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Abstract

Insect parasitoids have been used for the biological control of insect pests through
classical importations for the control of invasive phytophagous species, through
seasonal or inundative releases for short-term suppression of indigenous or
invasive pests, and through conservation of parasitoid activity by the provision-
ing of resource subsidies and alteration of management practices. In all cases,
success in the suppression of a pest is dependent upon the behavioral decisions
made by the parasitoid in searching for and parasitizing hosts. For example,
in the case of classical biological control, patch choice decisions that maximize
parasitoid fitness will tend to increase its regional impact, leading to greater
suppression of the pest and success in biological control. In contrast, for aug-
mentative biological control, the goal is to provide local pest suppression and
behavior that maximizes fitness might, for example, lead parasitoids to abandon
local patches of their hosts before the pest has been suppressed to the desired
level. Thus, the behavioral ecology of insect parasitoids is central to the suc-
cessful implementation of biological control programs.

We explore how optimal foraging effects the suppression of global pest
densities in a metapopulation context and to what extent the physiological
condition and behavioral decisions of foraging parasitoids are likely to influence
establishment and impact in classical biological control. In the case of inunda-
tive biological control, we discuss the trade-off between optimal foraging
behavior and the level of pest suppression at a local scale and consider the use
of chemical attractants and arrestants to increase parasitoid activity and patch
time allocation. We also discuss the influence of host size and quality, and sex
ratio (Wolbachia infection) on parasitoid mass rearing. Finally, the influence
of nectar subsidies on parasitoid foraging behavior and host suppression is con-
sidered in the context of developing more efficient methods for conservation
biological control.
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1.1 Introduction

Biological control represents the action of living natural enemies in suppressing the abund-
ance or activity of pests. As a naturally occurring ecosystem service, globally, biological
control has been loosely valued at $400 billion per year (Costanza et al. 1997); while a
more conservative estimate of $4.5 billion per year has been attributed to the services
provided by indigenous predators and parasitoids of native agricultural pests in the USA
(Losey & Vaughan 2006). Although natural enemies include predators (that must con-
sume many prey individuals to complete their development), pathogens (bacteria, fungi,
and viruses), parasites (soil-inhabiting entomopathogenic nematodes), and antagonists
(competitors) in addition to parasitoids, the latter are the most important group in the
context of biological control of insect pests.

There are three broad categories that describe how parasitoids can be used in biological
control: importation, augmentation, and conservation. Importation or classical biolo-
gical control makes use of host-specific parasitoids imported from the region of origin of
invasive pests and has received the greatest amount of attention (Mills 2000, Hoddle 2004).
The introduction of exotic parasitoids for the control of invasive pests continues to
fascinate ecologists, fuel theoretical models of host—parasitoid interactions, and yet defy
a simple and unified mechanistic explanation. Since the initial success of the introduction
of the vedalia beetle (Rodolia cardinalis) from Australia for the control of cottony cushion
scale (Icerya purchasi) in California in 1886 (Caltagirone & Doutt 1989), biological control
practitioners have continued to implement biological control as an effective strategy for
the management of invasive insect pests, while ecologists have struggled to find a consistent
explanation for the success or failure of these programmes (Murdoch et al. 2003).

When parasitoids of invasive or indigenous pests are unable to persist year round or
to increase in numbers quickly enough to suppress pest damage, augmentative biological
control, involving the periodic release of insectary-produced parasitoids, can be effective.
Augmentation has been used most effectively in protected or semi-protected environments
such as glasshouses and cattle or poultry houses (Daane et al. 2002, Heinz et al. 2004),
with rather less success under open field conditions (Collier & Van Steenwyk 2004).
Augmentative biological control can be approached through inoculation or inundation.
Inoculation of small numbers of parasitoids can be used to improve colonization at
critical periods for season-long pest suppression, as practised under certain conditions for
the control of greenhouse whitefly (Trialeurodes vaporariorum) on tomato by Encarsia
formosa (Hoddle et al. 1998). Alternatively, inundation of large numbers of parasitoids
can be used for immediate suppression, but often without a lasting impact, as used for
control of house flies (Musca domestica) by Spalangia cameroni (Skovgard & Nachman 2004).
In contrast, conservation biological control focuses on the enhancement of both intro-
duced and indigenous parasitoid populations through provisioning of limiting resources
or alteration of crop production practices. Parasitoids are often limited by the availability
of essential resources such as nectar or overwintering sites and are excluded from crops
by use of incompatible pesticides. Thus, success in conservation biological control can result,
for example, from perimeter planting of annual buckwheat as a nectar subsidy for the aphid
parasitoid Aphidius rhopalosiphi (Tylianakis et al. 2004) or from removal of incompatible
insecticides as demonstrated in the effective suppression of the brown planthopper in rice
in Indonesia (Kenmore 1996).
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Fig. 1.1 A schematic representation of the four main approaches to applied
biological control to reflect the differential spatial and temporal scales of the
processes involved.

For each of these categories, success in the suppression of an insect pest is dependent
upon the behavioral decisions made by parasitoids in both searching for and parasitiz-
ing hosts. Thus, the behavioral ecology of insect parasitoids is central to the successful
implementation of biological control programs. However, linkages between variation in
parasitoid behavior and its consequences for population dynamics remain few and have
proved to be an elusive and difficult goal (Ives 1995, Vet 2001). In the context of parasitoid
foraging behavior, there are important distinctions between the different approaches to
applied biological control based on both the spatial and temporal scale of the processes
involved (Fig. 1.1). The aim of importation differs from all other categories of biological
control in that success requires regional suppression of a pest population, extending in
some cases to a substantial part of whole continents, as in the successful control of the
cassava mealybug through importation of Anagyrus lopezi (Neuenschwander 2003). In addi-
tion, as relatively small numbers of parasitoids are introduced into spatially and numer-
ically extensive populations of the pest, success in importation biological control takes longer
to achieve and may span several years. Bellows (2001) estimated that the average time taken
to achieve suppression of an invasive pest through importation of parasitoids is six to 13
generations, but complete suppression on a large regional scale can take up to 12 years as
in the case of the cassava mealybug (Neuenschwander 2003). In contrast, inundation, as
an approach to biological control, is used for immediate impact, within a single genera-
tion of a pest and tends to be confined to a very local scale such as an individual field or
orchard. Although the implementation of inundation can extend to large areas, such as
releases of Trichogramma brassicae in 2002 on 77,000 hectares for suppression of European
corn borer in France (Wajnberg & Hassan 1994), the process itself still operates at a very
local scale. Intermediate between importation and inundation, both in terms of spatial
and temporal scale, are inoculation and conservation. In both cases, the aim is generally
to provide season-long control and the hope is that the impact of the intervention might
extend on a spatial scale beyond the points of implementation. Inoculation is based on
the notion that released parasitoids will continue to affect the pest population over several
generations, as in the early season releases of E. formosa for control of greenhouse whitefly
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(Hoddle et al. 1998) and so can be considered to operate at a slightly greater temporal scale.
In contrast, conservation, through enhancement of the suitability of the environment
for parasitoids, might be considered to operate on a slightly broader spatial scale as in
the provision of nectar subsidies, where parasitoids able to use such subsidies have greater
mobility and can be found more distantly from the source (Heimpel & Jervis 2005).

In this chapter, we explore how the distinct spatial and temporal scales of the four main
approaches to applied biological control are influenced by different aspects of parasitoid
foraging behavior. In considering each of the approaches, we begin with a brief discus-
sion of the pertinent foraging decisions and subsequently consider practical applications
and future opportunities. First, we consider optimal patch choice and the extent to which
it might affect the success of importation biological control. In the context of augmenta-
tive biological control, we discuss the trade-off between optimal foraging behavior and
level of pest suppression at a local scale and consider the use of infochemicals to increase
patch residence time (see also Chapter 5 by Hilker and McNeill). We also discuss the influence
of host size and quality, and sex ratio (Wolbachia infection) (see also Chapter 12 by Ode
and Hardy) on the efficiency of parasitoid mass rearing. Finally, we focus on foraging
decisions that affect current versus future reproduction in the context of nectar subsidies
as a component of conservation biological control.

1.2 Importation biological control

For importation biological control, host-specific parasitoids are imported from the region
of origin of an exotic invasive pest. The goal of this approach is for the introduced para-
sitoid to become established throughout the region colonized by the invasive pest and to
provide long-term suppression at low pest densities. The introduction of Aphytis para-
maculicornis and Coccophagoides utilis into California in the 1950s to control olive scale
(Parlatoria oleae) provides a stellar example with olive scale remaining a scarce insect in
California some 50 years after the initial parasitoid introductions (Huffaker et al. 1986,
Rochat & Gutierrez 2001). While there has been a series of important successes against
invasive insect pests in many different regions of the world, there remains an even greater
list of failures in which the introduced parasitoids either did not become established
in the target region or, if they did so, there was no notable impact on the abundance
of the target pest. Using the historical record of classical biological control introduc-
tions worldwide, only 38% of 1450 unique pest-introduced parasitoid combinations have
resulted in establishment and 44% of 551 established parasitoids have provided partial
to complete control of the pest, corresponding to a 17% overall rate of success (Mills
1994, 2000).

An important question that arises from the historical record is to what extent the over-
all rate of success in classical biological control can be improved. In this context, as noted
by Mills (2000), it is important to distinguish between establishment, i.e. the colonization
of a new environment by an introduced parasitoid and impact, i.e. the reduction of pest
population abundance by the action of an established parasitoid. From studies of invasive
species, it is apparent that there are no widely applicable characteristics of successful invaders
(Mack et al. 2000, Sakai et al. 2001), with establishment being determined by the ability
of a small founder population to survive and reproduce in a novel environment. Thus, the
establishment phase of importation biological control seems less likely to be influenced
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by foraging decisions than by more general population processes, such as Allee effects, genetic
bottlenecks, and demographic stochasticity, and by the favorability of the environment,
as determined by species richness, disturbance, and environmental stochasticity. None-
theless, Mills (2000) suggested that the success of parasitoid establishment could be
enhanced through manipulation of the holding conditions to maximize the fitness of
parasitoids destined for field release.

In contrast, pest suppression results from the impact of an exotic parasitoid that does
become established in a favorable environment and this process typically occurs over a
period of 6 to 13 generations (Bellows 2001) and extends over a broad geographic scale
(Fig. 1.1). Taking this into account, it is not unreasonable to assume that larger-scale pro-
cesses will dominate smaller-scale processes and there is some supporting evidence for this
assumption from field studies of parasitoids (Thies et al. 2003, Cronin 2004). In addition,
there is growing evidence that parasitoids can assess variation in host densities among patches
from a distance using volatile infochemical signals (Geervliet et al. 1998, Vet 2001). Thus,
patch choice decisions by parasitoids that determine the distribution of parasitoid foraging
effort among host patches are more likely to influence the impact of classical biological
control than foraging decisions made within host patches.

1.2.1 Behavioral context - optimal patch choice

Phytophagous hosts occur in discrete patches in the environment (Godfray 1994, Wajnberg
2006) and parasitoids seldom exist as isolated individuals within host patches and almost
certainly interact with conspecific individuals (see also Chapter 9 by Haccou and van Alphen),
if not with competing species or enemies, requiring them to make decisions with regard
to patch choice. The optimal strategy for patch choice for a population of foragers is
frequently represented by the ideal free distribution (IFD) in which individual foragers
are distributed among patches such that each has an equal rate of gain from the patches
that they occupy (Fretwell & Lucas 1970, Kacelnik et al. 1992, Tregenza 1995). This simple
representation of patch choice includes the simplifying assumptions of instant movement
among patches at no cost, equal competitive ability of foragers, and perfect knowledge of
the variation in resources among patches. Although experimental evidence suggests that
few foragers exactly match the simple model of an IFD (Tregenza 1995), it has nonethe-
less become one of the most widely applied theoretical concepts in behavioral ecology.

An IFD can be generated by both exploitative and interference competition between
animals foraging among patches in which resources are depletable and thus, decline in
suitability over time (Tregenza 1995, Sutherland 1996). Foragers will tend to favor patches
with the highest resource densities for ease of resource acquisition, but at the same
time will experience interference competition that will tend to reduce the rate of gain of
resources. Thus, one particularly interesting interpretation of the IFD is that it represents
the point at which acquisition and interference balance out to generate an equal rate of
gain among patches (Sutherland 1983, 1996). In this way, the IFD can be defined by the
interference coefficient m of Hassell and Varley (1969), such that when m =1 (exact match-
ing), foragers match the distribution of resources and the impact on the resource popula-
tion is spatially density independent. However, when m < 1, foragers aggregate in patches
of higher resource density, such that when m =0, all individuals forage in the patch with
the highest resource density and this generates a spatially density-dependent pattern of
mortality among patches.
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Walde and Murdoch (1988) assembled a set of 75 previous studies of spatial patterns of
parasitism in the field. Although parasitism does not necessarily represent the distribution
of adult parasitoids, being confounded by per capita rates of attack within patches, it pro-
vides a preliminary picture of the possible patterns of mortality that result from parasitoids
foraging among host patches. From the 75 studies, 49% showed density independence, 23%
showed positive density dependence, and 28% inverse density dependence. This evidence
suggests that, while an IFD with m =1 is consistent with approximately half of the studies,
both higher and lower levels of interference would be necessary to account for the full
range of spatial density dependence observed from patterns of parasitism among patches.
Aside from this broad approach, only two studies have more specifically addressed IFD
for parasitoids, a laboratory study with Venturia canescens (Tregenza et al. 1996) and a
greenhouse study of the foraging behavior of Lysiphlebus testaceipes (Fauvergue et al. 2006),
although several studies have monitored aggregation by parasitoids in the field (Waage
1983, Wang et al. 2004, Legaspi & Legaspi 2005). In each case, in common with more exten-
sive tests using vertebrates, these studies show a greater level of foraging by parasitoids at
lower density host patches, or under-matching, than expected.

A number of theoretical studies have examined the consequences of relaxing the basic
assumptions of an IFD to include factors such as learning ability, travel costs, unequal
competitive ability, and speed of patch quality assessment that might account for deviations
from exact matching (Bernstein et al. 1988, 1991, Tregenza 1995). Each of these factors
can influence the distribution of foragers among patches, indicating that simple individual
behaviors can lead to complex distributions of competitors. More recently, Jackson et al.
(2004a) suggested that under-matching of foragers to resources can readily be resolved by
incorporating simple random movements into an individual-based model of the IFD. Of
course, one of the other factors that could influence the distribution of foragers among
patches is the risk of predation and observations of foraging under field conditions, high-
lighting the importance of predation for adult parasitoids (Rosenheim 1998). In this regard,
it is interesting to note that Jackson et al. (2004b) developed a model in which foragers
minimize the risk of predation per unit of resource gain. This model leads to perfect match-
ing of foragers and resources when there is perfect knowledge at both trophic levels, but
results in under-matching if the level of knowledge or movement of the resource popula-
tion is greater than that of the forager population.

Although the spatial ecology of host—parasitoid interactions has received increasing atten-
tion in recent years (Hassell 2000, Murdoch et al. 2003, Cronin & Reeve 2005), reflecting
a more general awareness of the importance of spatial processes in population and com-
munity ecology, the link between patch choice and population dynamics has yet to be explored
in detail. For simplicity, many host—parasitoid models that incorporate spatial heterogeneity
are based on just two host patches, but spatial structure and the population consequences
of patch choice decisions by parasitoids can be more explicitly developed through lattice
models (Rohani & Miramontes 1995, Kean & Barlow 2000, Childs et al. 2004). Despite
the proliferation of spatial host—parasitoid models, the prime focus of these studies has
been on mechanisms for the persistence of metapopulations that are locally unstable
(Bernstein et al. 1999, Briggs & Hoopes 2004). In the context of classical biological con-
trol, although metapopulation persistence is one of the two characteristics of success, it is
the degree of suppression of host abundance that is of greater importance.

The only metapopulation model to have addressed host suppression is that of Rohani
and Miramontes (1995), in which parasitoids respond to the distribution of host densities
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Fig. 1.2 The influence of parasitoid aggregation on (a) the global mean host
density and (b) the variance in patch densities for a lattice metapopulation model
of a Nicholson-Bailey parasitoid (adapted from Rohani & Miramontes 1995]). An
aggregation index of 1 represents exact matching, while an index of less than 1
reflects under matching or the inefficiency of the parasitoid in responding to the
distribution of hosts among patches.

among neighborhood patches as defined by an aggregation parameter y (Hassell & May
1973), such that =1 represents exact matching and i <1 represents under-matching.
It is important to note that there are two aspects of host suppression in a spatially
structured environment, one being the mean host density among patches and the other
being the variance in host densities among patches. The Rohani and Miramontes (1995)
model indicates that the lowest mean host metapopulation densities are achieved at a
relatively low aggregation index (= 0.4) representing a high level of under-matching by
the parasitoid (Fig. 1.2a). This suggests that parasitoids that are less than perfect in their
distribution of foraging effort in relation to host densities among patches could still play
an important role in biological control. On the other hand, it may be more valuable
in the context of classical biological control to ensure that no host patches experience
damaging host densities, in which case variance in host densities may be more important
than the overall mean. The Rohani and Miramontes (1995) model indicates that the
lowest variance in host metapopulation density can only be achieved at a higher aggrega-
tion index (@ =0.7), suggesting that more optimal parasitoid behavior (Fig. 1.2b) may
be needed to prevent damaging host densities in all patches, albeit at the expense of a
greater mean host metapopulation density. To what extent these results would change
through incorporation of host density dependence within patches, a saturating functional
response, or density-dependent dispersal into the model remains to be explored, but this
study does provide an initial indication that parasitoid inefficiencies in responding to the
patchiness of hosts may not be incompatible with biological control and the success of
host suppression.
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1.2.2 Optimal foraging and importation biological control

The aim of importation biological control is the long-term suppression of pest popula-
tions through the introduction of exotic specialist parasitoids from the region of origin of
an invasive species. As noted above, the two phases of an introduction are establishment
and impact and little attention has been paid to improving the success of establishment.
In this respect, it is interesting to note, from the biological control record, that 63% of
the phytophagous insects introduced for the control of weeds become established (Syrett
et al. 2000) in comparison to 36% of the insect parasitoids introduced against insect pests
(Mills 2000). This suggests that there could be opportunities for improving establishment
rates of parasitoids and one that has been explored to a limited extent is the influence
of holding conditions on the subsequent reproductive capacity and behavioral charac-
teristics of parasitoids that are being processed for field release (Hougardy et al. 2005,
Hougardy & Mills 2006, 2007).

In any introduction program it is necessary to hold adult parasitoids for a period of
time in rearing cages to accumulate sufficient emergence to justify effective field releases.
During this holding period, which can typically last several days and can sometimes rep-
resent up to 25% of the adult life span, parasitoids are mated and given sugar-rich food
and will experience either host deprivation if hosts are withheld or egg depletion if hosts
are provided. In the absence of hosts, parasitoids might be expected to accumulate mature
eggs, which could increase their motivation for foraging once released, but could also
experience egg resorption and become temporarily unable to oviposit. The absence of hosts
might also reduce egg maturation rates and prevent the acquisition of host-associated cues
for host finding. In contrast, in the presence of hosts, although parasitoids would learn
to find hosts, the expenditure of eggs would necessarily lead to a reduction in future
reproduction and may also reduce the motivation for host finding.

In conjunction with parasitoid introductions for classical biological control of the
codling moth in California (Mills 2005), we considered the effects of both host deprivation
and egg expenditure on the reproductive capacity and behavior of a cocoon (prepupal)
parasitoid, Mastrus ridibundus (Hymenoptera, Ichneumonidae). When deprived of hosts,
M. ridibundus maintained a maximal egg load for up to 7 days and showed a peak of
oviposition on the first day that hosts became available, although daily rates of host attack
fell to a lower level subsequently, with a relatively low lifetime fecundity that was inde-
pendent of the duration of deprivation (Hougardy et al. 2005).

In contrast, although egg expenditure led to declining egg loads, daily attack rates, and
lifetime fecundity with increasing duration of holding, only egg load was lower than the
comparable values for host-deprived parasitoids. When parasitoids that had experienced
1-9 days of host deprivation or egg expenditure were released into a field cage to estimate
the success of patch and host finding, those that had experienced host deprivation showed
no reduction in foraging success even after 9 days in the absence of hosts, whereas those
that had experienced egg expenditure showed a progressive decline in both patch and host
finding (Hougardy & Mills 2007). In addition, using mark-release-recapture experiments
with immunological markers in the field, M. ridibundus females showed a dispersal rate
of 81.5 m’/h after experiencing four or more days of host deprivation, as compared to a
rate of 2.1 m*/h for those that experienced either a lower level of host deprivation or all
levels of egg expenditure (Hougardy & Mills 2006). Thus, pre-release conditions can have
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a marked influence on post-release performance, both in terms of reproductive potential
and foraging behavior and deserves closer attention in the future. For M. ridibundus, if
large numbers of parasitoids are available and the aim is to establish the parasitoid over
a broad area as quickly as possible, then depriving parasitoids of hosts for 4 days before
release would enhance their dispersal through the release region. A more likely aim, how-
ever, would be to establish the parasitoid in a more localized area and, in this case, para-
sitoids should be exposed to hosts, but should not be held for more than 2 days prior to
release to avoid any reduction in foraging ability.

While there are no options available to manipulate the host patch choice decisions made
by parasitoids introduced as classical biological controls, it is nonetheless valuable to know
whether the impact of established parasitoids is influenced by their ability to match their
foraging effort to the heterogeneity in host densities among patches. We know of no studies
that have directly addressed host patch choice by parasitoid species used in classical bio-
logical control, but there is some indirect evidence from aggregative distributions of para-
sitism. For example, Hassell (1980) showed that there is a positive relationship between
parasitism by the tachinid Cyzenis albicans and winter moth density among trees. Although
the success of the biological control programs against the winter moth in Nova Scotia and
British Columbia seems likely to involve the indirect influence of predation of winter moth
pupae in the soil (Roland 1988), the role of C. albicans continues to be disputed (Bonsall
& Hassell 1995, Roland 1995). In contrast to the winter moth example, however, there is
no evidence of a relationship between parasitism and host density among trees for para-
sitoids that have proved to be successful in the biological control of diaspid scales: Aphytis
melinus for California red scale (Reeve & Murdoch 1985, Smith & Maelzer 1986), A. para-
maculicornis and C. utilis for olive scale (Murdoch et al. 1984), and Aphytis yanonensis and
Coccobius fulvus for arrowhead scale (Matsumoto et al. 2004). The lack of response of para-
sitism to host density could result either from under-matching in the spatial distribution
of adult parasitoids or from a reduction in the per capita performance of parasitoids that
do effectively orient toward the higher host density patches. However, in the absence of
any direct evidence of the distribution of foraging adults for parasitoids that have become
established in biological control programs, it remains unclear to what extent host patch
choice decisions are likely to support or constrain the impact of introduced parasitoids
and if this is an aspect of biological control that deserves closer attention in the future.

1.3 Augmentative biological control

Besides introductions of natural enemies from the region of origin of invasive pests, bio-
logical control also includes the periodic release of individuals for immediate or season-
long suppression of pests. Augmentative releases of mass-reared parasitoids have resulted
in the development of small-scale commercial insectaries in many regions of the world over
the last 30 years and it is estimated that more than 125 natural enemy species are com-
mercially available and used on about 16 million ha globally each year (van Lenteren 2000).
Inoculative releases are most frequently used early in the season to create a reproducing
population of natural enemies in the crop or target environment, with the founder popula-
tion initiating a series of generations that persist throughout the growing season. The best
example of inoculative augmentation for parasitoids is the use of E. formosa for control
of greenhouse whitefly in Europe (Hoddle et al. 1998). For inoculative releases of E. formosa
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to be successful, the crop must be able to tolerate a sufficient whitefly population to allow
the parasitoid to persist through reproduction. As E. formosa is a host feeder, too low a host
density will lead to hosts being used more frequently for host feeding than for reproduc-
tion, which often leads to extinction. Thus, inoculative releases have worked most effectively
in vegetable crops, such as cucumber and tomato, which are able to tolerate some honeydew
production, whereas in floral crops, where control requirements are more stringent, inunda-
tive releases are necessary, which do no allow for sustained reproduction by E. formosa.
van Lenteren (2000) estimated that biological control is used on 14,000 of a total 300,000
ha of protected crops globally, with E. formosa being the most frequently used natural enemy
representing 33% of the monetary sales of natural enemies used in glasshouses.

Inoculative augmentation of parasitoids in biological control is functionally similar
to the introduction of parasitoids in classical biological control. The difference is one of
temporal and spatial scale (Fig. 1.1) but, in both cases, success is dependent upon a repro-
ducing parasitoid population suppressing the density of a pest population. Thus, in com-
mon with classical biological control, spatial processes and patch choice is expected to be
among the most important aspects of the foraging behavior of E. formosa with regard to
seasonal control. In this respect, it is of interest to note that suppression of greenhouse
whitefly is less stable in small greenhouses (van Lenteren et al. 1996). This suggests that,
in the absence of sufficient spatial scale, a small glasshouse acts more like a local patch in
which Nicholson—Bailey dynamics dominate (Nicholson & Bailey 1935) and extensive host
feeding and superparasitism by E. formosa can accelerate the likelihood of extinction.

Inundative releases of insect parasitoids are used for immediate impact on the pest
population, often with no expectation of successful reproduction and carry over to sub-
sequent generations. In this way, the use of parasitoids in inundative augmentation can
be likened to the use of a biological insecticide. Thus, inundation is based on maximiz-
ing the immediate killing power of the released parasitoids rather than on the dynamics
of interacting host—parasitoid populations over a series of generations. The most frequently
used parasitoids in inundative release programmes include Trichogramma species for con-
trol of lepidopteran pests in cereals, cotton, and field vegetables worldwide (Wajnberg &
Hassan 1994), Cotesia flavipes for sugarcane borer control in South America, A. melinus
for control of California red scale in citrus in the USA, and Muscdifurax and Spalangia
species for control of filth flies in North America and Europe (van Lenteren 2000). A par-
ticularly interesting success story is the development of inundative releases of A. melinus
in citrus. Mass production of A. melinus was initiated by the Fillmore Insectary, USA in
1960 as part of the biological control focus of the 9000 acres of citrus grown by Fillmore
Citrus Protective District, a grower cooperative. In 1986, releases of A. melinus from the
Fillmore Insectary were estimated at 190 million parasitoids (Carpenter 2005). Not only
have inundative releases worked well in coastal citrus in southern California, they have
also proved effective and commercially viable in the San Joaquin Valley where higher
temperatures result in the production of smaller California red scale that are less preferred
by A. melinus (Moreno & Luck 1992, Luck et al. 1996).

1.3.1 Behavioral context - optimal patch and host use
Patch use decisions and optimal foraging theory have been studied extensively, if some-

what sporadically, since the first appearance of the marginal value theorem (Charnov 1976,
Houston & McNamara 1999, Green 2006). The latter predicts how long an individual
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forager should stay in a patch in order to maximize its long-term rate of gain or fitness
and that the patch becomes successively depleted with time (see also Chapter 8 by van
Alphen and Bernstein). The optimal time at which to leave the patch is when the current
rate of gain falls to the overall rate for the environment.

Patch use decisions have also been studied experimentally for a variety of parasitoid species
with an emphasis on the range of factors that can influence patch time allocation and the
informational cues that are used by parasitoids in developing patch-leaving rules (van Alphen
et al. 2003, Burger et al. 2006, Wajnberg 2006). While patch residence time for parasitoids
is primarily determined by the rate of successful oviposition events (or host encounters)
within patches, it is now well known that parasitoids can adapt their strategy of patch use
in response to experience and information gained while foraging. Patch residence time in
parasitoids has been shown to be influenced by genetic variability (Wajnberg et al. 1999,
2004), seasonality (Roitberg et al. 1992), physiological status (Outreman et al. 2005), adult
food (Stapel et al. 1997), experience (Keasar et al. 2001, van Baaren et al. 2005), by the
presence of competitors (Bernstein & Driessen 1996, Wajnberg et al. 2004, Goubault
et al. 2005) or enemies (E. Hougardy & N. J. Mills, unpublished), and by chemical cues
associated with host plant damage (Wang & Keller 2004, Tentelier et al. 2005), hosts (Waage
1979, Shaltiel & Ayal 1998), or enemies (Petersen et al. 2000). The mechanism used by
parasitoids for optimal patch use appears to be incremental when hosts are aggregated,
such that each oviposition increases the probability of staying, but decremental when hosts
are regularly distributed, such that each oviposition decreases the probability of staying.
In addition, recent evidence suggests that parasitoids may also have the flexibility to
switch between the two mechanisms as circumstances change (Driessen & Bernstein 1999,
Outreman et al. 2005, Burger et al. 2006). From a biological control perspective, perhaps
the most important influences on patch residence time are chemical cues (kairomones or
synomones), which are believed to provide an initial evaluation of patch quality (Shaltiel
& Ayal 1998, Tentelier et al. 2005) and competition, which can lead either to increased or
to decreased patch residence time (Wajnberg et al. 2004, Goubault et al. 2005).

In addition to patch use decisions, parasitoids must also make choices between host
individuals and make decisions about host acceptance, sex allocation, and clutch size. As
solitary parasitoids seldom exploit host patches alone, both direct competition with other
foraging females and indirect competition through encounters with chemical markers
or previously parasitized hosts can influence host acceptance and the tendency to super-
parasitize (Visser et al. 1992, Plantegenest et al. 2004). Once a host has been accepted, the
optimal strategy of host use, assuming that host quality affects female fitness more than
male fitness, is to allocate daughters to higher quality hosts and males to lower quality
hosts (Charnov et al. 1981, see also Chapter 12 by Ode and Hardy). For parasitoids, host
quality is often equated with size and there is good evidence from solitary species that
the primary sex ratio is generally correlated with host size (Godfray 1994). Of course, size
is not the only component of host quality, as host plant, host species, host age, and pre-
vious parasitism can also influence the primary sex ratio (King 1987, Campan & Benrey
2004, Shuker & West 2004, Ueno 2005, see also Chapter 12 by Ode and Hardy).

For gregarious species, the optimal clutch size has frequently been considered to be the
number of eggs that maximizes the parent females’ fitness gain from the whole clutch,
often referred to as the Lack clutch size (Lack 1947, Godfray 1994). However, the majority
of experimental laboratory studies have observed clutch sizes that are smaller than the
Lack clutch size (Godfray 1994, Zaviezo & Mills 2000). This suggests that the lifetime
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reproductive success of gregarious parasitoids is not always determined by the size of
a single clutch, but can be modified by environmental conditions that influence the likeli-
hood of future reproduction. Thus, the optimal strategy, when the expectation of future
reproduction is high, is more toward maximization of the fitness gain per egg (a reduction
from the Lack clutch size), a situation that may well apply to parasitoids under laboratory
conditions. However, when the expectation of future reproduction is low, the optimal
strategy is to maximize the fitness gain per clutch (Lack clutch size), a situation that may
be more applicable to insect parasitoids under field conditions. Environmental factors
that can influence the expectation of future reproduction include host encounter rates,
parasitoid survivorship, and competition (Iwasa et al. 1984, Visser & Rosenheim 1998).

Finally, sex allocation within parasitoid clutches is influenced by local mate competition
(LMC) which generates female-biased offspring sex ratios, regardless of whether mothers
use a patch of hosts simultaneously or sequentially (Hamilton 1967, Werren 1980, see
also Chapter 12 by Ode and Hardy). Hamilton’s (1967) theory of LMC predicts that, when
mating takes place between the offspring generated by one of a few mothers, sex ratios
should be female biased to limit the competition between brothers for mates and that, as
the number of mothers increases, the female bias declines. There is considerable experi-
mental evidence that LMC can account for the variation in sex ratios of parasitoids (Godfray
1994). However, in an interesting recent extension of LMC, Shuker et al. (2005, 2006) pointed
out the importance of asynchronous emergence of offspring from sequential females
visiting the same patch of hosts. Under such circumstances, optimal parasitoid sex ratios
can vary for different hosts in the same patch due to differential levels of competition between
males that emerge asynchronously within the patch. Thus, optimal sex allocation presents
a complex problem for gregarious parasitoids involving host quality, clutch size, and
asymmetrical LMC, suggesting that an absence of perfect information may at times con-
strain their ability to respond accurately (Shuker & West 2004).

1.3.2 Optimal foraging and inundative biological control

The aim of inundative biological control is to release as many insectary-produced para-
sitoids as needed to generate sufficient mortality to suppress pest densities on a localized
scale and prevent crop damage. At such a localized scale, patch use and host use decisions
by the parasitoids are of much greater importance than patch choice, both in the context
of mass production and impact following release. In the context of mass production, the
goal is to produce vast numbers of selected parasitoids in insectaries without compromising
their ability to function as intended after release (van Lenteren 2003). The emphasis here
is primarily on production, with quality control serving not so much to optimize the fitness
of the individuals produced as to maintain an acceptable level of field performance.
One particularly interesting practical application of the host quality model of sex
allocation in parasitoids (Charnov et al. 1981) to mass production concerns the manipula-
tion of host size to reduce male-biased sex ratios in Diglyphus isaea (Ode & Heinz 2002,
Chow & Heinz 2005, 2006). Diglyphus isaea is commercially produced for inundative releases
against Liriomyza leafminers in glasshouses, but the cost of production often prohibits
greater adoption of this approach in comparison to insecticides. As is typical for a solitary
idiobiont parasitoid, D. isaea produces more daughters on larger host larvae and bases its
assessment of host size on recent experience of the distribution of host sizes in a patch
(Ode & Heinz 2002). Diglyphus isaea was found to produce about 60% male offspring
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when presented with hosts of an intermediate size over 3 days, whereas a sequence of increas-
ing host sizes each day over the same time period reduced male production to 40% and
a sequence of decreasing host sizes increased male production to 74% (Ode & Heinz 2002).
Taking this to a more practical level for parasitoid production, Chow and Heinz (2005)
showed that D. isaea produces 60% male offspring when presented simultaneously with
small host and large hosts on separate plants in rearing cages but, when both host sizes
were present on the same plants, male bias could be reduced to 48%. Over an 8-week period
of simulated mass rearing (Fig. 1.3a), the combination of host sizes on plants produced
an equal number of wasps, but with a significantly lower male bias (10% reduction with
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Fig. 1.3 Exposing D. isaea to a combination of large and small hosts (white bars)
rather than to high-quality large hosts alone (gray bars) can (a) reduce the
proportion of male offspring in mass production and (b) produce female wasps
that are equally effective in suppressing leafminer densities in relation to
untreated controls (black bar) (adapted from Chow & Heinz 2005, 2006).
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no reduction in female size) than the standard insectary production procedure of pro-
viding large hosts alone (Chow & Heinz 2005). Further, in greenhouse trails, parasitoids
produced from the novel host size combination approach to production of D. isaea were
as effective in reducing survivorship of the leafminer Liriomyza langei (Fig. 1.3b) and
damage to chrysanthemums as parasitoids produced from large hosts (Chow & Heinz 2006).
This example provides a clear indication that the cost-effectiveness of mass production of
an idiobiont parasitoid can be enhanced through manipulation of the foraging behavior
of the parasitoid. A similar potential has been identified for the production of Catolaccus
grandis (Heinz 1998), a parasitoid of cotton boll weevil and the approach may be more
broadly applicable to idiobiont parasitoids that share the same host-size-based sex alloca-
tion behavior.

Mass production of gregarious parasitoids necessarily involves the use of rearing cages
in which multiple females simultaneously parasitize hosts in close proximity. Under these
conditions, it would be expected that LMC might lead to a reduction in the production
of female offspring. However, in a study of mass rearing protocols for two soft scale
parasitoids Metaphycus flavus and Metaphycus stanleyi, Bernal et al. (1999) found that the
sex ratio was dominated by host quality rather than by interactions with other females.
Contrary to expectations, larger-scale hosts produced more females and larger broods than
smaller hosts. The larger broods produced on larger-scale hosts not only produced con-
stant sex ratios, but produced offspring of larger size. Although these two parasitoids did
not respond to crowding in an optimal way with respect to LMC, their lack of response
clearly does not compromise their mass production. The observation that host quality may
dominate LMC as an influence on sex ratios in captive parasitoid rearings may be more
general, as a similar lack of response to female crowding was found for Parallorhogas
pyralophagus, a gregarious ectoparasitoid of the stemborer Eoreuma loftini (Bernal et al.
2001) and for Anagyrus kamali, a solitary endoparasitoid of the colony forming pink
hibiscus mealybug (Sagarra et al. 2000). Such a scenario would also be consistent with the
previous observation that sex ratios in D. isaea can readily be improved through manipula-
tion of host quality despite the multiple foundresses of a mass-rearing environment.

Of interest to note here, in the context of maximizing female production in mass
rearing, is the influence of Wolbachia infection in Trichogramma species. Stouthamer (2003)
suggested that the selection of unisexual (i.e. female only) strains of Trichogramma could
benefit mass production as no hosts would be wasted on the production of males and thus,
production costs could be reduced. In a direct comparison of unisexual and sexual (through
antibiotic treatment) forms of the same line of Trichogramma deion and Trichogramma
cordubensis in a glasshouse setting, it was found that both forms found host egg patches
equally effectively but that the sexual form parasitized more hosts per patch than the
unisexual form (Silva et al. 2000). The latter effect is probably due to the lower offspring
production of the unisexual form, suggesting that the use of unisexual parasitoids would
be most effective against solitary hosts.

In considering the field performance of insectary-produced parasitoids, arguably the
most important constraint is that the constancy and simplicity of an insectary environ-
ment inevitably selects for a limited set of genotypes that proliferate under rearing
conditions, but that are not so well adapted to function effectively under field conditions
(Nunney 2003, Wajnberg 2004). While this has led to the development of some valuable
recommendations for the maintenance of genetic diversity in the captive rearing of
parasitoids (Roush & Hopper 1995, Nunney 2003, Wajnberg 2004), there is less information
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on the extent to which captive rearing influences the foraging behavior of parasitoids. Captive
rearing did not prevent T. brassicae from showing optimal behavior in the exploitation
of localized patches of hosts (Wajnberg et al. 2000), but patch-leaving rules that result
in parasitoids abandoning a patch before all potential hosts have been attacked are
not optimal for inundative biological control. The ideal outcome for biological control
would be to maximize host attack in every patch irrespective of patch host density
and the marginal gain with respect to other patches. In this way, optimal foraging runs
counter to the goal of inundative biological control. Although patch residence times might
be increased through use of natural flightless mutants, such as known for the coccinellid
Harmonia axyridis (Tourniaire et al. 2000), a more widely applicable approach is through
use of behavior-modifying infochemicals.

It is well known that parasitoids are responsive to infochemical cues and that learning
of such cues plays an important role in parasitoid foraging (Vet et al. 2003, see also Chapter
5 by Hilker and McNeil). This has led to consideration of applications such as the priming
of insectary-reared parasitoids with infochemicals prior to field release (Hare & Morgan
1997) and the spraying of crops with compounds that will either stimulate parasitoid search
or retain parasitoids in patches where extended periods of search are desired.

The potential for priming is well illustrated by the oviposition behavior of A. melinus,
a parasitoid of California red scale, for which host recognition is mediated by the
presence and quantity of the contact chemical O-caffeoyltyrosine present in scale covers
(Hare & Morgan 1997). The contact chemical is highest in concentration in the covers of
third instar scale, the preferred host stage and the threshold concentration that stimulates
ovipositor probing can be reduced either through experience with California red scale
covers or with the chemical itself. For mass production, A. melinus is reared on an alter-
native host, the oleander scale on squash and, as this scale lacks the host recognition chem-
ical, mass-reared parasitoids do not have any experience of this contact cue when field
released. Hare and Morgan (1997) showed that it is feasible to prime mass-reared para-
sitoids and that primed parasitoids do show an increased level of probing of California
red scale. Subsequently, Hare et al. (1997) showed that this can lead to a 6-11% enhance-
ment of parasitism rates in sleeve cages in the field. Although the recognition chemical can
be produced synthetically, commercial application of Aphytis priming awaits the develop-
ment of a mechanical procedure for priming thousands of wasps, the concentration of
chemical necessary to ensure effective priming, and verification that such a system would
be effective for parasitoid releases in commercial orchards.

In addition to initial priming of wasps prior to field release, consideration has also been
given to spraying crops directly with host recognition chemicals (Prokopy & Lewis 1993),
particularly for Trichogramma releases (Lewis et al. 1979). However, this approach has
met with more variable success and it remains unclear whether a uniform coating of plant
surfaces with kairomones would stimulate or disrupt parasitoid foraging behavior. In a
laboratory study of the aphid parasitoid Aphelinus asychis, Li et al. (1997) showed that the
presence of aphid honeydew on leaves could at least double patch residence times, but
that this increase applied only to parasitoids with no or limited (1 day) experience with
hosts and was not apparent for parasitoids that were more fully experienced (3—4 days
with hosts). In many cases, parasitoid mass-rearing protocols do produce naive female wasps
and thus, uniform coatings of inexpensive contact kairomones could lead to foraging
patterns that are not optimal for the individuals released, but more effective in terms of
suppression of pest densities and crop damage.
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1.4 Conservation biological control

Conservation biological control focuses on the enhancement of both introduced and indi-
genous parasitoid populations through the enhancement of limiting resources or the removal
of incompatible pesticides. The potential impact of synthetic pesticides on parasitoids is
well documented and has given rise to the well-known phenomena of pest resurgence (Hardin
et al. 1995) and secondary pest outbreaks. Although removal of excessive pesticide use or
the adoption of more selective pesticide products can lead to effective conservation of
parasitoid populations, this aspect of conservation biological control concerns the survivorship
rather than foraging behavior of parasitoids in crop production systems and will not be
discussed further. In contrast, the provisioning of limiting resources as an approach
to the conservation of parasitoids in cropping systems is the least well understood and
implemented component of biological control with little documentation of the elements
of success (Ehler 1998, Landis et al. 2000). As pointed out by Gurr et al. (2000), many
studies of conservation biological control have focused on habitat manipulation, such as
crop diversification. Under such circumstances, it becomes difficult to separate the rela-
tive importance of the bottom-up influence of resource concentration from the top-down
influence of enemies when pest populations change in abundance. While natural enemy
abundance often increases in response to crop diversification, there is limited verification
that increased enemy abundance leads to greater pest population suppression.

More recently, there has been renewed interest in the provisioning of nectar subsidies
as a more specific limiting resource for parasitoids in cropping systems (Heimpel & Jervis
2005, Wickers et al. 2005). Although extra-floral nectar and honeydew can also be import-
ant sugar sources for parasitoids, floral nectar is more readily manipulated in farmer fields
in the context of the implementation of conservation biological control. Not only does
this approach more specifically target the foraging behavior of parasitoids, it also pro-
vides a more focused direction for field-based studies in conservation biological control.
This then raises the question of optimal patch choice between hosts and adult food,
the distance or ease of access of nectar sources from host patches and the extent to which
foraging for food could reduce the time available to search for hosts (see also Chapter 7
by Bernstein and Jervis).

1.4.1 Behavioral context - optimal use of nectar subsidies

As a variant on patch choice, foraging parasitoids also face decisions of whether to stay
in a patch of hosts or to select an alternative patch containing plant-provided food (see
also Chapter 7 by Bernstein and Jervis). The most important form of plant-provided food
for parasitoids is nectar. Not only have parasitoids frequently been observed feeding from
flowers (Jervis et al. 1993), but in many cases the longevity and realized fecundity of par-
asitoids are known to be greatly enhanced in the presence of floral nectar (Wickers 2004,
2005). Although parasitoids vary in the frequency with which they require carbohydrate
sources to sustain survivorship and flight, foraging females must make important
decisions of whether to search for nectar subsidies to support future reproduction or for
hosts to maximize current reproduction (see also Chapter 6 by Strand and Casas and
Chapter 7 by Bernstein and Jervis). Nectar subsidies come with both direct and indirect
costs. Direct costs are associated with the potential of increased mortality while foraging
on flowers (Rosenheim 1998) and indirect opportunity costs are associated with the time
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lost while feeding rather than ovipositing (Sirot & Bernstein 1996). As an initial step, using
a stochastic dynamic programming model, Sirot and Bernstein (1996) determined that
the optimal solution for the distribution of parasitoids between patches of hosts and food
is influenced by both the availability of food sources and the dependence of survivorship
on energy reserves (see also Chapter 7 by Bernstein and Jervis). More recently, Tenhumberg
et al. (2006) extended this approach to relax some of the assumptions and to include an
energy cost for host searching. They found that, in contrast to the Sirot and Bernstein (1996)
model, parasitoids should always search for food rather than hosts when energy reserves
drop to a low level, even if food availability and rewards are low. However, Bernstein and
Jervis (Chapter 7) show that the reason for the contradiction between the two models is more
a matter of the parameter values chosen than the assumptions of the model per se.

While there have been numerous laboratory studies on the impact of floral nectar on
the performance of individual parasitoids (Wéckers 2005) and an increasing number of
field studies on the influence of nectar subsidies on parasitism (Gurr et al. 2005, Heimpel
& Jervis 2005), the consequences of floral nectar for the dynamics of host—parasitoid inter-
actions at a population level are poorly understood. Krivan and Sirot (1997) confirmed
the suggestion of Sirot and Bernstein (1996) that the inclusion of floral subsidies can
stabilize a host—parasitoid model, but provided no indication of the consequences for host
population suppression. Kean et al. (2003) addressed this problem by asking specifi-
cally how an increase in parasitoid longevity or fecundity, through provisioning of nectar
subsidies, would affect the equilibrium density of a host population. By including para-
sitoid longevity and fecundity (maximum number of attacks) into a simple extension of
a Lotka—Volterra host—parasitoid model, they were able to show that increased fecundity
is of less importance than increased longevity and that the effect of increased parasitoid
longevity in suppressing a host population depends upon whether a parasitoid is primarily
egg or time limited and whether time spent on nectar subsidies is likely to result in a reduc-
tion in the search rate for hosts (Fig. 1.4). In other words, parasitoids that are more
pro-ovigenic (with a high ovigeny index sensu Jervis et al. 2001) are less likely to benefit
from increased longevity, whereas those that are more synovigenic (low ovigeny index)
could provide enhanced pest suppression in the presence of a nectar subsidy as time spent
searching for food should not limit the daily number of hosts attacked for a time-limited
parasitoid (see also Chapter 7 by Bernstein & Jervis for further details).

1.4.2 Optimal foraging and conservation biological control

Infochemicals originating from a damaged host plant (synomones) or from the host itself
(kairomones) are well-known signals that aid parasitoids in the location of suitable hosts.
Although less well known, there is also increasing evidence that parasitoids also respond
to floral odors in their search for sugars to support maintenance and flight (Wickers 1994,
Jacob & Evans 2001). The responsiveness of parasitoids to host-related versus food-related
cues then depends upon the level of hunger, with starved females responding preferentially
to food odors and well-fed females responding preferentially to host-associated odors (Jervis
et al. 1996, Lewis et al. 1998, Desouhant et al. 2005). This responsiveness can lead to para-
sitoids maintaining a fairly constant level of energy under field conditions in the presence
of an abundant adult food supply, as shown for Venturia canescens (Casas et al. 2003).
The concept of using floral nectar subsidies to enhance the abundance or activity
of parasitoids is based on three important observations: (i) crop monocultures are often
devoid of sugars; (ii) parasitoid longevity is often greatly enhanced when fed on sugars;
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Fig. 1.4 The potential influence of nectar subsidies on the ability of a parasitoid

to reduce the equilibrium density of a host population based on an extended
Lotka-Volterra model in relation to parasitoid longevity (adapted from Kean et al.
2003). Four possible scenarios are presented, depending upon whether the subsidy
has an influence on lifetime fecundity or area searched by the parasitoid (see text
for details).

and (iii) parasitoids often use floral nectar under natural conditions. In reviewing the experi-
mental evidence for improved parasitoid performance in the presence of floral nectar, Heimpel
and Jervis (2005) noted that there was evidence of increased parasitism in 7 of 20 field
studies, but that only one of these 7 showed a simultaneous reduction in pest density, while
2 did not and 4 did not monitor host density. Since this review, several other studies have
shown enhanced rates of parasitism under field conditions in the presence of floral
nectar (Tylianakis et al. 2004, Lavandero et al. 2005, Berndt et al. 2006, Winkler et al. 2006),
but there have been no further reports of a reduction in pest densities. An increase in
parasitism in the presence of floral nectar can result from a combination of two effects:
an increase in parasitoid density due to greater attraction or retention of parasitoid females
and an increase in the per capita performance of the parasitoids. It is not clear which of
these factors may have been more important, but it is interesting to note that increased
rates of parasitism were reported for both host-feeding and non-host-feeding parasitoids,
suggesting that host feeding alone may not compensate for a parasitoid’s need for sugars
to fuel flight and support longevity (but see Giron et al. 2004). It should also be noted
here that sucrose sprays have been shown to be sufficient to increase the abundance of
the alfalfa weevil parasitoid Bathyplectes curculionis and weevil parasitism during the first
crop of alfalfa in fields where aphids are not abundant (Jacob & Evans 1998). Nonetheless,
despite increasing evidence for the importance of flower feeding for parasitoids (Wickers
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2005), it appears that there is far less evidence that the presence of floral nectar will trans-
late to improved biological control.

Observations of increased parasitism in the presence of floral subsidies has been suffi-
cient, however, to generate considerable interest in the possibility to enhance parasitoid
populations and their performance in agricultural crops that tend to lack natural sources
of suitable sugars (Landis et al. 2000, Gurr et al. 2005). In the context of conservation
biological control, two important questions arise: which floral subsidies to use and how
close they need to be to the crop? To answer the first question it is important to consider
five different features of the flowers of a particular plant species: availability in space and
time, apparency in terms of olfactory and visual cues, accessibility in relation to parasitoid
mouthpart morphology, chemical composition with respect to sugars, stimulants and deter-
rents, and specificity in enhancing parasitoids rather than pests or higher order predators
(Gurr et al. 2005, Wickers 2005). Although annual buckwheat (Fagopyrum esculentum)
has become something of a model plant for floral subsidy studies, Wickers (2004) has
shown that the flowers of different plant species can differ considerably in both olfactory
attractiveness and accessibility for three different species of parasitoid. Some nectar con-
stituents can also either act as deterrents or be toxic to parasitoids (Wickers 2001, 2005).
Thus, the selection of flowering plant species as insectary mixes for use in conservation
biological control, not only needs to take these features into consideration, but also needs
to be tailored for variation among parasitoid species.

The question of how close a floral subsidy needs to be to a crop, to be readily found
and used by adult parasitoids, remains largely unknown. In an interesting study of para-
sitism of grain aphids by A. rhopalosiphi in the presence of annual buckwheat, Tylianakis
et al. (2004) showed that parasitism declined exponentially from 36% immediately adjacent
to a floral patch to zero beyond a distance of 14 m (Fig. 1.5), suggesting that the foraging
distance of this parasitoid may be relatively small. While foraging distance is likely to increase
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Fig. 1.5 Parasitism of grain aphids by A. rhopalosiphi in relation to distance into
the crop from a patch of buckwheat flowers that acted as a source of floral nectar
(adapted from Tylianakis et al. 2004).
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with parasitoid size, there have been few studies of parasitoid foraging distance and the
majority of these are concerned with movement in relation to hosts rather than food sources
(Desouhant et al. 2003). However, Lavandero et al. (2005) found that Diadegma semiclausum
could be trapped at distances of 80 m from a source of floral nectar marked with rubidium.
Nonetheless, there remains insufficient data from which to base any assessment of the
necessary proximity of floral subsidies. Similarly, the question of how much floral nectar
is needed to support a suitable population of parasitoids in an agricultural crop has yet
to be addressed. However, these examples suggest that proximity might be more import-
ant than quantity and that, to reach to the middle of agricultural fields, floral subsidies
may need to be integrated into a crop in the form of headland plantings or strips rather
than being confined to perimeter plantings.

1.5 Conclusion

Behavioral ecology and optimal foraging theory provide a valuable basis for developing
improvements in the application of biological control. As the four main approaches to
biological control differ in both temporal and spatial scale, however, it is important to
consider the corresponding scale of foraging decisions that are most applicable to each
approach, with larger-scale processes likely dominating smaller-scale processes. A beha-
vioral approach also appears promising in more formally linking measurements at the indi-
vidual level to processes at the population level and helping to shift the implementation
of biological control away from its traditional roots of trail-and-error toward a more exact
science in which success can be more readily predicted.

Host patch choice is the appropriate scale of behavior for biological control importa-
tions and inoculations and, while such behavior offers little opportunity for manipulation
to improve success, it could help to clarify the differences between success and failure.
Additional theoretical studies that focus on host suppression rather than stability would
provide a better basis for understanding to what extent inefficiencies in the distribution
of foraging effort could enhance or compromise the success of biological control. In this
respect, initiation of field observations on the spatial distribution of foraging effort for
established parasitoids would fill a current vacuum and inform the continued debate that
aggregation to patches of higher host density is a beneficial aspect of biological control.
Patch and host use decisions are the appropriate scales of behavior for inundative bio-
logical control, with opportunities to improve both mass production of parasitoids and
their subsequent impact following field release. Manipulating sex ratios through host
quality and use of uniparental (i.e. female only) strains can reduce the production costs
for mass-reared parasitoids. Similarly, patch residence times and consequent parasitism
can be increased for inundative releases using infochemicals as crop sprays or for prim-
ing parasitoids with host recognition cues prior to release. Although not yet adopted by
insectaries and biological control practitioners due to insufficient practical development,
these techniques offer considerable potential that could readily lead to commercial applica-
tion. In the case of conservation biological control, the provision of nectar subsidies
for adult parasitoids has attracted considerable attention in recent years, involving patch
choice decisions that influence the trade-off between current and future reproduction.
While nectar subsidies are used by adult parasitoids in the field and have been shown
to increase parasitism, at least locally, there is little experimental evidence that this has
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translated to reduced pest densities, indicating the need for additional and more critical
field tests.

References

Bellows, T.S. (2001) Restoring population balance through natural enemy introductions. Biological
Control 21: 199-205.

Bernal, J.S., Luck, R.F. and Morse, J.G. (1999) Host influences on sex ratio, longevity, and egg load
of two Metaphycus species parasitic on soft scales: implications for insectary rearing. Entomologia
Experimentalis et Applicata 92: 191-204.

Bernal, ].S., Gillogly, P.O. and Griset, J. (2001) Family planning in a stemborer parasitoid: sex
ratio, brood size and size-fitness relationships in Parallorhogas pyralophagus (Hymenoptera:
Braconidae), and implications for biological control. Bulletin of Entomological Research 91:
255-64.

Berndt, L.A., Wratten, S.D. and Scarratt, S.L. (2006) The influence of floral resource subsidies on
parasitism rates of leafrollers (Lepidoptera: Tortricidae) in New Zealand vineyards. Biological Control
37: 50-5.

Bernstein, C. and Driessen, G. (1996) Patch-marking and optimal search patterns in the parasitoid
Venturia canescens. Journal of Animal Ecology 65: 211-19.

Bernstein, C., Kacelnik, A. and Krebs, J.R. (1988) Individual decisions and the distribution of
predators in a patchy environment. Journal of Animal Ecology 57: 1007 -26.

Bernstein, C., Kacelnik, A. and Krebs, J.R. (1991) Individual decisions and the distribution of
predators in a patchy environment. II. The influence of travel costs and structure of the envi-
ronment. Journal of Animal Ecology 60: 205-26.

Bernstein, C., Auger, P. and Poggiale, J.C. (1999) Predator migration decisions, the ideal distribu-
tion, and predator—prey dynamics. American Naturalist 153: 267—81.

Bonsall, M.B. and Hassell, M.P. (1995) Identifying density-dependent processes: a comment on the
regulation of winter moth. Journal of Animal Ecology 64: 781—4.

Briggs, C.J. and Hoopes, M.F. (2004) Stabilizing effects in spatial parasitoid—host and predator—prey
models: a review. Theoretical Population Biology 65: 299—315.

Burger, J.M.S., Huang, Y., Hemerik, L., van Lenteren, J.C. and Vet, L.E.M. (2006) Flexible use of
patch-leaving mechanism in a parasitoid wasp. Journal of Insect Behavior 19: 155-70.

Caltagirone, L.E. and Doutt, R.L. (1989) The history of the vedalia importation to California and
its impact on the development of biological control. Annual Review of Entomology 34: 1-16.

Campan, E. and Benrey, B. (2004) Behavior and performance of a specialist and a generalist para-
sitoid of bruchids on wild and cultivated beans. Biological Control 30: 220-38.

Carpenter, M. (2005) Fillmore Citrus Protective District. http://www.rinconvitova.com/history%20BC.
htm#Fillmore%20Citrus%20Protective%20District

Casas, J., Driessen, G., Mandon, N. et al. (2003) Energy dynamics in a parasitoid foraging in the
wild. Journal of Animal Ecology 72: 691-7.

Charnov, E.L. (1976) Optimal foraging: the marginal value theorem. Theoretical Population Biology
9: 129-36.

Charnov, E.L., Hartogh, R.L.L-D., Jones, W.T. and van den Assem, J. (1981) Sex ratio evolution in
a variable environment. Nature 289: 27-33.

Childs, D.Z., Bonsall, M.B. and Rees, M. (2004) Periodic local disturbance in host—parasitoid
metapopulations: host suppression and parasitoid persistence. Journal of Theoretical Biology 227:
13-23.

Chow, A. and Heinz, K.M. (2005) Using hosts of mixed sizes to reduce male-biased sex ratio in the
parasitoid wasp, Diglyphus isaea. Entomologia Experimentalis et Applicata 117: 193-9.



24 N.J. MILLS AND E. WAJNBERG

Chow, A. and Heinz, K.M. (2006) Control of Liriomyza langei on chrysanthemum by Diglyphus
isaea produced with a standard or modified parasitoid rearing technique. Journal of Applied
Entomology 130: 113-21.

Collier, T. and Van Steenwyk, R. (2004) A critical evaluation of augmentative biological control.
Biological Control 31: 245-56.

Costanza, R., d’Arge, R., de Groot, R. et al. (1997) The value of the world’s ecosystem services and
natural capital. Nature 387: 253—60.

Cronin, J.T. (2004) Host—parasitoid extinction and colonization in a fragmented prairie landscape.
Oecologia 139: 503—-14.

Cronin, J.T. and Reeve, J.D. (2005) Host—parasitoid spatial ecology: a plea for a landscape-level
synthesis. Proceedings of the Royal Society of London Series B Biological Science 272: 2225-35.

Daane, K.M., Mills, N.J. and Tauber, M.J. (2002) Biological pest controls: augmentative controls.
In: Pimentel, D. (ed.) Encyclopedia of Pest Management. Marcel Dekker, New York, pp. 36-8.

Desouhant, E., Driessen, G., Lapchin, L., Wielaard, S. and Bernstein, C. (2003) Dispersal between
host populations in field conditions: navigation rules in the parasitoid Venturia canescens.
Ecological Entomology 28: 257—67.

Desouhant, E., Driessen, G., Amat, I. and Bernstein, C. (2005) Host and food searching in a parasitic
wasp Venturia canescens: a trade-off between current and future reproduction? Animal Behaviour
70: 145-52.

Driessen, G. and Bernstein, C. (1999) Patch departure mechanisms and optimal host exploitation
in an insect parasitoid. Journal of Animal Ecology 68: 445—59.

Ehler, L.E. (1998) Conservation biological control: past, present and future. In: Barbosa, P. (ed.)
Conservation Biological Control. Academic Press, San Diego, pp. 1-8.

Fauvergue, X., Boll, R., Rochat, J., Wajnberg, E., Bernstein, C. and Lapchin, L. (2006) Habitat
assessment by parasitoids: consequences for population distribution. Behavioral Ecology 17:
522-31.

Fretwell, S.D. and Lucas, H.L. (1970) On territorial behaviour and other factors influencing
habitat distribution in birds. Acta Biotheoretica 19: 16—36.

Geervliet, J.B.F., Ariens, S., Dicke, M. and Vet, L.E.M. (1998) Long-distance assessment of patch
profitability through volatile infochemicals by the parasitoids Cotesia glomerata and C. rubecula
(Hymenoptera: Braconidae). Biological Control 11: 113-21.

Giron, D., Pincebourde, S. and Casas, J. (2004) Lifetime gains of host-feeding in a synovigenic
parasitic wasp. Physiological Entomology 29: 436—42.

Godfray, H.C.J. (1994) Parasitoids. Behaviour and Evolutionary Ecology. Princeton University Press,
Princeton.

Goubault, M., Outreman, Y., Poinsot, D. and Cortesero, A.M. (2005) Patch exploitation strategies
of parasitic wasps under intraspecific competition. Behavioral Ecology 16: 693—701.

Green, R.F. (2006) A simpler, more general method of finding the optimal foraging strategy for Bayesian
birds. Oikos 112: 274—-84.

Gurr, G.M., Wratten, S.D. and Barbosa, P. (2000) Success in conservation biological control of
arthropods. In: Gurr, G. and Wratten, S. (eds.) Measures of Success in Biological Control. Kluwer
Academic Publishers, Dordrecht, pp. 105-32.

Gurr, G.M., Wratten, S.D., Tylianakis, J., Kean, J. and Keller, M. (2005) Providing plant foods for
natural enemies in farming systems: balancing practicalities and theory. In: Wickers, F.L., van
Rijn, P.C.J. and Bruin, J. (eds.) Plant-provided Food for Carnivorous Insects. Cambridge University
Press, Cambridge, pp. 326—47.

Hamilton, W.D. (1967) Extraordinary sex ratios. Science 156: 477—88.

Hardin, M.R,, Benrey, B., Coll, M., Lampe, W.O., Roderick G.K. and Barbosa, P. (1995) Arthropod
pest resurgence: an overview of potential mechanisms. Crop Protection 14: 3—18.

Hare, J.D. and Morgan, D.J.W. (1997) Mass-priming Aphytis: behavioral improvement of insectary-
reared biological control agents. Biological Control 10: 207-14.



OPTIMAL FORAGING BEHAVIOR AND CONTROL METHODS 25

Hare, J.D., Morgan, D.J.W. and Nguyun, T. (1997) Increased parasitization of California red scale
in the field after exposing its parasitoid, Aphytis melinus, to a synthetic kairomone. Entomologia
Experimentalis et Applicata 82: 73-81.

Hassell, M.P. (1980) Foraging strategies, population models, and biological control: a case study.
Journal of Animal Ecology 49: 603—28.

Hassell, M.P. (2000) The Spatial and Temporal Dynamics of Host—Parasitoid Interactions. Oxford
University Press, Oxford.

Hassell, M.P. and May R.M. (1973) Stability in insect host—parasitoid models. Journal of Animal
Ecology 42: 693-726.

Hassell, M.P. and Varley, G.C. (1969) New inductive population model for insect parasites and its
bearing on biological control. Nature 223: 1133—6.

Heimpel, G.E. and Jervis, M.A. (2005) Does floral nectar improve biological control by parasitoids?
In: Wickers, F.L., van Rijn, P.C.J. and Bruin, J. (eds.) Plant-provided Food for Carnivorous Insects.
Cambridge University Press, Cambridge, pp. 267—304.

Heinz, K. M. (1998) Host size-dependent sex allocation behaviour in a parasitoid: implications for
Catolaccus grandis (Hymenoptera: Pteromalidae) mass rearing programmes. Bulletin of Entomological
Research 88: 37—45.

Heinz, K.M., van Driesche, R.G. and Parrella, M.P. (2004) Biocontrol in Protected Culture. Ball Publishing,
Batavia.

Hoddle, M.S. (2004) Restoring balance: using exotic species to control invasive exotic species.
Conservation Biology 18: 38—49.

Hoddle, M.S., van Driesche, R.G. and Sanderson, J.P. (1998) Biology and use of the whitefly para-
sitoid Encarsia formosa. Annual Review of Entomology 43: 645—69.

Hougardy, E. and Mills, N.J. (2006) The influence of host deprivation and egg expenditure on the
rate of dispersal of a parasitoid following field release. Biological Control 37: 206—13.

Hougardy, E. and Mills, N.J. (2007) Influence of host deprivation and egg expenditure on the patch
and host-finding behavior of the parasitoid wasp Mastrus ridibundus. Journal of Insect Behavior
20: 229-46.

Hougardy, E., Bezemer, T.M. and Mills, N.J. (2005) Effects of host deprivation and egg expenditure
on the reproductive capacity of Mastrus ridibundus, an introduced parasitoid for the biological
control of codling moth in California. Biological Control 33: 96—106.

Houston, A.I. and McNamara, .M. (1999) Models of Adaptive Behaviour. Cambridge University Press,
Cambridge.

Huffaker, C.B., Kennett, C.E. and Tassan, R.L. (1986) Comparison of parasitism and densities of
Parlatoria oleae 1952—1982 in relation to ecological theory. American Naturalist 128: 379—-93.
Ives, A.R. (1995) Spatial heterogeneity and host—parasitoid population dynamics: do we need to study

behavior? Oikos 74: 366—76.

Iwasa, Y., Suzuki, Y. and Matsuda, H. (1984) Theory of oviposition strategies of parasitoids. I. Effect
of mortality and limited egg number. Theoretical Population Biology 26: 205—27.

Jackson, A.L., Humpbhries, S. and Ruxton, G.D. (2004a) Resolving the departures of observed results
from the ideal free distribution with simple random movements. Journal of Animal Ecology 73:
612-22.

Jackson, A.L., Ranta, E., Lundberg, P., Kaitala, V. and Ruxton, G.D. (2004b) Consumer—
resource matching in a food chain when both predators and prey are free to move. Oikos 106:
445-50.

Jacob, H.S. and Evans, E'W. (1998) Effects of sugar spray and aphid honeydew on field popula-
tions of the parasitoid Bathyplectes curculionis (Hymenoptera: Ichneumonidae). Environmental
Entomology 27: 1563—38.

Jacob, H.S. and Evans, E-W. (2001) Influence of food deprivation on foraging decisions of the
parasitoid Bathyplectes curculionis (Hymenoptera: Ichneumonidae). Annals of the Entomological
Society of America 94: 605—11.



26 N.J. MILLS AND E. WAJNBERG

Jervis, M.A., Kidd, N.A.C., Fitton, M.G., Huddleston, T. and Dawah, H.A. (1993) Flower-visiting
by hymenopteran parasitoids. Journal of Natural History 27: 67-105.

Jervis, M.A., Kidd, N.A.C. and Heimpel, G.E. (1996) Parasitoid adult feeding behaviour and
biocontrol: a review. Biocontrol News & Information 17: 11-26.

Jervis, M.A., Heimpel, G.E., Ferns, P.N., Harvey, J.A. and Kidd, N.A.C. (2001) Life-history strategies
in parasitoid wasps: a comparative analysis of ‘ovigeny’. Journal of Animal Ecology 70: 442—58.
Kacelnik, A., Krebs, J.R. and Bernstein, C. (1992) The ideal free distribution and predator—prey

populations. Trends in Ecology & Evolution 7: 50—5.

Kean, J.M. and Barlow, N.D. (2000) Can host—parasitoid metapopulations explain successful
biological control? Ecology 81: 2188—97.

Kean, J., Wratten, S., Tylianakis, J. and Barlow, N. (2003) The population consequences of natural enemy
enhancement, and implications for conservation biological control. Ecology Letters 6: 604—12.
Keasar, T., Ney-Nifle, M., Mangel, M. and Swezey, S. (2001) Early oviposition experience affects patch

residence time in a foraging parasitoid. Entomologia Experimentalis et Applicata 98: 123—-32.

Kenmore, P.E. (1996) Integrated pest management in rice. In: Persley, G.J. (ed.) Biotechnology and
Integrated Pest Management. CABI Publishing, Wallingford, pp. 76—97.

King, B.H. (1987) Offspring sex ratios in parasitoid wasps. Quarterly Review of Biology 62: 367—96.

Kfivan, V. and Sirot, E. (1997) Searching for food or hosts: the influence of parasitoids behavior on
host—parasitoid dynamics. Theoretical Population Biology 51, 201-9.

Lack, D. (1947) The significance of clutch size. Ibis 89: 309-352.

Landis, D.A., Wratten, S.D. and Gurr, G.M. (2000) Habitat management to conserve natural ene-
mies of arthropod pests in agriculture. Annual Review of Entomology 45: 175—201.

Lavandero, B., Wratten, S., Shishehbor, P. and Worner, S. (2005) Enhancing the effectiveness of the
parasitoid Diadegma semiclausum (Helen): movement after use of nectar in the field. Biological
Control 34: 152-8.

Legaspi, B.C. and Legaspi, J.C. (2005) Foraging behavior of field populations of Diadegma spp.
(Hymenoptera : Ichneumonidae): testing for density-dependence at two spatial scales. Journal of
Entomological Science 40: 295-306.

Lewis, W.J., Beevers, M., Nordlund, D.A., Gross, H.R. and Hagen, K.S. (1979) Kairomones and their
use for management of entomophagous insects. IX. Investigations of various kairomone treat-
ment patterns for Trichogramma spp. Journal of Chemical Ecology 5: 673—80.

Lewis, W.J., Stapel, J.O., Cortesero, A.M. and Takasu, K. (1998) Understanding how parasitoids
balance food and host needs: importance to biological control. Biological Control 11: 175—83.
Li, C., Roitberg, B.D. and Mackauer, M. (1997) Effects of contact kairomone and experience on ini-

tial giving-up time. Entomologia Experimentalis et Applicata 84: 101—-4.

Losey, J.E. and Vaughan, M. (2006) The economic value of ecological services provided by insects.
BioScience 56: 311-23.

Luck, R.F., Forster, L.D. and Morse, J.G. (1996) An ecologically based IPM program for citrus in
California’s San Joaquin Valley using augmentative biological control. International Citrus
Congress, Sun City, South Africa. International Society of Citriculture 1: 499-503.

Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout, M. and Bazzaz, F.A. (2000) Biotic
invasions: causes, epidemiology, global consequences, and control. Ecological Applications 10: 689—710.

Matsumoto, T., Itioka, T., Nishida, T. and Inoue, T. (2004) A test of temporal and spatial density
dependence in the parasitism rates of introduced parasitoids on host, the arrowhead scale (Unaspis
yanonensis) in stable host—parasitoids system. Journal of Applied Entomology 128: 267—-72.

Mills, N.J. (1994) Biological control: some emerging trends. In: Leather, S.R., Watt, A.D., Mills, N.]J.
and Walters, K.F.A. (eds.) Individuals, Populations and Patterns in Ecology. Intercept, Andover,
pp. 213-22.

Mills, N.J. (2000) Biological control: the need for realistic models and experimental approaches to
parasitoid introductions. In: Hochberg, M.E. and Ives, A.R. (eds.) Parasitoid Population Biology.
Princeton University Press, Princeton, pp. 217—-34.



OPTIMAL FORAGING BEHAVIOR AND CONTROL METHODS 27

Mills, N.J. (2005) Selecting effective parasitoids for biological control introductions: codling moth
as a case study. Biological Control 34: 274-82.

Moreno, D.S. and Luck, R.F. (1992) Augmentative releases of Aphytis melinus (Hymenoptera:
Aphelinidae) to suppress California red scale (Homoptera: Diaspididae) in southern California
lemon orchards. Journal of Economic Entomology 85: 1112—-19.

Murdoch, W.W., Reeve, ].D., Huffaker, C.B. and Kennett, C.E. (1984) Biological control of olive
scale Parlatoria oleae and its relevance to ecological theory. American Naturalist 123: 371-92.
Murdoch, W.W., Briggs, C.J. and Nisbet, RM. (2003) Consumer—Resource Dynamics. Princeton

University Press, Princeton.

Neuenschwander, P. (2003) Biological control of cassava and mango mealybugs in Africa. In:
Neuenschwander, P., Borgemeister, C. and Langewald, J. (eds.) Biological Control in IPM Systems
in Africa. CABI Publishing, Wallingford, pp. 45—59.

Nicholson, A.J. and Bailey, V.A. (1935) The balance of animal populations. Proceedings of the Zoological
Society of London 1: 551-98.

Nunney, L. (2003) Managing captive populations for release: a population-genetic perspective. In:
van Lenteren, J.C. (ed.) Quality Control and Production of Biological Control Agents: Theory and
Testing Procedures. CABI Publishing, Wallingford, pp. 73—87.

Ode, P.J. and Heinz, K.M. (2002) Host-size-dependent sex ratio theory and improving mass-reared
parasitoid sex ratios. Biological Control 24: 31-41.

Outreman, Y., Le Ralec, A., Wajnberg, E. and Pierre, J-S. (2005) Effects of within- and among-patch
experiences on the patch-leaving decision rules in an insect parasitoid. Behavioral Ecology ¢
Sociobiology 58: 208—17.

Petersen, G., Matthiesen, C., Francke, W. and Wyss, U. (2000) Hyperparasitoid volatiles as possible
foraging behaviour determinants in the aphid parasitoid Aphidius uzbekistanicus (Hymenoptera:
Aphidiidae). European Journal of Entomology 97: 545-50.

Plantegenest, M., Outreman, Y., Goubault, M. and Wajnberg, E. (2004) Parasitoids flip a coin before
deciding to superparasitize. Journal of Animal Ecology 73: 802—6.

Prokopy, R.J. and Lewis, W.J. (1993) Application of learning to pest management. In: Papaj,
D.R. and Lewis, A.C. (eds.) Insect Learning: Ecological and Evolutionary Perspectives. Chapman &
Hall, New York, pp. 308—42.

Reeve, J.D. and Murdoch, W.W. (1985) Aggregation by parasitoids in the successful control of the
California USA red scale: a test of theory. Journal of Animal Ecology 54: 797-816.

Rochat, J. and Gutierrez, A.P. (2001) Weather-mediated regulation of olive scale by two parasitoids.
Journal of Animal Ecology 70: 476—90.

Rohani, P. and Miramontes, O. (1995) Host—parasitoid metapopulations: the consequences of
parasitoid aggregation on spatial dynamics and searching efficiency. Proceedings of the Royal Society
of London Series B Biological Science 260: 35—42.

Roitberg, B.D., Mangel, M., Lalonde, R.G., Roitberg, C.A., van Alphen, J.J.M. and Vet, L.
(1992) Seasonal dynamic shifts in patch exploitation by parasitic wasps. Behavioral Ecology 3:
156-65.

Roland, J. (1988) Decline in winter moth populations in North America, direct versus indirect effect
of introduced parasites. Journal of Animal Ecology 57: 523—32.

Roland, J. (1995) Response to Bonsall and Hassell ‘Identifying density-dependent processes: A
comment on the regulation of winter moth’. Journal of Animal Ecology 64: 785—6.

Rosenheim, J.A. (1998) Higher-order predators and the regulation of insect herbivore populations.
Annual Review of Entomology 43: 421-47.

Roush, R.T. and Hopper, K.R. (1995) Use of single family lines to preserve genetic variation in
laboratory colonies. Annals of the Entomological Society of America 88; 713—17.

Sagarra, L.A., Vincent, C. and Stewart, R.K. (2000) Mutual interference among female Anagyrus kamali
Moursi (Hymenoptera: Encyrtidae) and its impact on fecundity, progeny production and sex ratio.
Biocontrol Science & Technology 10: 239—44.



28 N.J. MILLS AND E. WAJNBERG

Sakai, A.K., Allendorf, F.W., Holt, J.S. et al. (2001) The population biology of invasive species. Annual
Review of Ecology & Systematics 32: 305—32.

Shaltiel, L. and Ayal, Y. (1998) The use of kairomones for foraging decisions by an aphid parasitoid
in small host aggregations. Ecological Entomology 23: 319—-29.

Shuker, D.M. and West, S.A. (2004) Information constraints and the precision of adaptation:
sex ratio manipulation in wasps. Proceedings of the National Academy of Sciences USA 101:
10363-7.

Shuker, D.M., Pen, I, Duncan, A.B., Reece, S.E. and West, S.A. (2005) Sex ratios under asymmet-
rical local mate competition: theory and a test with parasitoid wasps. American Naturalist 166:
301-16.

Shuker, D.M., Pen, I. and West, S.A. (2006) Sex ratios under asymmetrical local mate competition
in the parasitoid wasp Nasonia vitripennis. Behavioral Ecology 17: 345—52.

Silva, LM.M.S., van Meer, M.M.M., Roskam, M.M., Hoogenboom, A., Gort, G. and Stouthamer, R.
(2000) Biological control potential of Wolbachia-infected versus uninfected wasps: Laboratory and
greenhouse evaluation of Trichogramma cordubensis and T. deion strains. Biocontrol Science &
Technology 10: 223-38.

Sirot, E. and Bernstein, C. (1996) Time sharing between host searching and food searching in
parasitoids: state-dependent optimal strategies. Behavioral Ecology 7: 189—94.

Skovgard, H. and Nachman, G. (2004) Biological control of house flies Musca domestica and stable
flies Stomoxys calcitrans (Diptera: Muscidae) by means of inundative releases of Spalangia cameroni
(Hymenoptera: Pteromalidae). Bulletin of Entomological Research 94: 555—67.

Smith, A.D.M. and Maelzer, D.A. (1986) Aggregation of parasitoids and density-independence of
parasitism in field population of the wasp Aphytis melinus and its host the red scale Aonidiella
aurantii. Ecological Entomology 11: 425—34.

Stapel, J.O., Cortesero, A.M., De Moraes, C.M., Tumlinson, J.H. and Lewis, W.J. (1997) Extrafloral
nectar, honeydew, and sucrose effects on searching behavior and efficiency of Microplitis croceipes
(Hymenoptera: Braconidae) in cotton. Environmental Entomology 26: 617-23.

Stouthamer, R. (2003) The use of unisexual wasps in biological control. In: van Lenteren, J.C. (ed.)
Quality Control and Production of Biological Control Agents: Theory and Testing Procedures. CABI
Publishing, Wallingford, pp. 93-113.

Sutherland, W.J. (1983) Aggregation and the ideal free distribution. Journal of Animal Ecology 52:
821-8.

Sutherland, W.J. (1996) From Individual Behaviour to Population Ecology. Oxford University Press,
Oxford.

Syrett, P., Briese, D.T. and Hoffmann, J.H. (2000) Success in biological control of terrestrial weeds
by arthropods. In: Gurr, G. and Wratten, S. (eds.) Measures of Success in Biological Control. Kluwer
Academic Publishers, Dordrecht, pp. 189-230.

Tenhumberg, B., Siekmann, G. and Keller, M.A. (2006) Optimal time allocation in parasitic wasps
searching for hosts and food. Oikos 113: 121-31.

Tentelier, C., Wajnberg, E. and Fauvergue, X. (2005) Parasitoids use herbivore-induced informa-
tion to adapt patch exploitation behaviour. Ecological Entomology 30: 739—44.

Thies, C., Steffan-Dewenter, 1. and Tscharntke, T. (2003) Effects of landscape context on herbivory
and parasitism at different spatial scales. Oikos 101: 18—25.

Tourniaire, R., Ferran, A., Giuge, L., Piotte, C. and Gambier, J. (2000) A natural flightless mutation
in the ladybird, Harmonia axyridis. Entomologia Experimentalis et Applicata 96: 33—8.

Tregenza, T. (1995) Building on the ideal free distribution. Advances in Ecological Research 26:
253-307.

Tregenza, T., Thompson, D.J. and Parker, G.A. (1996) Interference and the ideal free distribution:
oviposition in a parasitoid wasp. Behavioral Ecology 7: 387—94.

Tylianakis, J.M., Didham, R.K. and Wratten, S.D. (2004) Improved fitness of aphid parasitoids receiv-
ing resource subsidies. Ecology 85: 658—66.



OPTIMAL FORAGING BEHAVIOR AND CONTROL METHODS 29

Ueno, T. (2005) Effect of host age and size on offspring sex ratio in the pupal parasitoid Pimpla
(=Coccygomimus) luctuosa (Hymenoptera: Ichneumonidae). Journal of the Faculty of Agriculture
Kyushu University 50: 399—405.

van Alphen, J.J.M., Bernstein, C. and Driessen, G. (2003) Information acquisition and time alloca-
tion in insect parasitoids. Trends in Ecology & Evolution 18: 81-7.

van Baaren, J., Boivin, G. and Outreman, Y. (2005) Patch exploitation strategy by an egg parasitoid
in constant or variable environment. Ecological Entomology 30: 502—9.

van Lenteren, J.C. (2000) Measures of success in biological control of arthropods by augmentation
of natural enemies. In: Gurr, G. and Wratten, S. (eds.) Measures of Success in Biological Control.
Kluwer Academic Publishers, Dordrecht, pp. 77-103.

van Lenteren, J.C. (2003) Quality Control and Production of Biological Control Agents: Theory and
Testing Procedures. CABI Publishing, Wallingford.

van Lenteren, J.C., van Roermund, H.J.W. and Siitterlin, S. (1996) Biological control of greenhouse
whitefly (Trialeurodes vaporariorum) with the parasitoid Encarsia formosa: How does it work? Biological
Control 6: 1-10.

Vet, L.E.M. (2001) Parasitoid searching efficiency links behaviour to population processes. Applied
Entomology & Zoology 36: 399—-408.

Vet, L.E.M., Lewis, W.]., Papaj, D.R. and van Lenteren, J.C. (2003) A variable-response model for
parasitoid foraging behaviour. In: van Lenteren, J.C. (ed.) Quality Control and Production of Biological
Control Agents: Theory and Testing Procedures. CABI Publishing, Wallingford, pp. 25-39.

Visser, M.E. and Rosenheim, J.A. (1998) The influence of competition between foragers on clutch
size decisions in insect parasitoids. Biological Control 11: 169—74.

Visser, M.E., van Alphen, J.J.M. and Hemerik, L. (1992) Adaptive superparasitism and patch time
allocation in solitary parasitoids: an ESS model. Journal of Animal Ecology 61: 93—101.

Waage, J.K. (1979) Foraging for patchily distributed hosts by the parasitoid Nemeritis canescens. Journal
of Animal Ecology 48: 353-71.

Waage, J.K. (1983) Aggregation in field parasitoid populations: foraging time allocation by a
population of Diadegma (Hymenoptera: Ichneumonidae). Ecological Entomology 8: 447—54.

Wiickers, F.L. (1994) The effect of food deprivation on the innate visual and olfactory preferences
in the parasitoid Cotesia rubecula. Journal of Insect Physiology 40: 641-9.

Wickers, F.L. (2001) A comparison of nectar- and honeydew sugars with respect to their
utilization by the hymenopteran parasitoid Cotesia glomerata. Journal of Insect Physiology 47:
1077-84.

Wickers, F.L. (2004) Assessing the suitability of flowering herbs as parasitoid food sources: flower
attractiveness and nectar accessibility. Biological Control 29: 307 -14.

Wickers, F.L. (2005) Suitability of (extra-)floral nectar, pollen, and honeydew as insect food sources.
In: Wickers, F.L., van Rijn, P.C.J. and Bruin, J. (eds.) Plant-provided Food for Carnivorous Insects.
Cambridge University Press, Cambridge, pp. 17-74.

Wickers, F.L., van Rijn, P.C.J. and Bruin, J. (2005) Plant-provided Food for Carnivorous Insects.
Cambridge University Press, Cambridge.

Wajnberg, E. (2004) Measuring genetic variation in natural enemies used for biological control: Why
and how? In: Ehler, L., Sforza, R. and Mateille T. (eds.) Genetics, Evolution and Biological Control.
CABI Publishing, Wallingford, pp. 19-37.

Wajnberg, E. (2006) Time-allocation strategies in insect parasitoids: from ultimate predictions to
proximate behavioural mechanisms. Behavioral Ecology and Sociobiology 60: 589—611.

Wajnberg, E. and Hassan, S.A. (1994) Biological Control with Egg Parasitoids. CABI Publishing,
Wallingford.

Wajnberg, E., Rosi, M.C. and Colazza, S. (1999) Genetic variation in patch time allocation in a
parasitic wasp. Journal of Animal Ecology 68: 121-33.

Wajnberg, E., Fauvergue, X. and Pons, O. (2000) Patch leaving decision rules and the marginal value
theorem: an experimental analysis and a simulation model. Behavioral Ecology 11: 577 -86.



30 N.J. MILLS AND E. WAJNBERG

Wajnberg, E., Curty, C. and Colazza, S. (2004) Genetic variation in the mechanisms of direct mutual
interference in a parasitic wasp: consequences in terms of patch-time allocation. Journal of
Animal Ecology 73: 1179-89.

Walde, S.J. and Murdoch, W.W. (1988) Spatial density dependence in parasitoids. Annual Review
of Entomology 33: 441-66.

Wang, X.G. and Keller, M.A. (2004) Patch time allocation by the parasitoid Diadegma semiclausum
(Hymenoptera: Ichneumonidae). III. Effects of kairomone sources and previous parasitism.
Journal of Insect Behavior 17: 761-76.

Wang, X.G., Duff, J., Keller, M.A., Zalucki, M.P., Liu, S.S. and Bailey, P. (2004) Role of Diadegma
semiclausum (Hymenoptera: Ichneumonidae) in controlling Plutella xylostella (Lepidoptera:
Plutellidae): cage exclusion experiments and direct observation. Biocontrol Science ¢ Technology
14: 571-86.

Werren, J.H. (1980) Sex ratio adaptations to local mate competition in a parasitic wasp. Science 208:
1157-9.

Winkler, K., Wickers, F.L., Bukovinszkine-Kiss, G. and van Lenteren, J. (2006) Sugar resources are
vital for Diadegma semiclausum fecundity under field conditions. Basic & Applied Ecology 7: 133—40.

Zaviezo, T. and Mills, N.J. (2000) Factors influencing the evolution of clutch size in a gregarious
insect parasitoid. Journal of Animal Ecology 69: 1047—-57.



