraging behaviour

of the three specialist herbivores.

Clearly, there are characteristic differences between the three species with respect to the
distance an individual travels per unit of time (i.e. displacement speed), the in-flight orientation (i.e.
sensory capability) towards host plants and arrestment response to plants once inside the habitat.

These differences are illustrated on figure 1. The distance an individual travels per unit of time (i.e.
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displacement speed) is the smallest in the cabbage aphid, while that of the cabbage butterfly is the
largest among the three species. Once their host plant is found, the cabbage aphid and the
diamondback moth show a strong arrestment response by staying or hopping to neighbouring
plants, whereas the cabbage butterfly engages in longer-distance flights between ovipositions. In the
simulations, we assumed that the cabbage aphid has no in-flight orientation capability to host plants
and is able to identify its host only after landing. We assumed that that the cabbage butterfly is
capable of in-flight orientation and that its ability to detect a host is not influenced by patch size.
We assumed that the diamondback moth is capable of in-flight orientation, but to a lesser extent
than the cabbage butterfly, and its ability to detect a host plant depends on the air-borne
concentration of volatiles, which is positively related to the size of host plant patches. In order to
illustrate these differences in sensory modalities, rather than indicating presence-absence of the type
of sensory input used, from here on, we use the terms ‘contact’, ‘visual’ and ‘olfactory’ searchers
for the cabbage aphid, the cabbage butterfly and the diamondback moth, respectively.

2. Materials and Methods

2.1.  Field study

The monitoring of field populations was carried out in Wageningen, The Netherlands, in the
summer of 2001. The experimental field was subdivided into three 100m x 50m blocks laid out in a
row (fig. 2). Half (50m x 50m) of each block was sown on 11 May with either barley (Hordeum
vulgare cv Video) or grass (mixture of Lolium spp.). The grass was kept short by mowing
throughout the season. Brussels sprout (Brassica oleracea gemmifera cv Maximus) patches were
planted three weeks after the barley was sown (reached £20cm height). Two patches consisting of
100 plants and two patches consisting of 9 plants were placed in every plot. Plant spacing was 50
cm. An edge of 75 cm around sprout patches was kept free of vegetation to minimise the effect of

interspecific competition on Brussels sprout plants.

A
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Figure 2. The layout of the field experiment. Four patches of Brussels sprout (3x3 and 10x10 plants two of
each size) were embedded in fields (50mx50m) of barley or mown grass each replicated three times (not
shown).
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2.2.  Plant observations

We monitored host plant patches for the occurrence of herbivores six times between July 9 and
September 24. The monitoring was non-destructive, plants were checked for insects but nothing
was removed (3 plants in 9-plants patches, 15 in 100-plants patches). The species recorded were the
cabbage aphid (B. brassicae), eggs of the small cabbage white butterfly (P. rapae) and larvae and
pupae of the diamondback moth (P. xylostella). Winged (alatae) morphs of the cabbage aphid were
distinguished from the wingless (apterae) ones, enabling us to follow the densities of colonisers.
Monitoring of colonising P. xylostella adults was carried out between July 1 and August 4.
Transparent cylindrical sticky traps (h=21cm, d=9cm, glue: Tanglefoot™) were placed within the
canopy of Brussels sprouts plants (two in 9-plant patches, four in 100-plant patches). They were
collected every week and replaced by new ones. Trap material was taken to the laboratory for
identification.

Hover-fly densities were recorded by counting syrphid eggs and larvae per plant. Rates of
parasitism of the cabbage aphid by D. rapae and parasitism of the diamondback moth by Diadegma
spp. were followed by recording the intact (not hatched) parasitised specimens as the proportion of
the observed number of the host on a plant.

2.3.  Data analysis

Densities per plant averaged for each plot were considered as experimental units (n=6).
Herbivore counts per plant and per trap were [In(value+1)] transformed. Data on rates of parasitism
of the cabbage aphid and the diamondback moth were [arcsin(y/(x))] transformed. Due to the low
incidence of the diamondback moth early and late in the season, data of four weeks (census 2-5)
were analysed for the comparisons of parasitism by Diadegma spp. To test the effect of patch size
and vegetation background over time, a General Linear Mixed Model was used (proc mixed,
repeated measurements, using SAS 8.0), where the three blocks were considered as random factors
(Littell et al., 1996). Compound symmetry and autoregressive covariance structures were fitted to
the correlation matrix of observed data. The selection between the fitted models for final inferences
was based on the fit statistics of Akaike's Information Criterion and Schwarz® Bayesian Criterion
(Littell et al. 1996).

2.4.  Simulation study
We used the spatially explicit simulation framework of Potting et al. (2002), which included

behavioural-based stochasticity allowing us to study the interactions between vegetation structure

and insect behaviour.
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2.4.1. Spatial environment

We studied the effects of vegetation structure by establishing patches of different sizes in a
spatially explicit environment (grid-size 500x500), where a grid-cell represented either a host or a
non-host plant. In every simulation run 250 insects were randomly seeded in the environment, after
which the model kept track of the position of each individual. The total number of cells covered by
each patch-size was kept constant by varying the number of patches in the environment: 192
patches of 3x3, 48 patches of 6x6, 12 patches of 12x12, and 3 patches of 24x24.

Figure 3. An example of the simulation environment, where habitat patches of four sizes (3x3, 6x6, 12x12,
24x24) occupying the same total area were randomly distributed in the arena. A more uniform distribution of

patches was achieved by standardising minimum isolation distance among neighbouring patches.

In this case calculating patch size-density relationships would yield the same tendencies as
patch size-number of visits relationships. Results are presented as the total number of times that
herbivores visited host plant patches of a given size. Patches were randomly re-distributed in the
environment after every 5 simulation runs. For a uniform distribution of patches, a minimum
isolation distance between neighbouring patches was defined (16 cells, fig. 3). To keep population
densities constant across the treatments and to avoid undesired “edge effects”, individuals were not
allowed to emigrate from the environment, but “mirrored” to the opposite side of the environment.
Each computer run simulated the displacement of 250 insects for 50 time steps. We carried out 25

runs for each patch scenario.
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2.4.2. Foraging behaviour

Insects were randomly searching for host plants in the environment. Three foraging strategies
have been simulated. The “contact searcher” (cabbage aphid) discriminated between host and non-
host plants only after landing. (fig. 4a). The other two foraging strategies simulated herbivores with
different sensory capabilities for in-flight detection of host plants. Here, the apparency of a host
plant was simulated by a probability that an individual will detect it upon encounter. The “visual
searcher” (cabbage butterfly) was able to detect host plants while flying (fig. 4b). This was
implemented as a gliding box, referred to as a “search window”, which was moving along the
flight-path of the individual. Any host plant inside the search window was detected with the same
probability (64%), independent of patch size. Visual searchers could detect hosts from a single row
of cells below their flight path, up to search windows of 3, 5 and 7 cells wide. There is a minimum
distance that a cabbage butterfly travels between successive egg-laying bouts (Root and Kareiva,
1984, Yamamura, 1999). We simulated this behaviour by activating the search-window at a later
point along the flight-path. The “olfactory searcher” (diamondback moth) was implemented by
setting the probability of detecting a host plant proportional to the area of the patch where the plant
was situated (fig. 4c). We assumed that large patches emitted more volatiles and were detected with
a higher probability (64% in 24x24 patches) than small ones (1% in 3x3 patches). Unlike visual
searchers, olfactory searchers were only able to detect host plants on a row of cells on their flight

path.

(a) (b) (c)

Figure 4. Examples of the three foraging strategies. Grey patches indicate host plants. a-is the direction of
the flight path between two successive random take-offs. d-is the maximum distance covered in one bout and
was chosen random between 0 and d. (a) A “contact searcher” identifies its host plant upon landing. (b) A
“visual searcher” is able to detect host plants in its flight path, where w is the width of search window. Cells
in patches of different sizes were detected with the same probability. (¢) An “olfactory searcher” that detects

large patches with greater probability (dark grey) than small (light grey) ones proportional to their area.
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Within each foraging strategy we studied the effect of varying displacement speed and
arrestment response. The displacement speed was defined as the maximum distance covered
between two landings and was set at 1, 10 or 20 cells. The arrestment response was defined by a
given probability for “hopping” behaviour. Hopping meant that individuals either stayed in the cell
or moved to one of the eight neighbouring cells. When individuals did not hop, a flight was
initiated. The effect of arrestment response was studied at probability values of 50%, 75% and 95%.
Where the three foraging strategies were compared, simulated individuals had a displacement speed
of 10 cells, an arrestment response of 75%, and in-flight detection included one cell only.
Throughout these scenarios, vegetation background was composed of non-host plants, where the
likelihood to get arrested in a cell was very low. Therefore the arrestment response in the
background vegetation was set to 1%.

The effects of changing quality of vegetation background on patch responses of herbivores were
studied in a separate scenario. Here an individual could discriminate between host and non-host
plants upon contact, and could either stay in the current cell or move to one of the eight
neighbouring cells only. The probability to move inside the patches was set to 75%. We studied the
relationships between patch size and number of visits, when individuals in the background

vegetation had either 1% or 50% probability for movement into neighbouring cells.

3. Results

3.1.  Field study

Patch size and vegetation background were important factors influencing population densities of

the herbivore species. However, responses of the three herbivore species were quite different.
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Figure 5. Average (xSE) number of winged cabbage aphid (B. brassicae) per plant observed in Brussels
sprout patches of different sizes (* = 4 * *-small patch, =——-large patch) embedded in (a) barley or (b)

grass as vegetation backgrounds.
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Immigrating cabbage aphids attained higher density in patches embedded in grass than in barley
(P=0.007, df=1, F=7.66, fig. 5). Patch size did not have a significant effect on densities of winged
morphs (P=0.773, df=1, F=0.08) and there was no interaction between patch size and vegetation
background. When densities of all morphs were compared, neither patch-size (P=0.29, df=1,
F=1.13) nor vegetation background (P=0.453, df=1, F=0.57) had an influence. Neither patch size
(P=0.911, df=1, F=0.01) nor vegetation background (P=0.574, df=1, F=0.32) influenced densities of
hover-fly eggs and larvae. Apparent rates of parasitism of the cabbage aphid by D. rapae were
lower in small patches than in large ones (P=0.004, df=1, F=8.8), but vegetation background had no
influence (P=0.643, df=1, F=0.22).
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Figure 6. Average (+SE) number of cabbage butterfly eggs (P. rapae) per plant observed in Brussels sprout
patches of different sizes (* * @ = *-small patch, ==#l—-large patch) embedded in (a) barley or (b) grass as
vegetation backgrounds.

Egg densities of the small cabbage white butterfly showed greater colonisation of small host-
plant patches than large ones (P=0.001, df=1, F=10.77, fig. 6). The presence of barley in the
vegetation background did not influence the average number of eggs per plant (P=0.362, df=I,
F=0.84, fig. 6ab).

Densities of adult diamondback moths were higher in large patches than in small ones (P<0.001,
df=1, F=18.23. fig. 7). Vegetation background had a clear effect, as traps in barley (fig. 7a) caught
fewer specimens than traps in grass (P<0.001, df=1, F=27.71, fig. 7b). The interaction between
patch size and vegetation background was significant (P=0.003, df=1, F=10.16), indicating that
barley did not only result in reduced overall numbers of moths, but also increased the difference
between small and large patches. Responses of immigrating adults to patch size had no effect on
larval and pupal densities of subsequent generations (P=0.617, df=1, F=0.25). Patches in barley
supported lower larval population densities compared with patches in grass throughout the season
(P<0.001, df=1, F=12.27, data not shown).
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Figure 7. Average (£SE) number of diamondback moth (P. xylostella) caught per trap in Brussels sprout
patches of different sizes (- * 4 = =-small patch, —#—-large patch) embedded in (a) barley or (b) grass as

vegetation backgrounds.

Neither patch size (P=0.254, df=1, F=1.32), nor vegetation background (P=0.143, df=1, F=2.2)

influenced apparent rates of parasitism of the diamondback moth by Diadegma spp.

3.2.  Simulation study
3.2.1. Foraging behaviour and patch response

Simulating different searching strategies with the default parameters resulted in different

number of visits in patches of different sizes (fig. 8).
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Figure 8. Simulated relationships between patch size and number of visits for herbivores with different
foraging strategies. =©—-contact searcher; =F3=-visual searcher; **V"*-olfactory searcher; Displacement
speed of individuals was set to a maximum of 10 cells, arrestment response in host plant patches was set to

75% and window size (for the visual and olfactory searcher) was set to 1 cell.
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For the contact searcher, the relationship between patch size and number of visits appeared to be
non-linear, with lowest average values in patches of 9 plants and with a highest mean density in
patches of 144 plants. A further increase of patch size to 576 plants resulted in a decrease in the
number of visits per plant. For a visual searcher the number of visits per plant was negatively
related to patch area with the highest frequency of visits in the smallest (9 plants) patches and with
lowest frequency in patches of 576 plants. For an olfactory searcher with a higher probability of
patch finding for large patches than for small ones, the pattern was similar to that observed in case
of the contact searcher. There was an increase of visits per plant until an asymptote was reached in

patches of 144 plants followed by a decrease towards a patch size of 576 plants.

Changing behavioural parameters within a foraging strategy had different effects on the
relationships between patch size and number of visits. For a contact searcher, increasing
displacement speed led to an increase of visits in patches of intermediate to large sizes, while there
was less increase of visits in patches of 9 plants (fig. 9a). In case of a visual searcher increasing
displacement speed led to an overall increase of visits in patches of all sizes (fig. 9b). However, this
increase was stronger in small patches than in large ones, so individuals with a greater displacement
speed showed a stronger negative relationship between patch size and number of visits than less
mobile individuals. For an olfactory searcher a third pattern emerged (fig. 9c), where an increasing

mobility gave rise to an increasingly positive patch size-visits relationship.
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Figure 9. Simulated relationships between patch size and number of visits for herbivores with different
displacement speed in the three searching strategies. The maximum distance covered per flight bout was set
to =~ -1 cell, =E3--10 cells and **V"* -20 cells. (a) -Contact searcher; (b) -Visual searcher; (c) -Olfactory
searcher; Arrestment response in host plant patches was set to 75% and window size (for the visual and

olfactory searcher) was set to 1 cell.

An increase in the arrestment response of a contact searcher from 50% to 95% increased number of

visits in patches (fig. 10a).
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This increase was stronger in patches of 36 and 144 plants than in patches of 9 and 576 plants,

resulting in an asymptotic relationship between patch size and number of visits.
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Figure 10. Simulated patch size — number of visits relationships for herbivores with changing arrestment
responses in the patches of host plants when the three searching strategies were implemented. The
probability of being arrested in a given cell was set to =9~ -50%, =E3= - 75% and **V"*- 95%. (a) -Contact
searcher; (b) -Visual searcher; (c¢) -Olfactory searcher; Displacement speed of individuals was set to a
maximum 10 cells and window size was 1 cell (detection on the flight-path only).

For a visual searcher increasing arrestment response did not influence the negative patch size-
number of visits relationship (fig. 10b). For the olfactory searcher an arrestment response of 50%
resulted in a positive patch size-number of visits relationship, with most visits observed in patches
of 576 plants (fig. 10c). Increasing arrestment response to 75% and 95% increased number of visits

in all patches, but it revealed an asymptote in patches of 144 plants.
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Figure 11. Simulated patch size-number of visits relationships for a visual searcher with changing size of
search window. The width of the search window was set to =5~ -1 cell (detection on the flight-path only),
-£3- -3 cells, **V+*-5 cells, and === -7 cells. Displacement speed of individuals was set to a maximum of
10 cells and arrestment response in host plant patches was set to 75%.
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Increasing in-flight orientation of the visual searcher increased number of visits in small patches
relative to large ones (fig. 11). Activating the search window at increasing distances from the
starting point a cell of the flight path did not change the overall negative patch size-number of visits
relationship, but decreased the number of visits more in small patches than in large ones (data not

shown).
3.2.2. Vegetation background and patch response

When the probability to move within the background vegetation was 1%, the number of
landings per patch was lower than when it was set to 50%. At 1% probability for movement in non-
host cells, individuals were unlikely to cross the background and travel from one patch to the other.
Due to the greater perimeter of smaller patches, emigration rates from smaller patches were higher

than from larger ones, leading to a positive patch size-number of visits relationship (fig. 12).
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Figure 12. Simulated patch size-number of visit relationships when the probability to move among patches
was changing. Individuals moved to neighbouring cells only, where the probability to move within non-host
cells was set to =9~ -1% or ~E3--50%. Probability to move within the host plant patches was set to 75%.

Increasing the probability to move within the background-vegetation led to an overall increase
of visits in patches of all sizes. Patch response also changed, as individuals could now bridge
distances among patches. This resulted in differences in immigration rates, more individuals

arriving into the more numerous smaller patches than into fewer larger ones.
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4. Discussion

4.1.  Patch size

We observed population responses of three herbivore species, specialists on crucifers, to host
plant patches of different sizes embedded in mown grass or barley as background vegetation.
Densities of winged cabbage aphids were independent of patch size, which was also observed by
Grez and Gonzalez (1995). Egg densities of the cabbage butterfly were lower in large patches than
in small ones, agreeing with findings of studies on densities of Pieris species in relation to patch
size or perimeter of patches (Cromartie, 1975, Maguire, 1983, Muriel and Grez, 2002).
Diamondback moth densities were higher in large patches. These results support earlier findings,
where higher densities of diamondback moth were found in large patches (Maguire, 1983, but see
Grez and Gonzalez, 1995). Subsequent larval densities showed no differences between different

patch sizes.

The simulation experiment showed that the different patch size-density relationships as
observed in the field experiment could be attributed to the different foraging strategies of the
insects. In the simulation environment, a contact searcher with no in-flight detection abilities,
responded to patches independent of their size. When the arrestment response increased, large
patches retained more individuals than small ones, simply because they lost fewer individuals via
emigration through the borders of the patch. This may lead to a more positive patch size-density
relationship, but not always. As large patches were spatially less available displacement speed was a
controlling factor in patch size-density relationships. When displacement speed was low, few large
patches were found, resulting in low visitation of large patches. So patch response of a contact
searcher was both determined by its ability to travel between patches of different sizes (i.e.
displacement speed) and by its emigration behaviour (determined by its arrestment response). Given
their low maximum flight-speed aphids are unlikely to actively travel to plants that are several
meters away, and once the host is found they would not visit neighbouring plants either (equivalent
to a strong arrestment response) (Compton, 2002). Therefore such a foraging behaviour would lead
to aphid densities likely to be independent of patch size, as we also observed in our field
experiment.

The visual searcher showed a negative patch size-density relationship, which was the result of
its response to linear dimensions of patches: smaller patches with greater perimeter-area ratios were
more likely to be encountered. This patch response was more pronounced when the displacement
speed of individuals was greater, leading to an increased accumulation on smaller patches. This
effect was so dominant that increasing the arrestment response was not likely to change this

relationship. Therefore a great displacement speed coupled with a good ability to detect host plants
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from large distances would increase encounter rates of herbivores with small habitat patches. Hence
the searching tactics of P. rapae explains the aggregation to small patches in our field experiment.
The olfactory searcher revealed complex interactions between behaviour and spatial parameters
of the environment. The responses of an olfactory searcher are positively related to the size of the
patch, but a positive patch size-density relationship exists only when all patch sizes are spatially
available, so at a high displacement speed. However, increasing arrestment response is likely to
increase densities in patches of intermediate size. These results suggest that in a given spatial
environment, between- (i.e. displacement speed) and within-patch (arrestment response) behaviour
together determine patch responses of individuals. So, an olfactory searcher with a high
displacement speed and a strong arrestment response may respond to patch sizes as was observed

for the diamondback moth in our field experiments.

4.2.  Background vegetation

In the field experiment, the three species gave different responses to the different vegetation
backgrounds. Densities of immigrants of the cabbage aphid and the diamondback moth were
reduced by barley. Egg densities of the cabbage butterfly were not influenced by background
vegetation. Background vegetation also influenced patch responses of diamondback moth, as
differences between densities in small and large patches were increased by barley in the
background.

The simulation study demonstrated that background vegetation can alter patch responses simply
by interfering with the mobility of insects when travelling between patches. Besides interfering with
mobility, barley, being taller than the Brussels sprout plants, might have altered the olfactory and
visual perception of patches by herbivores when compared to mown grass. It could have interfered
with the foraging behaviour of herbivores in two ways. First, barley decreased the linear dimensions
of the patches, as plants were no longer “looming up” from the background. Hence the perception
of physical (dimensional) visual and olfactory cues from host plant patches could all have been
altered by changing composition of vegetation background. The overall negative effects of barley
on immigrating cabbage aphids and diamondback moths could be the result of such a mechanism.
The lack of response of the cabbage butterfly to vegetation background could be due to its ability to
fly out of the habitat and search above the vegetation during daytime (Root and Kareiva, 1984), so
visual dimensional properties of the patches were not altered by vegetation background from the
perspective of this species. Second, the presence of barley might have interfered with foraging
behaviour of herbivores at the level of host-plant acceptance. Structural complexity of surrounding
non-host plants could influence acceptance of host plants by herbivores (Finch and Collier, 2000,
Finch et al., 2003). Because of its greater complexity, the presence of the barley could make
herbivores loose host plants easier than in grass. As a greater proportion of host plants were

surrounded by barley in small than in large patches, the lowest densities of diamondback moth in
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small barley patches, might also be explained by the greater interference of barley with host-

acceptance behaviour of a herbivore.

4.3.  Foraging behaviour and patch response

Results of this study show that patch responses of local herbivore populations are influenced by
the behavioural characteristics of the species studied. This supports earlier studies arguing that
predictions of the resource concentration hypothesis alone cannot explain the variation in herbivore
responses to resource patchiness. Bowman et al. (2002) explained patch responses of organisms
based on differences in immigration behaviour into patches (i.e. orientation type, aerial- vs. ground-
level dispersers). Our results showed that putative differences in the relative importance of stimulus
modality (i.e. contact, visual, olfactory) could affect between-patch behaviour of species resulting in
different patch responses. Within-patch behaviour, simulated here by arrestment response, also
influenced patch responses via affecting “diffusion” of individuals in the environment. Therefore
characteristics of resource exploitation (e.g. egg distribution, solitary vs. gregarious traits) that
influence within-patch behaviour, could be important traits determining patch responses of
herbivores. Using basic knowledge on searching strategies of different herbivore species that deal
with similar adaptive constraints under similar conditions, may enable us to define “behavioural
groups” that show similar patch responses. For example Colias butterflies that forage in a different
ecosystem (Stanton, 1983), show egg-laying behaviour similar to Pieris butterflies that might result
in similar spatial dynamics. The minimal number of behavioural and life-history characteristics that

are required to make valid predictions for patch responses remains to be determined.

4.4.  Spatial scale and foraging behaviour

Responses of herbivore populations to fragmented habitats is comprised of scale-dependent
processes. At large scales limited dispersal is the determining factor, and life history parameters
(e.g. body size), correlating well with limited dispersal of animals, may provide sufficient
information to formulate scaling laws to quantify effects of habitat fragmentation (Ritchie and OIff,
1999). Responses of organisms at small spatial scales are stronger influenced by individual cases of
variation than those at large scales, so predictions on the responses of organisms are more difficult
to make (Levin, 1992). At small scales individuals are within their dispersal domain and have more
freedom to choose and accumulate on more preferred parts of a habitat, so behavioural
characteristics become more influential (Bergelson and Kareiva, 1987, Garcia and Altieri, 1992,
Bommarco and Banks, 2003). Hence, the common denominator that mediates the impact of
different behavioural characteristics on patch size-density relationships is spatial scale. This
explains why at small scales other attributes (e.g. patch size) of the habitat may be more important

than at large scales (e.g. isolation between patches) for the same species (Krawchuk and Taylor,
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2003). Therefore, an understanding of interactions between foraging behaviour and scale may not
only help us explain the high variance found in herbivore responses to small-scale habitat
manipulation techniques (Grez and Gonzalez, 1995, Maguire, 1983, Cromartie, 1975, Banks, 1998).
It could also help us to specify the spatial scale at which the impact of habitat characteristics (e.g.

patch size, connectivity, patch shape) on local population densities of a given species is changing.
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Variation in plant volatiles and the attraction of the parasitoid Diadegma

semiclausum (Hellén)

Abstract

Differences in allelochemistry of plants may influence their ability to attract parasitoids that
protect them against herbivores. We studied responses of Diadegma semiclausum, a parasitoid of
the diamondback moth (Plutella xylostella) to inter- and intraspecific variation in odour blends of
crucifers and a non-crucifer species. Uninfested Brussels sprout (Brassica oleracea gemmifera),
white mustard (Sinapis alba), a feral Brassica oleracea and malting barley (Hordeum vulgare) were
compared for their attractivity to D. semiclausum in a Y-tube bioassay. Volatiles from all four
plants were more attractive to the parasitoid than clean air. However, when plants were tested
against each other, parasitoids preferred volatile blends of the three cruciferous plants over those of
malting barley. Wasps also discriminated between uninfested crucifers: mustard was as attractive as
feral Brassica oleracea and both were more attractive than Brussels sprout. Attractivity of
uninfested plants was compared to that of plants infested by the host P. xylostella. Host-infested
mustard and Brussels sprout were more attractive than uninfested conspecifics. Interestingly, the
volatile blends of uninfested mustard and infested Brussels sprout were equally attractive. We also
compared the volatile composition of different plant sources by collecting headspace samples and
analysing them with GS-MS. Similarity between volatile profiles were determined by hierarchic
clustering and non-metric scaling based on the Horn-index. Due to the absence of several
compounds in its blend the volatile profile of barley showed great dissimilarity from those of
crucifers. The volatile profile of mustard was distinctly different from those of the two Brassicas.
The volatile profile of feral Brassica oleracea was different from infested Brussels sprout, but
showed overlap with uninfested Brussels sprout. The volatiles of infested and uninfested Brussels
sprout were highly similar and mainly quantitative differences were found. Diadegma semiclausum
appeared to discriminate based on subtle quantitative differences in volatile composition of odour
blends of infested and uninfested plants.

Keywords: Diadegma semiclausum, Plutella xulostella, Hordeum vulgare, Sinapis alba, Brassica

oleracea, parasitoid attraction, headspace volatiles;
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1. Introduction

Plant-derived infochemicals are important for parasitoids of herbivores in the process of host
location (Vinson, 1976, Vet and Dicke, 1992, Tumlinson et al., 1993, V6lkl and Sullivan, 2000).
The dietary breadths of herbivores and their parasitoids may both influence to what degree plant
volatiles are used in this process (Vet and Dicke, 1992). In general, volatiles from uninfested and
damaged plants are easier to detect by a parasitoid than cues from the host, but they are weaker
predictors of the host’s presence (Vet et al., 1991). On the other hand, information from the host
itself (i.e. faeces, frass, silk) is a more reliable tell-tale of the host’s presence, but is usually much
more difficult to detect than plant-derived volatiles. The solution to this reliability-detectability
problem may rely in herbivore-induced volatiles, which are emitted upon damage by the host, being
both reliable and detectable. In natural ecosystems, host-parasitoid interactions take place in
habitats composed of several to many plant species, where both the expectancy of the host’s
presence and the specificity of volatile infochemicals may show great between- and within-plant
variance (Vet, 1999). Variation in plant volatiles between and within plant species can be greater
than between damaged and undamaged plants (Geervliet et al., 1997), and such differences can be
reflected in attractance of parasitoids to plants (Elzen et al. 1983, 1986, Fox and Eisenbach, 1992,
Geervliet, 1997). Differential ability of plants to attract natural enemies may be even responsible for
further dietary specialisation of herbivores exploiting specific plant taxa like the family Cruciferae
(Yano, 1994). For example opposing choices at the plant-level could benefit the herbivore and lead
to enemy-free space shaping host-parasitoid interactions (Fox and Morrow, 1981, Fox and
Eisenbach, 1992, Bigger and Fox, 1997, Gratton and Welter, 1999, Oppenheim and Gould, 2002). If
host-parasitoid interactions in ecosystems are to be understood, foraging behaviour of parasitoids

must be studied in relation to inter- and intraspecific variation in plant-derived infochemicals.

Crucifers are characterised by the presence of glucosinolates and their volatile breakdown
products, which play a role in host searching behaviour of parasitoid species foraging on hosts
associated with plants of this family (Read et al., 1970, Reed et al., 1985, Smid et al., 2002). Other
studies show effects of inter- and intra specific variation in volatiles of cruciferous plants on their
attractivity to parasitoids. Fox and Eisenbach (1992) found that wild crucifers were preferred by
Diadegma insulare, a parasitoid of Plutella xylostella L., when compared with collards. Higher
levels of parasitism of P. xylostella by Cotesia plutellae were observed on common cabbage than on
Chinese cabbage, which was attributed to differences in attractivity of plant volatiles (Liu and Jiang,
2003).

Breeding programmes involving glucosinolate chemistry largely focus on mammalian toxicity,
and the demands of consumers in the utilisation of plant organs (Mithen, 2001). The few efforts to

select for resistance in breeding programmes have focussed on direct defences, ignoring the effects
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on the third trophic level (Dicke, 1999a, Bradburne and Mithen, 2000). It is possible that breeding
programmes of crucifers have changed the apparency of plants not only for herbivores but also for
those parasitoids, which use plant-derived infochemicals in habitat and host location. Therefore
domesticated plants might have altered capacity to attract natural enemies, but experimental
evidence is needed to test this assumption (Loughrin et al., 1995, Benrey et al., 1998, Cortesero et
al., 2000).

The family Brassicaceae has undergone extensive breeding programmes, resulting in huge
variation both in the composition and the allocation of plant chemicals in different organs (Benrey
et al. 1998, Mithen, 2001). We chose members of the family Cruciferae to study how inter- and
intraspecific variation in volatile blends of plants influences their ability to recruit parasitoids for
protection against herbivores.

We examined the responses of Diadegma semiclausum (Hellén), a specialist parasitoid of the
diamondback moth (P. xylostella) in olfactometer bioassays. The observed behavioural differences
were related to the variation in volatile blends of plants by collecting, analysing and comparing
headspace volatiles. The uninfested plants compared were Brussels sprout, a naturalised population
of previously cultivated Brassica oleracea, white mustard and malting barley. The latter species
was included in the comparisons as a species not related to crucifers and a non-host for P.
xylostella. Comparisons of host-infested and uninfested plants involved Brussels sprout and

mustard.
2. Materials and Methods
2.1. Plants

Plants used were malting barley (Hordeum vulgare L. cv Video), white mustard (Sinapis alba L.
cv Carnaval), Brussels sprout (Brassica oleracea L. gemmifera cv Cyrus) and a naturalised
population of Brassica oleracea L. This feral population was found in a roadside hollow in 2001
and it probably “escaped” from a local farm, but it is unknown how long it has previously been
growing in the wild (Harvey et al., 2003). Plants were reared in a greenhouse compartment at L16-
D8 photoperiod, 20-28 °C and 40-80% R.H. Plants were sown in ca. 1.2 litre pots filled with
standard compost (Lentse Potgrond®) with no extra fertiliser added. To standardise the leaf area and
biomass of the plants, a different number of plants per pot were grown for each species; eighteen for
barley, nine for mustard, and one for Brussels sprout and the feral B. oleracea. Age, average leaf
area and fresh weight of test plants are listed in table 1. The first flower buds of mustard just started
to develop when plants were tested. Before testing a plant, the pot with excess soil was removed
and below-ground plant parts were wrapped in aluminium foil. The plant was then used for the

behavioural assay or the collection of headspace samples.

75



Chapter 5

Table 1. Average (=SD) leaf area (LA) and fresh weight of plants per pot used in the bioassays. Plant age is
given in weeks after sowing, n is the number of pots measured.

Brussels sprout Barley Wild crucifer Mustard
6-7 weeks 3-4 weeks 6-7 weeks 3-4 weeks
n=17 n=10 n=16 n=>5
LA (cm”) 539.4(43.5) 703.1(14.1) 499.1(19.5) 690.3(44.8)
FreshWeight (g) 24.2(2.04) 22.6(0.2) 23.2(1.5) 28.2(1.7)

2.2. Insects

Diadegma semiclausum (Hellén) was collected from Brussels sprout fields in a woodland area
in the vicinity of Wageningen (The Netherlands) and was maintained on P. xylostella reared on
Brussels sprout (8D: 16L photoperiod, 20 + 2° C and 70% R.H). In the rearing cages, parasitised
host larvae were allowed to pupate on paper stripes, which were transferred into a plastic cage with
no host or plant material present. Wasps emerging from cocoons were provided ad libitum with
water and honey. Mated females of 5-10 days of age with no oviposition experience were used in
olfactometer bioassays. To obtain infested plants (mustard or Brussels sprout), 20 second and early
third instar larvae of P. xylostella were evenly distributed over a test plant, 14-16 hours before the

experiment.
2.3.  Y-tube bioassay

To test behavioural responses of individual D. semiclausum females to plant volatiles, a glass Y-
tube (o 3.5cm) olfactometer was used (for details see Takabayashi and Dicke, 1992). The Y-tube
had a stem section of 22cm long. The two arms of the Y-tube were connected to glass vessels
containing the odour source. The volume of the containers was five-litre in all comparisons except
those involving the feral Brassica. As this plant had long petioles, we used two containers of 30
litres to accommodate plants. When an odour source was compared to clean air, a piece of cotton-
wool humified with water was placed in an empty container. While the five-litre containers were
directly attached to the olfactometer, the two 30-litre containers were attached by a silicon hose. Air
was filtered over charcoal led into each container at 4 1/min. The air was extracted at the base of the
olfactometer at 8 I/min. The olfactometer was illuminated from above with high frequency
fluorescent lights at an intensity of 30-35 umol photons/m?/sec. Wasps were individually tested in
the olfactometer, and each wasp was used only once. In order to increase their motivation to search
for hosts (Geervliet, 1997, Potting et al., 1999), females were transferred from the cage into the Y-
tube on a piece of Brussels sprout leaf, damaged by the host but not containing the host itself or its
products. The observation started by releasing the wasp at the base of the Y-tube, at four
centimetres distance from the opening. Wasps were either walking or flying towards the odour

source. A finish line was drawn one centimetre from the sieve at the end of each arm. Once a wasp
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crossed the finish line and did not return to the junction for at least 15 seconds, this was considered
a choice. Wasps that did not make a choice within ten minutes after release and wasps that did not
reach even the junction of the olfactometer in five minutes were considered as non-responding
individuals. Odour sources were replaced after every +£6 females tested, and at least eight plants
have been tested for each combination of plants. The odour sources were exchanged after testing +3
females, and the olfactometer was turned 180° around its longitudinal axis after every £10 females
tested.

The attractiveness of the odour blends of the following uninfested plants were tested against
clean air and each other: Brussels sprout, feral B. oleracea, mustard and barley. Odour blends of
host-infested Brussels sprout and mustard were compared to uninfested conspecifics, and uninfested
mustard was compared to host-infested Brussels sprout. The tests were carried from March till
September 2003. A binomial test was used to determine whether preferences of parasitoids were

significantly different from a non-preference situation (p=¢=0.5, two-tailed, 0=0.05).
2.4.  Collection and analysis of headspace volatiles

Headspace volatiles were collected from all plant-sources tested in Y-tube bioassays (except for
the Plutella-infested mustard) and were analysed by GS-MS. Four to five samples of each plant-
source were taken in the period of June-August 2003. Plants prepared for sampling (as described in
section “Plants”) were transferred into 30-litre collection flasks. Pressurised air was filtered
through silica gel, molecular sieves 4A and 13X (Linde), and activated charcoal before entering the
flask. The air inlet, air outlet, filters and sampling jar were connected with @ 0.8cm teflon tubing.
The system was purged for 1 hr at an airflow rate of 500 ml/min to remove volatile contaminants.
Subsequently, volatiles were collected in a glass tube containing 90mg Tenax-TA (20/35 mesh) for
4-5 hrs at a flow rate of 150-250 ml/min. Blanks were taken in duplo from empty collection
containers. The collected volatiles were released from the Tenax by heating the trap in a
Thermodesorption Cold Trap Unit (Chrompack) at 250°C for 10min and flushing with helium
flowing at 12ml/min. The released compounds were cryo-focussed in a coldtrap (0.52mm ID
deactivated fused silica) at a temperature of —85°C. By ballistic heating of the cold trap to 220°C the
volatiles were transferred to the analytical column (DBS, 60m X 0.25mm ID, 0.25-um film
thickness), which was connected to a Finnigan MAT 95 mass spectrometer. The temperature of the
column oven was programmed from 40°C (4 min hold) to 250°C (4 min hold) at a rate of 4 °C/min
and the initial helium velocity was 25cm/sec. The mass spectrometer was operated in the 70 eV EI
ionisation mode and was scanning from mass 24 to 300 at 0.7 sec/decade. Compounds were
identified by comparison of the mass spectra with those in the Wiley 7"/NIST98 library and in the
Wageningen Mass Spectral Database of Natural Products and by checking the retention index.
Emission rates were measured by quantifying peak areas. Compounds are presented as peak area

per litre of trapped air per gram above-ground fresh weight.
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Those compounds that were not present in the blank and were detected in at least two replicate
samples, were included in the analysis. The detected quantities of individual compounds within a
sample were considered as variables, and dissimilarities among the 24 plant samples were
calculated based on the Horn-index (average link method) (see Krebs, 1989, eqn.1.). We chose this
index because the calculated similarity among the volatile blends is supposedly little affected by the

number of compounds included in the analysis (Krebs, 1989).

eqnl.
Z[(xytxu) log(x;txi)]-X (x; 10g X;)-Z(xu log Xi)

Rgz
[(N/+Ny) log(N; + Ny)]-(N; log N)-(Ni log Ny)

Where Ry is the Horn’s index of similarity for samples j and k, x; and x; are the amounts
detected of compound i in sample j and sample &, where N; is X x;; the total amount of volatiles in
sample j and Ny is X xj the total number of compounds in sample 4. To illustrate the dissimilarities
in volatile profiles, hierarchical clustering and non-metric scaling were used. Analysis was

performed by the Syntax 5.1 program package (Podani, 1997).
3. Results
3.1.  Y-tube bioassay
When volatiles of different plants were tested against clean humidified air, 60% to 95% of

females made a choice. Females preferred volatiles from all the plant sources to clean air (P<0.05,
fig. 1.).

N.R. Plants
Air Barley 17 11
Air Sprout 28 10
Air B.oleracea 5 8
Air Mustard 2 8

100 80 60 40 20 0 20 40 60 80 100
Percentage of wasps to either odour source
Figure 1. The percentage of female D. semiclausum choosing either odour source when volatiles from
uninfested plants are compared to clean air. Asterisks indicate statistically significant preferences within tests
(*-P<0.05). Numbers next to the graph are the number of non-responding (N.R.) individuals and the number
of plants tested.
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When offered the choice between blends of uninfested plants, 61% to 88% of the tested females
made a choice (fig. 2). Females clearly discriminated between volatiles from different species of
uninfested plants. All cruciferous plants were preferred over malting barley (P<<0.05). Wasps
discriminated between the different cruciferous plants as well. Females preferred both mustard
(82% of choices) and the feral B. oleracea (74% of choices) to Brussels sprout (P<0.05, fig. 2).
Females were equally attracted to mustard and the feral B. oleracea.

N.R. Plants
Barley Sprout 12 8
Barley B.oleracea 9 8
Barley Mustard 7 8
Sprout Mustard 25 8
Sprout B.oleracea 34 14
Mustard B.oleracea 14 8

100 80 60 40 20 0 20 40 60 80 100
Percentage of wasps to either odour source
Figure 2. The percentage of female D. semiclausum choosing either odour source when volatiles from
uninfested plants are compared. Asterisks indicate statistically significant preferences within tests (*-
P<0.05). Numbers next to the graph are the number of non-responding (N.R.) individuals and the number of
plants tested.

When females were exposed to volatiles from uninfested and host-infested cruciferous plants,
88% to 99% of individuals responded (fig. 3). Wasps discriminated between infested and uninfested
conspecifics. Females preferred both mustard (91% of choices) and Brussels sprout (83% of
choices) to uninfested conspecifics. Interestingly, when females were offered the choice between

host-infested Brussels sprout and uninfested mustard plants, no preference was found.

N.R. Plants
Sprout (UN) Sprout (INF) 1 11
Mustard (UN) Mustard (INF) 4 8
Mustard (UN) Sprout (INF) 11 15

100 80 60 40 20 O 20 40 60 80 100
Percentage of wasps to either odour source
Figure 3. The percentage of female D. semiclausum choosing either odour source when volatiles from
uninfested (UN) plants (Brussels sprout and mustard) and from P. xylostella-infested plants (INF) are
compared. Asterisks indicate statistically significant preferences within tests (*-P<0.05). Numbers next to the
graph are the number of non-responding (N.R.) individuals and the number of plants tested.
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3.2.  Headspace volatiles

In the 24 samples analysed across the treatments, 70 compounds were detected (table 2). The

compounds were identified as ketones, alcohols, aldehydes, esters, terpenoids, sulphides, nitriles

and others. Fifty-nine compounds were detected in Plutella-infested Brussels sprout, 48 in

uninfested Brussels sprout, and 46 both in the feral B. oleracea and in the mustard. In the headspace

of barley, only 15 compounds were detected. Both quantitative and qualitative differences in

headspace volatiles of tested plants were found.

Table 2. Volatile compounds detected in the headspace of Brussels sprout infested by larvae of P. xylostella

(n=5), uninfested Brussels sprout (n=5), feral B. oleracea (n=5), mustard (S. alba) (n=5) and in uninfested

barley (n=4). Amounts of individual compounds are given as average peak area (£SE) per litre of trapped air

per gram above ground biomass.

Compound® B. sprout+ Brussels B. S. alba Barley
Plutella sprout oleracea
Ketones
1 3-pentanone’™ ™ ° 2.3£1.6 - - - -
2 2-hexanone 3.1+1.7 1.540.8 0.5+0.2 0.1£0.1 0.240.2
3 1-cyclopropyl-2-propen-1-one” 10.7+4.9 1.9+1 0.9+0.6 1.3£0.5 -
4 3-heptanone 4.5+1 3.3£1.1 2.5+0.4 1.3£0.6 -
5 2-heptanone 1.9+0.4 1.7+£0.4 1.1+£0.3 0.7+0.2 -
6 2-methyl-2-cyclopenten-1-one (t) 6.4+4.8 0.8+£0.8 0.5+£0.5 - 1.7+1
7 3-octanone’ 2.4+1.6 0.2+0.2 2.6+£2.3 - -
8 1,7-octadiene-3-one, 2-methyl-6- 8.6£2.8 5.4+2.7 2+0.9 0.7+0.5 -
methylene-
Alcohols
9 1-penten-3-ol™ = > * 117.5£60.9 18.6+11.4 1.2+0.7 4.6+0.9 -
10 3-pentanol’™ ™ ° 21.9+11.5 2.6+0.9 0.7+0.2 0.3+0.2 -
11 3-methyl-3-buten-1-o0l 0.7+0.4 - - - -
12 3-methy1-1-butanolo 2.6£0.8 - - 6.5+1.6 28.3+6.2
13 2-methyl-1-butanol - - - 1.1£0.5 -
14 1-pentanol™ ™ ° 8.2+4 1.5+0.7 1.3+0.9 0.8+0.1 0.4+0.4
15 (Z)-2-penten-1-o1™° 12.548.7 1.1+0.7 0.2+0.1 - -
16 3-methyl-2-pentanol™ 1+0.8 - 1.3£0.7 - -
17 (Z)-3-hexen-1-0l &% % # 358.8+252.9 46422.5 9.5+2.6 11.3+2.8 17.548.2
18 1-hexen-3-ol 5+1.9 2.5+1.1 - 0.2+0.2 -
19 1-hexanol™ ™ ° 28.3+18.2 53425 3.942.1 2.3+0.4 1.6£0.6
Esters
20 3-methyl-1-butyl acetate” 0.8+0.4 - - 6.52.5 1.3£0.6
21 2-methyl-1-butyl acetate - - - 0.4+0.2 -
22 (Z)-2-penten-1-yl acetate 182.2+112.3 24.4+16.9 0.1+0.1 1.7+1 -
23 pentyl acetate” 17.6+10.8 2.7+1.7 - 1.3£0.5 -
24 (Z)-3-hexen-1-yl acetate™ ™ 4 ¢ 2175.8+1325.7 381.7+256.2 46.1£17.4  231+73.4 -
25 hexyl acetate™ > ™ 4 111.5£76.8 18.2+11.6 4.8+1.9 11.5£3.6 -
26 (Z2)-3-hexen-1 yl-propanoate ° 22412 - - - -
27 heptyl acetate” 47423 1.5+1 0.3£0.3 0.9+0.5 -
28 2-ethylhexyl acetate 33.9+10.4 37.5+10.5 11.3+4.7 6.4£1.5 5.5+2.7
29 (Z)-3-hexen-1-yl butanoate 3.6+2.8 - - 0.2+0.2 -
30 methyl salicylate” 1.5+0.6 0.8+0.6 0.9+0.6 3.2£1.8 -
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Table 2. (continued).

31 (Z)-3-hexen-1-yl 2-methylbutanoate 6.9£3.7 0.4+0.4 - 0.3+£0.2 -

32 (Z)-3-hexen-1-yl 3-methylbutanoate 3.2+2.3 - - 3+0.6 -
Terpenoids

33 a-thujene™ ™ > ® 83.8429 49.7+17.8  27.9£6.1 1.5+0.8 -

34 a-pinene™ - A+ ¢ 19+4 11.5+2.3 6.1+1.8 0.7+0.3 -

35 thuja-2,4,(10)-diene 4.4+1.3 2.7+0.4 1.4+0.4 - -

36 sabinene™ % - A ® 595.9+212.2  345.7£112.2 233.5+45.1  31.2£10.6 -

37 B opinene™ > "4 24.4+7.2 15145 7.5%1.5 241 -

38 myreene™ © ¢ 4 150.4+69.9 79.2436.7  59.9+19.4  12.1£5.4 8.8+1.7

39 linalooloxide A, dehydroxy- - - 2.7£1.8 - -

40 linalooloxide B, dehydroxy- - - 3.5+£2.5 - -

41 o-phellandrene 0.4+0.3 0.7+£0.4 - 0.1+0.1 -

42 a-terpinene’™ * 8.9+4.5 6.4+2.7 0.6+0.5 0.6+0.6 -

43 limonene™ ™ ® 510.84209.5  257.2+107.2  188.4+49 18.9+7.7 6.6+1.3

44 S-phellandrene™ 9.6+3.6 4.9+1.8 3.4+1 1.240.6 3+1.2

45 1 8-cineole™ &% 4 255+79.1 127.9440.6  41.2+489  39.6+14.6 -

46 2-o0x0-1,8-cineole - - - 2.3+1.6 -

47 (E)-p-ocimene 1.8£0.8 1.441.1 0.8+0.5 - -

48 y-terpinene’™ 10.1+4.2 7.9+3.8 2.5+0.6 0.6+0.6 -

49 trans-4-thujanol 36£15.5 14+£7.5 10.1£3.2 0.2+0.1 -

50 a-terpinolene® 2.5+1.1 1.7+0.8 1.4+0.9 0.2+0.1 -

51 linalool oxide B - - 0.9+0.6 - 0.7+0.7

52 p-cymene” 2.1%1 0.9+0.5 0.5+0.2 0.10.1 -

53 linalool® & - # 3.943.9 - - - 53+9.1

54 cis-4-thujanol 10.8+4.8 3.443.3 3.3+2 - -

55 (E)-3,4,8-dimethyl-1,3,7-n0natrieneA’ o, ® 34.7+17.8 1.4+0.5 47.8+27.1 1.9+1.2 -

56 terpinen-4-ol 1.6+0.8 0.6+£0.4 - - -

57 o-terpineol 0.6+0.4 0.4+0.4 0.2+£0.2 3.2+1.7 1.3+0.7

58 cis-f-elemene, " - - 73.8+57.5 - -

59 germacrene D tent™ * - - - 3.2+1.2 -

60 (E.E)-a-farnesene ~ - - 41.6+£29.9 0.4+0.4 -

61 [-bisabolene - - 5.3+4.6 - -

62 carvone 1.2+1.2 1.1£0.7 - - -
Aldehydes

63 (E)-Z-hexanalA’ % A, 2.9+2.1 - - - -
Sulphides
64 dimethy] trisulphide’™ ™ © ™ 4 1.740.5 1.2+0.3 0.8+0.3 0.5+0.1 -
Nitrogen containing

65 benzyl cyanide” 11.545.1 0.8+0.8 - - -

66 indole™ ™ 7.8+4.7 - - 1.7£1.1 -
Unknown®

67 unknown 81%13% 150 - - - - 7.9+£0.8

68 unindent ™™ 1.6£1.3 1.9+0.8 - - -

69 unk 07:1080.150 2.9+1.3 1.3£0.8 0.1£0.1 - -

70 unk 71071500 2.3+1.1 2.9+1.3 - - -
Total amount 4939.7+2586  1503.2£647 857.8+255  420.1x130 139.1+23

% References related to volatile analysis on crucifers. “- compound detected by Geervliet et al., 1997; °-
compound detected by Agelopoulos et al., 1995; °- compound detected by Mattiacci et al., 1994; *-
compound detected by Tollsten and Bergstrom, 1988; *- compound detected by Blaakmeer et al., 1994; *-
compound detected by Agelopoulos and Keller, 1994; - compound detected by Shiojiri et al., 2001;
®_characteristic mass peaks, b denotes the base peak

81



Chapter 5

Dissimilarities among the volatile profiles of different plants are presented in figure 4. The
smallest total amount of volatiles was emitted by barley, followed by mustard, feral B. oleracea,
uninfested Brussels sprout and host-infested Brussels sprout. The volatile profile of barley showed
the greatest dissimilarity among the treatments, with only 15 of compounds detected out of the 70.
Fourteen of these compounds were also present in the volatile blend of at least one of the other plant
sources. The dominant compounds produced by barley were linalool, which was also present in
smaller amounts in infested Brussels sprout, and 3-methyl-1-butanol, which was detected in smaller

amounts both in the volatile blends of mustard and infested Brussels sprout.
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Figure 4. Dissimilarities in volatile profiles of plants. (a) Hierarchic clustering and (b) non-metric scaling of
dissimilarities in volatile profiles based on the Horn-index. “Bar”-barley, “Ms”-mustard, “Bor”-feral B.

oleracea, “Sp”-uninfested Brussels sprout, “S+P”-Brussels sprout infested by P. xylostella larvae.

The volatile blend of mustard was more similar to the other crucifers than to barley but it still
grouped out from the Brussels sprout and the feral B. oleracea samples (fig. 4). The 46 compounds
detected in mustard were greatly overlapping with those detected in Brussels sprout and the feral B.
oleracea. Only a few compounds like 2-methyl-1-butyl acetate, 2-oxo-1,8-cineole and germacrene
D were detected in mustard alone. The compounds dominantly produced by mustard were the so-
called green-leaf volatiles (GLVs) like (Z)-3-hexen-1-yl acetate, (Z)-3-hexen-1-ol and hexyl
acetate. Other compounds that were detected in mustard were the terpenoids 1,8-cineole and
sabinene. These GLV’s and terpenoids also dominated the odour blend of uninfested Brussels
sprout, but were produced by infested Brussels sprout in greater quantities (table 2). Volatiles like
(Z2)-3-hexen-1-yl 3-methylbutanoate, and other compounds like 3-methyl-1-butanol, 3-methyl-1-
butyl acetate, and indole were detected in mustard and infested Brussels sprout only.

Volatile profiles of infested and uninfested Brussels sprout plants showed the highest similarity.
59 compounds were detected in the headspace of Brussels sprout infested by P. xylostella, 11 of

these compounds were not detected in the headspace of uninfested Brussels sprouts (table 2).
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Compounds produced in infested Brussels sprout in higher amounts than in uninfested plants were
I-penten-3-ol, (Z)-3-hexen-1-ol, (Z2)-2-penten-1-yl acetate, (Z2)-3-hexen-1-yl acetate, hexyl acetate
and benzyl cyanide. The volatile profile of feral B. oleracea was different from that of infested
Brussels sprout, but was very similar to that of uninfested Brussels sprout. Some compounds like
linalool oxide B, dehydroxylinalool oxide A dehydroxylinalool oxide B were present in the feral B.
oleracea only. f-bisabolene and cis-f-elemene were detected in the feral Brassica oleracea only
(table 2). (E,E)-a-Farnesene was found in high amounts in the feral B. oleracea and mustard only,
whereas 3-methyl-2-pentanol was present in the volatile blend of the feral B. oleracea and that of

infested Brussels sprout only.

4. Discussion

4.1.  Responses of D. semiclausum to inter-and intra- specific variation in volatiles

Diadegma semiclausum 1is attracted to volatiles emitted by undamaged and host-infested
cabbage (Ohara et al., 2003). In this study, D. semiclausum preferred all tested plant species,
including barley, over clean air. Yet, when uninfested plants of different species were tested against
each other, females clearly preferred volatile blends of crucifers to barley. In a comparable study,
Cotesia kariyai a parasitoid of the noctuid Pseudaletia separata, was attracted to several unrelated
non-host food plants, which was explained by the presence of GLVs in the headspace of the
different plant species (Takabayashi et al., 1991). Except one compound, all the compounds
produced by barley, were also present in the headspace of crucifers, including the GLV (Z)-3-
hexen-1-ol and terpenoid compounds, which could explain the preference of wasps towards barley

odours compared with clean air.

Parasitoids further discriminated between odours of uninfested crucifers. Despite of the lower
amounts of total volatiles and the fewer compounds produced by both mustard and the feral
Brassica, these plants were still more attractive to D. semiclausum than Brussels sprout was. Some
alcohols and terpenoids emitted by mustard were present in this species only, and some alcohols,
esters and indole were detected both in mustard and infested Brussels sprout. The GLV (Z)-3-
hexen-1-yl acetate, known to be produced by herbivore-infested Brussels sprout in greater
quantities than by uninfested plants (Blaakmeer et al., 1994, Mattiacci et al., 1994, Geervliet et al.,
1997), was the dominant compound that mustard produced. White mustard also contains specific
aromatic hydroxy-benzyl and benzyl glucosinolates (McCloskey and Isman, 1993, Hopkins et al.,
1998, Mewis et al., 2002), and aromatic derivatives of these glucosinolates were detected in
headspace of uninfested mustard (Tollsten and Bergstrom, 1988). We did not detect these

derivatives in our samples, possibly due to differences in methodology for collecting and analysing
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samples. Tollsten and Bergstrom (1988) used cut plants for example, whereas we used potted

plants.

Females did not discriminate between odour blends of plants based on quantitative differences
in volatile production only. This is suggested by the finding that the greater amounts of plant
volatiles produced did not mean stronger attraction of D. semiclausum towards plants. While
qualitative differences in volatile blends were probably important for females to discriminate
between odours of barley and crucifers, differences in quantity and ratios of compounds could be
important in the discrimination between mustard and Brussels sprout. The volatile profile of the
feral B. oleracea was very similar to that of uninfested Brussels sprout, with a few compounds
detected in the feral B. oleracea exclusively. Yet, wasps were able to discriminate between these
lines of B. oleracea, indicating that subtle differences in volatile profiles of uninfested plants could

be important in the attractivity of these plants to D. semiclausum.

4.2.  Responses of D. semiclausum to host-infested Brussels sprout

Brussels sprout plants damaged by the hosts were more attractive for the parasitoids Cofesia
glomerata, C.rubecula, C.plutellae and D. semiclausum than artificially damaged or intact Brussels
sprout plants (Steinberg et al., 1992, 1993, Blaakmeer et al., 1994, Geervliet 1997, Shiojiri et al,
2000, Ohara et al., 2003). Our results also suggest that D. semiclausum assessed changes in volatile
blends as a result of herbivore damage. The result that infested Brussels sprout plants emitted GLVs
in a generally greater amount, but similar to those of uninfested plants, was in line with findings of
other studies (Blaakmeer et al., 1994, Geervliet et al., 1997, Reddy and Guerrero, 2000, Smid et al.,
2002). Compounds like 3-pentanol, linalool, (E)-2-hexenal and indole were mostly detected in
Plutella-infested Brussels sprout. Some of these GLVs elicited olfactory responses and were held
responsible for the attraction of the parasitoids Cotesia rubecula, C. glomerata and C. plutellae, and
also for the predatory lacewing Chrysoperla carnea (Geervliet et al. 1997, Reddy et al., 2002, Smid
et al., 2002). The volatile profile of Plutella-infested Brussels sprout shared great similarities with
volatile profiles of white cabbage and Brussels sprout, when infested by different Pieris spp
(Geervliet et al., 1997, Blaakmeer et al., 1994).

Based on dissimilarities in the volatile profiles, wasps were able to discriminate between
infested and uninfested Brussels sprout plants. Interestingly, such discrimination was not observed
when infested Brussels sprout was compared to mustard, although dissimilarities in volatile profiles
were greater here. Hence, we may not hypothesise that females could not discriminate between
mustard and infested Brussels sprout because the differences were too small. Instead, they might not
discriminate, because the “values” of volatile information (that is the expectancy of the host’s

presence) from these plant-sources were similar. Based on studies on Leptopilina heterotoma,
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parasitoid of Drosophila spp., Vet et al. (1998) hypothesised that parasitoids may actively choose
not to discriminate among subtle, quantitative differences and rely on qualitative differences until
they learn to discriminate via experiences. Our data suggest that such a mechanism may play a role
in the searching behaviour of D. semiclausum: While host location by inexperienced females on
Brussels sprout was hindered by the greater preference of wasps to search uninfested mustard,
oviposition experiences enabled females to locate subsequent host-infested plants with equal
efficiency irrespective of neighbouring plant species (Chapters 6,7). In complex habitats, a host
species may exploit different plant species, depending on its food-plant preference. Mustard is a
preferred food plant of P. xylostella and is used as a trap crop (Palaniswamy et al., 1986, Talekar
and Shelton, 1993). P. xylostella develops faster and reaches greater body weight on white mustard
than on Brussels sprout (R. Gols, unpublished). Hence, if the presence of P. xylostella on these
plants is different, it could be a viable strategy for D. semiclausum to have a preference towards
volatile blends that reflects the food-plant preference of the host. In the field however, the same
plant is often infested by different herbivore species. Parasitoids, like C. glomerata could not
discriminate between volatiles of plants infested either by hosts or non-hosts (Vos et al., 2001). If
this is true for D. semiclausum, it could be another explanation of the high initial preference for
mustard odours: once inside the habitat, less time is wasted on searching among plant-herbivore
communities till a suitable host-patch is found.

As yet, we have no information on how the volatile composition of mustard is influenced by
herbivore damage, nor on the discriminatory ability of the parasitoid D. semiclausum with respect to
hosts and non-hosts on the same plant species. However, plants in natural ecosystems are rarely
uninfested and finding a suitable host on the more preferred mustard could result in a preference for
uninfested mustard over infested Brussels sprout. This could magnify any effects of heterospecific
plants on host-parasitoid dynamics. It would also mean that the importance of herbivore-induced
synomones, as solution to the reliability-detectability problem for this parasitoid, would be
ultimately influenced by vegetation diversity of the habitat. An interesting topic future research
could be to study how inter- and intraspecific variation in plant volatiles influences the ability of

this parasitoid to discriminate between plants infested by hosts and non-hosts.

4.3.  Volatile attraction and indirect defences

Results from this and other studies may indicate that leaf vegetables that are selected for low
concentrations of allelochemicals (i.e. Brussels sprout) could have a lowered ability to attract the
specialist parasitoids than their wild ancestors (Fox and Eisenbach, 1992). As plant breeding and
biological control were developing independently, we have limited information on what
mechanisms are responsible for triggering different responses of parasitoids between plant species
and genotypes within plant species (van Lenteren et al., 1995, Bottrell et al., 1998, Cortesero et al.,

2000). The finding that the feral Brassica oleracea was more attractive than cultivated conspecifics
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might indicate that artificial selection in cultivated plants have changed their ability to attract
natural enemies compared with wild relatives. However, further studies are needed to explicitly test
this hypothesis. Our results indicate that volatile traits responsible for the attraction of natural
enemies to plants could be valuable to consider in breeding programmes aiming to enhance
biological control. Although some traits that increase attractivity for the parasitoid may also attract
herbivores, such traits could still be valuable tools in developing pest-suppressive diversification
strategies (i.e. companion planting, intercropping), if the role of increasing plant species diversity in

host-parasitoid interactions are better understood.
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Plant composition of habitat influences searching behaviour of the

parasitoid Diadegma semiclausum (Hellén)

Abstract

The searching behaviour of Diadegma semiclausum was studied in semi-field set-ups of
different plant composition and configuration. The set-up consisted of a group of plants that
surrounded the target Brussels sprout plant infested by the host Plutella xylostella. We studied (1)
the effect of plant density per se on foraging behaviour in monotypic set-ups where the target plant
was surrounded by uninfested conspecifics in low (8 plants) and high (20 plants) densities. (2) The
effect of plant species composition and spatial arrangement were studied by interspersing uninfested
sprout plants by malting barley or white mustard in different horizontal (row, mix) arrangements.
We tested (3) the effect of vertical arrangement on foraging behaviour by varying the height of
mustard plants relative to the Brussels sprout plants. No effect of density of conspecific plants or
horizontal arrangement of plants were found on the efficiency of wasps to locate the target plant.
When the effect of plant composition was tested, wasps in the monotypic stand located the target
plant the fastest, followed by barley and the mustard set-ups. When compared to the monotypic
stand, an increase in percent of visits on the barley explained the lower efficiency of females to find
the target plant. However, percent of visits alone did not explain the lower efficiency to find the
target plant in the mustard. A higher searching activity on mustard also contributed to the delay in
locating the target plant. The organisation of behaviours was similar in the mustard and the
monotypic set-up, but different in barley. Plant height seemed to influence foraging behaviour of
females. Irrespective of its relative height to Brussels sprout plants, tall mustard decreased the
tendency of wasps to locate the target plant when compared to short mustard plants. The importance

of structural and volatile complexity of the habitat on foraging behaviour of parasitoids is discussed.

Key words: Diadegma semiclausum, Plutella xylostella, vegetation diversity, foraging behaviour,

host location, proportional hazards model;
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1. Introduction

Insect parasitoids are evolved to find their host in a heterogeneous environment, where their
target is nested across several spatial levels. These levels cover the range from the landscape-level
vegetation patches to between-plant (neighbourhood of different plant species), down to within-
plant (e.g. individual leaf or leaflet) patches. Consequently, when emerging outside the habitat of
their host, the host selection process of parasitoids involves a chain of hierarchic steps until
successful parasitism is achieved (Vinson 1998, Vinson 1976). In this hierarchic process,
parasitoids use different cues from plants (i.e. infochemical, visual) for the long-range orientation
towards their host (Vet et al. 1991, Vet and Dicke 1992, Vet et. al., 2002). When searching within
the habitat of their host or landing on the host’s plant, visual, structural and geometric properties of
the host’s plant and its neighbourhood are also important (Vinson, 1976, Need and Burbutis, 1979,
Andow and Prokrym 1990, Wickers, 1994). The structure, heterogeneity and connectivity of leaf
surface may influence parasitoid searching efficiency and subsequent parasitism (Andow and
Prokrym, 1990, Barbosa and Benrey, 1998, Gingras et al. 2002, Gingras and Boivin, 2002, Casas
and Djemai, 2002). Therefore, in natural habitats with a diverse plant composition, neighbouring
plants enveloping host-infested target plants may influence the way cues from host plants are being
perceived by the searching wasp. This local environmental effect on parasitoid foraging efficiency

may play an important role in shaping local host-parasitoid interactions.

The greater success of natural enemies in the control of local herbivore populations were often
held responsible for less frequent pest outbreaks in vegetationally diverse natural than in simple
agro-ecosystems (Elton, 1958, Root, 1973, Risch et al., 1983, Sheehan, 1986, Russell, 1989).
However, great variation from negative, neutral to positive effects of habitat diversification on
parasitism levels were observed, even when the same tritrophic system was studied (Russell, 1989,
Perfecto and Vet, 2003). Differences in parasitism are emergent properties of complex individual
(e.g. behavioural) level interactions between trophic levels (Vet, 2001, Dicke et al., 2003). Although
Price et al. (1980) drew attention to the study of natural enemies in a multitrophic context, little
effort was made to study foraging behaviour of carnivores in relation to plant composition of
habitats (Dicke et al., 2003). Most experimental studies are restricted to tri-trophic interactions that
are examined within a single species plant-host complex under laboratory conditions (Hunter,
2002b, but see Dicke et al., 2003). Although some studies do investigate the influence of
neighbouring plant species, they concentrate on single attributes (e.g. volatiles) in simplistic
laboratory bioassays and disregard effects of other factors (e.g. structure) (Hunter, 2002b). Hence,
predictions on parasitoid foraging in nature may be misleading, when observations are based on
traits of single plant species. The presence of the few existing studies on parasitoid foraging
behaviour in diverse habitats (Khan et al., 1997, Gohole, 2003, Perfecto and Vet, 2003) underlines
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the need to study foraging behaviour of parasitoids in more realistic experimental set-ups. This was
the reason why we investigated the effects of different components of diverse vegetation on the

behaviour of D. semiclausum, foraging for P. xylostella on Brussels sprout plants.

The diamondback moth (Plutella xylostella L.) is a herbivore specialised on cruciferous plants,
with a worldwide distribution and economic importance (Saucke et al., 2000, Talekar and Shelton,
1993). Diadegma semiclausum (Hellén) is its specialist parasitoid and one of its most important
biological control agents (Verkerk and Wright, 1996). D. semiclausum relies on infochemicals both
from the plant and the host during host selection (Davis 1987, Ohara et al., 2003).

We hypothesised that the species composition of plants and their configuration influence the
efficiency of D. semiclausum to locate host patches. The experimental set-up consisted of a group
of plants surrounding a host-infested (target) Brussels sprout plant. The target plant was considered
a host-patch, because the whole plant contained hosts in a uniform distribution and females
immediately encountered the first host when landing on the target plant. To test our hypotheses we
followed the foraging behaviour of D. semiclausum in a semi-field environment, where host-
infested target plants were surrounded by different species of neighbouring (i.e. companion)
undamaged plants. We investigated if efficiency of females to locate the target plant was influenced
when (1) surrounding uninfested Brussels sprout plants (i.e. non-target plants) were present in low
and high densities. The tendency of females to start searching the set-up and to find the target plants
were compared in experiments (2) non-target plants were interspersed with the companion plants
malting barley or white mustard. Here, the effect of habitat configuration was also tested by
arranging the companion plants in the set-up in two different horizontal (row, mix) arrangements.
(3) In a third experiment, we varied the height of mustard relative to the target and non-target plants
to test if vertical configuration of the neighbourhood relative to the target plant influenced the

foraging behaviour of D. semiclausum

2. Materials and Methods

2.1.  Parasitoids

Diadegma semiclausum was collected from Brussels sprout fields in the vicinity of Wageningen
(The Netherlands) and was reared on Brussels sprout infested with larvae of the diamondback moth.
The rearing was maintained in a climate room (20 + 2° C, 70% RH and L16-D8 photoperiod).
Sprout plants infested with the host were obtained from a mass rearing maintained at our laboratory.
Parasitoid cocoons were collected weekly and were transferred into a clean insect cage (37cm x
40cm x 30cm) with no plant material or host present. To obtain mated females we transferred newly

emerged wasps, seven females and seven males into glass tubes (20 cm long, o 5 cm) that were
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covered by gauze at both ends. Water and honey was administered ad libitum on the gauze. The day
before an observation, females were separated from males and were transferred to another cage
(42cm x 22cm x 22cm). For the observations five to ten day old females without oviposition

experience were used.

2.2.  Plants

We used the crucifer Brussels sprout (Brassica oleracea L. gemmifera cv. Cyrus) as a host plant
for P. xylostella. White mustard (Sinapis alba L. cv. Carneval) was used as a cruciferous
companion plant, and malting barley (Hordeum vulgare L. cv. Video) as a non-cruciferous
companion plant. All plants were grown in a greenhouse (20-28°C, 40-80% RH. and L16-D8
photoperiod). Brussels sprouts (one plant per pot) reached a biomass of about 30 to 35 g in 4-5
weeks. To obtain similar plant biomass per pot for barley and mustard plants in the different set-ups
(20-25 g in 4-5 weeks), we varied the number of plants per pot with companion plant species. We

used nine plants per pot for mustard and 18 plants per pot for barley.

2.3.  Experimental set-up

We conducted the three experiments in a ‘flight chamber’ (for details see Wiskerke & Vet 1994)
installed in a greenhouse compartment under the same conditions as mentioned in the “plants”
section but without additional illumination. No fans were used to provide directed airflow. The
greenhouse compartment was continuously ventilated so there was a turbulent air-current inside the
tent. The basic set-up consisted of nine Brussels sprout plants in three rows of three plants with only
the centre plant (target plant) containing the hosts (fig. 1a). Fifteen third instar P. xylostella were
evenly distributed over three (top, middle, and bottom) leaves of the target plant in the late
afternoon a day before the experiment. These densities were comparable with moderately high
densities found in local cabbage fields (Bukovinszky, personal observation). In all three
experiments, only the target plants contained hosts, all other plants were undamaged. Experiments |
and II were carried out from May to September 2002, and experiment III was carried out from
September to November 2002. Within these two observation periods different set-ups were

randomly used and at least two treatments were tested on the same day.
2.3.1. Experiment I- Effect of plant density
This experiment was performed to see if changing plant density per se influenced searching

efficiency of D. semiclausum. We compared the behaviour of females in low (9 sprout plants) and

high-density (21 sprout plants) monotypic stands (fig 1ab).
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Figure 1. The experimental set-up. & —target (host-infested) Brussels sprout plant; O -non-target

(a) (b) (c) (d)

(uninfested) B. sprout plants; [ ] -Companion (uninfested) plants that were either mustard, barley or in the
monotypic set-up B. sprout; Monotypic set-ups were in a (a) low or a (b) high density arrangement.
Companion plants were either in the (¢) mixed or in the (d) row arrangement. The target plant was at 90cm

distance from the release station.

2.3.2. Experiment II- Effect of plant species composition and horizontal arrangement

In the second experiment we increased species diversity by replacing sprout plants with either
barley or mustard plants as illustrated in figure 1bc. We also varied the horizontal spatial
arrangement of plants. Brussels sprout plants were interspersed with twelve pots of mustard or
barley (mixed configuration, fig 1c), or were arranged as two rows of six plants between the sprout
plants (row configuration, figld). The two resulting data sets were compared to the high-density

sprout data set from experiment I (fig 1b).

2.3.3. Experiment IlI- Effect of vegetation height

In the third set-up, we examined if the vertical configuration of the companion plant relative to

the Brussels sprout plants, influenced the success of females in finding the target plant.

(b)
Figure 2. [llustration of the vertical arrangement of target plants and companion mustard plants (experiment
IIL.). The (a) short mustard plants were 3 weeks old, so their height was the same as the Brussels sprout

plants. The (b) tall mustard plants were 4 weeks old and were either 20 cm taller than sprout plants or sprout

plants were (¢) elevated to a relative height comparable to the short mustard.
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In this experiment 3 and 4 week old mustard plants were used as short and tall plants,
respectively. Plants were placed on the table in a row arrangement (fig. 1d) and short mustard as
companion plants served as the control set-up (fig. 2a). In two treatments the tall mustard plants
were either placed on the table (fig. 2b), or on a 20 cm high platform elevating them to the height of
the mustard comparable to the control set-up (fig 2c¢).

The difference between 3 and 4 weeks old plants was mainly the elongation of internodes and to
a lesser extent an increase in leaf area. Plant height was 21.3+2.7 (mean+SD) cm for short and
40.242.7 cm for tall mustard and leaf area per pot (9 plants) was 677.8+139.6 c¢m? for short and
812.7498.6 cm” for tall mustard (n=54).

2.4.  Behavioural observations

We put a female parasitoid in a vial on the release station made of a glass cylinder (30 cm long,
o 15 cm) placed at a height of 10 cm and situated 90 cm from the target plant. A leaf disc damaged
by the host but without the host itself, was put in the vial with the female to increase her motivation
to search for hosts (Geervliet 1997, Potting et al. 1999). Each observation started when the wasp left
the release platform and ended when it arrived at the target plant. To compare the tendency of
wasps to start searching and their efficiency in host-finding in the different set-ups, times were
measured from taking off until the first landing in the vegetation, and until the arrival at the target
plant (fig. 3).

Figure 3. The two variables recorded for comparison by the proportional hazards model. The (1) tendency to
start searching was compared by recording the time from leaving the release platform until landing in the set-
up. The (2) foraging efficiency was recorded as the time from leaving the release platform until the first
landing on the target plant.

To record the foraging behaviour and position of wasps in the set-up, a handheld microcomputer
(Workabout Psion PLC 1995°), with The Observer software 3.0 (Noldus Information Technology
1993°) was used. The recorded behavioural elements are described in table 1. Four behaviours were

recorded: flying, walking, standing still and grooming.
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Table 1. The description of the behavioural elements recorded in the experiments.

Element Description

Fly The parasitoid is airborne. This behaviour included both the close-range
inspection of plants by hovering and flight behaviour between plants.

Walk The wasp moves on the plant surface with a more or less constant speed.

Groom The wasp stands still and cleans the antennae with its forelegs, or the wings and
the abdomen with its hind legs.

Stand still The wasp is motionless.

The position of the parasitoid was recorded as being either on the non-target or on the
companion plants. The distinguished levels of resolution of the recorded behavioural elements is
demonstrated in figure 4. The time spent on the table and on the fabric of the tent was not
considered in the analysis. Each wasp was used only once. Plants infested by P. xylostella were
used 1-5 times. Females that flew to the ceiling before finding the target plant and did not return in
the set-up within five minutes were discarded from the analysis. At least 25 observations were

carried out in each set-up.

T
| Standing Still (I Standing Still |
1 | 1
1 I |
1 (| 1
1 | 1
: Groom Walk"_TWaIk > Groom :
1 COMPANION PLANT ' | NON-TARGET PLANT '
1 (mustard/bariey) : 1 (Brussels sprout) :
I I

Figure 4. Distinguished levels of resolution of behavioural observations until arrival to the target plant. The
spatial compartments (rectangles) were companion plants (mustard/barley) or non-target plants (non-infested
B. sprout). Arrows represent possible transitions from one behaviour or spatial compartment to the other.
Flight could follow any of the observed behavioural elements (dashed arrows). Note that only one spatial
compartment (non-target plant) was considered in the high and low density monotypic stands (see fig 1ab).
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2.5.  Data analysis
2.5.1. Plant location

To analyse the time-structured data (i.e. start searching the set-up, arrival to the target plant), the
Cox’s proportional hazards model was used (Cox, 1972, Kalbfleisch and Prentice, 1980, Ormel et
al., 1995). The model is described by the hazard model formula that models the effect of p fixed
(time-independent) covariates z; (i=1...,p) on the hazard rate for the event performed by an

individual at time ¢. The general form of the proportional hazards model is given in eqn 1.

eqn 1

h(t;z) = ho(t)exp {Zp ﬁizz}

It is assumed that for different values of z;, the hazard rates A(z,z) are proportional, where A(t,z)
is the probability per second for the event to occur, and 4 is the observed baseline hazard. The S
values are coefficients representing the relative strength of the covariates z;, thus exp (f)) is the
effect on the hazard rate of increasing z; with 1. The hazard at time ¢ is the product of the baseline
hazard /y(?) and the exponential linear sum of fiz;, When for different values of z; the hazard rate is
not proportional, the extended model for time dependent covariates may be used (Kleinbaum,
1996). The general form of the model with fixed and time-dependent covariates is described in
equation 2, where it is assumed that the hazard at time ¢ depends on the value of z;(?) at the same

time, where 0; is the relative strength of the covariate z;(z).
pl p2 )
h(t;2(1)) = ho(1) exps D fzi+ Y 5zi(1) eqn
i=1 j=1

2.5.2. Selection of covariates

The summary of the covariates used in the three experiments and their coding are presented in
table 2. In the three experiments the fixed covariates used were plant density (low, high), plant
composition (monotypic, mustard, barley), configuration (mixture, row) and height of plants (short,
tall, elevated). These covariates were handled as categorical variables and were coded 0,1, where
the number of covariates depended on the factor levels. The control in the three experiments were
the low and high density monotypic set-ups and the short mustard set-up, respectively. The control
was considered to have baseline hazards for the occurrence of the event and were coded 0,0. While
exploring the different set-ups, experiences with companion plants may influence the efficiency of

wasps to locate the target plant. Therefore visits to companion plants may be considered as repeated
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choices that a wasp made during searching. We studied this effect in experiments II and III by
including the visits to companion plants as a time-dependent covariate. The time-dependent
covariate was expressed as the percent of the cumulative visits to the companion plants of total
visits to both compartments (table 2). To estimate the value of ¢; for the time-dependent covariate z;,
the value of this covariate was defined for each of the failure times of each individuals at risk.
Analysis was carried out by SAS 8.02 (PROC PHREG, “SAS Inc.).

Table 2. Coding of the different covariates in the three experiments where effects on arrival tendencies to

target plants have been estimated.

Experiment L. Covariate (z;) Code

Z Plant density 0-Low (9 plants), 1-High (21 plants)
Experiment I1.

Z; Plant species 0-B. sprouts, mustard, /-barley;
Z, Plant species 0-B. sprouts, barley, /-mustard;
Z3 Configuration 0-Mixed, [-row;

Zy % Visits to companion plant c(t)/c(t)+n(1)*100°

Zs Interaction Z;*Z, 0 or c(t)/c(t)+n(t) *100

Zs Interaction Z,*Z, 0 or c(t)/c(t)+n(t) *100
Experiment I11.

7, Height 0-short, tall, /-elevated;

Z; Height 0-short, elevated, /-tall;

Z3 % Visits to companion plant (c()/c(t)+n(1) *100°

3_ where c(t) is the cumulative number of visits on companion plants and n(t) the cumulative number of visits

on non-target Brussels sprout plants between time 0 and t.
2.5.3. Searching behaviour

The behaviour of wasps in experiments I and II were compared. Four behavioural elements (fly,
walk, groom, stand-still) were extracted from the dataset. As a preliminary analysis did not detect
any differences between the low and the high density monotypic stands and the row and mixed
configurations, individuals within the monotypic, barley and mustard set-ups were pooled for
further analysis. Analysis by Kruskal Wallis ANOVA followed by Mann-Whitney U-tests were
used to detect differences between groups. To correct for type I error (Sokal and Rohlf, 1995), the

sequential Bonferroni procedure was used (Rice, 1989).

To describe the organisation of behavioural elements in the different set-ups the data was
subjected to socio-metric analysis. All individuals within a set-up were pooled, and first order
markovian transition matrices were constructed, where row and column entries corresponded to
preceding and succeeding behavioural elements, respectively. Pooling of data was necessary so that
the expected values in the matrix were larger than 0 and less than 20% of the entries were smaller

than 5. The diagonals of these matrices were logical zeros, as behavioural elements could not follow
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themselves. The expected values of the cells were found by the iterative proportional fitting method
of Goodman (1968) and were compared to the observed values by log-likelihood statistics (G-test).
When significant deviations from expected values were found within a table, it was truncated into
2x2 contingency tables and individual G-tests were carried out, corrected by the sequential
Bonferroni procedure for table-wide o levels (Rice, 1989). Yates correction for continuity was
applied throughout (Sokal and Rohlf, 1995). Behavioural kinetograms were constructed to illustrate

differences in the behavioural flows within and between the three set-ups.
3. Results

Increasing the number of conspecific plants in the set-up from nine to twenty one did not
significantly influence arrival times on infested plants (expf=0.974, P=0.92, df=1, Chi*=0.01, fig.
5).
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Figure 5. (a) Tendency of wasps to find the target plant containing hosts, when Brussels sprout plants are
surrounded by low (solid line, 8 plants) or high densities (dotted line, 20 plants) of conspecifics. (b)
Graphical test for goodness of fit. When the model fits, the dots should be on a straight line through the origo
with a slope of 45°.

However, replacing Brussels sprout plants with heterospecifics (mustard or barley) influenced
searching parasitoids in different ways. Parasitoids showed different tendencies to start searching
the set-up. After taking off, wasps in the mustard started to search the fastest, although this
difference was not significant when compared to the monotypic set-up (fig. 6, table 3). Wasps
showed a lower tendency to start searching in the vegetation in the barley set-up when compared to
the high-density monoculture, but this difference was also not significant. However, when
compared to the mustard, wasps in the barley started to search significantly later (expf=0.521, P=
0.03, df=3, Chi’=9.29, fig. 6). The arrangement of plants in the arena (mix, row) had no effect on

landing tendencies.
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Figure 6. (a) Tendency of wasps to start searching in the set-up, when Brussels sprout plants are surrounded
by conspecifics (solid line), or mixed with barley (dashed line) or mustard (dotted line). (b) Graphical test for
goodness of fit. When the model fits, the dots should be on a straight line through the origo with a slope of
45°,

Table 3. Effects of different plant species (barley, mustard) and arrangement of plants (mix, row) on

tendencies to land on the vegetation for the first time.

Covariates Chi’ (df) Estimated effect (exp f)
Barley 1.1(3)ns 0.754
Mustard 1.86(3)ns 1.447
Configuration (Mix/Row) 0.7(3)ns 0.843

ns —not significant, * -P<0.05, ** -P<<0.05;

While the configuration did not influence the time until arrival at the target plant, plant-species
composition did (table 4). Wasps arrived at the target plant earlier in the monotypic stand compared
to the barley or the mustard set-ups (fig. 7). The lowest arrival tendencies were observed in the
mustard set-up. When we included the percent of visits to the companion plants, it had a
significantly positive effect on the tendency to arrive at the target plant (table 4): an increasing
probability of arrival was found with an increasing number of visits to companion plants. However,
including the percent of visits to companion plants, the effects of both plant species on arrival
tendencies stayed significant, suggesting that visits to companion plants did not fully explain the
effect of plant species on arrival at the target plant.
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Table 4. Effects of covariates (companion plant species, configuration, visits on companion plants) on

arrival tendencies of wasps to target (infested) plants. For formulation of the last covariate, see materials and

methods.

Covariates Chi’ (df) Estimated effect (exp f) Effect on arrival
Barley 12.99(4)** 0.332 \Z
Mustard 28.11(4)** 0.120 \Z
Configuration (Mix/Row) 1.67(4)ns 0.763

% Visits to companion plant 14.28(4)** 1.012 A

ns —not significant, * -P<0.05, ** -P<<0.05;
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Figure 7. (a) Tendency of wasps to find the target plant when Brussels sprout plants are surrounded by
conspecifics (solid line), or mixed with barley (dashed line) or mustard (dotted line). (b) Graphical test for
goodness of fit. When the model fits, the dots should be on a straight line through the origo with a slope of
45°.

We investigated whether visits to companion plants depended on the plant species, by testing
the interactions between the fixed and the time-dependent covariates. This meant that the data was
stratified (divided) into subgroups according to different values of the fixed covariate (for details
see Hemerik et al., 1993), assuming that for each level of the fixed covariate, there was a different
baseline hazard on which the effect of the time-dependent covariate was tested. Adjusting for visits
to either companion plant species by stratification explained the effect of landing frequencies in
case of barley (percent of visits on companion plants was not significant anymore Chi*=2.79, df=5,
P=0.73), but did not in case of mustard (percent of visits to companion plants stayed significant
Chi*=12.46, df=5, P=0.03). Interestingly, the estimated effect of visits to barley increased the
hazard rate of arrival to target plants (expp=1.44), whereas visits to mustard had a negative effect
(expp=0.69). These results mean that the differences in arrival tendencies to the target plant in the
mustard set-up cannot be fully explained by the differences in the frequency of visits on companion
plants. Other behavioural elements involved in searching that were not considered as covariates

influenced arrival tendencies differently in the barley and in the mustard combinations.
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Analysing the respective behavioural elements may help us explain what differences, other than
frequency of visits on the companion plants, influenced arrival tendencies of females at the target
plants. The behavioural elements performed by individuals most frequently and for the longest time
were flying and walking and differences in these behaviours were detected between the set-ups
(table 5). Females in the monotypic set-up showed the lowest number of flying and walking
behaviours. Females in the barley flew and walked more often and longer than females in the

monotypic stand, and these behaviours were even more frequent and longer in the mustard set-up
(table 5).

Table 5. Average frequency and duration (both with £SE) of behavioural elements in the monotypic, the

barley and the mustard set-ups.

Monotypic Barley Mustard
n=62 n=50 n=50
Frequency
Fly* 3.4(0.4)" 6.5(0.8)" 16.02.1)°
Walk* 2.0(0.4) 4.2(0.9)" 13.8(2.1)°
Groom 1.2(0.3) 1.6(0.3) 1.2(0.2)
Stand still 0.8(0.3) 1.1(0.3) 1.2(0.3)
Duration
Fly* 71.3(6.8)" 154.1(16.4)° 191.7(18.7)°
Walk* 15.1(4.0)* 23.8(5.3)° 80.4(11.0)°
Groom 8.2(2.2) 8.3(1.7) 3.9(0.8)
Stand still 4.2(1.8) 7.5(2.3) 2.9(0.8)

*_ significant difference detected by Kruskal Wallis ANOVA. Numbers in a row followed by the same
letter are not significantly different (Mann-Whitney U-test).

The structure of behavioural flows are presented in the behavioural kinetograms of figure 8. The
observed behavioural transitions within the three set-ups were significantly different from expected
transitions (G-test, P<0.05). This indicated that females did not deploy different behavioural
elements randomly while searching. When the transitions were tested around single behaviours,
certain behavioural transitions were significantly present or absent. The organisation of the
behaviour of females searching in the monotypic and the mustard set-ups were similar, with the
same transitions being significantly present or absent (fig. 8). Flight behaviour was often followed
by a short stop, which most probably continued in walking or in a few occasions in grooming (fig.
8a). Walking was often followed by grooming or flying. The behaviour of females was
characterised by the absence of transitions from flying to grooming and from walking to standing
still.
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Figure 8. Behavioural kinetograms of D. semiclausum females searching in the (a) monotypic, (b) in the
mustard and (c) in the barley set-ups until the target plant is found. The size of the circles is proportional to
the overall frequency of the behavioural elements. The thickness of an arrow is proportional to the likelihood
of occurrence of each behavioural transition. The black arrows are significantly positive deviations from
expected behavioural transitions. Transitions with significantly negative deviations from expected values are

not shown. Numbers are percentage transitions to succeeding behaviours.

Mustard increased the frequency of transition between walking and flying (fig. 8b), but
probably because it was proportional to the frequency of occurence of the behavioural elements,
this transition stayed non-significant. The organisation of the behavioural flows of females
searching in the barley was unlike those searching in the monotypic and in the mustard set-ups (fig.
8c). After landing on a plant, females rarely stood still, but rather started short duration walking.

Grooming was often preceded by walking and stand still, and was often followed by flight
behaviour.

18 s
= - Elevated A
| ==—-- Tall o
[ [R— -Short e T 4
12 , %
Q — 34
= 5
~ S ,
S6 s S
2 e 4
< 2
0! -- ~ 0l _ _ ' ' '
0 400 800 1200 0 1 2 _ 3 4 5
(a) Time (sec.) (b) Residuals (r)

Figure 9. Tendency of wasps to find the target plant, when the nine Brussels sprout plants were interspersed
by twelve mustard plants of different vertical arrangements. (b) Graphical test for goodness of fit. When the
model fits, the dots should be on a straight line through the origo with a slope of 45°.
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Table 6. Effects of covariates (vertical arrangement, visits on companion plants) on arrival tendencies of

wasps to target (infested) plants.

Covariates Chi’ (df) Estimated effect (exp ) Effect on arrival
Tall mustard 23.39(3)** 0.182 \%
Elevated mustard 24.65(3)** 0.176 \4
% Visits to companion plant 10.34(3)* 1.013 A

ns —not significant, * -P<0.05, ** -P<<0.05;

When compared to the set-up where Brussels sprout plants were surrounded by short mustard,
wasps in the set-up with tall mustard arrived at target plants later (table 6, fig. 9). Elevating Brussels
sprout plants in the tall mustard to the same relative height as in the short mustard set-up, did not
influence arrival tendencies. The percent of visits to the mustard plants significantly increased

arrival times to target plants (table 6.).

4. Discussion

4.1.  Foraging behaviour and habitat composition

Here we demonstrated a differential effect of plant species composition of the host’s habitat on
the foraging behaviour of the parasitoid Diadegma semiclausum. As females were not influenced by
the different number of conspecifics plants in the set-up, the observed differences in foraging
behaviour in the barley and the mustard set-ups were due to species-related effects and not simply
to changes in the biomass or leaf area of plants. Females entered the mustard set-up faster than the
monotypic and the barley set-ups. The longer flights before landing for the first time might indicate
an increased need to orientate, when barley surrounded Brussels sprout plants than when mustard
did. The lower arrival tendencies to the target plant in the diverse set-ups were concomitant with a
greater visitation of barley or mustard plants and an increase in the frequency and the duration of
flying and walking behaviours. We think that mustard plants interacted with foraging behaviour of
females via its attractive volatile blends, whereas barley rather influenced them through its
structural properties. This assumption is also supported by the differences in which barley and
mustard differentially influenced foraging females: percent of visits to the companion plants did not
equally influence the arrival tendencies in the two set-ups, wasps in mustard spent more time flying

and walking and differences were observed in the organisation of behavioural flows.
4.2.  Volatile and structural properties of habitat
The attraction of parasitoids to undamaged and non-host plant species has been demonstrated

earlier (Elzen et al., 1983, Geervliet, 1997, Takabayashi et al., 1991, Perfecto and Vet, 2003).
Similar to herbivores, the olfactory responses of carnivores may be altered, if odours from host-
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infested plants are mixed with those from non-host infested plants or even from plants that are not
food for the host (Monteith, 1960, Vos et al., 2001, Dicke et al., 2003). Volatile interference may be
expected, when the volatile compounds of plants that are responsible for the attraction of parasitoids
towards their prey or host, show overlap with those compounds released by the other plant (Dicke et
al., 2003). Due to subtle differences in odour blend composition the parasitoid Cotesia glomerata is
unable to discriminate between volatiles of plants infested by hosts from those infested by non-
hosts (Geervliet et al., 1996, Vos et al., 2001). D. semiclausum prefers volatiles from undamaged
white mustard to intact Brussels sprout and it does not discriminate between volatiles of host-
infested Brussels sprout and undamaged white mustard (Chapter, 5). Due to their higher preference
and responsiveness for mustard volatiles, females restricted their initial searching on these plants, so
arrival to the target Brussels sprout plant was the end of a searching process, where most of the

mustard plants were inspected first.

When volatile blends from different plant species were offered in separate odour fields to wasps
(Chapter 5), they easily discriminated between volatiles from undamaged barley and crucifers.
Based on our knowledge on the volatile information, we would not expect differences in foraging
efficiency observed here between the monotypic and the barley set-ups. The ability of parasitoids to
discriminate between odours of host-infested and undamaged plants may be differentially
influenced when it is presented in the volatile background of single plant species as compared to
volatile mixtures. (Dicke et al., 2003). Most of the compounds that were detected in barley were
also present in either undamaged or host-infested Brussels sprout (Chapter 5). In this study the
volatiles from barley and Brussels sprout were most probably mixed due to diffusion and turbulent
airflow, which presented females with a different situation than in our earlier olfactometer bioassay.
Although the volatile fields in the two experiments were not comparable, we can rule out the
possibility that barley odours repelled females (Chapter 5). On the other hand, if the effect of barley
was due to volatile attractivity, a similar effect is to be expected as observed in case of mustard,
which was not the case here. Changing geometric properties (i.e. diversity and connectivity of
surface structures) influences searching behaviour of Trichogramma parasitoids (Romeis et al.,
1998, Gingras et al., 2002). Barley plants were taller (with 15+5cm) than sprout plants and their
morphology was also quite different. Females often attempted to start searching in the set-up by
descending in the vegetation from above, which often resulted in landings on the tip of the leaves of
barley plants. Based on the results of present and previous studies, we think that structural
properties of the barley set-up, and not volatile masking, were responsible for hindering the wasps

to find the target plant.
Placing the plants in different horizontal arrangements did not influence foraging success of D.

semiclausum. In small-scale field studies, the shape of plant patches and background vegetation
influenced the predation of aphids by coccinellid beetles (Grez and Prado, 2000). The lack of
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response of D. semiclausum to horizontal arrangement of plants indicates that the searching
behaviour of this parasitoid is not influenced by small-scale changes in habitat configuration.
However, row or mixed arrangement did not change the overall structural complexity of the set-up
and changes in the direct neighbourhood of the target plants were minor. When short or tall mustard
plants surrounded the target plant, the change in structural complexity was greater, which was
concomitant with the change in foraging behaviour. As internodal distance within mustard plants
drastically increased in a week, tall mustard plants could have provided females a greater surface to
search than short ones. Because of the small distance of only 1-3 cm between leaf levels, females in
the short mustard plants did not search the entire leaf surface when foraging on a plant. Emission of
volatile compounds may differ with the development of plant organs and with plant age (Tollsten
and Bergstrom, 1988). Therefore, a possible effect of differences in volatile profiles of plants of
different age-classes might have contributed to the observed differences between short and tall

mustard, which aspect needs further study.
4.3.  Habitat composition and local host-parasitoid interactions

The host selection of parasitoids is hypothesized to be influenced both by their host-range and
the food-plant range of their host (Vet and Dicke, 1992). The finding therefore that D. semiclausum
is attracted to volatiles of cruciferous plants may not be surprising (Legaspi, 1984, Ohara et al.,
2003, Chapter 5), because its host is also specialised on cruciferous plants (Yano, 1994, Asman,
2002). Although P. xylostella has a wide dietary range within the family Cruciferae (Bigger and
Fox, 1997, Asman et al., 2001), it does not prefer all crucifer species equally (Talekar and Shelton,
1993, Charleston and Kfir, 2000). P. xylostella prefers volatiles, develops faster and reaches greater
body weight on white mustard than on Brussels sprout (K. Winkler, unpublished, R. Gols,
unpublished). The higher preference of D. semiclausum for mustard compared to Brussels sprout
makes us assume that this parasitoid may prefer mustard because of the higher encounter
probability and possibly better quality of the host on this plant species in the field (Chapter 5).
Local population interactions of hosts and parasitoids are often determined by the ability of
herbivores to escape into enemy-free space (Gratton and Welter, 1999, Oppenheim and Gould,
2002). High-density populations of P. xylostella often have broader dietary range than low-density
populations, and top-down regulation by natural enemies may play a role in this (Fox and
Eisenbach, 1992, Bigger and Fox,1997). Studying host parasitoid interactions in set-ups with
different plant composition may therefore provide information on the importance of host-selection

behaviour on local host-parasitoid interactions.
However, parasitoids may undergo rapid adaptation to local host populations (Price, 1981, Vos

and Hemerik 2003), and phenotypic plasticity in host-selection behaviour enables them to exploit

hosts on different host plant species (Brodeur et al., 1998, Geervliet et al., 1998, Daza-Bustamante
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et al., 2002). Therefore learning from experiences with encounters with hosts and non-hosts is a
factor that strongly influences foraging success of parasitoids in complex habitats (reviewed in Vet
et al 1995, Perfecto and Vet, 2003). These experiences may involve the learning of complex volatile
and visual stimuli (Vet et al., 1995).

Here we only looked at arrival tendencies of parasitoids with no oviposition experience.
However, learning may have influenced the foraging efficiency and time-allocation of parasitoids in
the different set-ups. At present, we have no information on how parasitoids learn and increase their
foraging efficiency in different habitats. The only study so far that dealt with the effect of
experience with hosts in set-ups with two plant species, focused on arrival tendencies into host
patches exclusively (Perfecto and Vet, 2003). In our forthcoming paper, we attempt to give a more
complete picture on the effect of habitat diversity on the time-allocation of D. semiclausum within
the habitat (Chapter 7).

Hunter (2002b) called for observing insect responses to plant attributes in more realistic
situations that can be extrapolated to responses under natural conditions. Our results highlight the
complexity of how volatile and structural properties of plants may envelope target plants and
influence the “apparency” of hosts for foraging parasitoids. Compared to our earlier studies that
were based on volatile attractivity only, a lower foraging efficiency of females in the barley set-up
is somewhat unexpected. Such findings underline the need to observe the behaviour of insects in
more realistic set-ups (see also Wiskerke and Vet, 1994, Vos et al. 1998), but also acknowledges the
fact that a mechanistic separation of causal relationships may only be achieved by means of

manipulative experiments.
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Time-allocation of the specialist parasitoid Diadegma semiclausum
(Hellén) in vegetationally diversified habitats

Abstract

We analysed the time-allocation of the parasitoid Diadegma semiclausum with respect to arrival
and leaving tendencies in set-ups of different plant species composition. The set-up consisted of a
group of plants surrounding two host-infested (target) Brussels sprout plants. The surrounding
plants were either malting barley or white mustard interspersed with sprout plants, whereas the
control monotypic set-up consisted of sprout plants alone. Barley and mustard negatively influenced
the arrival tendencies of parasitoids to the first target plant, which was in line with our earlier
findings. Females located the second target plant with the same efficiency in the different set-ups.
Subsequent analysis of the time spent in different parts of the set-ups revealed that parasitoids in the
mustard flew longer than parasitoids in the other two set-ups. Females in the mustard tended to
spend more time on target plants over successive visits than females in the monotypic and the
barley set-ups. Although the type of set-up did not influence the total number of hosts encountered,
in the mustard set-up it took parasitoids longer to encounter the hosts than in the monotypic set-up.
Barley had no influence on encounter tendencies with the hosts. Compared to the monotypic set-up,
barley had no influence on leaving tendencies from the set-up. Parasitoids had lower leaving
tendencies from the mustard than from the monotypic and the barley set-ups. The number of visits
to target plants had a positive effect on leaving tendencies in general, but it was not responsible for
the lower leaving tendencies from the mustard set-up. We conclude that plant species composition
of habitats can influence time- allocation and foraging efficiency of parasitoids. Implications of
these possible effects on host-parasitoid interactions and efficiency of biological control are
discussed.

Key words: Diadegma semiclausum, habitat diversity, foraging behaviour, time-allocation;
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1. Introduction

In natural habitats the apparency of a host to its parasitoid is a compounded effect of the
apparency of the host-infested plant and that of the host itself (Godfray, 1994). Hence, habitats
comprised of many plant species may influence foraging behaviour of parasitoids and subsequent
host-parasitoid interactions differently than monotypic habitats. The “enemies hypothesis” predicts
that natural enemies are more successful in vegetationally diverse than in pure habitats, such as
monoculture agro-ecosystems, resulting in lowered herbivore populations in diverse stands (Root,
1973). Some of the predictions of this hypothesis may be plausible for generalist natural enemies,
1.e. diverse habitats harbour a greater diversity or prey/host and alternative food sources. This
hypothesis also assumes that because of the greater availability of refuges, the host/prey is more
likely to escape widespread annihilation in diverse than in simple systems, so populations of
specialist natural enemies, like many parasitoids are expected to fluctuate less widely. This way
herbivore populations are checked earlier and outbreaks are more often prevented in diverse than
simple systems. The general prediction that structural complexity “stabilises” is already
questionable because it depends on the biological and behavioural details of the species studied
(Kareiva, 1987, Kareiva and Odell, 1987, Bierzychudek, 1988, Ellner et al., 2001). Besides, it was
argued that searching behaviour of specialists, like many parasitoids, are negatively influenced by
vegetation diversity (Sheehan, 1986). Furthermore, the hypothesis did not consider that habitat
elements (i.e. plants) are not just neutral media in which organisms interact. After all, the habitat
conveys information (i.e. infochemicals) that influences foraging of herbivores and their natural
enemies and thus multitrophic interactions (Price et al., 1980, Sheehan, 1986, Vet and Dicke, 1992,
Perfecto and Vet, 2003).

In the process of host location parasitoids use infochemical and visual cues that are derived
from the host itself or its direct environment, such as the plant on which the host feeds (Vinson,
1976, 1998, Nordlund et al., 1988, Vet and Dicke, 1992, Wiackers and Lewis, 1994, Wéckers,
1994). Depending on the dietary breadth of its host, the parasitoid may discriminate between the
volatile-blends of a few to several different plant species, which can be useful in the location of the
hosts’ habitat (Bradburne and Mithen, 2000, Elzen et al. 1983, 1986, Takabayashi et al., 1998).
Especially useful for host location are plant-volatiles emitted in response to herbivore feeding-
damage (Vet et al., 1995, Turlings et al., 1990, Potting et al., 1995, Mattiacci et al., 1994, Steinberg
et al., 1993). However, as the presence of hosts is not guaranteed, volatiles provide only incomplete
information (Vet et al., 1991). Host-related cues are more reliable signals of the host’s presence, but
as they are small in quantity, their detectability is far below to the level of plant cues (Vet et al.
1991). Herbivore-induced plant volatiles, being highly reliable and well detectable, may solve this
reliability-detectability problem and can provide an efficient way for parasitoids to locate hosts.
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In natural diverse ecosystems, composed of several to many plant species, both the expectancy
of the host’s presence and the specificity of volatile infochemicals in host location may show great
between- and within-plant variance (Dicke, 1999b, Vet, 1999). In fact, variation in plant volatiles
between different plant species and varieties can be greater than between herbivore-damaged and
undamaged plants (Geervliet et al., 1997). Therefore, the efficient use of specific plant cues in a
habitat with many non-target plant species and herbivores present may be hampered, because of the
expectedly high “background noise”. Olfactory disruption by odour masking has been suggested for
natural enemies (Monteith, 1960), but it has rarely been tested (but see Dicke et al., 2003). Besides
the complexity of volatile information, other aspects like a greater geometric complexity of the
vegetation surface surrounding the host-patch may negatively affect host location by parasitoids in
diverse habitats (Andow and Prokrym, 1990, Romeis et al., 1998, Gingras and Boivin, 2002). Due
to the fewer constraints in the process of volatile information until a host is found and the lower
structural complexity, natural enemies may colonise simple agro-ecosystems more readily than

diverse systems.

Depending on the specificity of volatile plant information used by a parasitoid, its behaviour
may be differentially influenced by the species of plants neighbouring the target host-infested plants
(Chapters 5,6). Another factor that will influence a parasitoid’s efficiency in complex environments
is their ability to phenotypically adapt through the process of learning. Parasitoids can learn habitat
cues and thus have the potential to learn to discriminate between signal and noise (Papaj and Vet,
1990, Vet et al., 1990, Vet et al., 1995). Perfecto and Vet (2003) found that experience of foraging
parasitoids with cues from mono- and dicultures, led to differences in initial host-encounter rates.
This finding suggests that different plant species neighbouring target plants may determine time-
allocation of parasitoids between host patches and influence their subsequent foraging success in
different ways.

The objective of the present study was to investigate how plant species composition in a habitat
influences time- allocation and foraging efficiency of the parasitoid Diadegma semiclausum
(Hellén). The foraging behaviour of D. semiclausum was recorded in a set-up that consisted of two
host-infested plants that were spatially separated and were surrounded by either uninfested host
plants or a combination of uninfested host plants and a second plant species. To analyse time-
allocation, the observation period was divided into time until arrival at one of the host-infested

plants and from arrival at a host plant until departure from the set-up.
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2. Materials and Methods

2.1.  Parasitoids

Diadegma semiclausum was collected from Brussels sprout fields in the vicinity of Wageningen
(The Netherlands) and was reared on Brussels sprout infested with larvae of the diamondback moth.
The rearing was maintained in a climate room (20 = 2° C, 70% RH and L16-D8 photoperiod).
Sprout plants infested with the host were obtained from a mass rearing maintained at our laboratory.
Parasitoid cocoons were collected weekly and were transferred to a clean insect cage (37cm x 40cm
x 30cm) with no plant material or host present. To obtain mated females we transferred newly
emerged wasps, seven females and seven males into glass tubes (20 cm long, o 5 cm) that were
covered by gauze at both ends. Water and honey was administered ad libitum on the gauze. The day
before an observation, females were separated from males and were transferred to another cage
(42cm x 22cm x 22cm). For the observations five to ten day old females without oviposition

experience were used.

2.2.  Plants

We used the crucifer Brussels sprout (Brassica oleracea L. gemmifera cv. Cyrus) as a host plant
for P. xylostella. White mustard (Sinapis alba L. cv. Carneval) was used as a cruciferous
companion plant, and malting barley (Hordeum vulgare L. cv. Video) as a non-cruciferous
companion plant. All plants were grown in a greenhouse compartment (20-28°C, 40-80% RH and
L16-D8 photoperiod). To obtain similar plant biomass per pot for barley and mustard plants in the
different set-ups (20-25 g in 4-5 weeks), we varied the number of plants per pot with companion

plant species. We used nine plants per pot for mustard and 18 plants per pot for barley.

2.3.  Experimental set-up

Experiments were conducted in a ‘flight chamber’ installed in a greenhouse compartment (for
details see Wiskerke and Vet, 1994), where the conditions were as described in section 2.2. No fans
were used to provide directed airflow in the set-up. As the greenhouse compartment was
continuously ventilated, there was a turbulent air-current inside the tent. Brussels sprout plants were
arranged on a table in three rows of five plants with the central plants host-infested (i.e. target
plants) (fig. 1). Four leaves of two target Brussels sprout plants were infested by one third instar
larva of the host Plutella xylostella, 16 hours prior to the experiments. In the three set-ups the 15
Brussels sprout plants were interspersed by 22 pots of uninfested plants, that were either the

companion plants barley or white mustard, or in the monotypic set-up Brussels sprout. Within the
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observation period different set-ups were randomly used, and when possible two treatments were
tested on the same day. The experiment was carried out from late March till mid August 2003.
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Figure 1. The spatial arrangements of the experimental set-up. & —target (host-infested) Brussels sprout
plant; O -uninfested Brussels sprout plants; [] -uninfested plants: mustard, barley or Brussels sprout

(monotypic set-up); Spacing of plants and the release platform was identical as described in Chapter 6.
2.4.  Behavioural observations

In order to increase the motivation of females to search for hosts (Geervliet, 1997, Potting et al.
1999), a Brussels sprout leaflet, damaged by the host but not containing the host or its products was
placed in a vial together with a female wasp. The vial was placed on the release station, a glass
cylinder (length 30 cm, @ 15 cm) situated at a height of 10 cm and at a distance of 90 cm from the
first target plant. To record foraging behaviour and parasitoid position, we used The Observer
software 3.0 (Noldus Information Technology 1993°). The observation started when the female left
the release platform and ended when it left the set-up, i.e. it flew to the fabric of the tent and stayed
there for more than a minute. In addition, if a wasp returned in the set-up within a minute and then
landed on the fabric for the second time, independent of the duration, the observation was ended. If
the wasp left the set-up for more than a minute before finding a target plant, it was discarded from
the data analysis. While foraging in the set-up, wasps could either stay on the uninfested Brussels
sprout, on the companion plants, on one of the two target plants or fly. We recorded three
behaviours: flying, searching (including walking and grooming) and standing still. Flights included
both hovering around a plant and travelling between plants. When a wasp found the host and
attempted to oviposit, it was considered a host encounter. By numbering the position of leaves on
the target plants, the number of encounters with each host could be followed. When a host dropped
on the table, it was removed to avoid herbivore damage on the uninfested Brussels sprout and the
mustard plants. The time that wasps spent on the table, on the release station, or on the fabric of the
tent was not considered in the analysis. A wasp was used only once and for each observation, a new

set of target plants was used. Twenty-five observations were carried out in each set-up.
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2.5.  Data analysis

To evaluate the effect of plant species composition of the set-up on behavioural elements such
as flying and visiting the different plants in the set-up as well as encounter rates with the hosts, the
proportional hazards regression model was used (Cox, 1972, Kalbfleisch and Prentice, 1980,
PHREG, “SAS, 1999-2001). It is described by the hazard formula that models the effect of p time-
independent covariates (explanatory variables) z; (i=1...,p) on the hazard rate for the event
performed by an individual at time 7. For those comparisons where it was assumed that for different
values of the covariate z;, the hazard rates /(%;z) were proportional, we used the general form of the

proportional hazards model (eqn 1):

eqn 1

h(t;z) = ho(t)exp {z” ﬂizz}

where A(t,z) is the probability per second that the event occurs and /4 is the baseline hazard rate.
The z; are the fixed (time-independent) covariates that may affect the baseline probability. The S;
are coefficients representing the relative strength of covariate z;. The hazard at time ¢ is the product
of the baseline hazard /y(#) and the cumulative effect of the covariates. Some covariates may be
time-dependent, that is the hazard rate at time ¢ will depend on the value z;(z). The effects of these
covariates were tested by the extended proportional hazards model (Haccou and Hemerik, 1985,
Kleinbaum 1996, eqn 2).

eqn 2
h(t;z(1)) = ho(t) exp{i Bizi+ ,,z a}zj(z)}

where J; are coefficients representing the relative strength of the p, time-dependent covariates z;(?).
2.5.1. The events of interest and the selection of covariates

The times to events analysed by the Cox’s model are defined and explained in fig. 2 and table 1.
For the evaluation of foraging behaviour before and after a female has located a target plant, each
observation was split into two phases. The first phase started when the foraging initiated (i.e.
departure from release station) and ended when the wasp landed on a target plant for the first time.
The second phase started with the arrival to one of the target plants and ended when the wasp left
the set-up. With respect to the first phase, the first occurrence of two events was investigated, (1)

landing in the set-up (on any plant) and (2) arrival at one of the target plants (fig. 2). With respect to
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the second phase, the time was measured until the wasp (3) flew to the second target plant. The time
was measured (4) between subsequent encounters with the hosts and the observation ended when
(5) the wasp left the set-up. For these five events hazard rates were quantified and inferences on the

effects of several covariates were made.

Figure 2. The variables describing the time- allocation of D. semiclausum females were (1) arrival at the set-
up and at (2) the target plant, encountering (3) target plants and (4) subsequent hosts and (5) departure from
the set-up (see also table 1).

Table 1. Events (variables) recorded while observing foraging behaviour of D. semiclausum and their

description. These variables were analysed with the proportional hazards regression model.

ID Variable Description

1. Arrival in the set-up Time from leaving release station until first landing on any
of the plants

2. Arrival at the target plant Time from leaving release station until first landing on one
of the target plants

3. Leaving set-up Time from first landing on the first target plant until
leaving the set-up

4. Encounter 2™ target plant Time between arrivals on the first and the second target
plant

5. Encounters with hosts Time between two host-encounters

The time-independent covariates tested for their effects on the tendency (hazard rate) of all of
the five events to occur were the three set-ups, with the monotypic set-up considered as the baseline
hazard (table 2). Several time-dependent covariates that were assumed to be influential on leaving
tendencies from the set-up were selected a priori. It has been shown that encountering unparasitised
hosts may decrease or increase leaving tendencies from the host-patch (Waage, 1979, Van
Roermund et al., 1994, Wang and Keller, 2003). As host encounters may affect leaving tendencies
from the set-up, the number of hosts found and the number of visits on target plants were included
as covariates. Similar to arrival tendencies to the target plants, the percent of visits to the companion

plants can potentially influence leaving tendencies from set-ups (Chapter 6.). Therefore we included
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the visits that wasps made on companion plants as the percentage of total landings and the number

of take-offs until departure from the set-up. The number of flights was also included as a covariate.

Table 2. The covariates and their coding tested for their effect on leaving tendencies from the set-up.

Type Covariate Coding
Time Companion plant species (Z;) 0-B. sprouts, mustard,
independent 1-barley;
Companion plant species (Z>) 0-B. sprouts, barley,
I-mustard;
Number of hosts encountered in the set-up (Z5) 0,1,2,3,...
Time- Number of visits on target plants (Zs) 1,2,3,...
dependent Number of flights (Z,) 0,1,2,3,...
Percent of visits on companion plant (Z3) (c(t)/c(t)+h(1) *100°

% where c(t) is the cumulative number of visits on companion plants and uninfested plants together, and h(t)

the cumulative number of visits on host-infested (target) plants between time 0 and t.

To include covariates in the final models on leaving tendencies we used a stepwise selection
procedure. Variables were entered into and removed from the model in such a way that each
forward selection step could be followed by one or more backward elimination steps, where the
significance level for entry and removal of a new covariate was o=0.05. The proportionality
assumption was visually inspected by comparing the residuals against the observed —log survivors
(Chapter 6) or by plotting the deviance residuals (°SAS, 8.02.).

2.5.2. Time-budget of parasitoids

From the moment that the female arrived at the first target plant, the time spent flying, the time
spent on the target, the uninfested Brussels sprout and the companion plants were extracted from the
dataset, and these variables were log (x+1) transformed. For the analyses of the number of flights,
the time spent flying and the time spent on uninfested Brussels sprout and companion plants,
General Linear Model (GLM) procedures were used. As the time spent on target plants was
dependent on the previous visits to them, the visits were considered as repeated measurement on
independent subjects (i.e. parasitoids) within the set-ups. To compare the time spent on target plants
over successive visits in the treatments, we used a Mixed Model with random coefficients (PROC
MIXED, SAS®, Littell et al., 1996, eqn 3). As each individual parasitoid visited the same target
plant more than once, the times spent on the target plants were considered to be repeated
measurements on the independent subjects. We assumed that the time spent on target plants was
linearly related to the number of previous visits to them, and that each parasitoid followed its own

regression line (in that way allowing for correlations between observations on the same parasitoid):
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eqn 3
Yigk = 04 T ay + v+ byxie + e

where y;; 1s the time interval of the K" visit of parasitoid j at set-up i, x;; 1s the number of the visit
minus 1 (which is equal to k-1); o+ Bixyx is the fixed part of the model with separate intercepts
(expected time spent at the first visit) and slopes (change in expected time spent per extra visit) for
the three set-ups, whereas a;+b;x;ite; 1s the random part of the model (Littell et al., 1996). The
parasitoid specific deviations for the intercept a;; and slope b;; are assumed to be random, possibly
correlated, drawn from gaussian distributions. In all the comparisons, the significance level was
0=0.05. All analyses were carried out by SAS 8.02 (1999-2001 “SAS Institute Inc) and SPSS 11.5
(1989-2002 °SPSS Inc).

3. Results
3.1.  Arrival tendencies to the set-up and to the first target plants

Parasitoids released in the different set-ups had different tendencies to enter the vegetation and
start searching. When compared to the tendency of entering the monotypic set-up (average
time+SE: 67+15s, fig. 3a), wasps in the mustard entered significantly earlier (23+4s, PHREG,
P=0.015, expf=2.43). Wasps released in the barley set-up entered later (111+£27s) than those in the
mustard (PHREG, P<0.001, expf=0.263) and in the monotypic set-ups, but the latter was not
significantly different (PHREG, P=0.308). Females arrived at the first target plant in the monotypic
set-up the fastest (114=+11s, fig. 3b), followed by arrival at the target plant in the barley set-up
(192+30s, PHREG, P=0.06, expf=0.49), while it took longest for wasps to locate the target plant in
the mustard set-up (547+83s, PHREG, P<0.001, expf=0.13).
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Figure 3. Arrival tendency of foraging wasps at the (a) set-up, at the (b) first and (c) at the 2™ target plant in
the monotypic (solid line), in the barley (dashed line) and in the mustard (dotted line) set-ups.
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Analysis with the random coefficient model showed that the time spent by females during their
first visit on the target plant in the monotypic set-up (579+74s, fig. 4a) was not different from the
barley (614+£50s, MIXED, P=0.23, fig. 4b) or the mustard set-ups (583+50s, MIXED, P= 0.75,
fig.4c).

3.2. Locating the second target plant

Except for one specimen out of twenty-five foraging in the barley set-up, all the wasps that
located the first target plant, also managed to locate the second one. When compared to the baseline
hazard in the monotypic stand, the tendencies of wasps to arrive at the second target plant in the
barley (PHREG, P=0.88, expf=1.16,fig.3¢c) and in the mustard (PHREG, P=0.89, expf=1.16) set-
ups were not different, in contrast to the different arrival tendencies at the first target plant.
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Figure 4. Time spent by foraging wasps on target (host-infested) plants over successive visits in the (a)
monotypic ((log)time= 5.96-0.78*visits), (b) barley ((log)time= 6.31-1.06*visits) and the (¢) mustard
((log)time= 5.87-0.61*visits) set-ups. The intercept of the regression lines corresponds with the first arrival

at one of the two target plants.

As wasps spent the same time on the target plant at the first encounter (fig. 4), this meant that
the travel times to the second target plant were not different in the three set-ups. When females
arrived at the second target plant, they stayed shorter than on the first target plant and further visits
significantly decreased the time spent on the two target plants (fig. 4., MIXED, P<0.001). Although
the total time spent on the two target plants was not significantly different between the set-ups
(MIXED, P=0.28), an interaction between the number of visits and the type of set-up (MIXED,
P=0.004) indicated that the time over visits did not decrease in the different set-ups in a similar
fashion. Females in the barley spent significantly less time on target plants during successive
relocations than females in the monotypic (MIXED, P=0.04, fig. 4ab) and the mustard set-ups
(MIXED, P=0.001, fig 4c). Wasps in the mustard set-up spent the most time on infested plants
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during successive relocations, however this was not significantly different from the monotypic
stand (MIXED, P=0.14).

3.3.  Host-encounters
The average number of hosts encountered on the two target plants was between 6.2 and 6.5, and

did not differ between the three set-ups (GLM, P=0.89). The average percent of multiple encounters
was 12.3+1.5% and it was not different between the three set-ups (GLM, P=0.89).
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Figure 5. Tendency of foraging wasps to encounter subsequent hosts in the monotypic (solid line), the barley

(dashed line) and in the mustard (dotted line) set-ups.

Most hosts were encountered during the first visits on the two target plants. In the mustard set-
up, it took the females more time to encounter the same number of hosts than in the monotypic set-
up. Compared to the monotypic set-up, the mustard set-up significantly decreased the tendency to
encounter hosts (PHREG, P=0.01, expp=0.75, fig. 5), whereas barley had no effect (PHREG,
P=0.97).

3.4.  Time spent searching the set-up

After finding the first target plant, wasps spent on average 48% of the observation time away
from target plants, mostly flying (45%) or by staying on uninfested Brussels sprout and companion
plants (3%). In the mustard set-up, females spent significantly more time flying (1248+64s) than
either in the barley (958+79s, GLM, P=0.006) or in the monotypic stands (914+63s, GLM,
P=0.004). The average time parasitoids spent on companion and uninfested Brussels sprout plants
was not different between the different set-ups (GLM, P>0.05). Parasitoids had a characteristic
behaviour just before leaving the mustard set-up. After they visited a target plant for the last time

and before leaving the set-up, they often flew around several minutes inspecting mustard and
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uninfested Brussels sprout plants. Their flight was fast and “frantic”, and they rarely landed on a
plant. When the time from the last visit on the target plant until leaving the set-up was compared,
wasps left the mustard set-up later (158s) than either the monotypic (77s, PHREG, P=0.002,
expp=0.338) or the barley (97s, PHREG, P=0.06, expf=0.492) set-ups, however the latter was only

tending to significance.

3.5.  Leaving tendency from the set-ups

We compared the time from arrival at the first target plant until the set-up was left. Parasitoids
started to leave the set-up after 1000 seconds after they landed on one of the host-infested plants
(fig. 6). The mustard set-up and the number of visits to target plants were the only significant
covariates that were used in the final model (table 3.). Wasps had an increasing tendency to leave
the set-up when successively visiting target plants (note the increasing slope in fig. 6). While the
barley set-up had no effect, females left later from the mustard than from the other set-ups (table 3).
The interaction between the set-up and number of visits on target plants in the mustard was not
significant (PHREG, P=0.86), indicating that the number of visits to target plants had an equally

increasing effect on leaving tendencies in the three set-ups.
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Figure 6. Tendency of foraging wasps to leave from the monotypic (solid line), the barley (dashed line) and

from the mustard (dotted line) set-ups.
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Table 3. Estimated effects (expf) of time-independent (plant species) and time-dependent covariates (# Host,
# Flights, % Visits on companion plant, # Visit target plant) in the full and the final models for leaving

tendencies of wasps from the set-up.

Covariates Chi’ (df) Estimated effect (exp f) Effect on
leaving

Full Barley 0.18(1)ns 1.15
model Mustard 7.3(1)** 0.37

% visits on companion 3.02(1)ns 1.03

# flights 2.72(1)ns 0.99

# host-encounters 0.00(1)ns 1.00

# visits target plants 19.15(1)** 1.47
Final Mustard 8.65(2)* 0.45 v
model # visits target plant 20.27(2)** 1.44 A

ns —not significant, * -P<0.05, ** -P<<(.05;
4. Discussion
4.1.  Time- allocation and habitat type

We demonstrated a differential effect of species composition of plants neighbouring the host-
infested plants on time- allocation of D. semiclausum, which are summarised in figure 7. The
findings that females in the mustard set-up started searching the earliest and arrived at the target
plant latest followed by those in the barley set-up were in line with our earlier findings (Chapter 6).
When finding the first target plant, wasps became equally efficient in locating the second target
plant in the three set-ups. Yet, females spent more time in the mustard until the same number of
hosts were encountered than in the other set-ups. After females finally gave-up on the target plants,
those in the mustard habitat stayed and searched uninfested plants longer than those in the other set-
ups.
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Figure 7. Summary of the time- allocation of D. semiclausum females foraging in the different set-ups. The
length of the bars is based on the average time spent on the different sections of the foraging process. Dashed
arrows denote when wasps entered the set-up, solid arrows denote when the second target plant was found.

Asterisks indicate where significant differences were found compared to the monotypic set-up.
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Previous studies (Chapter 5) showed a higher preference of inexperienced D. semiclausum for
white mustard odour compared to Brussels sprout odours. Data suggest that this preference may be
related to a possibly higher encounter probability and better quality of the host on this plant species
in nature (K. Winkler and R. Gols, unpublished). D. semiclausum has a narrow host range, but its
host P. xylostella is known to feed on several cruciferous plant species and is considered a
generalist among the herbivores specialised on Cruciferae (Yano, 1994, Bigger and Fox,1997). P.
xylostella prefers volatiles from white mustard over Brussels sprout (K. Winkler, unpublished), and
attains greater body weight and faster development on the former plant species (R. Gols,
unpublished).

Through oviposition experiences on host-infested plants, parasitoids can learn to discriminate
subtle quantitative differences between cues, increasing their success of locating further host-
patches (Vet et al., 1998, Geervliet et al., 1997). Indeed, after locating the first target plant, the
ability of D. semiclausum females improved: it took them less time to find the next target plant.
Based on our previous olfactometer study, we expect that without oviposition experience, females
will already discriminate between cues from the barley, the host-infested and the uninfested
Brussels sprout plants, but not between host-infested plants and mustard, leading to a lower
efficiency in finding the first target plant in the mustard set-up (Chapters 5 and 6). When
encountering hosts on the Brussels sprout, the response of females to host-infested Brussels sprout
plants was enhanced and foraging success was increased in locating the second target plant. The
findings that females in the mustard set-up flew longest and were retained longer in the set-up after
leaving the target plants, indicates that mustard was not readily “neglected” in further foraging.
Probably as a result of a higher overall responsiveness, it took longer for females to encounter the

same number of hosts in the mustard than in the monotypic set-up.

4.2.  Host-patch quality and habitat leaving

In order to increase their foraging success, parasitoids use cues directly associated with the
host’s presence and acquire information about the size of the host patch, host density and the quality
of the patch (Waage, 1979, Godfray, 1994, Geervliet et al., 1998, Vos et al., 1998, Driessen and
Bernstein, 1999, Wajnberg et al., 2000, Van Alphen et al., 2003). Parasitoids may use infochemical
cues to discriminate between exploited and unexploited host patches (Waage, 1979, Godfray, 1994),
but other mechanisms like learning the spatial location of encountered patches may also play a role
(Papaj et al., 1994). Host discrimination is probably important in patch leaving decisions of D.
semiclausum (Legaspi, 1984, 1986, Wang, 2001, Wang and Keller, 2003) as it is in other
parasitoids (van Lenteren, 1991). A decrease in residence times on target plants was observed over
repeated visits to these plants, indicating that D. semiclausum obtained information about the
decreasing quality of patches. However, further studies are needed to explain what experiences at

the level of host-patches will also affect leaving tendencies between plant patches.
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Most of the hosts were encountered during the first visits on the two target plants, yet females
kept on travelling between them. This might have been due to the confined experimental design.
However, should leaving tendencies be influenced by the experimental design, since the spatial
arrangement of the set-ups was the same, the observations were expected to be equally biased in the
different set-ups. Therefore, any observed differences in leaving tendencies between the set-ups,
would be the effect of treatment. Besides, parasitisation rates observed in this study were between
70-75%, which were comparable to the few observed parasitisation rates by D. semiclausum

obtained by independent field observations (e.g. Waage, 1983, L. Hemerik pers. observation).

4.3.  Habitat composition and host-parasitoid interactions

In this and in a previous study (Chapter 6), the enhancement of responsiveness of searching
parasitoids led to a decrease in host encounter rates in sprouts in the mustard set-up. Other studies
found an increase in initial encounter rates with an increase in general responsiveness (Papaj and
Vet, 1990, Perfecto and Vet, 2003). However, when P. xylostella is present on Brussels sprout in
the field, mustard would certainly also harbour hosts, so a higher overall encounter tendency with
the host and a greater net foraging efficiency may be expected in a mustard habitat than in the other
habitats types. Because of the higher arrival tendencies and lower leaving tendencies, a larger
number of females is expected to forage in the mustard than in the other habitat types leading to
higher parasitism rates on mustard. Differential attractivity of Cotesia plutellae to volatile blends
between common and Chinese cabbage resulted in differential parasitism rates of P. xylostella (Liu
and Jiang, 2003). When exposing Brussels sprout plants infested by P. xylostella to D. semiclausum
in different habitat types, Legaspi (1984) observed a strong effect of habitat type on levels of
parasitism, with highest parasitism observed in cruciferous habitats. However, to see how exactly
host-encounters and parasitism rates on Brussels sprout are influenced under field conditions when
an attractive plant like mustard is present, an additional experiment would be needed, where both
Brussels sprout and mustard would harbour hosts. The outcome would than depend on the relative
reward rate of the parasitoid on the two different plant species. Experience with hosts on mustard
could either lead to a limited focus of the parasitoid to mustard, leading to an enemy-free space for

P. xylostella on Brussels sprout plants, or parasitoids would forage indiscriminately on both plants.

The “enemies hypothesis”, formulated more than 30 years ago, predicted a generally greater
success of natural enemies in vegetationally diverse than in pure stands (Root, 1973). However, this
hypothesis did not consider that infochemicals may mediate trophic interactions via their influence
on foraging behaviour (Sheehan, 1986, Perfecto and Vet, 2003). Perfecto and Vet (2003)
demonstrated the importance of differences in foraging behaviour in the responses of parasitoids to

changing plant composition of the habitat.
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The predictions on how resource subsidy (i.e. food, prey, host) of natural enemies affects
biological control in diversified agro-ecosystems strongly depends on how searching behaviour of
natural enemies is influenced by these subsidies (Kean et al., 2003). Our results show that plant
species composition in a habitat may influence time- allocation of the same parasitoid species in
different ways. Plant species mixtures may act as a source and increase populations of parasitoid by
attracting and retaining them longer (i.e. mustard), others may decrease their populations by acting
as sinks (i.e. barley). This shows that simple generalisations, like dietary breadth alone, may be
insufficient predictors of how vegetation diversity affects foraging efficiency of parasitoids. It is
more likely that foraging efficiency of a parasitoid in diverse habitats will depend on how the

informational value of plant volatiles is perceived and used.
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1. Introduction

Intercropping is a habitat management practice that aims at the local reduction of herbivore
populations and the selective augmentation of natural enemies in crops. It is hypothesised that
increasing vegetation diversity suppresses herbivore populations by a reduction in the apparency
and quality of crop plants in species mixtures compared with those in monotypic stands. The host-
plant quality hypothesis and the resource concentration hypothesis have been formulated to explain
pest-suppressive effects of diverse vegetation (e.g. Root, 1973, Bach, 1981). The enemies
hypothesis predicts that success of natural enemies is greater in diverse systems because of the
increased subsidy of resources (i.e. prey, host, pollen, nectar) and because host-parasitoid
populations fluctuate less widely (through greater availability of refuges and prey) (Root, 1973).
However, the highly variable responses of both herbivores and natural enemies to intercropping
provide insufficient information to make generalisations (Russell, 1989, Andow, 1991, Smith and
McSorley, 2000, Hooks and Johnson, 2003). An explanation for this lack of information is that the
predictions of some hypotheses (i.e. resource concentration, and enemies hypothesis) are relevant at
the population and species levels, while the underlying mechanisms at the behavioural (i.e.
functional) level remain largely untested (but see Khan et al., 1997, Finch and Collier, 2000,
Gohole, 2003, Perfecto and Vet, 2003). Hence, the legacy of some of the hypotheses (i.e. host plant
quality) is either unjustified or unaccounted for. The aim of my research was (1) to understand the
cause(s) of lower herbivore numbers in vegetationally more diverse cropping systems compared to
monocultures and (2) to study the behavioural bases of the responses of natural enemies to
vegetation diversity. The studied tritrophic system consisted of Brussels sprout (Brassica oleracea
gemmifera), several specialist herbivore species of crucifers, and Diadegma semiclausum, a larval
parasitoid of the diamondback moth. Vegetational diversity was characterised by mixing the crop
plant with so-called companion plant species. The responses of herbivores were studied when the
companion plant was malting barley (Hordeum vulgare). The responses of D. semiclausum,
parasitoid of the diamondback moth (Plutella xylostella), were studied when the companion plants
were barley or white mustard (Sinapis alba).

In this chapter, I summarise and discuss the findings of the thesis concerning effects of
vegetation diversification on herbivores and parasitoids, respectively. 1 describe how the
information collected here may be used for further research by specifying the ecological conditions

for pest-suppression and natural enemy-augmentation through vegetation diversification.
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2. Responses of herbivores to habitat heterogeneity

In the study described in chapter 2, I found that populations of several herbivore species were
reduced by intercropping Brussels sprout with barley. The numbers of both immigrant (winged) and
apterous forms of aphids (Brevicoryne brassicae, Myzus persicae), eggs and larvae of the cabbage
moth (Mamestra brassicae) were lower in the inter- than in the monocrop. Diamondback moth
(Plutella xylostella) gave a variable response: early in the season numbers of larvae and pupae were
lower in the intercrop, but they reached higher numbers later in the season. Intercropping did not

influence levels of parasitism by the aphid parasitoid Diaeretiella rapae and by D. semiclausum.

2.1.  Role of plant quality and foraging behaviour

Changes in host- plant quality as a result of plant competition could influence responses of
herbivores to intercropping (Chapter 3). When compared to the monocrop, the size of Brussels
sprout was strongly reduced by competition with barley in the intercrop. As a result, the
significantly lower numbers of P. xylostella larvae and pupae per plant represented higher densities
at a leaf area basis in the inter- than in the monocrop. The delayed phenology and reduced quality of
plants in the intercrop were probable causes of the variable responses of the cabbage aphid to
intercropping: aphid densities were lower in the inter- than in the monocrop in most part of the
season, but reached higher densities in the intercrop at the end of the season. Intercropping
positively influenced nutritional quality of Brussels sprout for the large cabbage butterfly (Pieris
brassicae). Larvae utilised stressed intercropped plants better and attained higher growth rates on
inter- than on monocropped plants.

In a combination of field and simulation studies described in chapter 4, I demonstrated that
herbivore responses to vegetation diversity could be influenced by interspecific differences in
stimulus modality in foraging behaviour (i.e. contact, visual and olfactorial) and in travelling
behaviour between patches. In the field experiment, the three observed specialist species, the
cabbage aphid (B. brassicae), the cabbage butterfly (P. rapae) and the diamondback moth (P.
xylostella) responded to changing size of host plant patches in different ways. When numbers in
host- plant patches surrounded by barley were compared with those surrounded by mown grass,
numbers of colonising cabbage aphids and diamondback moth were lower, with lowest densities
observed in small patches in barley background. Densities of the cabbage butterfly were not
influenced by background vegetation. When simulating basic differences in foraging strategies of
the three herbivores in an individual-based simulation framework, similar patch size-population

abundance relationships were found as observed in the field.
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2.2.  Concluding remarks on herbivore responses

In this study, intercropping led to a general reduction in herbivore numbers when compared
with monotypic stands. Evidence on effects of altered plant quality and plant apparency on
herbivore population responses has been found. Yet, the responses to plant quality and spatial
habitat heterogeneity varied with the herbivore species studied. Since competitive relationships are
different in every plant combination and different feeding guilds of herbivores may respond to
changes in plant quality in different ways, these results may account for part of the variation in
herbivore responses to intercropping found in earlier field trials. As stress-induced changes in plant
vigour may even influence performance of parasitoids (Teder and Tammaru, 2002), this could
further complicate any mechanistic studies. Therefore, when different plant species mixtures are
compared, more adequate experimental approaches (e.g. like that used in chapter 4) are needed
where the direct effects of vegetation diversity may be studied without the confounding effects of
plant stress.

The spatial dynamics of herbivores were influenced by species-related differences in the relative
importance of stimulus modality (i.e. visual, olfactory). Although more research is required to
determine how vegetation diversity is likely to interact with searching herbivores (e.g. Finch and
Collier, 2000), I conclude that basic knowledge on searching strategies and resource exploitation
may help us explain the spatial dynamics of herbivores in diverse agro-ecosystems. A possibility to
make generalisations could be to define “behavioural groups” that show similarities in their

foraging behaviour and thereby similar spatial dynamics.

3. Responses of parasitoids to habitat heterogeneity

3.1.  Behavioural responses of D. semiclausum to plant species mixtures

In chapter 5, a differential attractivity of D. semiclausum females in relation to inter- and
intraspecific variation in plant volatiles was demonstrated. Odour blends of all tested plants were
preferred to clean air. When uninfested plants of different species were tested against each other for
their attractivity in a Y-tube olfactometer, females clearly preferred volatile blends of crucifers to
barley. Within crucifers, odour blends of uninfested mustard and the feral Brassica were both more
attractive to D. semiclausum than Brussels sprout. The bioassay combined with the chemical
analysis of headspace volatiles suggested that the attraction of females towards plants was not the
result of a greater amount of total plant- volatiles produced: despite of the much lower amount of
volatiles produced, females found the odour blend of uninfested mustard plants more attractive than
that of uninfested Brussels sprout plants. Wasps were able to discriminate between odour blends
based on subtle differences. For example discrimination was observed when odour blends of host-

infested and uninfested Brussels sprout were compared or those of uninfested feral B. oleracea and
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Brussels sprout. In both of these cases composition of headspace volatiles were similar. Despite of
the greater differences in volatile blend composition, wasps were equally attracted to infested
Brussels sprout and uninfested mustard. In chapter 6, the efficiency of D. semiclausum females to
locate a host-infested (i.e. target) Brussels sprout plant was analysed in different set-ups, where
treatments were the changing density, species composition (barley or mustard as companion plants)
and configuration of plants surrounding the target plant. Compared with the monotypic set-up,
mustard reduced searching efficiency of females by a combination of high volatiles attractivity and
possibly structural camouflage. Females started searching fastest in the mustard set-up, but as they
searched the highly preferred mustard plants first, compared to the other set-ups, they located the
target plant later. When tall mustard plants surrounded the target plant, females searched mustard
plants longer and found the target plant later than in the control set-up, where short mustard plants
neighboured the target plant. Females in the barley set-up needed more time to orientate before
starting to search the set-up and arrived later to the target plant than females in the other set-ups.
Therefore, based on the result of the present and previous study (Chapter 5), it is likely that
structural properties of the barley set-up, rather than volatile masking, were responsible for the
reduction in the efficiency of females to locate the target plant.

The analysis of the time-allocation of D. semiclausum in a set-up with different plant species
composition (same as in Chapter 6) and two target plants was presented in chapter 7. Differences
in initial foraging efficiency of females in the different set-ups were in line with the earlier findings
described in chapter 6. However, after finding the first target plant, females became equally
efficient in locating the second target plant in all set-ups. Although they spent more time in the
mustard than in the other set-ups, they encountered the same number of hosts. Furthermore, after

leaving the target plants, females were retained longer in the mustard than in the other set-ups.

3.2, Behavioural dynamics of D. semiclausum in plant- species mixtures

To illustrate the behaviour of a D. semiclausum female searching for hosts in a vegetationally
diverse habitat, the results described in chapters 5,6 and 7 are incorporated in a conceptual “variable
response model”. This model illustrates how experiences modify behaviour (Vet et al., 1990, 2003,
fig. 1). The model assumes that (1) for each stimulus that the parasitoid perceives, there is a
corresponding response potential, (2) parasitoids do not respond to every perceived stimulus in the
same way and (3) strong responses are less variable than weak ones. Furthermore, (4) learning can
change response levels of stimuli, where (5) the change in the response level due to experience will
depend on the original level of the stimulus and that (6) learning increases weak responses more
than strong ones (Vet et al., 1990, 2003).

In addition, the physiological state of the parasitoid (e.g. egg limitation, hunger) can influence
the oviposition strategy and patch-time allocation in the field (Driessen and Hemerik, 1992,
Godfray, 1994). Parasitoids do not only forage for hosts but also for food (Casas et al., 2003,
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Waickers, 2003, Kean et al., 2003), so depending on the types of resources present in the habitat, a
change from a hunger to a food saturated state could make the difference between acceptance and
avoidance of a habitat. Let us assume that there is a threshold responsiveness, set by internal
variables like egg limitation or hunger, which determines if a female actually responds to host-
related stimuli in a local environment; e.g. stay and commence with searching, or moves to another
plant patch. Therefore, if responsiveness to a stimulus is high above the threshold, there is also a
greater likelihood that it will elicit a behavioural response locally, e.g. the parasitoid enters the plant
patch and commences searching for hosts. Also, if the responsiveness to cues from all the subsets
(i.e. plants) of a plant patch fall below the threshold, the tendency that the host-searching
behavioural response is elicited is minimal; e.g. the parasitoid does not enter the plant patch, or if
entered, leaves it. The time when the threshold responsiveness is reached by a stimulus, will depend
on the types of experience and the initial responsiveness to that stimulus. Positive experiences with
a stimulus (i.e. oviposition) increase, whereas negative experiences (i.e. encountering parasitised
hosts) decrease the female’s responsiveness. The rate of change in responsiveness due to positive or
negative rewarding experiences is greater than due to unrewarding experiences, because rewarding

experiences are more directly related to key stimuli, like the host itself (Vet et al., 1990).

A —

[ hreshold responsiveness

Response level

S .
! Stimulus rank I

Figure 1. Diagram of a female parasitoid’s potential behavioural response to a variety of environmental
stimuli. All stimuli perceived by the insect are ranked according to their response potential in the naive
insect. Stimuli beyond S§; are outside the range of sensory perception of the animal (from Vet et al., 1990,
2003). Threshold responsiveness is set by internal variables (i.e. egg limitation, energy state) and affects
whether a stimulus with a given response level will likely to elicit a behavioural response. Stimuli below the
threshold responsiveness do not elicit behavioural response (e.g. arrestment) in the local environment.

Parasitoids arriving in a habitat to search for hosts perceive a limited volume of their
environment. Within this volume they may receive information from different habitat subsets that
may or may not harbour hosts (i.e. undamaged plants, exploited and unexploited host-infested

plants). For simplicity, we assume that females discriminate perfectly between odour blends of
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different plants in the habitat, so a stimulus may correspond to a complex odour blend. Figure 2
illustrates the behavioural dynamics of a D. semiclausum female searching in a habitat composed of
host-infested Brussels sprout plants surrounded by uninfested mustard and barley. An inexperienced
female has an innate ranking of stimuli that will determine her responsiveness to different cues
when arriving at a habitat (Chapters 5 and 6). Until finding a host-infested Brussels sprout,
unrewarding experiences with uninfested plants result in a decay in her responsiveness to these
plant stimuli. When a host patch is located on a sprout plant, oviposition rewards increase her
responsiveness to infested Brussels sprout to a higher level than those of the uninfested plants. This
increases the female’s success to locate further host patches (Chapter 7).

+ experiences:
- host-infested Brussels sprout

-—— -

-7 = A
—Mustard Host-infested Brussels sprout Host-infested Brussels sprout
—= Host-infested - N e ;
L (unexploited)
Brussels sprout 1 -
° ] Brussels sprout S M Mustard ° B Mustard
3 _ P 3 _ 3 - Brussel t
- Brussels sprout russels sprou
2 3 e et g ~
5 Barley s 5
=3 o o
D bt - B Threshold & Threshoid & | ML 1L L] Threshold
e S |- F bt e AETERTOK & Bariey
Host-infested
~~Brussels sprout
(exploited)
' Stimulus Ranking ' Stimulus Ranking ' st St(;nBluluisanking
Mustard  RESEtAE D s S ost-infested Brussels sprout >
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Barley Brussels sprout s >
N ~ ~ -~ N - ' * ~ —~— ~ e = '
unrewarding experiences: +,- experiences:
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Figure 2. A variable response model for tendency to leave a vegetationally diverse plant patch by Diadegma
semiclausum. Names with arrows under abscissa are directional changes in stimulus ranking due to
unrewarding experiences. Unrewarding experiences with uninfested plants slowly reduce the response level
to these plants. Preference ranking of stimuli from infested Brussels sprout increases upon first encounter
with the host patch. Negative experiences with exploited host patches reduce response levels to visited plant-
host complexes. Dotted line represents the threshold response to stay in the plant patch. The plant patch is
examined till the threshold responsiveness is reached, after that the female moves to another plant patch.

Within the host patch, giving-up rules may operate for optimal patch-exploitation. Similar to
other parasitoids (van Lenteren, 1991), successful, unsuccessful and multiple encounters with hosts
are important factors influencing patch leaving decisions in D. semiclausum (Wang, 2001, Wang
and Keller, 2003). I found that repeated encounters with the target plants (i.e. exploited patches)
were negative experiences and increased the tendency of females to leave the plant patch (Chapter

7, fig. 2). There was a lower tendency to leave the mustard than the other habitats, but that was not
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explained by encounters with the target plants. Yet, after giving up in the host patches, females
were “retained” longer in the mustard set-up before leaving (Chapter 7). A high initial
responsiveness towards mustard could explain this: after the target plants were abandoned, mustard

still evoked a higher response level, which fell below the threshold later than those of other plants
(fig. 2).

For a comprehensive picture on the behavioural dynamics of D. semiclausum in plant species
mixtures in the field, further research is needed. When a response is not reinforced, it will return to
the initial response potential, so parasitoids return to their naive preference (Vet et al., 1995,
Geervliet et al., 1998). (1) We need to know how fast the experienced response potential of a
stimulus, when not reinforced, gradually returns to the initial response potential. (2) We have no
information on how foraging behaviour of D. semiclausum would be influenced if more than one
plant species would contain hosts. For example, differences in reward rates (i.e. encounter
probability, host quality) on different plant species would probably influence host searching. Hence,
initial experience with hosts on particular plant species could either lead to a specialisation of the
parasitoid to search on that plant only, or parasitoids could forage on all infested plant species. (3)
Finally, plant species may influence the female’s ability to discriminate between volatiles emitted
upon damage by different herbivore species (Geervliet et al., 1996). Therefore, we need to know
how females discriminate in vegetationally diverse habitats between blends of host and non-host

infested plants of different species.

3.3.  Concluding remarks on responses of parasitoids to habitat heterogeneity

D. semiclausum extensively used plant-related volatiles and was highly efficient in locating
hosts in all habitat types, but the different habitat types interacted with its foraging behaviour in
different ways. I conclude that the individual responses of parasitoids to vegetation diversity will
depend on how the informational value of plant volatiles is perceived and used in a given
multitrophic context and how that use is modified by experiences. The efficiency to find the host
will depend on the capability of the parasitoid to discriminate between signal (i.e. host-infested
plants) and “background noise” (i.e. uninfested plants). For example, it can be very difficult for the
female to find the host already in a monoculture, if the host-infested plant does not give specific
information compared to uninfested plants. If signals from the infested plants can be easily
distinguished from uninfested plants, the searching efficiency of the female is expected to be high in
the monotypic habitat and its searching efficiency in the diverse stand will depend on the level of
“background noise” that heterospecific plants represent. If the female can ignore non-relevant
information in the diverse stand easier than in the monoculture, e.g. the parasitoid has a very low

response level to the companion plant, females may be more efficient in the diverse than in the
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monotypic stand, whereas the opposite tendency is to be expected if the background noise is higher
in the vegetationally diverse than in the monotypic stand.

Since structural complexity and leaf area index are often higher in vegetationally diverse than in
simple habitats (Sheehan, 1986), one could say that vegetation diversity may reduce foraging
success of parasitoids by structural interference. Although structural properties of barley and
mustard probably contributed to the lower initial foraging success of D. semiclausum, following
oviposition experiences, parasitoids improved their foraging efficiency irrespective of the plant-
species mixture where they were tested. It is more likely that a negative effect of greater structural
complexity in diverse vegetation is to be expected, where complexity interferes with the mobility of
the parasitoid within the vegetation, like in case of some egg parasitoids (Andow and Prokrym,,
1990, Gingras et al., 2002).

Because parasitism rates in a habitat are also determined by the number of parasitoids present,
the findings that time allocation (i.e. searching, arrival and leaving tendencies) of parasitoids were
differentially influenced by barley or mustard as companion plants has implications for population-
level interactions. Plant -species mixtures may act as sources and increase populations of parasitoids
by attracting and retaining individuals longer (i.e. mustard), whereas other mixtures may function as
sinks and decrease populations because of reduced immigration (i.e. barley). To know how a given
plant species mixture would influence parasitism rates in the field, a link between the behavioural

(i.e. functional) and population (i.e. numerical) level responses needs to be established.
4. Future work
4.1.  Linking individual behaviour to processes at the population level

The apparency of crop plants for herbivores is best camouflaged by using taller, structurally
complex companion plants in the close proximity of crop plants (Finch and Kienegger, 1997, Finch
and Collier, 2000, Asman et al., 2001, Finch et al., 2003, chapter 4). Depending on (1) the plant-
species mixture, (2) the foraging behaviour of the herbivore, (3) the foraging behaviour of the
parasitoid and (4) the capacity of the regional parasitoid species-pool to provide local populations
with sufficient immigrants, a complementarity between reduced host-plant apparency for herbivores
and increased parasitism rates may exist. For example, a lower individual foraging efficiency on
Brussels sprout in a mustard intercrop may still lead to higher parasitism rates compared with the
monotypic stand, if population sizes are much larger in mustard. Individual-based simulation
frameworks could be used to predict population-level responses of both herbivores and their natural
enemies (e.g. Potting et al., 2002, Chapter 4). An example for such a framework that simulates
foraging behaviour of D. semiclausum in a spatially explicit vegetationally diverse habitat is
presented in figure 3. The flowchart is similar to the one used for herbivore foraging in chapter 4,

but it incorporates differences in information use from the plant- and from the host-patch levels.
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The preference ranking of the female parasitoid determines priorities in olfactorial orientation
towards different plant species and the tendency to stop for searching (see section 3.2.), whereas an
arrestment response would determine the tendency to stay and search longer in the vicinity of a
plant (e.g. Chapter 4). Positive and negative experiences may influence preference ranking and
arrestment responses to stimuli. When a host on a plant is found, giving-up rules within a patch will
determine when the host patch will be abandoned (Wang, 2001, Wang and Keller, 2003).
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Figure 3. Relational diagram representing habitat and host selection behaviour of D. semiclausum in a
spatially explicit vegetationally diverse environment. Foraging decisions take place at the between plant- and
host- patch levels. The way rewarding and unrewarding experiences will influence detection probability and
arrestment response to different plants is described in the variable response model (section 3.2). At the host-
patch level, patch leaving decisions are mediated by optimal patch-time allocation mechanisms. Boxes with

dashed frames are dynamic-state variables.

By using behavioural information on the responses of herbivores and their parasitoids to
vegetation diversity, we may be able to select plant-species mixtures and specify the scale of
arrangement, so that herbivore populations are suppressed both by reduced host-plant apparency

and higher mortality through the greater success of natural enemies.
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4.2.  Linking individual behaviour to processes at the community level

Biological control traditionally focused on maximising mortality of a target pest organism by a
single natural enemy species, but how interactions with other natural enemies and herbivores in the
food-web influence mortality of the target pest is little understood. It may be that constraints in
functioning by one species would reduce the chance for competitive exclusion, so other species may
also exist and exploit the same resource. This enhanced species coexistence could influence net
biological control in either way, but conscious selection of natural enemies may lead to synergism
in the control of a pest species (Thomas, 1999, Cardinale et al., 2003). The generally higher amount
of resource subsidies, like prey, hosts, pollen, nectar sources and microclimate (e.g. Dyer and
Landis, 1997), all favour survival of natural enemies leading to higher species richness in
vegetationally diverse systems. Therefore, the opportunity for synergistic interactions is inherently
higher in vegetationally diverse than in monotypic systems. An important quest for conservation
biological control is to link function of individual species to coexistence of competitors in
multitrophic contexts (Chapter 1), so synergism between species may be harvested to reinforce

biological control in local habitats in agro-ecosystems.
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Samenvatting

Gediversificeerde ecosystemen bezitten vaak positieve eigenschappen, zoals bescherming tegen
de uitbraak van plagen. Een afname in herbivore populaties wordt vaker gevonden in vegetatie-
diverse dan in eenvoudige agro-ecosystemen. Mengsels van plantensoorten (m.a.w. mengteelt)
kunnen derhalve worden gebruikt om problemen met plagen in agro-ecosystemen te beheersen,
daarbij meewerkend aan de ontwikkeling van een ecologisch duurzame gewasproductie. In
vergelijking met een monocultuur kan een toename in vegetatiediversiteit herbivore populaties
onderdrukken door een afname in de zichtbaarheid en kwaliteit van de planten in een cultuurgewas
en door het grotere success van natuurlijke vijanden. Helaas biedt de zeer variabele respons van
zowel de herbivoren als de natuurlijke vijanden op mengteelt onvoldoende informatie om
generalisaties te maken voor het selecteren van plaag-onderdrukkende plantenmengsels. Een
verklaring voor het ontbreken van informatie is dat voorspellingen van de hypothesen die de
onderdrukking van de plaag verklaren relevant zijn op het populatieniveau, terwijl de onderliggende
mechanismen op gedrags- (m.a.w. functionele) niveau nog hoofdzakelijk ongetoetst zijn.

Het doel van mijn promotieonderzoek was het specificeren van de ecologische condities die
nodig zijn voor het onderdrukken van herbivoren en het vergroten van het succes van natuurlijke
vijanden, daarbij gebruik makend van vegetatiediversiteit in agro-ecosystemen. Het experimentele
werk richtte zich op het toelichten van de interacties tussen diverse habitats (m.a.w. mengsels van
plantensoorten), herbivore insecten en hun natuurlijke vijanden. De specifieke doelen waren (1) het
begrijpen van de oorzaken van lagere aantallen herbivoren in diverse gewassystemen i.v.m.
monoculturen en (2) het bestuderen van de gedragsrespons van natuurlijke vijanden op
vegetatiediversiteit. De experimentele systemen omvatten spruitjeskool (Brassica oleracea
gemmifera), haar herbivoren, en Diadegma semiclausum, een sluipwesp van de koolmot.
Vegetatiediversiteit werd gekarakteriseerd d.m.v. het mengen van spruitjeskool met gerst (Hordeum

vulgare) of witte mosterd (Sinapis alba).

In de veldobservaties die zijn beschreven in hoofdstuk 2 werd onderzocht of het mengen van
spruitjeskool met gerst de herbivore populaties en natuurlijke vijanden beinvloedde. Het aantal
herbivore soorten werd gereduceerd als spruitjeskool werd gemengd met gerst. In hoofdstuk 3
bestudeerden we of competitie tussen planten de respons van herbivoren beinvloedde door de
plantgrootte en kwaliteit te veranderen in de intercrop vergeleken met de monocrop van
spruitjeskool. Hier werd bewijs gevonden voor effecten van veranderde plant kwaliteit door
interspecieke competitie tussen planten op de respons van de herbivore populatie. Herbivore
respons op plant kwaliteit varieerde met de bestudeerde insectensoort. In een combinatie van

veldonderzoek met simulatiestudies in hoofdstuk 4 werd basale kennis toegepast van de
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fourageerstrategién van drie specialistische herbivoren, de melige koolluis (Brevicoryne brassicae),
het koolwitje (Pieris rapae) en de koolmot (Plutella xylostella), om de verschillen in hun respons
op “small-scale” fragmentatie van hun habitat te verklaren. We vonden dat de ruimtelijke dynamiek
van herbivoren beinvloed kon worden door soort-gerelateerde verschillen in de relatieve
belangrijkheid van stimulus modaliteit (m.a.w. contact, visueel, olfactorisch) die de locale
aanwezigheid van herbivoren in gastheerplant “patches” van verschillende grootte beinvloedt. In
hoofdstuk 5 werd de respons van D. semiclausum op inter- and intraspecifieke variatie in
geurprofielen van cruciferen en een niet-crucifere soort beschreven d.m.v. het gebruik van een
combinatie van Y-buis olfactometer biotoetsen en een chemische analyse van “headspaces” van
vluchtige plantenstoffen. Gedrags- en analytische studies benadrukten de importantie van inter- en
intraspecifieke variatie in vluchtige stoffen van zowel beschadigde als onbeschadigde planten voor
de aantrekking van de sluipwesp D. semiclausum. De aantrekkelijkheid van planten voor vrouwtjes
was niet het resultaat van een grotere hoeveelheid geproduceerde vluchtige plantenstoffen: ondanks
de lagere hoeveelheid geproduceerde vluchtige stoffen vonden vrouwtjes het geurmengsel van
ongeinfecteerde witte mosterd planten aantrekkelijker dan dat van ongeinfecteerde spruitjeskool
planten. De effecten van dichtheid, compositie van de soorten en configuratie van planten op de
zoekefficiéntie van D. semiclausum om gastheer “patches” te localiseren werd bestudeerd in
verschillende semi-veld opstellingen in hoofdstuk 6. Ook hebben we in een soortgelijke
opstellingen in hoofdstuk 7 onderzocht hoe ervaringen met het ontmoeten van gastheer “patches”
het daaropvolgende fourageersuccess en de tijd-allocatie van D. semiclausum in verschillende
composities van plantensoorten beinvloedde. Er bleek op verschillende manieren een interactie te
bestaan tussen de mengsels van planten en het zoekgedrag en de tijd-allocatie van de wespen.
Vergeleken met de pure spruitjeskool “patches” trok witte mosterd meer individuen aan en hield ze
ook langer vast terwijl gerst de tendens om een patch met planten te betreden en het starten met
zoeken verminderde. Alhoewel zowel witte mosterd en gerst de tendens van wespen om gastheren
op spruitjeskool te vinden verminderden, verhoogden sluipwespen hun fourageerefficiéntie door
eilegervaringen en werden even efficiént in het vinden van volgende gastheren in alle habitattypen.
In hoofdstuk 8 worden de in dit proefschrift beschreven ontdekkingen bediscussieerd met een
nadruk op hoe de resultaten gebruikt kunnen worden om de ecologische condities te specificeren
voor beheer en het vegroten van het succesvan natuurlijke vijanden bij diversificatie van agro-

ecosystemen.

In conclusie kan worden gezegd dat dit proefschrift verschillende mogelijke mechanismen heeft
geidentificeerd die de variabele respons van herbivoren en sluipwespen op mengsels van
plantensoorten verklaren, en die ook bruikbaar zijn voor toekomstig onderzoek. Competitie tussen
planten in mengteelt systemen kan verschillende effecten hebben op herbivore populaties. Daarmee
kunnen zij verantwoordelijk zijn voor een deel van de variatie in herbivore respons op mengteelt die

zijn gevonden in eerdere veldproeven. Omdat competitieve relaties verschillen tussen combinaties
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van planten, is een mechanistische evaluatie van verschillende mengteelt systemen in conventionele
veldproeven practisch onmogelijk. Er bestaat een noodzaak om veldwerk te combineren met, uit
gedrags- en fysiologische studies bestaande, laboratoriumproeven om de directe effecten van een
toename in vegetatiediversiteit te onderscheiden van de effecten van plantenstress. Verschillen in
fourageergedrag van herbivoren kunnen de locale populatiegrootte van herbivoren beinvloeden en
hun variabele respons op mengsels van plantensoorten verklaren. Alhoewel meer onderzoek nodig
is om te bepalen hoe vegetatiediversiteit kan interacteren met het zoekgedrag van herbivoren, kan
een basale kennis van hun zoekgedrag ons helpen om hun ruimtelijke dynamiek in diverse agro-
ecosystemen te begrijpen.

De sluipwesp D. semiclausum maakt extensief gebruik van plant-gerelateerde vluchtige stoffen
en bleek zeer efficiént in het localiseren van gastheren in alle habitattypen. Het resultaat dat er, op
verschillende wijzen, een interactie bestaat tussen verschillende mengsels van plantensoorten en het
fourageergedrag van deze sluipwesp toont aan dat eenvoudige generalisaties van de effecten van
mengsels van plantensoorten op één enkele natuurlijke vijand niet mogelijk kan zijn. De individuele
respons van sluipwespen op vegetatiediversiteit is waarschijnlijk afhankelijk van hoe de
informatieve waarde van plantenstoffen wordt waargenomen en gebruikt in een gegeven multitrofe
context en hoe dat gebruik wordt veranderd door ervaringen. Omdat parasiteringsgraden in een
habitat ook worden bepaald door het aantal aanwezige sluipwespen, heeft de vondst dat tijd-
allocatie (m.a.w. zoek-, aankomst- en vertrekneigingen) van sluipwespen op verschillende manieren
wordt beinvloed door de compositie van mengsels van plantensoorten implicaties voor interacties
op het populatieniveau. Mengsels van plantensoorten kunnen namelijk dienen als bronnen en een
toename in sluipwespen populaties veroorzaken d.m.v. het aantrekken, en langer vasthouden, van
individuen (bv. witte mosterd), terwijl andere mengsels als een afvoer kunnen dienen en een afname
in populaties kunnen veroorzaken d.m.v. een verminderde immigratie (bv. gerst). Om de plaag-
onderdrukkende waarde van een bepaald mengsel van planten te voorspellen moet er daarom een
link tot stand worden gebracht tussen de respons van herbivoren en natuurlijke vijanden op gedrags-

en populatieniveau.
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Osszefoglalas

A természetesen diverz Okoszisztémak gyakran rendelkeznek pozitiv tulajdonsagokkal, mint
példaul, a kartevé-populaciok felszaporodasanak csokkentésével. Kovetkezésképpen, agro-
Okoszisztémakban gyakran alkalmaznak egyes ¢él6hely rendezési eljarasokat, példaul
novénytarsitdsokat (pl. koztesvetést, kevert vetést, alavetést), hogy a térbeli monokultarakban
megfigyelt szintekhez képest a rovarkdrtevok egyedszamat csokkentsék. A novénytarsitasokban
megfigyelt alacsonyabb kartevd populdcidszintek kialakitasaban szdmos tényezd jatszhat szerepet.
A feltételezett mechanizmusok egyike példdul az, hogy a diverz rendszerekben annak
valoszinlisége, hogy a kartevOk megtalaljak tapndovényliiket, alacsonyabb mint az egyndvényes
rendszerekben. Tovabba a tapndvények mindsége diverz rendszerekben csokkenhet, illetve a
kartevok természetes ellenségeinek eléfordulasa és azok eredményessége a kartevd populdciok
csokkentésében is gyakran ndvekedhet a monokulturdkhoz hasonlitva. Sajnos, mind a kartevok,
mind a természetes ellenségeik populacidi igen valtozo szintet mutatnak koztestermesztési
rendszerekben a monokulturakhoz hasonlitva. Igy nem rendelkeziink elég informacidval ahhoz,
hogy olyan kritériumokat allithatnank fel, melyek segitségiinkre lehetnének a kartevo-visszaszoritd
novénytarsitdsok tudatos kivalasztdsdban. Ezen informéciohidnynak a f6 oka az, hogy az egyes
hipotézisek a diverz rendszerek kartevo-visszaszoritd hatasat populacio szinten targyaljak, mig az
azokat magyarazd mechanizmusok, melyek az egyedi viselkedés szintjén miikddnek, nagyrészt
feltaratlanok maradnak. A tézisben leirt kisérleteken keresztiil megprobaltam a vegetacid
diverzitdsnak a kartevOk visszaszoritasaért felelds mechanismusokrdl rendelkezésiinkre 4ll6
tudasanyagot bdviteni. A célkitlizés az volt, hogy magyarazatot taldjak arra, hogy (1) a
monokultirds rendszerekhez képest, a diverz rendszerekben miért alacsonyabbak a specialista
kartevok populéacioszintjei. (2) Masrészt, a vegetacid diverzitds novekedésének a természetes
ellenségek gazda/préda allat keresési viselkedésére gyakorolt hatasat vizsgaltam. A tanulmanyozott
modellrendszer a bimboskelt (Brassica oleracea gemmifera), annak névényevo rovarfajait, ¢és a
Diadegma semiclausum-ot, a kdposztamolynak egyik parazitoidjat foglalta magaba. A vegetacio
diverzitdsanak novelésekor a bimboskelt tavaszi arpaval (Hordeum vulgare), illetve fehér mustarral
(Sinapis alba) tarsitottuk.

A tézisben leirt kisérletek szdmos, eltérd mechanizmust azonositottak, melyeken keresztiil a
novénytarsitdsok befolydsolhatjdk a herbivorok populacidinak egyedszamat. Az egyndvényes
bimbodskel kultirdhoz képest, a bimbdskel-arpa ndvénytarsitas tobb ndévényevd faj populacidinak
szintjét csokkentette. Az ezt kovetd tanulmany bizonyitotta, hogy a tarsitasban részt vevo
novényfajok kozotti versengés befolydsolhatja a herbivorok fejlodését a tapndvény mindség

e ey

gyakorolt hatdsa egyiittesen bonyolithatja a vegetacio diverzitdsnak a felsdbb trofikus szintekre
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gyakorolt hatasainak egyértelmii kiértékelését. Ezaltal a novényfajok kozotti versengés felelossé
tehetd a kartevd populacioknak, a korabbi Osszehasonlitdsok egy részében megfigyelt valtozo
reakcioiért. Szabadfoldi és szamitdégépes szimulacos tanulmanyok bizonyitottak, hogy az egyes
rovarfajok altal hasznalt tdpnovénykeresési viselkedésbeni kiilonbségek befolydsolhatjak azok helyi
populacidinak méretét térbelileg heterogén habitatokban. Igy a fajok kozott fellépd viselkedésbeni
kiilonbségek, részben feleldssé tehetdk a diverzitds fokozdsdnak fiiggvényében mefigyelt
valtozékony populacioszintekért. Az eredmények azt mutatjak, hogy mar az altalanos informacié a
herbivorok tapnovény keresési €és kihasznalasi viselkedésérdl is hasznos lehet, azok heterogén
térben megfigyelt dinamikajanak jellemzésében. Viselkedési bioesszéket, és kémiai analitikai
moddszereket hasznalva demonstraltuk a ndvényi illatanyagok fajok kozotti és fajokon beliili
kiilonbségeinek fontossagat mind karositott és intakt ndvényeknél, a D. semiclausum névények felé
torténd vonzdodasadban. Az ezt kovetd kisérletek kimutattdk, hogy a kiillonb6z0 ndvénytarsitasok a
parazitoidok gazdadllat keresési viselkedését ¢&s keresési iddbeosztasat kiilonbozoképpen
befolyasoltak. Az egyndvényes bimboskel habitathoz képest, a mustar az egyedeket erdsebben
vonzotta ¢és hosszabb ideig tartotta vissza; mig az arpa mint tarsnovény az egyedek azon
tendenciajat hogy a habitatba behatoljanak és keresni kezdjenek, csokkentette. Mind a mustar és az
arpa mint tarsnovények, az elsd gazdaallat- csoport megtalalasanak hatékonysagat csokkentették. A
parazitoidok a tojasrakdsok sordn gyorsan tanultak, ezaltal a tovabbi gazdadllatok megtalalasaban, a
novénytarsitastol mint kezeléstol fiiggetleniil, egyforman hatékonyakka valtak. A D. semiclausum-
nak kiillonb6z6é novénytarsitasokra adott eltérd viselkedési reakcidja azt mutatja, hogy a természetes
ellenségek vegetacio diverzitdsra adott reakcidira vonatkozdan egyszerli altaldnositdsok nem
fogalmazhat6ak meg. A parazitoidnak az adott ndvénytarsitdsra vonatkozd egyedszintli reakcidi
valoszinlileg azon mulhatnak, hogy a ndvényi illatanyagnak milyen az informécids értéke az adott
multi-trofikus  Osszefiiggésben, és azt a tapasztalatok, mint példaul a tanulas, hogyan
befolyésolhatjdk. Mivel azonban a parazitaltsagi szazalék az él6helyen beliil fiiggeni fog a jelen
1év6 parazitoidok szaméatol, az egyedek idObeosztdsdban a ndvénytarsitastol fiiggden megfigyelt
kiilonbségek (pl. érkezési, keresési €s tavozasi tendenciak a habitatban) jelent6sek lehetnek a
populacok szintjén megfigyelt reakciokban is. Igy a monokulturakhoz képest egyes
novénytarsitasok ,.forrasként” (pl. mustdr) hathatnak, és a parazitoidok vonzasaval ¢&s
visszatartdsaval magasabb populédcioszintek kialakuldsdhoz vezethetnek. Mig masok ,,nyeléként”
(pl. arpa) funkcionalhatnak, mert a immigraci6 csokkentésével alacsonyabb populacioszintek
alakulhatnak ki. Igy aztan ahhoz, hogy egy adott novényfaj kértevo-visszaszoritd hatasat
meghatdrozzuk, sziikkség van a herbivorok ¢és a természetes ellenségek populacio-szintjein

megfigyelt jelenségeknek az egyedi viselkedés szintjén torténd magyarazatara.
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