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1.1

In this chapter, we consider practical aspects of
the foraging behaviour of insect natural enemies
in its widest sense (so wide that we even include
a few examples concerning non-insect arthopods,
such as mites). Initially, most insect natural
enemies must locate the habitat where potential
victims may be found. Within that habitat, the
victims themselves must be discovered. Once a
patch of potential targets is identified, the
predator or female parasitoid must choose its
victim. Furthermore, in judging host quality, a
female parasitoid must decide whether to feed
from the host, to oviposit, or to do both. If she
does decide to oviposit, then there are questions
of sex allocation and offspring number that need
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to be addressed (Fig. 1.1). All of these activities
fall under the aegis of ‘foraging behaviour’.

Studies of the foraging behaviour of insect
natural enemies lie at the heart of much of
modern ecology. These studies have taken two
broadly defined pathways, where the emphasis is
determined by the interest of the researcher (see
below). Irrespective of the motivation of the
researcher, it is clear that any attempt to under-
stand the foraging behaviour of a predator or a
parasitoid will greatly benefit from knowledge
gleaned from both approaches. This cross-
fertilisation of ideas is something we try to
emphasise in this chapter.

In addition, we provide a review of the for-
aging behaviour of insect natural enemies. This is
meant to be illustrative, with stress placed on the
experiments used to study the behaviour itself.
For greater detail on the behaviour of parasitoids
one should refer to Godfray (1994), Quicke
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Which patches to visit

Whether to oviposit and/or feed on a host

How much haemolymph to remove from a host
when feeding

What clutch size to produce for each host
attacked (and whether to oviposit in an
already parasitised hosts, i.e.,
superparasitise it)

What sex ratio of progeny to produce
When to leave a patch

Fig. 1.1 Foraging decisions. In adopting either the
functional or the causal approach to studying predator
and parasitoid behaviour, it is useful to consider that
foraging insect natural enemies are faced with a number
of consecutive or simultaneous decisions. Listed in this
figure are some of the questions that may need to be
addressed by a gregarious host-feeding parasitoid

(1997) and Wajnberg et al. (2008) and, for a
shorter overview, to Hardy and Godfray (2023).
The literature on insect predators is much more
diffuse, but New (1991) provides a good intro-
duction to the behaviour of predators in general,
while Dixon (2000) reviews the behaviour of
ladybird beetles (Coccinellidae), and Davies
et al. (2012) provide an excellent introduction to
many aspects of animal behaviour in general.
Where possible, we deal with insect predators
and parasitoids together, although there are some
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sections (e.g., sex allocation, Sect. 1.11) where
the examples come exclusively from the para-
sitoid literature, and other sections (e.g.,
superparasitism/cannibalism, Sect. 1.9) where
both are dealt with, but separately. Nevertheless,
many of the approaches to studying foraging
behaviour, and the theory underpinning it, are
similar for both predators and parasitoids.

In this chapter, we first describe the method-
ological approaches that underpin studies of the
foraging behaviour of insect natural enemies.
Second, we discuss how the predators and para-
sitoids find the habitat patches where potential
prey or hosts may be encountered. Third, we
reflect on what occurs after the prey or host is
found, dealing with issues such as clutch size and
sex allocation decisions, and patch defence
behaviour. We also deal with considerations such
as the cost of reproduction to natural enemies and
the resistance of their hosts or prey to being
exploited. Finally, we touch briefly upon some of
the wider population and ecological conse-
quences of insect natural enemy foraging
behaviour.

1.2 Methodology

1.2.1 The Causal Approach

Until the late 1970s, parasitoid foraging beha-
viour was mostly studied from a proximate (i.e.,
causal or mechanistic) standpoint, with a strong
emphasis on identifying which stimuli para-
sitoids respond to both in finding and in recog-
nising their hosts. Through this approach,
fascinating insights into parasitoid foraging
behaviour have been gained, and it has been
demonstrated that often an intricate tritrophic
relationship  exists between phytophagous
insects, their host plants and parasitoids. We now
know the identities of some of the chemical
compounds eliciting certain behaviours in para-
sitoids. Some of the research in this field has
been devoted to the application to crops of
chemical substances, as a mean of manipulating
parasitoid behaviour in such a way that para-
sitism of crop pests is increased. Many parasitoid
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species display individual plasticity in their

responses to different cues. Associative learning

(Sect. 1.6.2) of odours, colours or shapes related

to the host’s environment has been described for

many parasitoid species (e.g., Dugatkin &

Alfieri, 2003; Meiners et al., 2003a).

Often, causal questions do not involve elab-
orate theories. Questions of whether an organism
responds to a particular chemical stimulus or not,
or whether it reacts more strongly to one stimulus
than to another, lead to straightforward experi-
mental designs. It is in the technical aspects of
the experiment rather than the underlying theory
that the experimenter needs to be creative.
However, the study of causation can be extended
to ask how information is processed by the
central nervous system. One can ask how a
sequence of different stimuli influences the
behavioural response of the animal, or how
responses to the same cue may vary depending
on previous experience and the internal state of
the animal (Putters & van den Assem, 1988;
Morris & Fellowes, 2002).

Two different causal approaches have been
adopted in the study of the integrated action of a
series of different stimuli on the behaviour of a
foraging animal:

1. The formalisation of a hypothesis into a
model of how both external information and
the internal state of the animal result in
behaviour, and the testing, through experi-
ments, of the predictions of the model. Waage
(1979) pioneered this approach for para-
sitoids. Artificial neural network models have
also been used to analyse sex allocation
behaviour in parasitoids (Putters & Vonk,
1991; Vonk et al., 1991).

2. The statistical analysis of time-series of be-
haviour to assess how the timing and
sequence of events influences the behaviour
of the organism. An example of this approach
is the analysis of the factors influencing patch
time allocation of a parasitoid, using the
proportional hazards model (Haccou et al.,
1991; Wajnberg et al., 1999; Tenhumberg
et al., 2001a; Wajnberg, 2003, 2004, 2006
Burger et al., 2006; Parent et al., 2017).

1.2.2 The Functional Approach

The functional approach to the study of para-
sitoid behaviour is based on Darwinian ideas
initially formalised by MacArthur and Pianka
(1966) and Emlen (1966). Termed ‘natural
selection thinking’ by Charnov (1982), it asks
how natural selection may have moulded the
behaviour under study.

Because foraging decisions (Fig. 1.1) deter-
mine the number of offspring produced, foraging
behaviour must be wunder strong selection
pressures. Assuming that natural selection has
shaped parasitoid searching and oviposition
behaviour in such a way that it maximises the
probability of leaving as many healthy offspring
as possible, thus maximising the ability to con-
tribute genetically to the next generations, it is
possible to predict the optimised behaviour under
given circumstances. In the real world, no ‘Dar-
winian monsters’ exist that can produce limitless
numbers of offspring at zero cost. Because
resources are often limited and because repro-
duction incurs a cost (e.g., in materials and
energy and foraging time, Chap. 2) to an indi-
vidual, increasing investment in reproduction
must always be traded off against other fac-
tors decreasing fitness (e.g., more offspring
often smaller individual offspring
with shorter lifespans or lower competitive abil-
ities). Thus, producing the maximum possible
number of offspring may not be the optimal
strategy.

We refer to natural selection thinking as the
functional approach, because its aim is to define
the function of a particular behaviour. To achieve
this goal, it is necessary to show that the beha-
viour contributes more to the animal’s fitness
than alternative behaviours in the same situa-
tions. The foraging behaviour of female para-
sitoids has a direct influence on both the number
and the quality of their offspring, so it is partic-
ularly suited for testing optimisation hypotheses.
The functional approach can be applied not only
to theoretical problems but also to problems such
as the selection, the evaluation and the mass
rearing of natural enemies and their efficacy in

means



biological control (van Lenteren, 2003; Plouvier
& Wajnberg, 2018; Chap. 7).

There are several (related) ways of investi-
gating functional problems in behavioural ecol-
ogy, all using quantitative optimality models. One
is to predict the optimised behaviour under given
and relatively fixed environmental conditions,
considering that the state of the foraging animal
(e.g., its egg load, age, energy reserve, etc.)
remains fixed throughout its lifetime. These
models may be referred to as ‘static’. Other ap-
proaches explicitly take into account that the state
of the animal can change, essentially due to its
foraging activity and its success in finding and
exploiting resources. This class of models may be
referred to as ‘dynamic’. Usually, for these two
types of model, the environment does not contain
other competing decision-makers. In this chapter,
these two first classes of model will be referred to
as ‘classical models’. A third class of models
takes into account the possibility that the optimal
behavioural strategy will be dependent on what
other individuals, attacking the same host or prey
population (i.e., competing decision-makers), are
doing, since these competitors are also trying to
optimise their own foraging decisions. This third
class of model is based on game theory. All ap-
proaches can be used to inform practical studies
of insect natural enemies, and in a similar fashion,
the results of practical studies can be used to
construct more realistic models.

Classical Optimality Models

Optimality models are used to predict how an
animal should behave so as to maximise its fit-
ness in the long term. Classical optimality mod-
els do not explicitly take into account the
foraging decisions taken by competing decision-
makers. They can be designed by determining:

1. What decision assumptions apply, i.e., which
of the forager’s choices (problems) are to be
analysed. Some of the decisions faced by
foraging natural enemies are shown in
Fig. 1.1. Sexually reproducing gregarious
parasitoids need to make the simultaneous
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decision not only of what size of clutch to lay
but also of what sex ratio of progeny to pro-
duce. The progeny and sex allocation of such
parasitoids may be easier to model if the two
components are assessed independently; i.e.,
it is assumed that the female need make only
one decision. In a formal model, the decision
studied must be expressed as one or more
algebraic decision variables (see, e.g., Wajn-
berg, 2012). In some models of progeny
(clutch size) allocation, the decision variable
is the number of eggs laid per host, while in
most models of patch exploitation the deci-
sion variable is patch residence time.

. What currency assumptions or optimality

criteria apply, i.e., how the various choices
are to be evaluated. A model’s currency is the
criterion used to compare alternative values of
the decision variable (in other words, it is
what is taken to be maximised by the animal
in the short term for long-term fitness gain).
For example, some foraging models max-
imise the net rate of energy gain per time unit
while foraging, whereas others maximise the
fitness of offspring per host attacked.

. What constraint assumptions apply, i.e., what

factors limit the animal’s choices, and what
limits the ‘payoff’ that may be obtained.
There may be various types of constraint
upon foragers. These range from the phylo-
genetic, through the developmental, physio-
logical and behavioural, to the animal’s time
budget. Taking as an example clutch size in
parasitoids, and the constraints there may be
on a female’s behavioural options, an obvious
constraint is the female’s lifetime pattern of
egg production. In a species that develops
eggs continuously throughout its life, the
optimal clutch size may be larger than the
number of eggs a female can possibly pro-
duce at any one time. An example of both a
behavioural and a time-budget constraint
upon the behavioural options of both para-
sitoids and predators is the inability of the
forager to handle and search for prey simul-
taneously. Here, time spent handling the prey
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is at the cost of searching for further prey. For
a detailed discussion of the elements of for-
aging models, see Stephens and Krebs (1986)
or Cézilly and Benhamou (1996).

Sometimes the investigator knows, either
from the existing literature or from personal
experience, the best choices of decision
assumption, currency assumption or constraint
assumption. If it is impossible to decide on these
based on existing knowledge, one can build
models for each alternative and compare the
predictions of each model with the observed
behaviour of the parasitoid or predator. In this
way, it is possible to gain insight into the nature
of the selective forces working on the insect
under study (Waage & Godfray, 1985; Mangel,
1989; Cézilly & Benhamou, 1996).

Classical optimality models assume a static
world in which individual parasitoids search for
hosts. While these models are still useful
research tools, they ignored the possibility that
for a forager, today’s decision may affect
tomorrow’s internal state, which may in turn
affect tomorrow’s decision, and so on. The
internal state of a searching parasitoid changes
during adult life: its egg load (the number of
mature eggs in the ovaries) and its energy
reserves may decrease, and the probability that it
will survive to another day decreases. The opti-
mal behavioural strategy will depend on these
changes. Likewise, the environment is not static.
Bad weather or the start of an unfavourable
season can also influence the optimal strategy.
Dynamic foraging models have been subse-
quently designed to take into account internal
physiological changes and changes in the envi-
ronment (Mangel & Clark, 1988; Chan & God-
fray, 1993; Weisser & Houston, 1993,
Tenhumberg et al., 2001b).

Implicit in some optimality models is the
assumption that the forager is omniscient or
capable of calculation, e.g., that a parasitoid
wasp has some knowledge of the relative prof-
itability of different patches without actually
visiting them (Cook & Hubbard, 1977).

Behavioural studies on parasitoids have shown,
however, that insects can behave optimally by
employing very simple quick ‘rule’ mechanisms
such as the mechanism determining patch time
allocation in Venturia canescens described in
Sect. 1.5 and the males-first mechanism used by
some species in progeny sex allocation
(Sect. 1.11.5 and Fig. 1.19). These mechanisms
approximate well the optimal solution in each
case.

Evolutionarily Stable Strategies

Almost all parasitoids leave the host in situ.
Thus, there is always the possibility that other
parasitoids may find the same host and also
oviposit in it. The optimal behaviour of the first
female thus depends on what other parasitoids
may do (i.e., the environment of a focal indi-
vidual contains other competing individuals),
especially since other individuals are also
expected to to adopt their own optimal repro-
ductive behaviours. Likewise, the best time
allocation strategy for a parasitoid leaving a
patch in which it has parasitised a number of
hosts depends both on the probability that other
wasps will visit that patch and on the probability
that other parasitoids may have already exploited
the patches it visits next. For this reason, prob-
lems concerning the allocation of patch time,
progeny and sex require models in which the
evolutionarily stable strategy (ESS; Maynard
Smith, 1974; Mesterton-Gibbons, 2019) is cal-
culated. The ESS approach asks what will hap-
pen in a population of individuals that play all
possible alternative strategies, and is based on
game theory. The fact that individuals lack con-
trol over all decision variables affecting their
rewards is what makes such situations a game,
and what distinguishes them from classical
optimisation  problems (Mesterton-Gibbons,
2019). A strategy is an ESS if, when adopted by
most members of a population, it cannot be
invaded by the spread of any rare alternative
strategy (Maynard Smith, 1972). In seeking an
ESS, theoreticians are looking for a strategy that
is robust against mutants playing alternative



strategies. The ESS, like the optimum in models
for single individuals, is calculated using a cost-
benefit analysis. We refer the reader to Maynard
Smith (1982), Parker (1984) and Mesterton-
Gibbons (2019) for descriptions of well-
explored ESS models, details of how to calcu-
late the ESS and their use in behavioural ecol-
ogy, and to Hardy and Mesterton-Gibbons
(2023) for a recent discussion of game theory in
relation to natural enemy behaviour.

Why Use Classical Optimality and ESS
Models?

Sometimes, experimental tests of optimality and
ESS models will produce results not predicted by
the models. At other times, only some of the
predictions of the theoretical model are con-
firmed by empirical tests. Rarely is a perfect
quantitative fit between model predictions and
empirical test results obtained. Irrespective of
whether a good fit is obtained, valuable insights
are likely to be gained into the behaviour of the
insect. Construction of models helps in the pre-
cise formulation of hypotheses and quantitative
predictions and allows us to formulate new
hypotheses when the predictions of our model
are not met. Thus, classical optimality and ESS
models are nothing more or less than research
tools.

Ideally, both causal and functional questions
should be asked when studying the foraging
behaviour of insect parasitoids and predators. In
the sections on superparasitism (Sect. 1.9.4) and
patch time allocation (Sect. 1.5), we will show
how, by ignoring functional questions, one may
hamper the interpretation of data gathered to
establish that a certain mechanism is responsible
for some type of behaviour. Ignoring causal
questions can likewise hamper research aimed at
elucidating the function of a behavioural pattern;
e.g., research into causal factors can demonstrate
the existence of a constraint, not accounted for in
a functional model, upon the behaviour of the
parasitoid. Both causal and functional approa-
ches are required for a thorough understanding of
parasitoid behaviour.
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1.2.3 The Comparative Method

Introduction

Perhaps the approach with the longest pedigree
in studying animal behaviour is the comparative
method. With this method, data are collated
across species, and a search is made for statistical
patterns (Harvey & Pagel, 1991). One advantage
of this method is that data are often already
available (although often widely scattered) in the
literature (e.g., see analyses by Blackburn,
1991a, 1991b; Mayhew & Blackburn, 1999;
Jervis et al., 2001, 2003). Until recently, sets of
species average data were usually analysed in
much the same way as within-species data.
However, the fundamental assumption of most
early  statistical  analyses—that  species-
comparative data are independent observations
(i.e., are independent of each other)—may not
hold. Also, we want to know whether observed
interspecific  similarities have evolutionary
meanings in the present time or whether they
derive from common ancestors in the phyloge-
netic tree. Cross-species data may actually be
non-independent, because the species are related
through phylogeny (i.e., they share an evolu-
tionary history). Comparative biologists have
developed methods which use phylogenetic in-
formation in conjunction with species data sets to
generate independent values for statistical anal-
ysis and to enable a more accurate evolutionary
interpretation of interspecific observed similari-
ties or differences (Felsenstein, 1985; Harvey &
Pagel, 1991; Harvey & Nee, 1997; Freckleton
et al., 2002; Wajnberg et al., 2003).

The Method of Independent Contrasts

Probably the most commonly employed method
involves ‘independent comparisons’, also known
as ‘independent contrasts’ (originally developed
by Felsenstein, 1985: simple examples are given
in Harvey & Pagel, 1991; Purvis & Rambaut,
1995; Harvey, 1996; Mayhew & Pen, 2002). The
approach assumes that the branches of a phy-
logeny can be modelled by a Brownian motion



1 Foraging Behaviour

process, such that successive changes are inde-
pendent of one another and that the expected
total change summed over many independent
changes is zero. The original method for contrast
analysis assumes that the lengths of branches in
the phylogeny are known, but often they are not,
in which case they can be assumed to be equal
(e.g., Jervis et al., 2001, 2003). Branch lengths
are estimated by genetic distances (divergence
times, in relation to the present, estimated from
the fossil record or from molecular clocks) or by
the number of character changes, determined
from a cladistic analysis (Harvey & Pagel, 1991).

An independent contrast is obtained from
each node in the phylogeny for each measured
variable. Imagine that you are studying five
species (Fig. 1.2a): it is clear that A and B, and X
and Y are more closely related to each other than
to members of the other clade, and, by comparing

(a)

Fig. 1.2 Independent
contrasts: For n species, there
are (n — 1) independent

A

their values, we then only include independent
evolutionary trajectories. By calculating an
ancestral trait value at the node below A-B and
X-Y, we gain another contrast. By comparing
this ancestral node value with the value for spe-
cies Z, we gain another independent contrast.
Therefore, we gain four contrasts from five
species. If two traits are of interest in the com-
parative analysis and if they are continuous
variables, then typically the data are analysed
using a linear regression, constrained to pass
through the origin (i.e., there should be no
intercept in the regression model, Garland et al.,
1992).

As we have seen, with a perfectly resolved
phylogeny of n species, there are n — 1 possible
contrasts available. This may result in statistical
difficulties when data sets are small. While this
problem may be alleviated by the addition of

B X Y Z

contrasts which can be «—
calculated for a fully

phylogeny that is fully

resolved at each node (a).

Where the phylogeny is less —

well resolved, resulting in
polytomies at some nodes, the
number of possible
independent contrasts is
diminished (b), reducing the
potential power of the
analysis.Contrasts are shown
by double headed arrows,
nodes by dots and the species
considered are A, B, X, Y and

; (b)




extra species to the analysis, a more invidious
difficulty is introduced when a phylogeny is
poorly resolved. While phylogenies usually
consist of bifurcating lineages, for some taxa the
phylogeny may not be well resolved, and so it
will contain polytomies (trifurcations, etc.) and
hence fewer nodes for a given number of species.
Thus, the number of contrasts obtained is less
than with a fully resolved (bifurcating) tree,
reducing the size of the data set and also the
statistical power of subsequent analyses. Recon-
sider the figure with species A, B, X, Y and Z
(Fig. 1.2a). If we do not know the evolutionary
relationships among X, Y and Z, we must
assume that they all originated from the same
common ancestor (a polytomy; Fig. 1.2b). We
now have fewer contrasts and hence lower sta-
tistical power in the analysis. Such problems can
be overcome by obtaining a sufficiently well-
resolved phylogeny. Unfortunately, such phylo-
genies are not always available. Garland and
Diaz-Uriate (1999) provide further discussion.

Although a well-resolved, published taxon-
omy (more often than not, based exclusively on
morphology) can be used to approximate the true
phylogenetic tree (e.g., Abram et al., 2023), it is
important to be aware that some currently ac-
cepted taxonomic groupings may not be mono-
phyletic, i.e., they may not contain all the
descendants of a common ancestor. Phylogeny-
based comparative methods assume groupings to
be monophyletic, so using an incorrect phy-
logeny will seriously undermine the value of the
analyses undertaken. In the absence of
molecular-based (i.e., DNA) phylogenies,
cladistically-based taxonomies are the most
suitable taxonomies for comparative studies as
they are intended to closely reflect phylogeny.

There are now a number of software packages
available that allow users to perform rigorous
comparative analyses, many of which are freely
available over the internet (http://evolution.
genetics.washington.edu/phylip/software.html
provides access to many of these packages, and
more). Several R packages (R Core Team, 2020)
are also available for that, e.g., caper (Orme,
2012), ape (Paradis et al., 2004), geiger (Harmon,
2009), etc.
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The comparative method can also be used to
make predictions concerning the ecology of a
species. Hardy et al. (1992a), used a phyloge-
netic tree, based solely on morphological char-
acters (now published incorporating molecular
data; Schilthuizen et al., 1998), of the six Dro-
sophila parasitoid species of Leptopilina occur-
ring in Europe, to predict where in the
environment L. longipes, a species whose hosts
and host habitat were unknown, would be found
(Fig. 1.3). The five other species are all para-
sitoids of Drosophila. The tree divides initially
into two branches. When examining how the
character ‘host habitat choice’ is distributed over
the tree (i.e., the character is ‘mapped’ onto the
tree), it appears that the upper branch of the tree
contains the species finding its hosts in fer-
menting fruits (L. heterotoma), while the other
branch contains species finding their hosts in
fungi and/or decaying plant matter (L. clavipes,
and L. fimbriata). Because
L. longipes is most closely related to L. fimbriata,
it was predicted that it is attracted, like its close
relative, to decaying plant material. Subse-
quently, L. longipes was trapped with baits
comprising rotting cucumber containing Droso-
phila larvae, and during fieldwork it was also
found on decaying stalks of the umbellifer Her-
acleum and on fungi.

L. australis

Host habitat
PM Fl FT SF

heterotoma (X) (X) X X

clavipes X) X

longipes ?
fimbriata X

_: australis X
Fig. 1.3 Cladogram, based on adult morphology, of the
Leptopilina species (Hymenoptera: Eucoilidae, para-
sitoids of Drosophila) occurring in northwestern Europe.
Microhabitat use is ‘mapped’ onto the ends of the tree
branches. X = principal microhabitat, (X) = microhabitat
from which a species has occasionally been recovered.
PM = decaying plant material; FI = fungi; FT = ferment-
ing fruit; SF = sap fluxes. Microhabitat use by L. longipes
was predicted from that species’ position on the
cladogram
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1.3 The Treatment of Parasitoids
Prior to Their Use
in Experiments

1.3.1 Rearing

The species and quality of the host a parasitoid is
reared on can have a marked influence on its
subsequent behaviour, for example through its
effect on egg load and life expectancy
(Sects. 2.7.3 and 2.8.3). While the influence of
the host-related phenotypic variation in natural
enemy traits on the results of laboratory trials
may generally be mimimised or even avoided by
altering the rearing regime, more insidious
problems arise when insect populations are
reared in mass culture. The first problem is
ubiquitous and unavoidable. Natural selection
will operate in the controlled environment room
as much as anywhere else, changing the genetic
composition of the population and, as a result,
potentially influencing the behaviour of the
population of interest (e.g., Matos et al., 2000;
Simoes et al., 2007; Burke & Rose, 2009; Dia-
mantidis et al., 2011; Hoffmann & Ross, 2018 ).
There are two approaches to avoiding the com-
plications of such adaptation. The first is to
simply measure the traits of interest before sig-
nificant selection occurs, so ideally few genera-
tions will have passed between capture and
experiment. Second, if one is interested in using
selection experiments to probe the nature of the
trait, then we recommended that outbred popu-
lations of the species of interest be maintained for
at least ten generations in the laboratory. This
allows adaptation to laboratory conditions to
occur and should avoid complications from any
inadvertent selection pressures during the
experiment. Further, maintenance of separate
lines from an initially common population can
also be used as a tool to generate and then test the
effects of genetic differences (Mathiron et al.,
2019).

A more serious problem results from small
effective population sizes, leading to genetic drift
and inbreeding depression. Testing the variation
in an inbred population, at best, results in an

underestimate of the variation in natural popu-
lations, and, at worst, provides a skewed view of
the true variation present.

1.3.2 Experience

It has been shown for several parasitoid species
that an individual’s previous experience can
modify its behaviour (Sect. 1.6.2). This phe-
nomenon has been observed in all phases of the
foraging process and often involves responses to
chemical stimuli (Vet & Dicke, 1992). For
instance, females Goniozus nephantidis, a gre-
garious ectoparasitoid naturally associated with
Opisina arenosella, that have developed on the
factitious host Corcyra cephalonica, prefer C.
cephalonica when offered a choice between the
two host species, but prefer O. arenosella after
having been exposed to their odour (Subaharan
et al., 2005). Previous ovipositions in hosts of a
certain species can also influence host species
selection in choice experiments (van Alphen &
Vet, 1986), while the decision to oviposit into an
already parasitised host (i.e., superparasitism)
also depends on previous experience with un-
parasitised or parasitised hosts (Visser et al.,
1992b; Hubbard et al., 1999; Chen et al., 2020;
Ayala et al., 2021). Thus, when designing ex-
periments, one should always be aware that the
previous history of an individual may influence
its behaviour (as may the ecological history of
the population the individual is drawn from,
Vyas et al., 2019). Such history can affect the
results of experiments on patch time allocation,
superparasitism and also the results of experi-
ments in which interactions between adult para-
sitoids are studied. Storing parasitoids in the
absence of either hosts or host-related cues can
have an effect. Visser et al. (1990) showed that it
matters whether wasps are stored in a vial singly
or with other females prior to conducting an
experiment. Such effects have also caused prob-
lems when parasitoids and hosts are mass reared
for biological control purposes. Rearing the apple
pest Cydia pomonella on an artificial diet
reduced the ability of the parasitoid Hyssopus
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pallidus to respond to host location cues, as it
changed the composition of the kairomones
normally found in the host’s frass (Gandolfi
et al., 2003).

Conditioning parasitoids, by allowing them to
search and oviposit for some time before an
experiment, can nonetheless be a sensible prac-
tice. Inexperienced parasitoids often show lower
encounter rates and are less successful in han-
dling their hosts (Samson-Boshuizen et al.,
1974). By allowing parasitoids access to hosts
before they are actually used in an experiment,
one can often save many hours that would
otherwise be wasted in observing parasitoids that
are ‘unwilling’ to search. Often, however, it is
advisable to use freshly emerged, inexperienced
females, for example in choice experiments,
either where different host plants, host instars or
host species are offered or where the olfactory
responses of parasitoids to different chemicals
are studied.

Often, one is interested in the performance of
natural populations. These comprise individuals
with different experiences and/or different
degrees of experience, so using only inexperi-
enced females in the laboratory gives a distorted
view of what happens in nature. One approach is
to collect adults from the field for study in the
laboratory. A large enough sample should give a
reasonable idea of how individuals in the popu-
lation behave on average. However, one should
be aware of the problems of genotype-by-
environment interactions, where not all geno-
types respond to changes in environment in the
same way. Ideally, the laboratory conditions will
reflect what is likely to be encountered in the
field, especially in terms of temperature.

Because experience can influence subsequent
behaviour, the results of experiments in which an
insect encounters two situations in succession
can depend on which situation is encountered
first. In such cases, one should take care that in
half of the replicates one situation is encountered
first, while in the other half the sequence is
reversed.

M. D. E. Fellowes et al.
1.3.3 Sex Ratio

While such effects of experience can have a great
influence on the behaviour of insects, more
subtle problems ought to be borne in mind. An
often overlooked problem in sex ratio studies is
the possible presence of Wolbachia and other
male-killing bacteria in the study organism (Ode
& Hardy, 2008; Chaps. 3, 5 and 6). For example,
Majerus et al. (1998) found that almost 50% of
females from a Japanese population of the coc-
cinellid Harmonia axyridis were attacked by a
male-killing bacterium, resulting in a heavily
female-biased sex ratio. Those ladybirds from a
Mongolian and a Russian population had low
(<2%) or no infection. To confirm the presence
of bacteria, one can simply ‘cure’ the experi-
mental individuals by treating them with antibi-
otics (Sects. 3.4.2 and 6.5).

Selfish genetic elements (regions of the
chromosome that are inherited
Mendelian manner during segregation, resulting
in their becoming over-represented in gametes)
provide another means of sex ratio distortion
(Ode & Hardy, 2008; Chap. 3). Nasonia vit-
ripennis has been found to commonly carry psr
(parental sex ratio), a selfish genetic element that
results in the production of male-only broods by
causing fertilised eggs (normally female) to
become male. Such distortion of the sex ratio will
have a considerable influence on the population
ecology of N. vitripennis (reviewed in Godfray,
1994; see also Chap. 5) and could potentially
influence the outcome of sex ratio studies if
present in a laboratory culture.

More often, changes in sex ratios will result
from conditional sex allocation (Sect. 1.11.3) or
local mate competition (Sect. 1.11.2). Bernal
et al. (1999) found that two species of Meta-
phycus, parasitoids of scale insects, showed
much more female-biased sex ratios if provided
with larger hosts. This is likely to result from
conditional sex allocation (where female para-
sitoids preferentially place female offspring in
larger hosts). Since these parasitoids may be used

in a non-
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as biocontrol agents attacking scale insect pests
of citrus trees, using rearing protocols that max-
imise the proportion of females would be eco-
nomically sensible (Bernal et al., 1999; Ode &
Heinz, 2002; Chow & Heinz, 2005; reviewed in
Ode & Hardy, 2008).

1.4 Handling Behavioural Data

1.4.1 Recording Behaviour

The equipment used to record insect behaviour
has developed rapidly, driven primarily by
advances in computing power. Nevertheless,
many (if not most) studies of insect foraging
behaviour rely upon direct observation and note-
taking. This approach is not without drawbacks,
in that it is difficult to avoid bias in recording.
The simplest way around this is to use video-
recording equipment, so that two independent
observers can time and assess the behaviours of
interest. A development of such techniques
involves ‘intelligent’ video systems, which have
a number of advantages (Chap. 4).

1.4.2 Analysing Behavioural Data

Because insects may change their behaviour in
response to experiences gained while foraging,
and because their internal state (e.g., egg load)
changes during the foraging process, the different
behavioural events of the same individual during
an observation period are not independent. The
standard statistical methods described in numer-
ous textbooks are in general inappropriate for the
analysis of some behavioural data because they
do not adequately take into account the connec-
tion between the succession as well as the dura-
tion of acts. Haccou and Meelis’ (1992) book on
the statistical analysis of behavioural events is
recommended as a useful introduction to the
most appropriate approach (see also Wajnberg &
Haccou, 2008, for additional information).

1.4.3 Behavioural Research
in the Field

Whether behavioural research is aimed at
answering fundamental questions or deals with
the use of parasitoids and predators in biological
control, the ultimate goal of interest is the per-
formance of the insects in the field (Heimpel &
Casas, 2008). The small size of many parasitoids
makes observation of their behaviour in the field
often difficult or impossible. This applies partic-
ularly to the monitoring of the movements of
individuals, for example between patches. Fol-
lowing Hassell and Southwood (1978), patches
can be defined either as units of host or prey
spatial distribution or as limited areas in which
natural enemies search for hosts or prey; often
there is a hierarchy of patches, e.g., tree, branch,
leaf, leaf-mine. The movements of larger insects,
such as ichneumonids and sphecids, can be more
easily observed. Dispersal of small parasitoids in
the field can be studied by placing patches with
hosts (e.g., potted, host-bearing plants) and
releasing marked adults. By checking the host
plants at regular intervals for the presence of
marked individuals, it is possible to obtain
information on the speed at which the insects
move between host plants, on the time they
spend searching each patch and on the spatial
distribution of parasitoids over the available
patches. When hosts are later examined, the
aforementioned data can be related to the amount
of parasitism in each patch.

By using marked parasitoid individuals, one
can distinguish between insects released for the
experiment and those occurring naturally. Large
wasps can be marked with paint on the thorax,
using a fine paintbrush (acrylic paint was used
by, e.g., Driessen & Hemerik, 1992; Petersen &
Hardy, 1996; Snart et al., 2018). By using dif-
ferent colours or colour combinations one can
distinguish between different individuals, or
groups. Small wasps can be marked with
fluorescent dusts, but this has the disadvantage
that one may need to remove wasps from the
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experimental plot to detect the dust mark under
ultraviolet light. For some species, it may be
useful to mark indivuals by rearing them on diet
containing deuterium, which alters the chemicals
that adults subsequently emit in detectable man-
ner (Goubault & Hardy, 2007). Genetic markers
(Chap. 3) have also been used to monitor para-
sitoids in the field (Kazmer & Luck, 1995). Other
workers have suggested that phenotypically dis-
tinguishable mutants may prove useful in
studying population dynamics, although there are
obvious drawbacks with this approach (Snod-
grass, 2002).

Many species, when observed in the field,
continue foraging normally. Janssen (1989) used
a stereomicroscope mounted on a tripod in the
field to observe the foraging behaviour of para-
sitoids on patches (sap streams and fermenting
fruits) containing Drosophila larvae. Casas
(1990) also recorded the behaviour of Sympiesis
sericeicornis while the parasitoid searched for its
leafminer host on potted apple trees in the field.
To characterise the relationship between egg
loads and sugar availability in actively foraging
parasitoids from the field, Segoli and Rosenheim
(2013a, 2013b) collected Anagrus daanei and A.
erythroneurae by shaking the grape canes above
a white plastic cafeteria tray (25 x 36 cm) sev-
eral times at each site during different seasons.
The number of cane shakes depended on the
number of parasitoids falling on the trays
because of the time taken to put them in vials,
this also allowed them to estimate the number of
parasitoids captured per shake as a primary
measure of parasitoid abundance. To study the
relationship between oviposition success and
body size of female parasitoids, modified col-
lection trays with a system of baffles were used to
collect minute parasitoid wasps (<1 mm) of
Anagrus sophiae from the field, which forage on
Spartina foliage for planthopper eggs and, upon
death, fall out of the plant canopy (Segoli &
Rosenheim, 2015). Other natural enemy species
are easily disturbed when approached, and dis-
turbance can be avoided in some cases by using
binoculars (Waage, 1983).

M. D. E. Fellowes et al.
1.5 Patch Time Allocation

1.5.1 Introduction

One aspect of parasitoid foraging behaviour
where the causal approach and the functional
approach have traditionally coexisted is patch
time allocation. We will consider first which
factors affect patch time allocation and second
how one can analyse the interplay of the different
factors.

1.5.2 Factors Affecting Patch Time
Allocation

Patch time allocation in parasitic wasps is likely
to be affected by the following (Wajnberg, 2006):
1. A parasitoid’s previous experience;
2. Its internal state (e.g., egg load, energy
reserves);
Patch kairomone concentration;
Encounters with unparasitised hosts;
Encounters with parasitised hosts;
The timing of encounters and attacks of
healthy and already attacked hosts;
7. Whether the females lay a son or a daughter
ege;
8. Encounters
parasitoids;
9. Encounters with other parasitoid individuals;
10. Superparasitism;
11. Genetic variation.

Sk W

with the marks of other

Some of these factors can be studied through
experiments in which all the other factors are
excluded. For example, the effect of kairomone
concentration can be investigated without
involving hosts at all (Sect. 1.6). To eliminate the
effects of encounters with other parasitoids and
their marks, the experimental design shown in
Fig. 1.4 can be used. However, it may be
impossible with some experiments to separate the
effects of different factors. A notorious problem
is the analysis of the factors that determine how
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Fig. 1.4 Patch time allocation by individual parasitoids
and predators. Schematic representation of one suggested
experimental design for an experiment for studying patch
time allocation. A randomised arrangement of patches
(denoted by circles) is used. Numbers within circles
indicate the number of hosts present in each patch. This
experimental design can be used in the study of aggrega-
tive responses

long a parasitoid will stay on a patch that initially
contains only unparasitised hosts. Because the
parasitoid oviposits in the unparasitised hosts it
encounters, the number of unparasitised hosts
decreases while the number of parasitised hosts
increases. Thus, with the passage of time, the
parasitoid experiences a decreasing encounter
rate with unparasitised hosts and an increasing
encounter rate with parasitised hosts. Because
both the temporal spacing and the sequence of
encounters with parasitised and unparasitised
hosts are stochastic in nature, encounter rates
with both types of host do not alter in a mono-
tonic, smooth fashion. However, modern statis-
tical analysis tools can take into account such
situations (see Wajnberg, 2006, for a review),
and modelling approaches can also provide some
help (see, e.g., Pierre et al., 2012).

In some parasitoid species, encounters with
unparasitised hosts have an incremental effect on
the time spent in a patch (van Alphen & Galis,
1983; Haccou et al., 1991). This poses the
question: “What effect do encounters with para-
sitised hosts have on patch time allocation, and
how does the relative timing of encounters with
parasitised and unparasitised hosts influence the
period spent in individual patches?’.

1.5.3 Analysing the Interplay
of Different Factors

Two distinct hypotheses can be formulated about
the effect of encounters with healthy and para-
sitised hosts on patch residence times. The
functional hypothesis is as follows: given that a
parasitoid is able to discriminate between para-
sitised and unparasitised hosts, encounter rates
with both host types provide the parasitoid with
information on host density and the degree of
exploitation of a patch. This information allows
the wasp to determine when to leave the patch,
e.g., high encounter rates with parasitised hosts
in combination with low encounter rates with
unparasitised hosts signal a high level of
exploitation of the patch. Because it could be
more profitable for the wasp to move on and
search for a higher-quality patch, the insect might
decide to leave. Van Lenteren (1976) recognised
this as one of the functions of host discrimination
and showed, through single-patch experiments,
that wasps continued to search on patches in
which parasitised hosts were immediately
replaced by unparasitised ones, whereas wasps
allowed to search on similar but unreplenished
patches attempted to leave the experimental
arena after most of the hosts had been parasitised.
The functional hypothesis states that encounters
with both unparasitised and parasitised hosts
affect patch time, but it does not specify the
mechanism involved.

The causal hypothesis formulates explicitly
how encounters with healthy and parasitised
hosts affect patch time. This hypothesis is an
extension of a mechanistic model for patch time
allocation proposed by Waage (1979) for the
parasitoid Venturia canescens. Although this
model was shown to be an incorrect description
of the behaviour of V. canescens (Driessen et al.,
1995, see also Pierre et al.,, 2012), it is still
valuable as a conceptual model, and it can be
applied to many other parasitoid species. Waage
(1979) assumed that a female parasitoid, when
entering a patch containing hosts, has a certain
motivation level for searching the patch, the level
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being set by previous experience and kairomone
concentration on the patch. If the wasp does not
locate and oviposit in hosts, the motivation level
will decrease steadily over time down to a
threshold value, whereupon the parasitoid leaves
the patch. However, with each oviposition that
occurs, an incremental change in motivation
occurs. The initial level of motivation, combined
with linear decreases of motivation during
searching periods and increases in motivation
following ovipositions, determines how long the
parasitoid will stay in the patch (Fig. 1.5a). The
causal hypothesis assumes there is an additional
effect of a rejection of a parasitised host, causing
a decrease in motivation level (Fig. 1.5b). Like
the functional hypothesis, the causal hypothesis
predicts shorter patch residence times with
increasing patch exploitation, all other things
being equal.

A rigorous test of the causal hypothesis ought
to demonstrate whether the mechanism by which
shorter patch residence times come about is an
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Fig. 1.5 Patch time allocation by parasitoids. a Waage’s
(1979) causal model of patch residence time. R = respon-
siveness of the female parasitoid to the patch edge (a
function of the number of hosts in the patch [Py, P,, P5]
and a constant a, the quantity of kairomone produced per
host). An oviposition results in an increment of R (inset:
the size of the increment depends on linearly on the
amount of time that has elapsed since the previous
oviposition, and the increment cannot exceed a maximum
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increase in the tendency to leave the patch after a
rejection of a parasitised host. Such a test implies
that one is able to assess the relative effects on the
motivation to search of ovipositions in unpara-
sitised hosts (i.e., increments), of the time interval
between encounters, and of rejections of para-
sitised hosts (i.e., decrements). To illustrate how
difficult it is to determine whether the rejection of
parasitised hosts causes a decrease in the moti-
vation to search, we will discuss in some detail
the experimental evidence given by van Lenteren
(1991). In one experiment, individual females of
Leptopilina heterotoma were allowed to search
on a 1 cm diameter patch of yeast containing four
unparasitised hosts and sixteen parasitised hosts.
Each unparasitised host parasitised during the
experiments was immediately replaced by an
unparasitised one. As a control, single females of
L. heterotoma searched a similar patch containing
only four unparasitised hosts, and any unpara-
sitised hosts parasitised during the experiment
were replaced by unparasitised ones.

R a
aP
>
0 POPPP OFP
Timing of ovipositions or encounters
with already parasitised hosts
T
>
(b) | b

Time in patch

value). Ty, T, and T; are the resulting patch residence
times for three different cases. b Waage’s (1979) model,
modified to incorporate the decremental effect of encoun-
ters with parasitised hosts. Symbols as in (a) except that O
denotes an oviposition, and P denotes an encounter with
an already parasitised host. Source a: modified from
Waage (1979), reproduced by permission of Blackwell
Publishing; b modified from van Alphen (1993)
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Wasps stay longer on patches with four
unparasitised hosts than on patches with four
unparasitised hosts and sixteen parasitised hosts.
Van Lenteren (1991) argued that because there
were no significant differences in average time
interval between ovipositions in unparasitised
hosts in the two treatments, the differences in
patch residence times between the treatments can
be attributed only to a detrimental effect on patch
residence time of encounters with parasitised
hosts. First, consider whether it is at all valid to
conclude from the observation that average time
intervals between ovipositions did not differ
between experiment and control, and that there is
no difference in the effect of ovipositions on patch
residence time between the two treatments. This
conclusion would be valid only if the parasitoid
itself uses average intervals to assess patch prof-
itability. As Haccou et al. (1991) have shown, the
effect of an oviposition on the probability of a
wasp leaving a patch depends on its timing; hence
it is also important when and where the longest
intervals occur. Despite a lack of statistical dif-
ferences between the average values, important
differences in interval times between ovipositions
could occur between test and control treatments.
An alternative explanation for van Lenteren’s
(1991) results is that the differences in patch
residence time are caused solely by the decrease
in motivation over time that results from the extra
time spent in rejecting parasitised hosts in the
treatment with parasitised hosts. This time could
otherwise be spent in ovipositing in unparasitised
hosts. Rejection of a parasitised host takes
between 2 and 6 s (Haccou et al., 1991), and with
on average 33 rejections in the control treatment,
this behaviour may account for an important part
of patch residence time. If the decrease in the
motivation to search (indicated by the sloping
lines in Fig. 1.5a, b) continues during the time
spent in rejections, these small decrements may
accumulate over time, causing the parasitoid to
reach the threshold motivation rate for patch
leaving sooner than when no parasitised hosts are
encountered. Intervals between encounters with
unparasitised hosts would, on average, be slightly
longer in experiments with parasitised hosts than
in those without them, as indeed they were: 84
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compared with 79 s. Although these differences
are not significant, the time lost in rejection of
parasitised hosts gradually accumulates, and so
may be responsible for the ultimate differences in
patch residence times.

Clearly, one cannot test the causal hypothesis
simply by determining whether patch residence
times and search times differ significantly between
treatments. What is required is an analysis in
which the relative weight of effects of the
influencing factors and their timing are estimated
from the data and tested statistically. For this
reason, several authors (e.g., Haccou et al., 1991,
Wajnberg et al., 2003, 2004; Wajnberg, 2012, see
Wajnberg, 2006 for a review) used Cox’s (1972)
proportional hazards model (Sect. 1.2.1) to anal-
yse experimental data. Haccou et al. (1991) anal-
ysed a new set of experimental data using the
model. No effect of encounters with parasitised
hosts on the probability of patch leaving was
found. If such an effect exists at all, we expect it to
be a small one. It might be detected in experiments
in which there is a high proportion of encounters
with parasitised hosts (as this was the case, e.g., in
Wajnberg et al., 2003, 2004, 2006). The first evi-
dence confirming the hypothesis first formulated
by Waage (1979) comes from Hemerik et al.
(1993) who used the proportional hazards model
to analyse their experimental results and demon-
strated in female Leptopilina clavipes that
encounters with parasitised hosts decrease the
tendency to search the patch. Finally, the effect of
encounters with parasitised hosts may depend on
the previous experience of the parasitoid. It is thus
possible that encounters with parasitised hosts
could also increase the tendency to search on a
patch, as is the case when they decide to super-
parasitise (van Alphen et al., 1987).

More recently, using a proportional hazards
model to analyse patch residence time in Tri-
chogramma chilonis females, Wajnberg (2012)
discovered that each attack on a host had a sig-
nificant incremental influence on the tendency of
the females to leave patches of Ephestia kueh-
niella eggs. However, such effect depended on the
sex of the egg females laid in each host attacked.
Laying a daughter had a strong effect while laying
a son had no effect. First of all, this indicates that
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all previously published studies that were carried
out with mated arrhenotokous females and that
demonstrated an effect of each host attack should
be re-analysed to see whether such effect was due
to laying a son or a daughter or both. Moreover,
T. chilonis females typically lay their sons first
(‘male-first’ strategy; see Sect. 1.11.5). Using a
modelling approach, Wajnberg (2012) demon-
strated that the result obtained likely enables the
females to adjust simultaneously their optimal
patch time and sex allocation strategy according
to LMC (Sect. 1.11.2).

Studies of patch residence times of insect
predators are rare. It is evident that patch resi-
dence time may be influenced by the predator’s
level of satiation, but this is unlikely to be a
straightforward relationship. For example, wolf
spider (Schizocosa ocreata) patch residence time
is influenced by hunger, but only in an interac-
tion with spider age and sex (Persons, 1999).

1.5.4 Genetic Variation in Patch Time
Allocation

As discussed above, several authors used Cox’s
regression model to investigate the patch-leaving
behaviour of parasitoid wasps (see Wajnberg,
2006, for a review). Using this technique,
Wajnberg et al. (1999) studied the behaviour of
Telenomus busseolae, attacking the eggs of
Sesamia nonagrioides. Not only did they find
that female 7. busseolae increased their tendency
to leave a patch after each successful oviposition
attempt, but, using the isofemale lines methods,
they also demonstrated that the genotype of the
ovipositing female influenced this behaviour.
However, most workers consider patch-leaving
(and indeed most parasitoid or predator beha-
viour) rules as a species-specific trait (Driessen
et al., 1995; Wajnberg et al., 1999), rather than a
variable characteristic among the individuals
under study. This is rather short-sighted in many
ways, as it assumes: (1) that all populations of a
given species will respond in a similar way to
different hosts or patches, and (2) that the trait is
fixed, whereas it is likely that there is heritable
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variation for the trait, and that natural selection
may change the response found in a population
over time.

1.6 Host and Prey Location
Behaviour

1.6.1 Introduction

With the exception of ambush predators, insect
predators and parasitoids employ a heirarchy of
behaviours that enable them to locate and choose
their prey. These behaviours are generally asso-
ciated with either:

1. Finding the host or prey habitat
2. Finding the host or prey itself.

Within each of these levels, which, of course, are
part of a continuum and are only delineated for our
convenience, individual parasitoids and predators
will generally follow a behaviour pattern that
responds to cues. While such a scheme may allow
us to visualise the foraging process, it must be
remembered that these behaviours will be influ-
enced by learning (a plastic response to experience)
and genetic variation (both within- and between-
population variation in responses to cues).

During searching, two important types of cue
will influence insect natural enemy behaviour.
Attractant stimuli induce a change in forager
behaviour that results in orientation to areas that
either contain, or are likely to contain, hosts.
Arrestant stimuli act by eliciting a reduction in
the distance or area covered per unit time by the
forager within such areas. These stimuli can act
at a number of scales, with distinct cues
influencing the behaviour of the forager over
differing distances.

1.6.2 Host and Prey Habitat Location
by Parasitoids and
Predators

The literature concerning host habitat location
derives largely from studies showing which
stimuli (cues) attract parasitoids and predators to
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the host’s habitat (reviewed by Vinson, 1985).
Few studies deal with functional aspects of this
step in the foraging sequence (but see, e.g., Le
Ru and Makosso, 2001; Gohole et al., 2003). The
emphasis on causal aspects of host habitat find-
ing reflects the fact that it is much easier to
answer qualitative questions, such as which
odour acts as an attractant, than it is to answer the
question of why one odour should be attractive,
and another not, in terms of the contribution to
fitness of the insect natural enemy.

Parasitoids spend a significant proportion of
their adult lives searching for places where hosts
can potentially be found. They may use visual,
acoustic or olfactory cues to locate potential host
patches. Certainly, for parasitoids, olfactory cues
are more important. Often, visual and acoustic
cues can guide a parasitoid to its host over a short
distance only, in contrast to olfactory cues that
can act over much longer distances.

It is difficult to demonstrate the use of visual
cues in host habitat location by insect predators
and parasitoids, because the use of other, olfac-
tory and acoustic, cues must be excluded. Van
Alphen and Vet (1986) investigated the search-
ing behaviour of Diaparsis truncatus, an ich-
neumonid parasitoid of larvae of the twelve-
spotted asparagus beetle, Crioceris asparagi.
Larvae of the beetle feed inside the green berries
of the Asparagus plant. It was shown, by placing
green-painted wooden beads on Asparagus
plants, that D. truncatus females respond from a
distance to the berries of Asparagus. The para-
sitoids landed more often on the slightly larger
wooden beads than on the green Asparagus
berries, which is consistent with the hypothesis
that the parasitoids respond to visual cues. Such
an approach may be adopted for parasitoids of
other insects living in fruits. Visual responses of
parasitoids of leaf-rollers and stem-borers could
be investigated by presenting females with paper
tubes of various colours, sizes and shapes. In this
case, it is wuseful to record the light
absorption/reflectance  characteristics of the
objects used rather than simply their apparent
colour.

Coccinellids are perhaps the best-studied
insect predators (Dixon, 2000), and it appears
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that visual cues can play a large part in longer-
distance prey location. Hattingh and Samways
(1995) found that the ladybird Chilocorus
nigritus initially orientated towards a simulated
tree line, and then showed a preference for sim-
ple ovate leaves over more complex leaf shapes.
Hattingh and Samways (1995) studied ‘biotope’
location behaviour using a flight chamber that
comprised a transparent, Perspex cylinder, which
was closed at both ends. The chamber itself was
situated in a room whose walls and ceiling were
covered with white paper. On each of the walls
facing the chamber ends were screens, upon each
of which was painted a particular image: vertical
versus horizontal stripes, flat horizon versus
horizon with a tree line, shape of a tree versus
vertical stripes, shapes like citrus leaves versus
squares. Sixty coccinellids were released, per
replicate, into the centre of the chamber and the
numbers of beetles at either end recorded for up
to one and a half hours. To eliminate any bias
towards either end of the arena, the chamber was
rotated 180° between replicates. Significantly
more beetles were recorded at the end of the
chamber facing the images of a horizon with a
tree line than at the opposite end with a flat
horizon, and also significantly more were recor-
ded at the end facing the citrus leaf images than
at the end facing the squares. Most of the plants
on which C. nigritus occurs in nature have ovate
leaves. Overall, Hattingh and Samways (1995)
found evidence that beetles habituate to visual
cues, as predators and parasitoids are known to
do for olfactory cues.

Some parasitoids respond to acoustic stimuli
produced by the host, and so execute host habitat
location and host location in one step, and this
appears to be much more common among dip-
teran parasitoids (Feener & Brown, 1997). Cade
(1975), whilst broadcasting the song of the male
cricket Gryllus integer from a loudspeaker to
study the mating behaviour of the crickets in the
field, discovered that a tachinid parasitoid
(Euphasiopteryx ochracea) of the cricket was
attracted by the song. Burk (1982) similarly
demonstrated this for the tachinid Ormia line-
ifrons. Soper et al. (1976), using tape recordings,
showed that the sarcophagid parasitoid
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Colcondamyia auditrix finds male cicadas by this
means (phonotaxis). Phonotaxis by the tachinids
Ormia depleta and O. ochracea has been
demonstrated using synthesised male calling
songs (Fowler & Kochalka, 1985; Walker, 1993;
Adamo et al., 1995). Both Fowler (1987) and
Walker (1993) carried out experiments in which
the synthesised calls of a range of several host
cricket species were simultaneously broadcast in
the field. Allen (1998) found that the parasitoid
Homotrixa alleni, an ormiine fly, locates the
bushcricket Sciarasaga quadrata by orientating
towards calling males. Gravid female flies were
most likely to search when calling was maximal,
and by using trapped male S. quadrata, it was
shown that there was a positive correlation
between call duration and the number of flies
attracted to the bush crickets (Allen, 1998).
Chemical communication, both between
insects and between plants and insects, plays a
very important role in determining the behaviour
of parasitoids and predators. Any chemical con-
veying information in an interaction between two
individuals is termed an infochemical (Dicke &
Sabelis, 1988). Infochemicals are divided into
pheromones, which act intraspecifically, and
allelochemicals, which act interspecifically.
Allelochemicals are themselves subdivided into
synomones, kairomones and allomones. A syn-
omone is an allelochemical that evokes in the
receiver a response that is adaptively favourable
to both the receiver and the emitter; a kairomone
is an allelochemical that evokes in the receiver a
response that is adaptively favourable only to the
receiver, not the emitter; an allomone is an alle-
lochemical that evokes in the receiver a response
that is adaptively favourable only to the emitter
(Dicke & Sabelis, 1988). The majority of para-
sitoids and many insect predators respond to
volatile kairomones or synomones in the long-
distance location of their hosts. These chemicals
may originate from (1) the host itself, e.g., from
frass, during moulting, during feeding, sex
pheromones and aggregation pheromones, i.e.,
the chemicals involved are kairomones for the
parasitoids; (2) the host’s food plant, i.e., the
chemicals involved are synomones for the para-
sitoids; or (3) some interaction between host and
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food plant, e.g., feeding damage, i.e., the chem-
icals involved are synomones for the parasitoids.

The attraction responses by parasitoids to
odours from any source can be studied using
various olfactometers, wind tunnels and loco-
motion compensators (servospheres), or by
observing the responses of parasitoids to odour
sources following release of the insects in the
field.

Olfactometers

Two types of airflow olfactometer are commonly
used to study responses to olfactory cues. One is
the glass or clear Perspex Y-tube olfactometer
(Fig. 1.6). The insect can be given a choice either
between odour-laden air (test) and odour-free but
equally moist air (control) or between air laden
with one odour and air laden with another odour.
Although Y-tube olfactometers have been criti-
cised because odour plumes may mix where the
two arms of the olfactometer meet due to tur-
bulence, and that choice is no longer possible
once the insect has passed the junction of the
tube, impressive results have been obtained.
Smoke can be passed through the apparatus to
test for unwanted turbulence, but tobacco smoke
must be avoided as it is absorbed by the tubing
and it can affect the outcome of future experi-
ments. By passing NH,OH vapour over HCL, a
fine smoke of NH,Cl crystals can be created and
the vapour channelled through the Y-tube. After
testing, the crystals can easily be washed from
the tubing. Turbulence, if detected, can often be
reduced by adjusting the flow speed of the air.

With diurnally active insects, a diffuse light
source is often required to illuminate the appa-
ratus to encourage the insects to move towards
the fork of the tube. This light should not cause
the olfactometer to overheat, and so to avoid this
a cold-light source (e.g., fibre optics) ought to be
used.

To eliminate the effects of any asymmetry in
the apparatus, the chambers need to be alternated
for each ‘run’. It is recommended that parasitoids
be tested individually, rather than in batches,
because either interference or facilitation may
occur between insects and so bias the results. The
apparatus should be washed, first with alcohol
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Fig. 1.6 Y-tube airflow
olfactometers. The upper
panel shows the design used
by Sabelis and van de Baan
(1983). The Y-shaped wire
within the tube cavity
provides a walking surface for
small predators and
parasitoids. For details of
operation, see text. The lower
panel shows a Y-tube
olfactometer being used to
assess parasitoid odour
preferences. Odour emanated
from two pieces of white filter
paper, within the arms, which
had previously been soaked in

PVC cage

4cm diameter
glass tube

Y-shaped wire

Platform

Connected to
suction pump

extracts of healthy or infested
host-plant leaves. Note the
regulators which ensured
equal flow through the two
arms (photograph K.

S. Shameer)

and then with distilled water, between runs to
prevent any response of parasitoids to any trail
left by previous individuals. Finally, considera-
tion needs to be given to the possibility of left-
and right-handedness in the insects. By analysing
the number of left and right turns in the appara-
tus, it is possible to test, statistically, whether
wasps tend to move more to the right or more to

the left. The null hypothesis will be that the
distribution of turns by parasitoids should be
equal in both arms irrespective of the position of
the chambers. An additional test of turn prefer-
ence is to perform several runs when both
chambers are empty, although insects may be
unwilling to move through the apparatus in the
absence of any odour. Some parasitoid species
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show ‘handedness’, i.e., a tendency to turn more
in one direction than another (J. Pritchard,
unpublished).

Even when great care is taken in the design of
olfactometer experiments and the analysis of
data, the results of olfactometry may be difficult
to interpret (Kennedy, 1978). This applies espe-
cially to Y-tube olfactometers. The Y-tube, when
employing a light source, simultaneously pre-
sents test insects with two types of stimulus, light
and air current, to which the insect might respond
by phototaxis and anemotaxis, but presents the
two odours (or odour and non-odour) separately
at only one point in the apparatus: the fork,
which represents the ‘decision point’. Respond-
ing by phototaxis and anemotaxis to the common
air current, insects might be entrained past the
decision point and become behaviourally trapped
in the wrong arm (Vet et al., 1983).

One recent use of Y-tube olfactometery first
tested the response of the parasitoid Doli-
chogenidea gelechiidivoris (Hymenoptera: Bra-
conidae), an endoparasitoid of larvae of tomato
pest Tuta absoluta (Lepidoptera: Gelechiidae),
towards the headspace volatiles of healthy plants,
pest-infested plants, pest larvae and larval frass,
and then tested the individual odour attractants
present in these (Ayelo et al., 2022). This showed
that the pest larvae-infested tomato plants and the
host larval frass volatiles were more attractive
and that the parasitoids are specifically attracted
to the terpenoids o-pinene, PB-myrcene, o-
phellandrene, o-terpinene, B-ocimene, (E)-B-
caryophyllene, and to the benzenoid ester
methyl salicylate.

Bertoldi et al. (2019) used two different types
of Y-tube olfactometer setups to determine the
behavioural responses of female Trissolcus
Jjaponicus to host-associated cues of Halyomor-
pha halys and Podisus maculiventris. In the
‘long-distance’ setup, the air streams passed
through a 4-L glass jar (diameter: 10-15 cm;
height: 30 cm) containing the odour source and
connected to the olfactometer arm through a 40
cm-long plastic tube and, in the ‘close-distance’
setup, the sources of volatiles were placed close
to the olfactometer in two small chambers con-
nected with the tubes and placed directly at the
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ends of the olfactometer arms. Bertoldi et al.
(2019) tested the volatiles from stink bug treated
plants in the ‘long-distance’ setup, and those
from adults and eggs of the hosts in both setups,
because oviposition-induced plant volatiles may
be perceived from a longer distance than the
volatiles from adult stink bugs and from eggs
(Conti et al., 2003; Colazza et al., 2010; Hilker &
Fatouros, 2015).

Frati et al. (2008) used a vertical open Y-
shaped olfactometer (originally developed to
record aphid behavioural responses to plant
odours by Visser & Piron, 1998; Fig. 1.7) to test
the response of Lygus rugulipennis females to
host-plant volatiles. This type of olfactometer is
constructed from a brass rod positioned vertically
and divided into two arms, over which two
separate glass tubes are placed to direct either
clean air flow or an air flow containing odour
towards the Y-junction. The insect, initally
placed on the base of the vertical rod, starts
walking upward and chooses between the arms at
the junction. For further studies using olfac-
tometers, see, for instance Chiappini et al. (2012)
and Rondoni et al. (2017a, 2017b).

Another type of airflow olfactometer,
designed by Pettersson (1970) to study the
responses of aphids, avoids many of the disad-
vantages of Y-tube olfactometers. A modification
(Fig. 1.8) of the Pettersson olfactometer by Vet
et al. (1983) and further developed by others
(e.g., Sengonca & Kranz, 2001) has been widely
used to analyse parasitoid behaviour. It is con-
structed mainly of transparent acrylic (Perspex,
Plexiglas) and has a central arena with four arms.
Air is drawn out of the arena via a hole in the
centre of the bottom plate. Air flows into the
arena via four arms. Insects in the central alrea
may therefore be exposed to as many as four
different odours. Air speed in each arm can be
controlled with a valve and an anemometer and
should be equal in all arms. Before an experiment
is performed, an NH,OH smoke test can be
carried out to test for unwanted turbulence and to
show that a clear, straight boundary exists
between odour fields. Diffuse light of equal
intensity on all four sides of the arena prevents
asymmetric attraction of insects to light.
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'Clean Alr

Fig. 1.7 Open Y-track olfactometer. The insect is placed
on the base of the vertical rod and starts walking upward.
At the junction it will choose between a clean air flow,
here at the left, and an air flow loaded with plant odour,

Insects are introduced through a hole in the
bottom plate by temporarily disconnecting the
tube from the air pump. Observations are best
made using a video camera placed directly
overhead, because any movements by a human
observer may disturb the insects. Such systems
can be further automated by integrating com-
mercially available components, such as CCD
(charge-coupled device) cameras, with a com-
puter program that incorporates a positioning and
tracking algorithm (Vigneault et al., 1998;
Sect. 4.2.6).

The Pettersson olfactometer thus allows an
insect to choose between four different odour
fields, and repeated choices by the insect are also
made possible. In non-automated versions of the
Pettersson olfactometer, the final choice by an
insect is usually considered to be made when it
enters the narrow tube through which air laden

Light

Clean Air

shown at the right. Subsequently the insect is removed
and the experiment repeated with another insect (repro-
duced from Visser & Piron, 1998, with permission from
the Netherlands Entomological Society)

with odour enters the arena. Both because airflow
in this narrow region is strong and because many
parasitoids have an aversion to entering narrow
crevices, some insect species avoid this area and
turn without entering. Other parasitoids react to
the odour stimulus by flying vertically upwards.
Because flight is impossible in the narrow space
between the base and the olfactometer cover, the
insects will hit the top plate, and after a number
of these aborted flight attempts become so dis-
turbed that they cannot be expected to choose
odour fields.

Often, one or more of the odours offered in an
olfactometer comprises a mixture of many
unidentifiable volatile substances, the concen-
trations of which in the odour fields are
unknown. This does not pose a problem if the
responses of an insect to a mixed odour source
and a clean air control are compared, because
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Fig. 1.8 Design of the Pettersson olfactometer, as used
by Vet et al. (1983). The catching jar is used to collect any
insects that move into an outflow tube. The stars represent

only the test odour is the potential attractant.
However, when testing for attraction to two
odour sources (e.g., the odours of two different
food plants of the host), there may be problems
of interpretation. One of the odour sources may
be more attractive than the other because the
insect responds to one or more substances in that
odour source that are lacking in the other.
Alternatively, both odour sources may be quali-
tatively similar but the insect may be differen-
tially attracted because of differences in the
concentration of an attractant component of an
odour. It also needs to be borne in mind that a
combination of a qualitative difference and a
quantitative difference may be responsible for
differential attraction. The ultimate solution to
the above problem would be to isolate the
attractants and test whether differential attraction
to odour sources is due either to differences in

Catching jar

Odour source

Water

three further odour sources that are not shown. Repro-
duced by permission of Blackwell Publishing. For a
relared 6-arm design see Aleosfoor et al. (2014)

chemical composition between the sources or
differences in concentration of their chemical
components.

With any airflow olfactometer it is important
to ensure, before carrying out any experiments,
that air flows through the apparatus at a constant
rate (usually the rate is low). With the Y-tube and
Pettersson olfactometers, both of which are
hypobaric systems (i.e., air is sucked out), a
good-quality vacuum pump should be used.
Flow meters of the correct sensitivity, i.e., neither
over- nor under-sensitive, should also be
employed. Static-air olfactometers (i.e., without
generated air flow) can be used with predators
and parasitoids to measure chemotactic responses
to odour gradients (Cusumano et al., 2022a,
2022b; Steidle & Scholler, 1997). One such
olfactometer, used successfully by Vet (1983),
consists of three chambers (Fig. 1.9): the
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Fig. 1.9 The static-air olfactometer of Vet (1983). The
apparatus comprises three Perspex blocks glued together
and covered by a single glass lid (a single Perspex block
would also suffice, although it may be more difficult to
excavate). The excavations (chambers) in the blocks are
connected by corridors. The chambers, measured inter-
nally, are 50 mm wide and 16 mm deep; the corridors are
10 mm wide and 5 mm deep. Reproduced by permission
of E.J. Brill (Publishers) Ltd

parasitoid or predator is released into the middle
chamber and its subsequent choice of outer
chamber containing a test odour recorded. Vet
(1983) also recorded the time taken for females
to reach an odour source chamber.

Static olfactometers can also be used to
evaluate whether the parasitoid is able to per-
ceive the stimuli as short-range volatile cues
(Conti et al., 2010). This is similar to the closed
arena experiments, the only difference being a
fine mesh placed between the leaf surface and
the observation chamber, to prevent direct
contact between the parasitoid and the leaf
surface. Conti et al. (2010) found that, in the
static olfactometer, brochymenae
reacted to short-range volatiles from cabbage
leaves with feeding damage, oviposition and
walking paths by Murgantia histrionica. Para-
sitoid arrestment behaviour to the host-insect
cues can be investigated in an open arena made
of filter paper (185 mm diameter) which allows
the parasitoids unconstrained movements
(Bayram et al., 2010). The central circular area
(10 mm diameter) in the open arena was con-
taminated with the abdominal scales of virgin
females of Sesamia nonagrioides and the
arrestment responses of naive female wasps of
Telenomus busseolae were recorded using a
monochrome CCD video camera. A similar

Trissolcus

23

bioassay was used by Bertoldi et al. (2021), but
on a large filter paper arena (20 x 20 cm), to
assess the behaviour of Telenomus podisi to
host-associated cues of female Halyomorpha
halys and Podisus maculiventris.

Locomotion Compensators

The analysis of insect behaviour in response to
semiochemicals can be difficult when using
olfactometers, as the details of walking tracks
may not be observable and may be influenced by
the confines of the apparatus (Visser, 1996a,
1996b). Locomotion compensators (also called
servospheres or trackspheres) for insect studies
were first constructed and described by Kramer
(1976) and are used for measuring the orientation
behaviour of a variety of insects, such as aphids,
moths, beetles, bugs, cockroaches, crickets,
honeybees and parasitoid wasps (Thiery & Vis-
ser, 1986; Vet & Papaj, 1992; Visser, 1996a,
1996b; Geiselhardt et al., 2008; Rouyar et al.,
2011; Minoli et al., 2012; Party et al., 2013;
Piesik et al., 2013).

The instrument consists of a sphere, on top of
which the insect is placed, and which is rotated
opposite to the insect's displacements by means
of two electric motors (Fig. 1.10). The motors are
driven by electrical commands proportional to
the displacement of the insect measured by an
optical detector (Video CMOS camera with
Macro zoom lens) located above the insect. As a
result, the insect stays on top of the sphere while
walking. The locomotion compensator permits
unconstrained movement and thus avoids the
behavioural artefacts commonly encountered in
more confined experimental setups. The rota-
tional movements of the sphere are detected by
two encoders or pulse generators in contact with
the sphere. The speed and direction are calcu-
lated every second and transmitted to a computer,
where the displacements are stored as incre-
mental X and Y coordinates. The computer
software program collects and stores the dis-
placement data, reconstructs the walking path
and provides track analysis (Vet & Papaj, 1992).
The following four track parameters can be used
to quantify the insect’s behaviour: (1) walking
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Fig. 1.10 A locomotion
compensator being used to
test the responses of host
larvae to plant volatiles
(photograph K. S. Shameer).
Examples of parasitoid
walking tracks can be found
in Vet and Papaj (1992)

speed (mm/s); (2) straightness of walking, i.e.,
the ratio of vector length to total track length
(ranging from O to 1); (3) upwind length (mm),
i.e., the net distance from the origin towards the
odour source along a straight line; and (4) up-
wind fixation, the ratio of upwind length to total
track length (ranging from —1 to +1).

Vet and Papaj (1992) used a locomotion
compensator to study the effect of oviposition
experience on the upwind movement of the
eucoilid parasitoid, Leptopilina heterotoma
(Thomson), in odour plumes of host microhabi-
tats. The parasitoids were first exposed for 2 h to
the host Drosophila melanogaster larvae in
either fermenting apple yeast or decaying
mushroom substrate. They found that females
experienced with a particular substrate walked
faster and straighter, made narrower turns and
spent more time in upwind movement toward the
source in a plume of odour, whereas inexperi-
enced females showed little or no difference in
response to alternative odours.

Some workers use several bioassay methods
together to study the orientation behaviour of
insects to host-plant volatiles, pheromones, etc.
For instance, Tinzaara et al. (2003) used three
different bioassay methods, a locomotion com-
pensator, a dual port olfactometer and double
pitfall olfactometer, to study the orientation
behaviour of Cosmopolites sordidus to host-plant

volatiles and a synthetic pheromone. The results
of all three bioassays indicate that C. sordidus
responds in an additive way to the combination
of plant volatiles and the synthetic pheromone.

Wind Tunnels

As noted above, not all parasitoids can be suc-
cessfully tested in olfactometers, because they
are prevented from flying. Flying parasitoids can
be tested in wind tunnels (Drost et al., 1986;
Keller, 1990; Parent et al., 2017; Fig. 1.11), but it
is difficult to keep track of the smaller species.
Wind tunnels allow the parasitoid wasps to
express their full range of behaviour, especially
the searching behaviour towards their host
insects, and it also allows observation of the
wasp’s preflight behaviour, flight behaviour and
behaviour after landing on the host (Yazdani
et al., 2015). Wind tunnel trials showed that
Aphidius ervi, a common parasitoid of the pea
aphid, Acyrthosiphon pisum, preferred to fly
towards aphid-damaged bean plants (Du et al.,
1996; Powell et al., 1998; see also the discussion
below). Wind tunnel experiments also found that
flight duration and the profile of foraging beha-
viours exhibited by the parasitoid Goniozus jac-
intae depended on the instar of the host light
brown apple moth, Epiphyas postvittana, a lepi-
dopteran pest of grapevines (Aspin et al., 2021).
Using the same wind tunnel, Yazdani et al.
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Fig. 1.11 Wind tunnels. Upper panel: Design of the
wind tunnel used by Grasswitz and Paine (1993) to study
the behaviour of Lysiphlebus testaceipes (Hymenoptera:
Braconidae), a parasitoid of aphids. The main (rectangu-
lar) chamber was constructed of Plexiglass, and the
central (cylindrical) test section was constructed of Mylar
(biaxially-oriented polyethylene terephthalate). Lower
panel: Schematic diagram of the wind tunnel used by

(2015) found similar results for a different para-
sitoid, Dolichogenidea tasmanica, of the same
pest species.

Other Methods and Further Considerations

When a wind tunnel cannot be used, one could

try the following:

1. Placing potentially attractive odour sources in
an array, either in the field, in a large field
cage, or in a large controlled environment
chamber.

Aspin et al. (2021) to study the sequence of forgaging
behaviours of female Goniozus jacintae (Hymenoptera:
bethylidae), a parasitoid of lepidopterans attacking grape
vines and plantains. Host larvae fed on plant leaves that
were suspened from a bar fixed 25 cm above the floor of a
wind tunnel and wind speed was set at 20 cm s, In each
trial, a single female wasp was released 25 cm downwind
from the infested leaf

2. Releasing a large number of adult females
and examining the odour sources frequently.

3. Removing each insect that lands on the odour
sources.

If more individuals than expected, based on a
random distribution, land on a particular odour
source, this can be taken as evidence that the
odour source is attractive. If different odour
sources are offered, it may be possible to rank
them in terms of their attractiveness. The
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problem with this type of experiment is that the
number of parasitoids or predators trapped on a
particular source is a function both of the number
of insects landing on the source and of the time
they spend there. Ideally, the test individuals
should be caught immediately after arrival on the
source, but this is not always possible. Another
problem is that the experimental design does not
exclude the effect of interactions between indi-
viduals. For instance, parasitoids may repel
conspecifics, even actively chasing them away
(Hardy et al., 2013).

The field release method (involving counting
of the numbers of females attracted to uninfested
and infested cassava plants) was used success-
fully in field experiments with Apoanagyrus (=
Epidinocarsis) lopezi and to compare the attrac-
tiveness of different microhabitats containing
Drosophila larvae to several species of Lep-
topilina. The method also allows a functional
analysis of habitat choice. If one knows (1) the
encounter rates with hosts in the different
microhabitats, (2) the species composition of the
host larvae in each microhabitat, and (3) the
survival rates of parasitoid eggs deposited in
each of the host species, one can calculate the
relative profitability of each microhabitat for the
parasitoid and then predict which ones the para-
sitoids should visit when given a choice. This
approach was employed by Janssen et al. (1991).

Another approach to studying functional
aspects of host habitat location by parasitoids is
to consider the reliability and detectability of a
cue (Vet & Dicke, 1992). This approach con-
trasts cues having a high detectability but a low
predictive value regarding the presence of hosts,
with cues having a low detectability but a high
predictive value. Cues with a high detectability
are odours emitting from potential host plants.
Cues with a high reliability are, for example,
substances produced by the host plant in reaction
to the presence of the host and substances emit-
ted directly from the host. Vet and Dicke (1992)
assumed that high reliability cues are produced in
smaller amounts than general host-plant odours.
Measuring reliability and detectability in a
quantitative way is a problem in testing the
concept. However, a number of studies
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(discussed below) have gone some way to
overcoming this problem. A related concern is
highlighted by McCormick et al. (2014a), who
caution that there could be minor volatile cues,
seen as little peaks in chromatography (indicative
of low volumes), released from host plants but
with important roles in plant—insect interactions,
and describe experimental approaches and
chemical and statistical methods to detect these
minor compounds with major biological
activities.

As with all behavioural tests that purport to
investigate insect preferences (e.g., for a given
odour, host plant, host size, host instar, etc.),
statistical concerns abound. Two will be con-
sidered here. First, at which point is the test
insect provided with too many choices to make
effective comparisons and how does this affect
the sample size required? In part, the answer
depends on whether the experimenter is inter-
ested in extremes (whether an insect prefers an
odour to the control treatment) or in forming a
rank order of preference among odours. Raffa
et al. (2002) show that an increased number of
replicates is required to show the latter and they
provide an excellent guide as to how to maximise
experimental power (see also Taborsky, 2010;
and Smith et al., 2011, for general discussions of
sample sizes and power). Second, what is the
best way to analyse the data? There are several
established statistical approaches. Data from
binary outcomes can usually be analysed using a
standard probit or logistic regression approach
(Chap. 9) but standard probit models are not
suitable for preference assays, and Sakuma
(1998) provides an extension of the standard
probit method to overcome these problems.

Many studies have shown that parasitoids and
insect predators respond to odours produced by
the host plants of their potential prey or hosts
(reviewed by Vet, 1999). In some cases, para-
sitoids respond to the odour of host-free (un-
damaged) plants, but frequently herbivore
damage is required before a response to plant
cues is observed. Wind tunnel trials showed that
Aphidius ervi, a common parasitoid of the pea
aphid, Acyrthosiphon pisum, preferred to fly
towards aphid-damaged bean plants. However,
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washing the plants to remove aphid cues did not
reduce this preference, indicating that induced
plant volatiles were being used as cues (Du et al.,
1996). When extracts of the plant volatiles were
applied to filter paper and placed in a wind tun-
nel, a similar effect was seen (Powell et al.,
1998). If A. ervi females are provided with a
choice between volatiles collected from pea
aphid-damaged plants or from black bean aphid
(Aphis fabae)-damaged plants, they are much
more likely to fly towards the former (Powell
et al., 1998). This is evidence that there are host-
specific cues in the plant volatiles (Du et al.,
1996; Powell et al., 1998; Costa et al., 2010).
Dolichogenidae tasmanica responded to the
volatile cues associated with two related tortricid
host species, Epiphyas postvittana and Mero-
phyas divulsana, in a dual-choice wind tunnel
experiment (Bui et al., 2020).

Predators also respond to similar cues. In a
field experiment, Drukker et al. (1995) found that
psyllid-infested pear trees attracted significantly
more anthocorid predators than uninfested trees.
Scutareanu et al. (1997) collected volatiles from
the headspace (i.e., the air directly above the leaf)
of attacked and unattacked trees, and using a Y-
tube olfactometer found that the anthocorids
preferentially chose the airstream containing
volatiles from attacked trees. Using mass spec-
trometry, they found six volatiles that were sig-
nificantly more common in the headspace of
attacked trees (the monoterpene (E, E)-o-
farnesene, the phenolic methyl salicylate, and
four green leaf compounds). Only the monoter-
pene and the phenolic compounds elicited the
preference in the bugs (Scutareanu et al., 1997).
Methyl salicylate has also been shown to influ-
ence the behaviour of other predatory arthropods,
including phytoseiid mites (Dicke et al., 1990),
and anthocorids are attracted to methyl salicylate
produced from mite-infested beans (Dwumfour,
1992). However, not all increases in volatile
emission following herbivore attack led to an
increase in natural enemy recruitment. For
example, induced secondary defences in
cucumber plants correlate with an increase in
volatiles, and this deters predatory mites (Agra-
wal et al., 2002).
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It has been suggested that plants might pro-
duce synomones (herbivore-induced plant vola-
tiles, HIPV) as an indirect defence. By actively
recruiting natural enemies of their herbivores, the
damage suffered by the plant will be reduced
over time (Vinson, 1999). This hypothesis is not
without critics: van der Meijden and Klinkhamer
(2000) point out that plants may not benefit from
the presence of koinobiont parasitoids
(Sect. 1.6.7), since they do not immediately kill
the host and damage continues to occur after the
host is attacked. More direct benefits accrue to
the plant from the recruitment of predators, and
parasitoids may simply be subverting this inter-
action. The quantity and composition of the
volaitles produced by plants may vary with the
herbivore species, the plant species and the
environmental conditions under which plants are
grown. In principle such emissions may be an
adaptive response by plants to minimise damage
by herbivores (Hare, 2011). The argument that
plants benefit most from natural enemies that
quickly kill herbivores or cause them to imme-
diately cease feeding (Faeth, 1994; van der
Meijden & Klinkhamer, 2000) is substantiated
by Hare (2011): predators, which generally have
broader diet ranges than parasitoids, and idio-
biont parasitoids that immediately terminate
herbivore feeding have greater impact on plant
fitness than koinobiont parasitoids.

Synomone production by a herbivore-infested
plant will depend on the feeding mechanism of
the herbivore species. Maize plants attacked by
the aphid Rhopalosiphum maidis (a phloem fee-
der) do not increase volatile production, whereas
the lepidopteran Spodoptera littoralis (a leaf-
chewer) and the stem-borer Ostrinia nubilalis
induced large changes in volatile production
(Turlings et al., 1998). However, plants attacked
by O. nubilalis released a lower quantity of
volatiles, and these included several unidentified
volatiles that were not induced by S. littoralis
attack, supporting the hypothesis that herbivore-
specific volatiles may be produced by infested
plants. The differences in HIPV induction by
different herbivores can be very precise but are
sufficiently distinct to be recognised by the nat-
ural enemies (Turlings & Erb, 2018), and this
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allows specialist parasitoids to locate plants that
are attacked by their specific hosts (de Moraes
et al., 1998; Mumm & Hilker, 2005; Schroder &
Hilker, 2008; Webster et al., 2010) and suitable
host stages (Takabayashi et al., 1995). Cultivated
tobacco, cotton and maize produced qualitatively
and quantitatively different HIPV blends when
attacked by Heliothis virescens and Helicoverpa
zea, and the specialist parasitoid Cardiochiles
nigriceps preferred plants damaged by its host,
H. virescens, to plants damaged by the non-host,
H. zea (de Moraes et al., 1998). The HIPVs may
also differ in response to feeding by different life-
history stages of a single herbivore species, as
naive adults of Cotesia kariyai differentiated
between the qualitatively and quantitatively dif-
ferent HIPV blends of maize induced by different
instars of the Pseudaletia caterpillars (Tak-
abayashi et al., 1995). Similarly, early and late
instar Lymantria dispar caterpillars induce dif-
ferent patterns of HIPV emission from poplar
trees, which may help the parasitoids to locate a
suitable developmental stage of their prey
(McCormick et al., 2014b). The infested leaves
of coconut palms and frass of larvae produced
many herbivore-induced plant volatiles that me-
diate both direct and indirect defences like
attracting foraging carnivorous predators and
parasitoids (Shameer et al., 2017).

Of course, a given herbivore species may not
necessarily induce the same production of vola-
tiles on different host plants, and different natural
enemies may in turn show different responses to
these plant-produced cues. A good example of
this is provided by the work of Takabayashi et al.
(1998) who studied two different tritrophic sys-
tems. In the first system, the parasitoid Cotesia
kariyai was preferentially attracted to plant (corn)
volatiles produced by damage from Pseudaletia
separata. Surprisingly, this attraction was only
elicited when the plant was attacked by early
larval instars of the host; feeding by late instars
did not induce any preference. Plants attacked by
younger P. separata instars produce higher pro-
portions of terpenoids and indole volatiles. As
early instar P. separata parasitised by C. kariyai
consume less leaf material than older larvae, it is
beneficial for the plant if the herbivores are
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attacked when young (Takabayashi et al., 1995).
But host age does not always influence parasitoid
behaviour. Gouinguene et al. (2003) showed that
Microplitis rufiventris, a parasitoid that cannot
successfully attack first instar Spodoptera litor-
alis, could not distinguish among maize plants
attacked by different instars of the herbivore.

In the second system, the congeneric para-
sitoid C. glomerata preferred volatiles produced
by Rorippa indica (Cruciferae) plants infested
with its host Pieris rapae over clean air. How-
ever, the parasitoid’s preference is for artificially
damaged plants over herbivore-damaged plants,
although in both cases the plant releases (Z)-3-
hexanol and (E)-2-hexenal. The technique used
to artificially damage the plant seems to produce
larger amounts of those volatiles. Takabayashi
et al. (1998) suggest that the parasitoids in these
systems use different mechanisms to overcome
the reliability-detectability problem. Cotesia
kariyae responded to volatiles that provide direct
evidence of the presence of potential suitable
hosts, whereas C. glomerata responded to vola-
tiles produced in response to plant damage.
Rorippa indica has few herbivore species, of
which Pieris brassicae is one of the most
prevalent, so responding to general damage cues
is likely to lead the parasitoid to potential hosts.

There may also be differences in the response
elicited by such cues between generalist and
specialist predators or parasitoids. Rose et al.
(1998) found that the specialist parasitoid
Microplitis croceipes is attracted to insect-
damaged cotton plants, whereas artificial dam-
age (i.e., without herbivore kairomones) is
enough to attract the generalist Cotesia
marginiventris. In contrast, Dickens (1999)
found that both generalist (Podisus maculiven-
tris) and specialist (Perillus bioculatus) predators
of Colorado potato beetle showed similar re-
sponses to the systemic volatiles produced by
infested plants. The ability to recognise HIPVs
that are associated with their specific hosts may
be innate in specialist parasitoids (de Moraes
et al., 1998), whereas generalist parasitoids learn
to distinguish between different blends of vola-
tiles so that they can focus on the most profitable
cues (Vet et al., 1995). The damaged Brassica



1 Foraging Behaviour

plants release, in addition to other compounds,
typical glucosinolate derivatives (Blaakmeer
et al., 1994; Danner et al., 2015) which specifi-
cally attract parasitoids of herbivores that feed on
the glucosinolate-producing plants (Neveu et al.,
2002; Pope et al., 2008; Mumm & Dicke, 2010).

It is advisable to include at least three treat-
ments when studying the potential role of insect
herbivore host plants in natural enemy host lo-
cation. These treatments are based on the fol-
lowing questions: First, does the predator or
parasitoid respond to unattacked plants? Second,
is artificial damage enough to generate a
response (clipping using a sterilised pair of
scissors or a hole-punch)? Third, does herbivore
damage induce a response (allowing the herbi-
vores to feed, before removing them and washing
away any direct cues which may emanate from
the host, such as frass)? In addition, one may ask
if there is a synergy between host-plant and host-
insect cues. Havill and Raffa (2000) showed that
gypsy moth (Lymantria dispar) larvae fed on an
artificial diet were not attractive to a foraging
braconid parasitoid, Glyptapanteles flavicoxis,
whereas caterpillars that had fed on their main
host plant, poplar, were attractive.

As an aside, Rutledge and Wiedenmann
(2003) attempted to alter the preference for dif-
ferent host plants in the parasitoid Cotesia sesa-
miae, a braconid parasitoid of stem-borers.
Cotesia sesamiae preferentially attacks hosts in
sorghum, and after four generations of artificial
selection (attempting to obtain parasitoids with a
preference for cabbage plants), no change was
found in foraging behaviour. This suggests that
there is little genetic variation (in this species at
least) in response to plant cues in parasitoids.

Many species of insect herbivore communi-
cate with conspecifics using infochemicals such
as sex pheromones. These provide reliable cues
to the presence of potential prey/host individuals.
Pickett et al. (1992) identified and synthesised
several aphid sex pheromones, and these have
proved to be highly attractive to Praon spp.
parasitoids in field trials (Hardie et al., 1994).
However, it appears that other species of aphid
parasitoid (Aphidius ervi and A. eadyi) do not
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respond to these cues in field-sited pheromone
traps. This may result from the behaviour of the
parasitoids; these species do not appear to fly
towards point sources (Stowe et al., 1995). This
may explain why aphids placed on plants near
sex pheromone sources in the field suffered sig-
nificantly greater parasitism than those aphids
kept away from the odour source (Powell et al.,
1998).

Using a combination of four-way olfactometer
(Fig. 1.8) and Observer software (Sect. 4.2.6),
Couty et al. (1999) found that Leptopilina bou-
lardi, a parasitoid of Drosophila melanogaster,
was attracted by a combination of the odours of
both rotting fruit and a kairomone left by adult D.
melanogaster on the substrate tested. Predators
also respond to the presence of prey and plant
odours. The black bean aphid, Aphis fabae,
produces a kairomone that attracts Metasyrphus
corollae, a predatory hoverfly (Shonouda et al.,
1998), and the coccinellid Hippodamia conver-
gens is attracted by plant cues released when the
aphid, Myzus persicae, feeds on the plant
(Hamilton et al., 1999). However, predators dif-
fer from parasitoids in that the host location
behaviour may differ between the adult and larval
stages, and also within the larval instars. Bargen
et al. (1998) found that first instar larvae of the
hoverfly, Episyrphus balteatus, were attracted to
aphid cues, but not to honeydew. Older larvae
did not respond to these volatiles, but aphid
extracts, honeydew and sucrose did provide cues.

The olfactory responses of foraging para-
sitoids and predators may vary with age, nutri-
tional state and experience. It is important to take
account of these factors when designing experi-
ments. Ideally, preliminary experiments should
be carried out to test for any effects. Synovigenic
species (Sect. 2.3.4) may spend the first few days
of adult life searching, not for hosts, but for foods
such as nectar and honeydew, which supply
nutrients for egg development (Chap. 8). There-
fore, when young or starved, they may be unre-
sponsive to host plant and host odours. Some
parasitoids may even be repelled very early in
adult life by an odour, which later on in life is
used in host finding. Exeristes ruficollis responds
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in this manner to the odour of pine oil (Thorpe &
Caudle, 1938). Such responses need not be fixed.
In an elegant study, Lewis and Takasu (1990)
showed that female Microplitis croceipes can
learn to recognise different artificial odours
associated with food and host sources. Starved
individuals showed a preference for the odour
associated with the food source, whereas well-
fed females preferentially moved towards the
host-associated odour.

Furthermore, the ecological context of the
interaction may need to be considered. Orr et al.
(2003) found that the likelihood of a phorid fly
parasitoid successfully locating its ant host,
Linepithema humile, depended on (host) inter-
specific competitive interactions. Successful host
location was more likely when the host was
interacting with a species that elicited a chemical,
rather than a physical response. Le Ru and
Makosso (2001) found that foraging coccinellid
predators (Exochomus flaviventris) can distin-
guish between the odours of cassava infested
with parasitised and unparasitised mealybugs,
preferentially orientating towards the cassava-
unparasitised mealybug complex. In a similar
study, van Baaren and Nénon (1996) studied two
mealybug parasitoids. Both are monophagous
species, with Apoanagyrus lopezi attacking the
cassava mealybug (Phenacoccus manihoti) and
Leptomastix dactylopii attacking the citrus
mealybug (Planococcus citri). Both parasitoid
species readily responded to the odours of
infested plants or unattacked hosts, but not to
those produced by parasitised hosts. However,
rather than the parasitoids ignoring the odour of
parasitised hosts, it may be that parasitised hosts
have an additional odour, which acts as a deter-
rent. Such work strongly suggests that simplistic
approaches to tritrophic systems may underplay
the importance of other species in altering the
pattern of the interaction.

There is one frequently overlooked aspect of
experimental design associated with studies of
natural enemy responses to odours. Not only do
the enemies themselves show both phenotypic
and genotypic variation in response to cues, the
plants and prey insects themselves show varia-
tion in the signal. For example, the parasitoid
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Diaeretiella rapae shows different responses to
the volatiles released by two near-isogenic strains
of Brassica oleracea, which differ only in the
production of isothiocyanates (Bradburne &
Mithen, 2000). Such results also hold across
cultivars of the same plant species (Gowling &
van Emden, 1994). Plants emitting terpenoids, a
highly diverse group of compounds, show great
variability in their emission among different
genotypes (Gershenzon & Dudareva, 2007,
Degenhardt et al., 2009). Each plant species and
plant genotype releases its own particular blend
of terpenoids (Degen et al., 2004) in different
quantities and ratios in response to herbivore
feeding and even the time of the day that feeding
occurs (Loughrin et al., 1994; de Moraes et al.,
2001; Shiojiri et al., 2006; Shimoda et al., 2012).

Genetic variation in kairomone production is
also found among aphids. Not only will para-
sitoids show differential responses to different
clones of aphids, the clones themselves will also
show variation in response to alarm pheromone
(Miiller, 1983). It cannot be overemphasised that
researchers studying aphid—natural enemy inter-
actions should work with several different clones
of aphids. To be pedantic, since aphids within a
clone are for all practical purposes genetically
identical, the clone is the replicate. Many studies
of aphid—natural enemy interactions are essen-
tially performed without replication, since only
one clone is used.

There are many studies that show learning in
parasitoid wasps. Cues that elicit no response in
naive females can induce a response when they
have been experienced in association with host
contact (e.g., Fukushima et al., 2002; Meiners
et al.,, 2003). This is known as associative
learning, defined as a response to a stimulus that
usually does not induce a response, after that
stimulus has been experienced in combination
with another stimulus to which the animal
already shows an innate response. The beha-
vioural plasticity allowed by associative learning
provides considerable flexibility in parasitoid
foraging strategies.

Associative learning modifies the foraging
behaviour in many parasitic wasps, as they adapt
their responses to specific cues in accordance
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with the rewards they receive (Costa et al., 2010).
Female Cotesia marginiventris showed increased
attraction to a specific plant odour in a six-arm
olfactometer after the wasps perceived one of the
herbivore-induced odours of three plants either
(1) without contacting any caterpillars, (2) while
contacting the host caterpillar Spodoptera lit-
toralis, or (3) while contacting the non-host
caterpillar Pieris rapae (Costa et al., 2010).

If Aphidius ervi females are allowed to
experience oviposition on the plant-host complex
(here the pea aphid, Acyrthosiphon pisum, on
broad bean, Vicia faba), then they are signifi-
cantly more likely to orientate towards the plant-
host complex than naive females. Naive females
will orientate towards a source of host volatiles
(Du et al., 1996; the innate response), but expe-
rienced females will also show an increased
response to volatile cues from uninfested plants,
which is likely to be an example of associative
learning (Guerrieri et al., 1997).

The effect of learning on behaviour may
depend on the experience and physiological state
of the parasitoid. Female Leptopilina boulardi (a
eucoilid parasitoid of Drosophila melanogaster)
will associate odour cues with host presence,
increasing ovipositor searching when exposed to
the cue (Pérez-Maluf & Kaiser, 1998). This
increase in searching behaviour was not associ-
ated with mating or prior oviposition experience,
although both factors did influence some
parameters of host searching. Females with prior
oviposition experience showed a higher latency
and reduced probing duration, whereas mated
females tended to have a reduced latency and
increased probing duration (Pérez-Maluf & Kai-
ser, 1998). Female L. boulardi show heritable
variation in these responses to learned cues
(Pérez-Maluf et al., 1998).

The likelihood of learning appears to be
related to the nature of the substrate the para-
sitoid is searching. Duan and Messing (1999)
suggested that parasitoid acceptance of less pre-
ferred hosts may be more likely to change with
experience, than if the parasitoid is allowed to
learn cues associated with preferred host-
substrate complexes. If this is the case, then it
is possible that associative learning will not be
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equally likely to be found with all potential host
species. Therefore, the absence of learning in one
situation may not reflect what will be found with
other potential hosts. For example, Morris and
Fellowes (2002) found that natal host influenced
the likelihood of learning in the pupal parasitoid
Pachycrepoideus vindemmiae. Females that
emerged from Musca domestica only showed a
preference for that host species after gaining
experience attacking it. Experience gained in
attacking Drosophila melanogaster did not
change their preference. In a similar manner,
wasps that emerged from D. melanogaster only
showed a preference for that host when allowed
to gain experience in attacking D. melanogaster
pupae and experience gained on M. domestica
did not alter their preference.

In experiments investigating learning in par-
asitoids, it is often best to use novel cues, which
can be controlled and measured by the investi-
gator. In studies of associative learning, odours
such as vanilla and strawberry essence have been
successfully used. lizuka and Takasu (1998) used
this approach to show associative learning by the
pupal parasitoid Pimpla luctuosa. In addition,
they found that females ceased attacking dummy
hosts which had the previously learned odour
after several failed oviposition attempts, which
suggests that parasitoids can also learn to ignore
cues (lizuka & Takasu, 1998). Similarly, female
Microplitis croceipes that had antennated host
frass or oviposited in a host in the presence of
vanilla odour responded to the odour in the wind
tunnel and the parasitoids oviposited in the
presence of the odour responded to the odour
even at 24 h after experience (Takasu & Lewis,
2003). This shows that oviposition in the host in
the presence of odours strongly affects associa-
tive learning and the persistence of learned re-
sponse to the odours (Takasu & Lewis, 2003;
Giunti et al., 2015). Lariophagus distinguendus,
the ectoparasitoid of Sitophilus granarius, after
being trained by being kept on infested grains in
the presence of an odorant furfurylheptanoate
(FFH) preferred the odour field containing FFH
in olfactometers (Miiller et al., 2006). In this
case, the reaction to FFH is caused by associative
learning due to host experience as an
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unconditioned stimulus, and this learning expe-
rience in wasps induced a memory equivalent to
the long-term memory found in Apis mellifera
and Drosophila melanogaster (Miiller et al.,
2006). Studies on the effect of associative
learning of plant chemicals on host-searching
behaviour in Ascogaster reticulata, an egg-larval
parasitoid of Adoxophyes honmai, revealed that
the female wasps conditioned with tea leaf pre-
ferred tea leaf over the other plant species (Seino
& Kainoh, 2008). Similarly, Kawamata et al.
(2018) studied the innate colour preference and
associative colour learning ability of Ascogaster
reticulata, a braconid parasitoid of the tortricid
Adoxophyes honmai, and reported that the wasps
trained to associate black or blue colour with the
presence of a host egg mass showed increased
preference for these colours.

1.6.3 Host Location by Parasitoids

Inferring Behaviour from Morphology

Perhaps one of the more straightforward means
of deducing how a predator or parasitoid may
locate its prey is to pay close attention to the
insect’s morphology. For example, pipunculid
flies have extremely well-developed compound
eyes, and in the females the forward-facing facets
are considerably enlarged (Jervis, 1992), so it can
be inferred that host finding in these parasitoids
relies on vision (confirmed by Forbes P. Benton,
see Waloff & Jervis, 1987). However, some
caution should be used when inferring behaviour
from morphology, and, ideally, the insect would
be studied carefully to confirm that the trait does
aid predation or parasitism. Nevertheless, a small
amount of basic biology and natural history will
provide a huge amount of help in understanding
the species of interest.

Genetic Variation in Foraging Behaviour

Wajnberg and Colazza (1998) used a combination
of automated recording and statistical techniques
to study the foraging behaviour of the parasitoid
Trichogramma brassicae and found not only that
the searching efficiency of females within a patch
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determined the number of hosts they encountered,
but also that there was significant genetic varia-
tion among females in this trait. Whether such
genetic variation plays a role in allowing popu-
lations to adapt to different habitats is a question
that deserves a great deal of attention (see
Wajnberg, 2004, for a review). Van Nouhuys and
Via (1999) studied variation among populations
of the parasitoid Cotesia glomerata attacking
small cabbage white butterfly (Pieris brassicae)
caterpillars in wild and agricultural habitats.
These habitats present very different environ-
ments to the foraging parasitoids, as in the agri-
cultural habitat every plant that a parasitoid lands
on may carry its host. Wasps that originated from
the wild habitat tended to move more between
plants, perhaps reflecting the spatial characteris-
tics of wild host populations. Jia et al. (2002)
found genetic variation in response to herbivore-
induced plant volatiles in the predatory mite,
Phytoseiulus  persimilis. ~ Isofemale  lines
(Sect. 3.2.3) showed a negative correlation
between the likelihood of patch location and
patch residence time, suggesting a trade-off
between prey location and reproduction.

Kairomones

Having arrived in a potential host habitat, a
parasitoid begins the next phase in the search for
hosts. Often, insects show arrestment in response
to contact with kairomones of low volatility
deposited by their hosts on the substratum.
Materials containing such kairomones (some-
times referred to as ‘contact chemicals’) have
been shown to include host salivary gland or
mandibular gland secretions, host frass, and ho-
mopteran honeydew and cuticular secretions.
Several herbivore species have evolved traits
which reduce the build-up of frass near to where
they feed, reducing the likelihood of their loca-
tion by foraging parasitoids. This is a relatively
common behaviour in caterpillars dwelling in
leaf shelters, who can eject their frass with con-
siderable force, depositing it some distance from
the potential host (Weiss, 2003).

Kairomones present on the host itself have
also been shown to induce oviposition behaviour
by several parasitoid species. For example, the
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parasitoid Aphidius ervi shows strong responses
to pea aphid (Acyrthosiphon pisum) siphuncle
secretions, but only at very short range or on
actual contact, and the presence of these kair-
omones alone is enough to induce oviposition
behaviour (Battaglia et al., 2000). A similar
response is shown by the parasitoid Diadromus
pulchellus. This wasp responds to the presence of
soluble polypeptides present in the cocoons of its
host, the leek moth Acrolepiopsis assectella
(Benedet et al., 1999).

Because stronger responses may be found to a
kairomone after prior oviposition experience in
the presence of the substance, an initial experi-
ment ought to be performed using parasitoids
with previous oviposition experience. The next
series of experiments would involve comparing
the response of parasitoids to patches of potential
host habitat, within which hosts have never
occurred (e.g., clean host plant leaves), with the
response to patches within which hosts have
previously occurred for some time. The follow-
ing changes in behaviour might be observed in
the searching insects: a decrease in walking
speed, an increase in the rate of turning, a sharper
angle of turn at the patch edge, an increase in the
number and frequency of ovipositor stabs, an
alteration in position of the antennae, an increase
in the amount of drumming with the antennae
and an increase in the amount of time spent
standing still. Video-recording equipment, toge-
ther with the computer software discussed in
Chap. 4 (Sect. 4.2.6) can be used to record and
analyse alterations in these behavioural compo-
nents. Path tortuosity can be evaluated by mea-
suring the angle between tangents drawn at
intervals along the path.

A useful additional analysis that can be car-
ried out involves designating areas of an arena,
e.g., the kairomone-treated area and the clean
area, and measuring the proportion of the total
time available that the insect spends searching
each area. If the parasitoid or predator can be
shown to have spent a greater proportion of its
time in the treated area, then it can be considered
as having been arrested by the kairomone.

Once it has been demonstrated that patches
within which hosts have occurred contain a
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stimulus to which parasitoids respond by arrest-
ment, further experiments can be performed to
elucidate the nature of the stimulus. To eliminate
the possibility that the arrestment response is due
to some physical property of the patch (e.g., the
texture of the wax secretions left by mealybugs,
or depressions caused by feeding larvae), one can
attempt to dissolve the putative kairomone either
in distilled water, hexane or another suitable
solvent, and then apply the solution to a surface,
for example a leaf or a glass plate, which has
never borne host larvae. If an arrestment
response is still observed, it can be concluded
that the soluble substance is a kairomone. For a
detailed experimental study of the arrestment
response in a parasitoid, conducted along these
lines, see Waage (1978) and Fig. 1.12.

Kairomones provide quantitative, in addition
to qualitative information. Several parasitoid
species, when presented with several patches of
kairomone in different concentrations, have been
shown to spend longer periods searching those
patches with the higher kairomone concentrations
than the patches with the lower concentrations, at
least over part of the range of concentrations
(Waage, 1978; Galis & van Alphen, 1981;
Budenberg, 1990; Hare & Morgan, 2000).
Because kairomone concentration varies with
host density, parasitoids can obtain information
concerning the profitability of a patch, even
before they encounter hosts. Honeydew produced
by the aphid Brevicoryne brassicae provides not
only a qualitative cue in host location, but also is a
source of information on the density of hosts
within a patch for the parasitoid Diaeretiella
rapae (Shaltiel & Ayal, 1998).

1.6.4 Responses to Parasitoid Odours
and Patch Marks

Parasitoid Odours

Janssen et al. (1991) showed, using olfactometer
experiments, that Leptopilina heterotoma is at-
tracted to the odour of stinkhorn fungi containing
larvae of Drosophila phalerata. When these
patches are offered in an olfactometer together
with similar patches on which searching females
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of L. clavipes are present, L. heterotoma avoids
the odour fields of patches containing L. clavipes
females. The conclusion from these observations
is that L. clavipes produces an odour whilst
searching, which repels its competitor L. hetero-
toma, at least when the latter is presented with
the choice between host-containing patches
emitting this odour and host-containing patches
that lack the odour. Price (1981) suggests that the
function of the strong odour emitted by some
female ichneumonids, which may be noticed
when these insects are handled, likewise signals
the insects’ presence to other parasitoids. Fur-
thermore, kairomones combined with odours
from conspecifics may help parasitoids avoid
intraspecific competition. Venturia canescens
will normally orientate towards host kairomones
but will avoid the odour plumes which contain
both host kairomones and the odour of con-
specific females (Castelo et al., 2003).

Holler et al. (1991) found evidence that for-
aging primary parasitoids of aphids are repelled
by odours produced by adult hyperparasitoids.
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Furthermore, individuals of the aphid Sitobion
avenae that have been attacked by a primary
parasitoid, Aphidius ervi, show differential
responses to odours released by a hyperpara-
sitoid, Alloxysta victrix. At 120 h after attack, the
aphids are attracted to the volatiles, yet at 160 h
after attack they are repelled by the same cue.
Since unattacked aphids show no responses to
these cues, Guerra et al. (1998) suggest that, as
behavioural control passes from aphid to para-
sitoid over time, the adaptive benefits of
responding to these cues will also change.

In cases where the odour of a parasitoid repels
conspecifics, the substance is a pheromone,
whereas in cases where heterospecific competi-
tors are repelled, there is some justification in
describing the substance as an allomone. How-
ever, because of similar problems to those
mentioned below when discussing patch mark-
ing, the use of the term allomone should be
avoided here.

It is not known how widespread the use of
repellent odours is among insect parasitoids,

*
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<« Fig. 1.12 Arrestment and patch time allocation in

parasitoids: Waage’s (1978) classic study of Venturia
canescens. a An experiment carried out to investigate
arrestment behaviour of V. canescens in response to
contact with a kairomone. The path of a walking female
was observed on a glass plate, upon which 1 ml of ether
extract of ten pairs of host (the lepidopteran Plodia
interpunctella) manidibular glands had been placed and
allowed to evaporate. Stippling denotes the edge of the
patch. Upon encountering the patch edge from the
outside, a female stops and begins to apply the tips of
its antennae rapidly upon the substratum. It then proceeds
onto the patch at a reduced walking speed (inverse
orthokinesis). Within the patch, the wasp occasionally
stops walking and probes the substratum with its ovipos-
itor. When the wasp encounters the patch edge from
within the patch, it turns sharply away from the edge. The
wasp eventually leaves the patch, presumably due to
waning of the arrestment response, e.g., through habitu-
ation or sensory adaptation to the chemical stimulus.
b Apparatus used to test the hypothesis that the patch edge
response of V. canescens is to the removal of the chemical
stimulus, and not to the patch edge per se. The terylene
gauze screen was impregnated with host mandibular
secretion by confining ten fifth instar host larvae between
two sheets of gauze. The lower sheet was then stretched
over a Petri dish, as in the figure. By raising and rapidly
lowering the contaminated screen, Waage (1978) could
precisely control when a wasp (in the upper chamber) was
‘on’ and ‘off” the patch. A wasp’s movements were traced
with a felt-tipped pen on the plate glass roof of the
chamber (nowadays this could be done using video
recording coupled with analysis of movements using
computer software, Sect. 1.4). Over the first centimetre
travelled following stimulus removal, most wasps made a
reverse turn, which may be considered to be a klinotactic
(i.e., directed) response because the turn oriented the
wasps back towards the the point from where the stimulus
was removed. Thus, Waage (1978) concluded that the
patch edge response of V. canescens is due to the removal
of the chemical stimulus, not to the patch edge per se, i.e.,
his hypothesis was supported. ¢ Apparatus used by Waage
to test the effect of kairomone concentration on patch

largely because this issue has not been studied in
a systematic way. Like other infochemicals used
by parasitoids, odours produced by adult para-
sitoids can potentially have a profound effect on
patch choice and time allocation by individual
wasps and thus on the distribution of parasitoids
over a host population.

Patch Marking

Some parasitoid species are known to leave
chemical marks on surfaces they have searched
(Galis & van Alphen, 1981; Sheehan et al., 1993;
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residence time. ‘Patches’ were made by confining differ-
ent numbers of host larvae, together with food medium,
between terylene gauze sheets for several hours. The
larvae were then removed. For each kairomone concen-
tration, the contaminated patch of food medium (minus
the hosts) was held over the central part of the floor of the
chamber (blackened area). An empty Petri dish was raised
beneath the patch (see next experiment). Two arbitrary
time intervals (14 s and 60 s continuously off a patch)
were used as criteria for determining patch leaving by
wasps. Application of either of these criteria indicated that
the duration of the first visit to a patch increased markedly
with increasing kairomone concentration. The apparatus
was also used to test the effect of ovipositions on patch
residence time. A patch of host-contaminated food
medium was stretched over the central part of the
chamber floor, and at the onset of the experiment a dish
containing 30 host larvae was raised beneath the patch.
Each wasp was allowed to make an oviposition into a host
as soon as she entered the patch. During the resting period
following that oviposition, the dish containing host larvae
was replaced with an empty one. Oviposition was found
to produce a marked increase in the duration of the first
patch visit by a wasp. Another experiment was carried out
by Waage (1978), which demonstrated that oviposition
does not elicit a significant arrestment response in the
absence of the kairomone. This experiment employed
apparatus (b). A host-contaminated terylene gauze screen,
with or without host larvae beneath it, was raised beneath
the chamber. A single wasp was exposed either to the
chemical stimulus alone for the duration of one bout of
probing, or to the chemical stimulus with hosts present for
one oviposition of similar duration. The screen was then
lowered, so removing the kairomone stimulus, and the
time taken for the wasp to leave the chamber floor and
then climb onto one of the chamber sides was recorded
(this behaviour being interpreted as the cessation of any
response elicited by the contact chemical). No significant
difference in the amount of time taken to abandon the host
area was observed between the treatments with oviposi-
tion and those without. From Waage (1978), reproduced
by permission of Blackwell Publishing

Couchoux & van Nouhuys, 2014). This marking
behaviour can have a number of functions. By
leaving a scent mark on the substratum, a para-
sitoid can avoid wasting time and energy in
searching already visited areas. A female can
also use the frequency with which she encounters
marks to determine how well she has searched
the patch, and so assist in the decision when to
leave the patch. When encountered by con-
specific or heterospecific competitors, marks
sometimes induce the competitor to leave an
area. Pleolophus basizonus, Orgilus lepidus,
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Asobara tabida, Microplitis croceipes, Halti-
coptera rosae, H. laevigata and Hyposoter hor-
ticola (Price, 1970; Greany & Oatman, 1972;
Galis & van Alphen, 1981; Sheehan et al., 1993;
Hoffmeister, 2000; Hoffmeister & Gienapp,
2001; Couchoux & van Nouhuys, 2014) mark
areas they search, and females spend less time in
areas previously searched by conspecifics. In the
case of a heterospecific competitor, the marker
substance could be termed an allomone. How-
ever, leaving the patch may not always be in the
interest of the competitor; the competitor may
stay and superparasitise the hosts parasitised by
the first female (Sect. 1.9.4). Thus, the use of the
term allomone should be avoided in this context.

The use of patch-marker substances can be
demonstrated by offering patches containing
kairomone, but not hosts, to a parasitoid. After
the parasitoid has left the patch, a second para-
sitoid is introduced on to the same patch. If the
second insect stays on the patch for a shorter
period than the first, the existence of a mark left
by the first has, given sufficient experimental
replication, been demonstrated.

Predators may also patch-mark. Nakashima
et al. (2002) showed that the insect predator
Orius sauteri avoides patches where they
have recently foraged, although this behaviour is
not exhibited when the predator has not
recently fed. The patch marks appear to be rela-
tively short lived (<1 h) and may simply prevent
the females from foraging in an area previously
searched.

It is not only insect natural enemies that
respond to such cues. The prey themselves may
also respond to odour cues left by foraging
predators or parasitoids. For example, spider
mites (Tetranychus urticae) will avoid foraging
in patches that have previously held predators,
and this avoidance is greater if the predators have
been feeding on 7. urticae (Grostal & Dicke,
2000). Most studies of predator and parasitoid
foraging behaviour assume that such avoidance
does not take place.
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1.6.5 Search Modes Within a Patch

While kairomones and other cues can arrest
parasitoids and predators in host/prey patches
and so increase the probability of encounter,
host/prey location is itself likely to be in response
to non-chemical, e.g., visual and tactile cues. For
example, in coccinellid predators, prey honey-
dew acts as an arrestant stimulus for adults (van
den Meiracker et al., 1990: Diomus sp., Exo-
chomus sp.; Heidari & Copland, 1993: Crypto-
laemus montrouzieri), but the prey are located in
response to visual cues (Stubbs, 1980: Coc-
cinella septempunctata; Heidari & Copland,
1992: C. montrouzieri). Stubbs (1980) devised a
method for calculating the distance over which
prey are detected (see also Heidari & Copland,
1992). Another method was designed to calculate
the distance over which insect parasitoids detect
their hosts (Bruins et al., 1994). In the coccinellid
Coccinella septempunctata, honeydew acts as
arrestant stimulus that increased exploitation of
prey patches by larvae, but location of the prey
occurs only upon physical contact (Carter &
Dixon, 1984).

It has been shown for a number of predators
that arrestment occurs as a consequence of prey
capture (Dixon, 1959; Marks, 1977; Nakamuta,
1982; Murakami & Tsubaki, 1984; Ettifouri &
Ferran, 1993). In this way, the insect’s searching
activities are concentrated in the immediate
vicinity of the previously captured prey,
increasing the probability of locating another
prey individual. The adaptive value of such
behaviour for predators and parasitoids of insects
that have a clumped distribution, such as aphids,
is obvious. Predators also show arrestment after
capturing a prey individual but failing to feed on
it, even a failed encounter with prey is an indi-
cation that a clump of prey has been found
(Carter & Dixon, 1984). Carter and Dixon (1984)
argued that the latter behaviour is particularly
important for early instars of coccinellids, since
the prey capture efficiency of these instars is
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relatively low. In final instar larvae of the coc-
cinellid Harmonia axyridis, arrestment in
response to prey capture occurs only if the
predators are provided with the same prey spe-
cies as they were reared upon, indicating a strong
conditioning effect (Ettifouri & Ferran, 1993).
Arrestment of the aboreal ponerine ant Pla-
tythyrea modesta is affected by prey size. Small
prey required contact, whereas larger prey, such
as grasshoppers, elicit arrestment at a distance
(Djieto-Lordon et al., 2001). Following arrest-
ment, the ants attacked without antennation.
Small prey species are killed using pressure from
the mandibles, whereas larger prey are stung.

Arrestment in the above cases can be studied
in the same way as arrestment of natural enemies
in response to kairomones, i.e., by analysing the
search paths of predators and parasitoids and by
measuring the proportion of the total time spent
searching designated unit areas within an arena.

Species of parasitoid attacking the same hosts
may differ in the way they search a patch. In
parasitoids of concealed anthomyiid, calliphorid,
drosophilid, muscid, phorid, sarcophagid and
sepsid fly larvae, at least three different search
modes exist (Vet & van Alphen, 1985). Wasps
may either: (1) probe the microhabitat with their
ovipositors until they contact a host larva
(ovipositor search); (2) perceive vibrations in the
microhabitat caused by movements of the host
and use these cues to orient themselves to the
host (vibrotaxis) which is then probed with the
ovipositor; or (3) drum, with their antennae, the
surface of the microhabitat until they contact a
host (antennal search).

To determine which search mode a parasitoid
species uses is easy in the case of ovipositor
search or antennal search, where brief observa-
tion of a searching female suffices to classify her
search mode. However, it can be difficult to
prove that vibrotaxis occurs, because of the
possibility that the parasitoid locates its hosts by
reacting to a gradient in kairomone concentration
or some other chemical cue, or to infrared radi-
ation from the host. Therefore, we will consider
this search mode in more detail.

Parasitoids have been shown to respond to
vibratory stimuli issuing from foraging hosts
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when they are searching for potential victims.
Meyhofer et al. (1994, 1997) found that the
leafminer  Phyllonorycter produces
vibrations while feeding, and that the parasitoid
Sympiesis sericeicornis responds to these cues by
increased rates of turning in the vicinity (vi-
brokinesis). There is also some evidence for
vibrotaxis, but this is more circumstantial. For
example, Asobara tabida and Leptopilina long-
ipes, two common parasitoids of Drosophila
species, will fail to locate immobilised hosts (van
Alphen & Drijver, 1982; van Dijken & van
Alphen, 1998). Indeed, it has been suggested that
the rover/sitter polymorphism in larval Droso-
phila melanogaster (Alwash et al., 2021) may be
maintained by frequency-dependent selection
resulting from the relative proportions of vibro-
tactic parasitoids within the community of larval
parasitoids (Osborne et al., 1997; see also Hod-
ges et al., 2013).

In a valuable review, Meyhofer and Casas
(1999), however, pointed out some pitfalls in the
study of the use of vibratory stimuli by para-
sitoids searching for hosts. Many of these are
associated with experimental design, where the
use of immobilised larvae (e.g., by freezing,
dipping in hot water, needle insertion) introduces
the confounding factors associated with reduced
metabolic rate (influencing heat or CO, output)
and changes in the chemical cues emanating
from potential hosts. Unless these confounding
factors are controlled for, it is difficult to confirm
that changes in parasitoid behaviour are the result
of responses to vibratory cues. A second issue
they raised is the need to confirm that the host
does indeed produce vibratory cues to which the
parasitoid can and does respond. Very few
studies satisfactorily deal with these issues,
although techniques such as laser vibrometry are
available to characterise these vibrational signals
(Meyhofer et al., 1994).

Wickers et al. (1998) used laser vibrometry to
infer the ability of the pupal parasitoid Pimpla
turionellae to locate potential hosts. Clearly, the
host pupae themselves do not produce vibrations;
instead, the parasitoid itself appears to generate
vibrations that can then be used, in a manner
analogous to sonar, to locate hosts. The

malella
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technique used by Wickers et al. (1998) was
particularly ingenious: by using paper cylinders
of differing thickness and a cigarette filter to
serve as a ‘host’, the authors were able to show
that, as the thickness of the substrate increased,
the number of oviposition attempts decreased.
They suggest that the parasitoid responded to
differences in resonance between hollow and
solid sections of substrate, and that increasing
thickness of paper reduced the ability of the
parasitoid to distinguish between sections.

Vibrations may also be used by potential hosts
as a warning that a parasitoid may be about to
attack. Bacher et al. (1997), again using laser
vibrometry, showed that the late instar larvae and
pupae of the leafminer Phyllonorycter malella
reacted defensively to certain frequencies pro-
duced by oviposition insertion by the parasitoid
Sympiesis sericeicornis. Such ability to avoid
attack may prove to be common among
leafminers. Using the same system, Djemai et al.
(2001) used artificial vibrations matched to the
frequencies resulting from Sympiesis sericeicor-
nis attack, and this elicited the same defensive
behaviours in the host. This provides excellent
empirical support for the conclusions drawn by
the earlier study.

The reason why it is important to determine
the search mode of a parasitoid or a predator is
that different search modes lead to different
encounter rates with hosts in the same situation.
Thus, a parasitoid using vibrotaxis as a search
mode may be more successful in finding hosts
when the hosts occur at low densities, while
ovipositor search may be more profitable at high
host densities. Antennal search results in
encounters with larvae on the surface, while
ovipositor search can also result in encounters
with hosts buried in the host’s food medium.
However, Broad and Quicke (2000) showed that
the use of vibrotaxis is positively correlated with
host depth in the substrate, controlling for para-
sitoid size. This suggests that in substrates where
ovipositor searching is time-consuming (e.g.,
where the host is relatively deep in the substrate),
vibrotaxis may be more common than the
aforementioned argument suggests. Often, the
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searching behaviour of a parasitoid comprises a
combination of search modes, as the insect
responds to different cues while locating a host. It
is therefore not always possible to place the
behaviour of a parasitoid in one category.

Predators may employ a combination of
search modes. The larvae of the predatory water
beetle Dytiscus verticalis may either behave as
sit-and-wait predators when prey density is high,
or hunt actively for prey when prey density is
low (Formanowicz, 1982). Such variety is com-
mon, and many species that are traditionally
considered to be ambush predators (e.g., mantids,
see below) frequently actively search for prey.

Pit-dwelling antlion (Myrmeleon spp.) larvae
provide the classic example of an ambush
predator. The larvae excavate funnel-shaped
holes in loose sand, and it is the latter that pre-
vents potential prey from escaping. The spatial
distribution of the antlion Myrmeleon immacu-
latus reflects that of prey density, minimising the
need to move to a new pit location (Crowley &
Linton, 1999). The antlion larva waits at the base
of the pit, with only its relatively large mandibles
projecting from the sand. Once a victim becomes
trapped, the larva suddenly grabs its prey and
drags it under the sand. This has the advantage of
rendering physical defences, such as biting or
formic acid, useless (New, 1991). Given that the
ambush strategy is risky (i.e., the presence of
food is unpredictable) and that manufacturing
and maintaining the pit is costly (Lucas, 1985;
Hauber, 1999), it is unsurprising that antlions
have relatively low metabolic rates (van Zyl
et al., 1997). Larvae can survive for relatively
long periods without food, albeit at the cost of a
long development period.

In contrast to situations where camouflage is
critically important, some ‘sit-and-wait’ preda-
tors employ conspicuous colouration, e.g., sev-
eral species of orb-web spider. The spiny spider,
Gasteracantha fornicata, has a strikingly
coloured yellow-and-black-striped dorsal sur-
face. Spiders which were dyed black captured
fewer prey individuals, supporting the hypothesis
that bright colours helped attract visually ori-
enting prey (Hauber, 2002).
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1.6.6 Host Recognition by Parasitoids

Generally, specific (although not necessarily host
species-specific) host-associated stimuli need to
be present for triggering of oviposition behaviour
by parasitoids following location of a prospective
host. The role these stimuli play in host recog-
nition has been investigated mainly by means of
very simple experiments.

For many parasitoids, host size appears to be
important for host recognition. In a classic
experiment, Salt (1958) presented female Tvi-
chogramma with a small globule of mercury —
smaller than a host egg—and observed that the
parasitoid did not respond to the globule. How-
ever, Salt (1958) then added minute quantities of
mercury to the globule, whereupon a female
would mount it, examine it and attempt to pierce
it with her ovipositor. When Salt (1958) contin-
ued adding quantities of mercury to the globule,
a globule size was reached where a wasp again
did not recognise it as a prospective host.

Host shape can be important in host recogni-
tion. A number of workers have placed inanimate
objects of various kinds inside either hosts or
host cuticles from which the host’s body contents
have been removed and have shown that some
host shapes are more acceptable than others.

One needs to be cautious in interpreting the
results of experiments where hosts or host dum-
mies of various sizes and shapes are presented to
parasitoids. If a parasitoid is found to attempt
oviposition more often in large dummies than in
small ones, or in rounded dummies than in flat-
tened ones, the stimuli involved could be visual,
tactile or both. Some investigators have failed to
determine precisely which of these stimuli are
important (but see Bruins et al., 1994). Similar
caution needs to be applied to experiments in
which dummies of different textures are pre-
sented to parasitoids.

As can often be inferred from direct obser-
vations on the behavioural interactions of para-
sitoids and hosts, movement by the host can be
important in triggering oviposition behaviour.
A simple experiment for investigating the role of
host movement in host recognition involves
killing hosts, attaching them to cotton or nylon
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threads, moving both these and similarly attached
living hosts before parasitoids, and determining
the relative extent to which the dead and living
hosts are examined, stabbed, drilled or even
oviposited in by the parasitoids.

Kairomones play a very important (although
not necessarily exclusive) role in host recognition
by parasitoids. In an elegant series of experi-
ments, Strand and Vinson (1982) showed how, if
glass beads the size of host eggs are uniformly
coated with material present in accessory glands
of the female host (host eggs normally bear
secretions from these glands) and are presented
to females of Telenomus heliothidis (Scelion-
idae), the insects will readily attempt to drill the
beads with their ovipositors. Female parasitoids,
when presented with either clean glass beads or
host eggs that had been washed in certain
chemicals, were, on the whole, unresponsive.
Strand and Vinson (1983) analysed the host
accessory gland material and isolated proteins
from it (by electrophoresis); two proteins were
shown to be particularly effective in eliciting
drilling of glass beads. It cannot be assumed from
these findings that T. heliothidis will recognise
any object that is coated in kairomone as a host:
host size and shape are also important criteria for
host acceptance. Similar findings have been
reported for several other species (e.g., Conti
et al.,, 2003: Trissolcus brochymenae; Takasu
et al., 2003: Ixodiphagus hookeri). In some cases,
the active compound has been identified: O-
caffeoylserine, produced by the cassava mealy-
bug, elicits host-acceptance behaviour in the
encyrtid parasitoids Acerophagus coccois and
Aenasius vexans (Calatayud et al., 2001).

Weinbrenner and Volkl (2002) took a differ-
ent approach to understanding the importance of
contact kairomones in host recognition by
Aphidius ervi. Wet pea aphids were not accepted
as hosts, which the authors suggest resulted from
the parasitoids being unable to detect the host’s
kairomones. Another useful approach to studying
the role of kairomones would be to take a poly-
phagous parasitoid species and determine whe-
ther the recognition kairomone is different or the
same for each of its host species. Van Alphen
and Vet (1986) showed that the braconid
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parasitoid Asobara tabida discriminates between
the kairomone produced by Drosophila melano-
gaster and that produced by D. subobscura.
Acceptance of a prospective host for oviposition
also depends upon whether the host is already
parasitised. This important aspect of parasitoid
behaviour is dealt with later in Sect. 1.9.

1.6.7 Host and Prey Selection

Host Species Selection

Many parasitoid species are either polyphagous
or oligophagous. Strictly monophagous species
are relatively uncommon. When different poten-
tial host species occur in different habitats, a
parasitoid ‘decides’ which host species is to be
attacked by virtue of its choice of habitat in
which to search. Sometimes, potential host spe-
cies can be found coexisting in the same patch
(e.g., two aphid species living on the same host
plant, larvae of different fly species feeding in the
same corpse, etc.). In these cases, experiments on
host species selection are relevant, and can
demonstrate whether the parasitoid has a prefer-
ence for either of the species involved. Prefer-
ence is defined as follows: a parasitoid or
predator shows a preference for a particular
host/prey type when the proportion of that type
oviposited in or eaten is higher than the propor-
tion available in the environment. This is the
traditional ‘black box’ definition (Taylor, 1984),
so called because it does not specify the beha-
vioural mechanisms involved. For example, a
parasitoid may encounter a host individual and
accept it, but the host may then escape before the
parasitoid has an opportunity to oviposit (like-
wise, prey may escape from a predator following
acceptance). If host types differ in their ability to
escape, they will be parasitised to differing
extents even though they may be accepted at the
same rate. Conversely, they may be accepted at
different rates but be parasitised to the same
extent. It could be argued that preference, to be
more meaningful behaviourally, ought to be
defined in terms of the proportion of hosts or
prey accepted. However, it may not be possible
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in experiments to observe and score the number
of acceptances (one reason being that the insects
do not display obvious acceptance behaviour).

Often experiments designed to test for a
preference score the number of hosts parasitised,
or prey fed upon, after a certain period of
exposure where equal numbers of each species
have been offered (Sect. 1.12 describes a differ-
ent approach). There is, however, a problem with
this approach: the number of hosts oviposited in,
or prey eaten, depends on the number of
encounters with individuals of each species, and
the decision to oviposit, or feed, on the less
preferred species may be influenced by how
often the female has the opportunity to oviposit,
or feed, on the preferred species. Encounter rates
(Sect. 1.7) may also be unequal for two host, or
prey, species, due to factors such as differences in
size or activity. Therefore, species selection
should preferably be investigated in such a way
that encounter rates with both species are equal.
This requires pilot experiments, with equal
numbers of each species offered simultane-
ously, to calculate the ratio in which both types
should be presented so as to equalise encounter
rates.

Mathematical formulae used for quantifying
preference (whether for species or for stages) are
many and varied (Chesson, 1978, 1983; Cock,
1978; Settle & Wilson, 1990), but the most
widely used measure of preference is the fol-
lowing (Sherratt & Harvey, 1993):

E; Ni
oA
E, N,

(1.1)

where N; and N, represent the numbers of two
host, or prey, types available in the environment,
and E; and E, represent the numbers of the two
host, or prey, types oviposited in or eaten. The
parameter c is the preference index and can be
viewed as a combined measure of preference and
encounter probability (Sect. 1.12). A value of
¢ between zero and one indicates a preference for
host, or prey, type 2, whereas a value of ¢ be-
tween one and infinity indicates a preference for
host, or prey, type 1. Mathematical formulae
used in testing whether preference varies with the
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relative abundance of the different host or prey,
types are discussed in Sect. 1.12.

A rather more sophisticated approach has
been suggested by Sakuma (1998), using probit
analysis. This method overcomes the problems
associated with standard probit analysis (an all-
or-nothing approach), taking into account dif-
ferences in the strength of the stimulus (e.g.,
number of hosts or quantity of odour cues). The
program (available from Masayuki Sakuma,
Graduate School of Agriculture, Kyoto Univer-
sity, Kyoto 606-8502, Japan), involves a
regression of the probit-transformed number of
responses against the log of the dose (or here,
number of hosts). Such an approach would be
suitable also for analysing preference data from
olfactometer experiments.

Optimal host selection models predict that the
acceptance of a less profitable host species
depends on the encounter rate with the more
profitable host species. The less profitable spe-
cies should always be ignored if the encounter
rate with the more profitable species is above
some threshold value but should be attacked if
the encounter rate with the more profitable spe-
cies is below that threshold value (Charnov,
1976; Stephens & Krebs, 1986). Note that if
recognition of prey is not instantaneous, then
acceptance of the less profitable host species
depends on the encounter rates with both of the
host species and on the time taken for recognition
to take place. Often, for the convenience of the
researcher, relatively high densities of hosts,
resulting in high encounter rates, are offered in
laboratory experiments. This will produce a bias
towards more selective behaviour. For example,
in laboratory experiments with high encounter
rates, the Drosophila parasitoid Asobara tabida
is selective when offered the choice between two
host species differing in survival probability for
its offspring (van Alphen & Janssen, 1982) and
avoids superparasitism (van Alphen & Nell,
1982). However, in the field, when encounter
rates are equal to or lower than one host per hour,
wasps always generalise and superparasitise
(Janssen, 1989). If one is interested in knowing
the performance of a parasitoid species in the
field, where host densities are often very low, in
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the laboratory one should use host densities
equivalent to those occurring in the field. The
high densities often offered in the laboratory may
allow the researcher to obtain much data over a
short period of observation but the insect’s
behaviour in such experiments may not be rep-
resentative of what happens in the field.

To understand the adaptive significance of
host preferences, the relative profitability of dif-
ferent host species can be assessed, in the first
instance, by recording the survival rates of par-
asitoid progeny in the different hosts. Even if no
differences in the probability of parasitoid off-
spring survival are recorded, one cannot auto-
matically assume that the host species concerned
are equally profitable. Handling times may vary
with host species, as may the fecundity and other
components of the fitness of parasitoid progeny,
and ideally, these should be measured.

Experiments on prey choice by predators are
influenced by prey densities offered in a manner
similar to that described above for parasitoids.
Because searching activity is influenced by the
amount of food in the gut (more precisely, the
degree of satiation), a predator’s feeding history
may determine the outcome of experiments on
prey choice (Griffiths, 1982; Sabelis, 1990; but
this may not always be the case, e.g., see de
Kraker et al., 2001).

So far, we have considered innate host and
prey preferences. Preferences may change with
experience (Sect. 1.12) Preferences may also
change with the physiological state of the
predator or parasitoid. For example, Sadeghi and
Gilbert (1999, 2000) found that the hoverflies
Episyrphus balteatus and Syrphus ribesii both
preferentially attacked pea and rose aphids over
nettle aphids, and that the strength of this rela-
tionship weakened with time. This is likely due
to the influences of host deprivation and egg load
on oviposition rates differeing between the
species.

One crucial, yet almost completely ignored,
factor in parasitoid host choice behaviour con-
cerns the presence of genetic variation within a
given population. Without this variation, popu-
lations will not be able to evolve in response to
changes in the host community. Genetic variation
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explains the variation among parasitoid individ-
uals in host preference. Rolff and Kraaijeveld
(2001) found that virulent lines of the parasitoid
Asobara tabida were more likely to accept
Drosophila melanogaster, a host species with a
strong immune response, than control lines
which preferentially attacked the non-resistant
species, Drosophila subobscura. Host species
selection is further discussed in Sect. 1.12.

Host Stage Selection

Parasitoids may encounter different develop-
mental stages of the host within a patch. Those

Fig. 1.13 Idiobiont and
koinobiont parasitoids (both
gregarious) of the same host
species, Pieris brassicae
(Lepidoptera: Pieridae):

a Pteromalus puparum
(Pteromalidae) ovipositing
into host’s pupal stage. For
the parasitoid’s progeny, the
pupa is a ‘fixed’ parcel of
resource, as it is a non-
feeding, non-growing stage.
This parasitoid is therefore an
idiobiont. b Cotesia
glomerata (Braconidae)
ovipositing into newly
hatched host larvae which will
continue to feed, grow and
develop during parasitoid
development. This parasitoid
is therefore a koinobiont.
Source Premaphotos, UK

(a)

stages potentially vulnerable to attack may differ
in their profitability. For idiobionts (parasitoids
in which the host does not grow beyond the stage
attacked and which therefore is a fixed ‘parcel’ of
resource, Fig. 1.13a), small host stages may
provide inadequate amounts of resource to per-
mit the successful development of offspring.
Even where successful development of idiobiont
progeny is possible in small hosts, the resultant
offspring are small and therefore oviposition
constitutes less of a fitness gain (in parasitoids,
body size can determine components of fitness,
such as fecundity, longevity, searching efficiency



1 Foraging Behaviour

and competitive ability; Hardy et al., 1992b,
2013; Visser, 1994; Guerra-Grenier et al., 2020).
Although they exploit a growing amount of host
resource, koinobionts (parasitoids that allow their
hosts to continue to feed and develop, Fig. 1.13b)
also may display a positive relationship between
adult body size and host size, although the rela-
tionship may not be linear (Sequeira & Mack-
auer, 1992; Harvey et al., 1994, 1999).

For both idiobionts and koinobionts, smaller
hosts may require less time for handling and
represent less of a risk of injury resulting from
the defensive behaviour of the host
(Sect. 1.20.3). For koinobionts (most of which
are endoparasitoids), small hosts may present
parasitoid progeny with lower mortality risk from
encapsulation (van Alphen & Drijver, 1982;
Sagarra & Vincent, 1999; Sect. 2.10). Females of
both idiobionts and koinobionts may also gain in
fitness from ovipositing in, or on, older larvae,
owing to the fact that, under field conditions, host
mortality resulting from predation and/or
intraspecific competition is more severe in early
host stages than in late ones (Price, 1975). Thus,
it is often the case that parasitoids prefer to attack
certain host stages and even avoid or reject other
stages for oviposition. Nevertheless, for several
idiobiont parasitoids of fly pupae, there is evi-
dence that older hosts are not preferred, since
these provide fewer resources for their develop-
ing offspring (e.g., King, 1998).

The distribution of hosts of different size over
the host plant may influence encounter rates and
thus host stage selection behaviour. Later instars
of mealybugs are often surrounded by earlier
instars. Encounter rates with younger instars may
be higher, and those with larger ones lower than
predicted, based on their densities. Young larvae
of calliphorid and drosophilid fly species feed
near the surface of the substrate, while older
larvae may burrow deeper, possibly out of the
reach of parasitoids.

Often, hosts are not passive victims of their
parasitoids (Sect. 1.20.3). Behavioural defences
of hosts (which are often more effective in later
host stages) can cause a problem of data inter-
pretation. Should encounters that do not result in
parasitism of the host be scored as acceptances or
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as rejections? If the parasitoid clearly displays
behaviour that is normally associated with host
acceptance, such as the turning and stinging
shown by encyrtids (Fig. 1.14), the encounter
should be classified as an acceptance.

The ability of late-stage hosts to defend
themselves from attack better than early-stage
hosts may account for a host stage preference.
The cost in terms of lost ‘opportunity time’ (time
that could be spent in more profitable behaviour)
when attacks on late-stage hosts fail, may out-
weigh the fitness gain per egg laid (Kouame &
Mackauer, 1991). Defence against parasitoids
may also incorporate an immune response. It is
generally the case that the risk of encapsulation is
higher in later compared with earlier host larval
instars (Sect. 2.10). This suggests that foraging
endoparasitoids should preferentially attack host
stages with a weaker immune response, whereas
ectoparasitoids, which are not exposed in a
similar manner to the host’s immune response,
should show a host stage-based preference.

Host size selection by parasitoids is not lim-
ited to the decision of whether to oviposit or
reject the host. It also involves the decision of
which sex the offspring ought to be, and, for
gregarious parasitoids, how many eggs to lay

Fig. 1.14 Host-acceptance behaviour in the encyrtid
parasitoid Apoanagyrus lopezi: The female examines the
host with its antennae. Acceptance is indicated by the
wasp turning towards the host to insert its ovipositor.
Sometimes, the host escapes whilst the wasp is turning—
acceptance therefore does not necessarily lead to
oviposition
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(Fig. 1.1). For practical reasons, we analyse those
decisions as isolated steps, but one should bear in
mind that they are interrelated, and that it is wise
to study host size selection in combination with
clutch size and sex allocation decisions. Host size
selection in relation to clutch size is discussed
further in Sect. 1.10.

Predators are usually less specific in their
choice of prey than parasitoids, although some
predators show a preference for larger prey or
certain instars (Cock, 1978; Thompson, 1978;
Griffiths, 1982). Prey size selection in predators
may also change with the size of the predator
(Griffiths, 1982).

Host selection decisions by one female may
alter over time during an experiment because
these decisions are affected by experience, egg
load and stochastic variation in encounter rates.
Such changes in decisions are one of the reasons
why partial preferences are always found instead
of the absolute, i.e., all-or-none preferences pre-
dicted by static prey choice models. If one is
interested in questions such as how egg load
should influence host selection, one should con-
struct dynamic optimisation models as described
by Mangel and Clark (1988; see Heimpel et al.,
1998, for an example).

1.7 Measuring Encounter Rates

The encounter rate of individual parasitoids with
hosts is an important parameter in many opti-
mality models. Because not every encounter will
be followed by oviposition, and because not
every oviposition will be in an unparasitised
host, encounter rate is not equal to the number of
hosts parasitised per time unit. Encounter rates
can be used to calculate predicted rates of off-
spring deposited per time unit with a particular
optimal foraging model.

Optimality models divide the time budget of a
foraging animal into searching time, recognition
time and handling time. Encounter rate is
expressed and measured as the number of
encounters per unit of searching time, thereby
excluding recognition time and handling time.
Because encounter rates are not always a linear
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function of host density, it is necessary to mea-

sure them at a range of host densities.

To measure encounter rates, observe a female
parasitoid continuously during some time period
and make a complete record of her behaviour.
From this record, the number of encounters and
the net period of time spent searching can be
calculated. The encounter rate of a parasitoid
searching a patch containing a number of hosts
may not be constant over the foraging period for
the following reasons:

1. Parasitised hosts are encountered at a lower
rate and the number of parasitised hosts
increases during the observation period.
A lower encounter rate with parasitised hosts
may occur because hosts are paralysed by the
wasp, and so move less (van Alphen & Galis,
1983).

2. The search effort of the wasp decreases, either
in response to contact with its own marker
substance (Sect. 1.6.4) or because its supply
of mature eggs dwindles.

One method of eliminating some of the causes of
decreased encounter rate is to replace each par-
asitised host with an unparasitised one during the
course of an experiment. This is not always
possible, e.g., sessile hosts such as scale insects
cannot easily be removed and replaced. Replac-
ing parasitised hosts may also affect encounter
rate: it may disturb the searching wasp, and so
decrease encounter rate, or it may increase
encounter rate when the parasitoid is of a species
that reacts to host movements and the freshly
introduced hosts move more than those already
present. Finally, a parasitoid may learn, during
the experiment, that the observer is introducing
better-quality hosts and simply walk towards the
forceps or paint brush used to introduce the new
host, as has often been observed with alysiine
braconid parasitoids. Therefore, when measuring
encounter rates, one should not replace para-
sitised hosts but instead keep the period of
observation short, in order to avoid accumulation
of parasitised hosts and marker substance.
Measuring encounter rates using a single-
patch experimental design will overestimate the
encounter rates that would be recorded in a
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multi-patch, i.e., more natural, environment,
because the time spent in inter-patch travel is not
accounted for. Since it is often difficult, or
impossible, to measure inter-patch travel times,
the simplest approach is to measure, over a fixed
period, the attack rate of a known number of
parasitoids foraging in a spatially heterogeneous
environment (Waage, 1979; Hassell, 1982).

1.8 Host Feeding

The females of many synovigenic parasitoids
(Sects. 1.16.2 and 2.3.4) not only parasitise hosts
but also feed on them (Jervis & Kidd, 1986,
1999; Heimpel & Collier, 1996; Jervis, 1998
Ueno, 1998a, 1998b, 1999a, 1999b, 1999c¢; Yang
et al., 2012; Abram et al., 2019; Zhang et al.,
2019; Miksanek & Heimpel, 2020; Cusumano
et al., 2022a, 2022b). Host feeding supplies the
females with materials for continued egg pro-
duction and for somatic maintenance (Bartlett,
1964; Jervis & Kidd, 1986, 1999; Pérez-Lachaud
& Hardy, 1999). Giron et al. (2002) showed that
the parasitoid Eupelmus vuilletti host fed upon
the host’s haemolymph. The haemolymph is rich
in proteins and various sugars, and it is these
sugars that are responsible for the increased
longevity of E. vuilletti. In some parasitoid spe-
cies, host feeding causes the host to die (so-called
‘destructive’ host feeding), rendering it unsuit-
able for oviposition. Even with those species that
remove small quantities of host materials such
that the host survives feeding (‘non-destructive’
host feeding), the nutritional value of the host for
parasitoid offspring may, as a result of feeding,
be reduced and the female may lay fewer (gre-
garious species), or no eggs in it. For example,
lepidopteran hosts previously host-fed upon by
Pimpla nipponica produced fewer and smaller
wasps when subsequently parasitised (Ueno,
1997). Thus, while host feeding potentially
increases future fitness via subsequently
increased egg production, the fitness gain is at
the cost of current reproduction.

Most authors have supposed that host feeding
has a short-term effect on parasitoid fecundity.
However, by using radioactively labelled amino
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Fig. 1.15 Host feeding by parasitoids. Most models
predict that the relationship between the fraction of hosts
fed upon and host availability should be dome-shaped,
increasing at low levels of host availability and decreasing
at moderate to high levels. [The monotonic decline over
the mid to high range is supported empirically, e.g.,
Sahragard et al. (1991).] The functional explanation for
the small fraction of hosts fed upon at low host encounter
rates is that the female adopts a ‘cutting of losses’ tactic—
the encounter rate is too low to meet (via host feeding) the
wasp’s energy requirements, and so the female oviposits
in every host encountered (Jervis & Kidd, 1986). Models
also predict that host feeding is more likely when nutrient
reserves and/or gut contents are at or below a critical
level. Low nutrient levels and low gut contents presum-
ably warn of the impending risk of starvation and/or egg
limitation. In general, the critical level of nutrient
reserves/gut contents depends on the current egg load
and vice versa (Heimpel & Collier, 1996)

acids, Rivero and Casas (1999) showed that a
significant proportion of the resources gained by
the aphelinid Aphytis melinus, a parasitoid of
scale insects, were stored and used gradually
throughout the life of the wasp. Such techniques
are particularly under-utilised in studies of para-
sitoid behaviour (Sect. 2.13).

A general prediction of models of destructive
host-feeding behaviour is that the fraction of
hosts fed upon by female parasitoids should
increase with decreasing host availability, at least
over the upper range of host densities (Fig. 1.15;
Jervis & Kidd, 1986; Chan & Godfray, 1993).
This is a prediction borne out by empirical
studies (DeBach, 1943; Bartlett, 1964; Collins
et al.,, 1981; Bai & Mackauer, 1990; Sahragard
et al., 1991; Thu & Ueno, 2002).

Given that the fitness gains from ovipositing
may vary in relation to host stage (Sect. 1.6.7), it
is likely that the decision either to host feed or to
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oviposit also depends on host stage (Kidd &
Jervis, 1991; Rosenheim & Rosen, 1992).
Indeed, observational and experimental studies
of destructively host-feeding parasitoids show a
tendency to feed preferentially or exclusively on
earlier host stages and to oviposit preferentially
or exclusively on/in later ones (Kidd & Jervis,
1991; Rosenheim & Rosen, 1992; Yang et al.,
2012). A similar relationship is likely to apply to
different-sized hosts of the same developmental
stage.

Furthermore, environmental factors such as
temperature may influence rates of host feeding
(Urbaneja et al., 2001; Zhang et al., 2019). For
example, the egg parasitoid Trichogramma tur-
kestanica host feeds on Ephestia kuehniella at a
greater rate when reared at lower temperatures,
although it is not clear why this is so (Hansen &
Jensen, 2002). Zhang et al. (2019) found that the
temperatures that parasitoids experienced as
immatues and as adults affected their host-
feeding rates as adults, with the overall amount
of host feeding by individuals being highest at
intermediate temperatures, but with instanta-
neous rates being higher at higher temperature as
the parasitoids became more active.

Models predict that the decision to host feed
versus oviposit depends on the parasitoid’s egg
load: host feeding is more likely when egg load
is low (Chan & Godfray, 1993; McGregor, 1997,
see Heimpel & Collier, 1996, and Jervis & Kidd,
1999, for reviews). Rosenheim and Rosen (1992)
tested this prediction experimentally using the
scale insect parasitoid Aphytis lingnanensis. Egg
load was manipulated by using wasps of different
sizes (egg load being a function of body size) and
also by holding parasitoids, prior to their expo-
sure to hosts, at different temperatures (the rate of
odcyte maturation and therefore the rate of
accumulation of mature eggs in the ovaries being
a function of temperature, Sects. 2.3.4 and 2.7.4).
Manipulating egg load in this way ensured that
previous history of host contact could be elimi-
nated as a possible confounding variable. Alter-
native methods of manipulating egg load, e.g.,
depriving parasitoids of hosts or allowing them
to oviposit, do not separate the effects of egg load
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and experience. Rosenheim and Rosen (1992)
found in their experiments that egg load did not
significantly affect the decision to host feed or
oviposit on (small) hosts. However, although egg
load was not directly manipulated, more recent
work does support the hypothesis that the like-
lihood of host feeding is related to egg load (e.g.,
Heimpel & Rosenheim, 1995, Heimpel et al.
1996, Ueno, 1999b). The decision whether to
host feed or oviposit may also depend on the
wasp’s nutritional state (Heimpel & Collier,
1996).

1.9 Host Discrimination

1.9.1 Introduction

Salt (1932) was the first researcher to clearly
demonstrate the ability of a parasitoid to dis-
criminate between hosts that contain the egg of a
conspecific and hosts that have not been para-
sitised, and later (Salt, 1961) he showed that this
ability, known as host discrimination, occurs in
the major families of parasitoid Hymenoptera.
Females of some parasitoid species are able to
discriminate between: (1) parasitised hosts and
unparasitised hosts (numerous published studies
have shown this, although the conclusions drawn
in some are questionable, see below); (2) para-
sitised hosts containing different numbers of eggs
(Bakker et al., 1990); or (3) hosts containing an
egg of a conspecific from one containing their
own egg.

Notwithstanding such sophisticated abilities,
superparasitism, the laying of an egg in an
already parasitised host (Sect. 1.9.4), is a com-
mon phenomenon among insect parasitoids. The
occurrence of superparasitism or, expressed sta-
tistically, the occurrence of a random egg distri-
bution among hosts, has often led to the
erroneous conclusion that a parasitoid is unable
to discriminate between parasitised and unpara-
sitised hosts (Hemerik & van der Hoeven, 2003,
and see below). Dipteran parasitoids rarely show
host discrimination abilities, primarily as the
females of many species never come into contact
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with potential hosts, instead often relying on
host-seeking larvae (reviewed in Feener &
Brown, 1997; but see Lopez et al., 1995). The
effects of superparasitism on progeny develop-
ment and survival are discussed in Chap. 2
(Sects. 2.9.2 and 2.10.2).

1.9.2 Indirect Methods

There are two approaches to determining whether
parasitoids are able to discriminate between
parasitised and unparasitised hosts. One is to
dissect hosts (Sect. 2.6) and calculate whether the
recorded egg distribution deviates significantly
from a Poisson (i.e., random) distribution (Salt,
1961). Van Lenteren et al. (1978) have shown
that such a procedure is not without pitfalls. They
point out that, if the method is applied to egg
distributions from hosts collected in the field,
there is a risk that mixtures of samples with
regular (i.e., non-random) egg distributions but
different means may add up to produce a random
distribution (Fig. 1.16). This is one of the reasons
why a random egg distribution does not consti-
tute proof of the inability to discriminate.
Another problem van Lenteren et al. (1978)
identified concerning the analysis of egg distri-
butions is that with gregarious parasitoids the
distribution of eggs depends not only upon the
number of ovipositions but also on the number of
eggs laid per oviposition.

There are further problems associated with the
use of egg distributions. Van Alphen and Nell
(1982) recorded random egg distributions when
single females of Asobara tabida were placed
with 32 hosts for 24 h. Because not all replicates
produced random distributions and because other
experiments had unequivocally shown that
females of this species are able to discriminate
between parasitised and unparasitised hosts, the
random egg distributions could not be explained
by a lack of discriminative ability.

In van Alphen and Nell’s (1982) experiments
the replicates with a high mean number of eggs
had random distributions, whereas replicates
with lower means had regular ones. It was
therefore concluded that A. tabida discriminates
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between unparasitised and parasitised hosts but is
unable to assess whether one or more eggs are
present in a parasitised host. Egg distributions are
a mixture of the regularly distributed first eggs
laid in hosts and of the randomly distributed
supernumerary eggs. At lower means, the con-
tribution of the regular distribution of the first
eggs is not masked by the random distribution of
the supernumerary eggs, whereas at higher
means it is.

Even when egg distributions more regular
than a Poisson distribution are found, one cannot
establish with certainty that a parasitoid is able to
discriminate between parasitised and unpara-
sitised hosts. The recorded egg distribution could
result from parasitised hosts having a much
lower probability of being encountered, either
because they move less than healthy hosts or
because they leave the host plant. It is also pos-
sible that encounter rates with parasitised hosts
are lower because the parasitoid does not re-visit
previously searched areas with the same proba-
bility, e.g., when it always walks upwards along
branches or when it marks areas already visited
and avoids re-searching such areas.

The previous examples show that there are
major pitfalls associated with using egg distri-
butions to determine whether a parasitoid can
discriminate between parasitised and unpara-
sitised hosts. Other components of the behaviour
of the parasitoid, or of the behaviour of the hosts,
can influence egg distributions. Moreover, a
regular egg distribution with a mean number of
eggs much greater than one requires more than
just an ability to discriminate between parasitised
and unparasitised hosts. This has already been
illustrated in the above-mentioned example of A.
tabida where no regular egg distributions are
found. The following example illustrates how, in
Leptopilina heterotoma, different mechanisms
are responsible for egg distributions tending to be
regular even at a high mean number of eggs per
host (Bakker et al., 1972). One explanation for
this phenomenon is that L. heterotoma is able to
discriminate between hosts containing different
numbers of eggs. There is, however, a second
possible interpretation: when the parasitoid is
able to distinguish hosts containing an egg of her
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Fig. 1.16 Host discrimination by parasitoids: egg distri-
butions for Leptopilina heterotoma (= Pseudeucoila
bochei) parasitising Drosophila melanogaster. Three
groups (a, b, c) of around 50 host larvae were presented
to female wasps, and the hosts subsequently dissected and
examined for wasp eggs. The mean number of eggs
recovered per host larva (x) was different in each case.
Although in all three cases (a, b, c) superparasitism
occurred, when the egg distribution (black bars) was
compared (using y? tests) with the distribution that would
have been obtained had the wasps been ovipositing at

own from those containing eggs of conspecifics
and avoids ovipositing in the former, regular egg
distributions would result. Therefore, it is not
possible to decide, based on egg distributions
alone, whether a parasitoid is able to assess the
number of eggs already present in a host.
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random (i.e., a Poisson distribution, white bars), the egg
distribution was found to be more regular (underdis-
persed), indicating that the parasitoids discriminate.
However, if data from all three distributions are pooled
(a + b + ¢), a distribution is obtained that is indistin-
guishable from a Poisson distribution (lower right panel),
a result that would lead to the erroneous conclusion that
the parasitoid species studied cannot discriminate. Source
van Lenteren et al. (1978), reproduced by permission of
Blackwell Publishing

Experiments therefore need to offer a para-
sitoid female a choice of hosts containing dif-
ferent numbers of eggs, all laid by other
(conspecific) females. Bakker et al. (1990)
offered hosts containing two eggs and hosts
containing one egg of other females to individual
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L. heterotoma. The wasps oviposited signifi-
cantly more often in hosts containing a single
egg, thus showing that L. heterotoma is indeed
able to distinguish between hosts containing
different egg numbers. Visser (1992) showed that
L. heterotoma females are also able to recognise
hosts containing their own eggs. Thus, both of
the above mechanisms may have contributed to
the regular egg distributions found by Bakker
et al. (1972).

It is thus clear that, by comparing observed
egg distributions with those predicted by a
Poisson distribution, one can neither conclude
that a parasitoid is able to discriminate between
parasitised and unparasitised hosts, nor conclude
that it lacks this ability. This does not mean a
statistical analysis of egg distributions is useless;
it is possible to construct models predicting dis-
tributions of eggs for parasitoids having different
abilities to avoid superparasitism (e.g., discrimi-
nating between healthy hosts and parasitised
hosts and counting, discriminating but not
counting, discriminating between hosts para-
sitised by self and hosts parasitised by others),
and to compare the theoretical egg distributions
with distributions recorded in experiments.
Bakker et al. (1972) and Meelis (1982) adopted
this approach when investigating whether wasps
are able to assess the number of eggs already laid
in a host. These authors assumed that parasitoids
search randomly, and that there exists a certain
probability that the wasp will lay an egg when it
encounters a larva. This probability is 1.0 at the
first encounter but is lower at subsequent
encounters. By keeping the probability of
oviposition at the subsequent encounters con-
stant, the model could be used to describe su-
perparasitism by A. tabida.

1.9.3 Direct Observations
of Behaviour

The other method of determining whether para-
sitoids are able to discriminate between para-
sitised and unparasitised hosts involves
observing the insects, and recording and com-
paring encounters resulting in oviposition and
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rejection of the different host categories. This
method provides behavioural evidence that the
parasitoid under study rejects parasitised hosts
more often than unparasitised hosts. It is, how-
ever, wise to use other behavioural criteria in
addition to acceptance/encounter ratios.

Because distributions of parasitoid eggs
among hosts potentially have an important effect
on parasitoid-host population dynamics, one
requires a good statistical description of those
distributions, for incorporation into population
models. We prefer to use the observed behaviour
as a basis for a model calculating egg distribu-
tions, instead of inferring the underlying beha-
viour from an analysis of the egg distributions.

More than three decades after host discrimi-
nation by hymenopteran parasitoids was discov-
ered, evidence was found of host discrimination
by dipteran parasitoids. The phenomenon was
described for tachinid flies by Lopez et al.
(1995). In field and laboratory experiments, these
authors showed that Myiopharus doryphorae and
M. aberrans, both parasitoids of Colorado beetle
(Leptinotarsa  decemlineata) larvae, almost
always reject parasitised larvae, whereas they
readily oviposit in unparasitised larvae. While
little is known of the host discrimination ability
of non-hymenopteran parasitoids, even less is
understood of the situation where it is the para-
sitoid larva, rather than the ovipositing female,
that actively seeks hosts. Larvae of the staphy-
linid parasitoid Aleochara bilineata locate and
attack fly pupae. Royer et al. (1999) found that
these larvae can distinguish hosts that were self-
parasitised from those that were attacked by
conspecifics, and that this was based on chemical
cues. Superparasitism was more common when
hosts were scarce, and if given a choice, A.
bilineata larvae would preferentially attack hosts
that contained the related species A. bipustulata,
rather than conspecifics (Royer et al., 1999).

Edwards and Hopper (1999) took a novel
approach to investigate levels of superparasitism
by Macrocentrus cingulum, a braconid parasitoid
of the European corn borer, Ostrinia nubilalis.
Since M. cingulum is polyembryonic, the number
of parasitoid larvae present per host does not
reflect the number of females that have attacked



50

that host. By using random amplified polymor-
phic DNA (RAPD) markers (Chap. 3), the
authors were able to identify the number of
females that had oviposited.

1.9.4 Superparasitism

Many, if not all, parasitoids are able to discrim-
inate between parasitised and unparasitised hosts,
but superparasitism is a common feature in nat-
ure (van Alphen & Visser, 1990; Godfray, 1994;
D’Auro et al., 2021), posing the question: why
and when should parasitoids superparasitise?

Van Lenteren (1976) addressed this question
from the standpoint of causation. He assumed
that superparasitism was caused by a failure to
discriminate. He found that females of L.
heterotoma inexperienced with unparasitised
hosts readily oviposited in already parasitised
hosts but avoided ovipositing in parasitised hosts
after they had been able to oviposit in unpara-
sitised ones. He concluded from this that para-
sitoids superparasitise because they are unable to
discriminate between parasitised and unpara-
sitised hosts until they have experienced ovipo-
sition in unparasitised hosts. A  similar
conclusion was drawn by Klomp et al. (1980) for
Trichogramma embryophagum.

A functional approach to the problem is to ask
whether it is adaptive for a parasitoid always to
avoid superparasitism. Van Alphen et al. (1987)
re-analysed the data of van Lenteren (1976) and
Klomp et al. (1980), starting with the hypothesis
that superparasitism can be adaptive under cer-
tain conditions. They reasoned that host dis-
crimination is an ability which the parasitoid can
use to decide either to reject a parasitised host or
to superparasitise it, depending on the circum-
stances, i.e., superparasitism is not the result of
an inability to discriminate. Van Alphen et al.
(1987) argued that an inexperienced female
arriving on a patch containing only parasitised
hosts should superparasitise, because the proba-
bility of finding a better patch elsewhere is low.
In a similar vein, Sirot et al. (1997) showed
through modelling that the tendency to
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superparasitise should vary with egg load and life
expectancy.

Van Lenteren’s (1976) inexperienced wasps
rejected hosts previously parasitised by them-
selves more often than unparasitised ones and
encountered significantly fewer hosts in experi-
ments involving patches containing only para-
sitised hosts compared with similar experiments
involving patches containing the same density of
unparasitised hosts. It was known that Lep-
topilina heterotoma females search by stabbing
with the ovipositor, twice per second, in the
substrate, and it was possible to measure both the
surface area of a host and that of the patches. It
was possible therefore to calculate, from the
numbers of encounters observed during a 30-min
observation period, that inexperienced wasps
spent on average 13.12 min searching and han-
dling hosts when introduced on to a patch with
parasitised hosts, whereas they spent on average
2.14 min when introduced on to patches with
unparasitised hosts. Van Alphen et al. (1987)
interpreted the differences in behaviour between
inexperienced wasps and experienced wasps as
evidence that inexperienced wasps do recognise
parasitised hosts and thus concluded that host
discrimination does not need to be learnt.
Experiments by van Alphen et al. (1987),
involving L. heterotoma and Trichogramma
evanescens, confirmed that females inexperi-
enced with unparasitised hosts are, like experi-
enced wasps, already able to discriminate,
although inexperienced females superparasitise
more frequently. This example shows that alter-
native hypotheses can be overlooked if one asks
only causal questions.

Static and dynamic optimality models as well
as ESS models (Sect. 1.2.2) have shown that
superparasitism is often adaptive (Iwasa et al.,
1984; Parker & Courtney, 1984; Charnov &
Skinner, 1985; Hubbard et al., 1987; van der
Hoeven & Hemerik, 1990; Visser et al., 1990;
Field & Keller, 1999; Hemerik et al., 2002; ).
The models predict that oviposition in already
parasitised hosts, though resulting in fewer off-
spring than ovipositions in unparasitised hosts,
may still be the better option when either there is
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no time available to search for and locate
unparasitised hosts or when unparasitised hosts
are simply not available. By ovipositing into an
already parasitised host under such conditions, a
female may increase her fitness if there is a finite
chance that her progeny will out-compete the
other progeny (Sect. 2.10.2). Experimental tests
of some of these models have shown that para-
sitoids behave in such a way that the models’
predictions are at least met qualitatively (Hub-
bard et al., 1987; Visser et al., 1990; van Alphen
et al.,, 1992). For example, Sirot et al. (1997)
tested predictions that superparasitism by Ven-
turia canescens would be less common if females
were provided with food, reducing their risk of
mortality. As predicted, superparasitism rates
were correlated with egg load and previous
access to (non-host) food.

Attacking previously parasitised hosts is evi-
dently adaptive if females can kill parasitoid eggs
or young larvae present in the host. Encarsia
formosa can kill eggs present in hosts by grab-
bing them with her ovipositor (Netting & Hunter,
2000). A similar effect is seen with Haplogo-
natopus atratus (Dryinidae), where the female
wasp Kkills parasitoid larvae present in the host
before ovipositing (Yamada & Kitashiro, 2002).
Similarly, ectoparasitoids may eat eggs already
present on a host, or kill feeding larvae by pull-
ing them from the host, before laying their own
clutch (e.g., Goubault et al., 2007b).

Female parasitoids can often discriminate
between hosts that have been self-parasitised
from those that have been attacked by a con-
specific. Venturia canescens females avoid
superparasitising hosts that contain their own
progeny, a behaviour mediated by the presence
of a marking pheromone (Hubbard et al., 1987).
Such ability to discriminate among hosts led to
the suggestion that females would increase their
inclusive fitness by avoiding hosts that contain
kin (Fellowes, 1998), and indeed, female V.
canescens avoid attacking hosts containing rela-
tives (Marris et al., 1996). However, V. canes-
cens is parthenogenetic, and this may be an
example of extended self-recognition, rather than
kin discrimination. Ueno (1994) studied the
behaviour of Itoplectis narayanae and found that
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whereas females would avoid parasitising hosts
they had previously attacked, there was no dif-
ference in their likelihood of attacking hosts that
contained kin or unrelated conspecifics.

While in the examples above the females
recognise their own odour marks, others distin-
guish between self-parasitised hosts and those
attacked by conspecifics by different means.
Ueno and Tanaka (1996) found that Pimpla
nipponica females do not deposit chemical
markers, but instead use visual location cues to
avoid self-superparasitising.

Avoidance of self-superparasitism may be one
reason that patches are incompletely exploited
(e.g., Outreman et al., 2001). With Venturia
canescens, the likelihood of avoiding superpar-
asitism increases in the 20 min after oviposition
if the females have been provided with alterna-
tive hosts during the interval, but this does not
occur if the female is deprived of other hosts.
This suggests that the females can rapidly obtain
information on the number of hosts in the patch,
and this influences their decision to superpara-
sitise (Hubbard et al., 1999). Anaphes victus, a
mymarid parasitoid of curculionid beetle eggs,
can learn to avoid marked hosts in 4 h, and are
quicker to learn if the mark was made by a close
relative (van Baaren & Boivin, 1998).

It is unclear where the oviposition deterrent
marker originates, although it is usually sug-
gested that it originates from the female’s
Dufour’s gland. The pteromalid Dinarmus
basalis avoids superparasitising hosts that have
been attacked over 20 h previously. Gauthier and
Monge (1999) found that the marker originated
from the parasitoid egg and required contact
between the egg and the host for at least 4 h
before the deterrent effect became evident.
However, with Leptopilina boulardi and Aso-
bara tabida, parasitoids of drosophilids on fer-
menting substrates, the mark spreads within the
host within about a minute (van Alphen & Nell,
1982).

Experience is often important in determining
whether a female superparasitises a potential
host. Naive Cotesia flavipes females readily
attack hosts that contain a conspecific, yet
experienced females will reject such hosts. This
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discrimination is influenced by the presence of a
patch-marking odour (Potting et al., 1997). Nufio
and Papaj (2001) review patch-marking beha-
viour in parasitoids.

When parasitoids attack a host that already
contains a developing conspecific, the likelihood
is that the larvae within the host will fight to the
death for ownership of the resource. While it may
be expected that older larvae will have a com-
petitive advantage, this does not appear to be the
case with Venturia canescens, where first instar
larvae are more likely to kill older larvae in the
same host (Marris & Casperd, 1996). This result
appears to explain why the level of superpara-
sitism by V. canescens females is higher the
longer the period of time that has elapsed since
the host was first attached.

While superparasitism is now typically seen
as an adaptive aspect of parasitiod foraging be-
haviour (e.g., Visser, 1993; D’ Auro et al., 2021),
it may be greatly influenced by viral infection,
with virus transmitted both vertically (mother—
daughter) and horizontally (between immature
parasitoids developing in the same host) and with
infected individuals engaging in superparasitism.
Superparasitism thus leads to the horizontal
transmission of the virus, and may well increase
the fitness of the virus at the expense of that of
the wasp (Varaldi et al., 2003; Varaldi & Lepetit,
2018).

1.9.5 Multiparasitism

Multiparasitism (oviposition in a host attacked
by heterospecifics) has been less studied than
superparasitism. In general, it is thought that the
ability to identify hosts attacked by other species
is less frequent than discrimination against hosts
attacked by conspecifics. There are two main si-
tuations where females should discriminate
against hosts containing a heterospecific egg or
larva. First, competitively inferior species should
avoid attacking hosts where a superior competi-
tor has already oviposited (Vyas et al., 2019;
Sect. 2.10.2). Second, where the outcome of
competition depends upon the time since the host
was initially attacked (Sect. 2.10.2), the
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multiparasitising female should be able to detect
this factor and incorporate it when making the
decision of whether to parasitise or not.

Ueno (1999c) tested this latter prediction, using
Pimpla nipponica and Itoplectis naranyae, two
solitary parasitoids of moth larvae. When presented
with Galleria mellonella larvae, both species pre-
ferred attacking previously unattacked hosts when
the time since parasitism of the host by the
heterospecific parasitoid was over 48 h. However,
if less than 24 h had passed since the initial attack,
then no such preference was shown. How the par-
asitoids can distinguish the time since the initial
parasitism is not known. Bokonon-Ganta et al.
(1996) found that competitively inferior species
do not always avoid ovipositing in hosts previously
attacked by a competitor. Gyranusoidea tebygi, a
parasitoid of the mango mealybug, Rastrococcus
invadens, readily accepts hosts that have previously
been attacked by Anagyrus mangicola, although
their offspring generally fail to survive. Con-
versely, competitively superior species may
prefer hosts parasitised by an inferior competitor
(Aguirre et al., 2021).

1.9.6 Cannibalism

In many ways, cannibalism by predators can be
considered analogous to superparasitism. Canni-
balism is a common feature of the behaviour of
many predatory insects and is probably a con-
sequence of polyphagy (New, 1991; Dostalkova
et al., 2002). Consuming unrelated conspecifics
will have two main benefits (Polis, 1981; Elgar &
Crespi, 1992; Anthony, 2003). First, when re-
sources are scarce, the added nourishment gained
will increase the survival chances of the cannibal
(e.g., the green lacewing Chrysoperla carnea,
Duelli, 1981). Second, potential competitors are
removed from the patch. When alternative
resources are common, then it is unlikely that
consuming relatives will be beneficial, but when
resources are limiting it may be better to eat kin
so that some individuals survive, rather than
sacrificing all (Fellowes, 1998).

Cannibalism has been most intensively stud-
ied in the Coccinellidae, where some species can
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complete their larval development on conspecific
eggs (Dimitry, 1974). Adalia bipunctata will
frequently consume conspecifics (Hodek &
Hongk, 1996), although adult females and young
larvae will avoid their own and sibling eggs,
respectively (Agarwala & Dixon, 1993). Males
that fathered the eggs do not show any such
discrimination. In many non-social insects, such
avoidance would be explained by environmental
cues, rather than through direct genetic cues
(Fellowes, 1998). Joseph et al. (1999) investi-
gated these cues using the ladybird Harmonia
axyridis. Third-instar H. axyridis larvae avoid
cannibalising kin, and when they do cannibalise
them, they take longer to attack kin than non-kin.
These results suggest that environmental cues are
unimportant, with discrimination linked to
genetic differences among the individuals
(Joseph et al., 1999).

Given that there will be heterogeneity in
habitat quality, it is perhaps unsurprising that
there is heritable variation in cannibalistic be-
haviour in H. axyridis (Wagner et al., 1999).
When conditions are favourable, cannibalism is
maladaptive given that foraging larvae are more
likely to encounter kin. However, in unfavour-
able patches, increased propensity to cannibalism
will increase the development rate and sur-
vivorship of the cannibal (Wagner et al., 1999).

1.9.7 Intraguild Predation

If we consider that cannibalism is analogous to
superparasitism, then it is reasonable to compare
intraguild predation to multiparasitism. Intraguild
predation, IGP, is a combination of predation and
competition, and occurs when two predators
share a common prey species, but one (or both)
of the predators will also attack the other (Polis
et al., 1989; Arim & Marquet, 2004), resulting in
a ‘trophic loop’. The study of IGP thus connects
research on forgaging behaviour to research on
the structure and function of ecological commu-
nities, in particular the properties of trophic webs
(Marques et al., 2018; Blue Pahl et al., 2020;
Aguirre et al., 2021; Chap. 6). IGP interactions
are likely to be common, with many adult
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predators attacking the eggs and the larval stages
of other species, as well as their own (Rosenheim
et al., 1995). The effects on the suppression of
hosts achived by biological pest control are pre-
dicted to be negative or neutral, but there is little
empirical evidence for the predicted negative
effect (Jansen et al., 2006; Aguirre et al., 2021).
Here we briefly review several examples of IGP
interactions between predators, between paras-
tioids and also between predators and parasitoids.

The anthocorid bug Orius laevigatus is fre-
quently used to control the thrips Frankliniella
occidentalis, a pest of many greenhouse crops.
Phytoseiid mites, such as Neoseiulus cucumeris,
are also used in thrips control. Wittmann and
Leather (1997) found that, due to intraguild
predation by O. laevigatus on N. cucumeris, the
use of both predatory agents together was unli-
kely to increase the degree of control. However,
O. laevigatus does not prey upon another
predatory mite (Iphiseius degenerans), making a
pairing much more suitable for F. occidentalis
control (Wittmann & Leather, 1997). Similarly,
Tsuchida et al. (2022) found that IGP between
two species of predatory mites could lead to
reduced control of pest mite populations. In
another mite system, Marques et al. (2018) found
that the adults of two co-occurring predatory
species, Iphiseiodes zuluagai and Euseius con-
cordis, feed on juveniles of the other species,
whether or not their shared feeding resource is
present, and that adult I zuluagai also attack
adult E. concordis individuals. These IGP inter-
actions result in E. concordis populations failing
to persist unless the environment has a suffi-
ciently complex spatial structure. However,
under some conditions it is the populations of I.
zuluagai that tend not to persist. The fact that the
outcome of IGP interactions is conditional on the
physical environment illustrates the challenges of
assessing their importance in natural and agro-
ecosystems, as experiental observations might
not be relevant to field conditions.

IGP between parasitoids typically involves
facultative hyperparasitism (the offspring of one
parasitoid developing on another parasitoid) or
predation (one parasitoid feeding as a predator of
the other) but may also be intertwined with
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aspects of resource competition (determining
which parasitoid feeds on the host). These classes
of interactions may be termed ‘intrinsic compe-
tition” when occurring between parasitoid larvae
in the same host and ‘extrinsic competition’
when occurring between foraging adult females
(Cusumano et al., 2022a, 2022b).

The role of competition and IGP between two
endoparasitoids, Anagyrus cachamai and A.
lapachosus (Encyrtidae), candidates for biocon-
trol of the Puerto Rican cactus pest mealybug,
Hypogeococcus sp. (Pseudococcidae), was stud-
ied by Aguirre et al. (2021), using Bayesian
model selection for statistical analysis to infer
difficult-to-observe parasitoid—parasitoid instin-
sic competion interactions. They found that the
species differed in their ability to compete, and in
multiparasitsm decisions (Sect. 1.9.5) and func-
tional responses (Sect. 1.14), indirectly indicat-
ing IGP of A. lapachosus on A. cachamai (most
likely by acting as a predator rather than as a
hyperparasitoid), and also that a multiple release
strategy for both the parasitoids would produce
better suppression of Hypogeococcus sp. than a
single species release. In another studied
endoparasitoid—endoparasitoid interaction,
Ooencyrtus telenomicida (Encyrtidae) and Tris-
solcus basalis (Platygastridae) attacking the
pentatomid bug, Nezara viridula, differed in ther
intrinsic and extrinsic competitive abilities, such
that coexistence is promoted and biocontrol may
not be disrupted, even though O. telenomicida is
a facultative hyperparasitoid of 7. basalis
(Cusumano et al., 2013, 2022). However, facul-
tative hyperparasitism by one of several ec-
toparasitoids attacking the coffee berry borer
(Hypothenemus hampei), alongside readily ob-
servable extrinsic competitive interspecific in-
teractions, is likely to be disruptive to biological
contol (Pérez-Lachaud et al.,, 2004; Batchelor
et al., 2005, 2006; Sect. 1.13).

IGP by the anthocorid bug Cardiastethus
exiguus on the larvae of two parasitoids of Opi-
sina arenosella, a pest of coconut, Bracon bre-
vicornis (Braconidae) and Goniozus nephantidis
(Bethylidae) has been reported (Nasser &
Abdurahiman, 1990) through competitive inter-
actions between the two parasitoids themselves
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(Hardy & Blackburn, 1991). When, in laboratory
studies, adult G. nephantidis females encounter
foraging C. exiguus in the presence of a host/prey
larva, the parasitoid attacks the predator, some-
times killing it, but predators are not aggressive
towards parasitoids. Despite parasitoid aggres-
sion, suriving predators sometimes manage to
consume the parasitoid’s eggs that had been laid
onto the host. Such IGP interactions may reduce
the overall suppression of the pest (Velasco-
Hernandez et al., 2021).

1.10 Clutch Size

Since a host represents a limited amount of
resource, and parasitoid offspring have the po-
tential to compete for that resource (Sects. 2.9
and 2.10 ), gregarious parasitoids must make an
additional decision after accepting a host for
oviposition: how many eggs to lay in (or on) a
host. Many studies have addressed this question
(e.g., Skinner, 1985; Waage & Godfray, 1985;
Waage, 1986; Godfray, 1987a, 1987b; Hardy
et al.,, 1992b; Vet et al., 1994; Visser, 1996a,
1996b; Zaviezo & Mills, 2000; Bell et al., 2005;
Goubault et al., 2007a; Hasan & Ansari, 2010;
Villacaiias de Castro & Thiel, 2017; Samkova
et al., 2022). Here we are mainly concerned with
variation in the size of clutches allocated to hosts
of a fixed size, although we shall also consider
host size variation.

Given that the amount of resource a devel-
oping parasitoid obtains will determine its fit-
ness, a fitness function fic) can be used to
describe the fitness of each offspring in a clutch
of size ¢ allocated to hosts of a certain size. The
fitness gain to the mother per host attacked is
therefore the product of clutch size and the per
capita fitness function, i.e., cf(c). The value of
¢ where cf(c) is maximised is the parental opti-
mum clutch size, known as the ‘Lack clutch
size’, after Lack (1947) who studied clutch size
in birds. Predicted and observed fitness functions
for three parasitoid species are shown in
Fig. 1.17. In each case, the probability of survival
to the adult stage is used as the measure of
fitness.
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Fig. 1.17 Optimal progeny allocation in gregarious
parasitoids—clutch size: per capita fitness of offspring
as a function of clutch size, estimated by the probability of
survival in initial clutches of different sizes
(Observed = observed clutch size; Predicted = predicted
by calculation of cf(c); see text). a Trichogramma
evanescens in eggs of the cabbage moth, Mamestra
brassicae; b Telenomus farai in eggs of the bug Triatoma
phyllosoma pallidipennis (the overestimate of survival
[>1.0] in this case is attributable to sampling error);
¢ Dahlbominus fuliginosus on pupae of the sawfly
Neodiprion lecontei. Source Waage and Godfray (1985)
and Waage (1986), who used data from Pallewatta (1986),

Fitness function curves can be constructed as
follows:

1. By exposing hosts to individual parasitoids
and examining/dissecting some of these hosts
immediately after oviposition to determine
clutch size, and rearing parasitoids from the
remainder to determine offspring survival
(Fig. 1.17a, b). If larval mortality arising from
resource competition occurs late in develop-
ment, and dead larvae are not consumed by
surviving larvae, one may simply record the
numbers of emerged and unemerged offspring
(Fig. 1.17¢).

. By manipulating parasitoid clutch sizes. This
is relatively easy in the case of ectopara-
sitoids, as different clutch sizes can be
obtained simply by adding or removing eggs,
manually, from clutches present on the host’s
body surface (Hardy et al., 1992b; Zaviezo &
Mills, 2000; Milonas, 2005; Villacaiias de
Castro & Thiel, 2017). With this technique,
however, there is a risk of damaging eggs
during manipulation. It may be possible to
deal with this problem by using the number of

(b) Initial clutch size

{c)

Escalante and Rabinovich (1979) and Wilkes (1963). In
all three cases, there is a continuous decline in per capita
fitness with increasing clutch size. For some other
gregarious parasitoid species there is evidence of an
Allee effect, i.e., an initial rise then a fall in fitness. Such a
dome-shaped fitness relationship may prove to be com-
mon among gregarious endoparasitoids, because in such
parasitoids small larval broods often perish entirely due to
their inability either to overcome host physiological
defences or to consume all the host tissues (a prequisite
in some species for successful pupation and emergence).
Reproduced by permission of Blackwell Publishing and
Elsevier Science

larvae that successfully hatch from the
manipulated eggs as a proxy for clutch size,
rather than the manipulated clutch size itself.
With endoparasitoids, clutch sizes can be
manipulated by interrupting oviposition, by
allowing superparasitism to occur, or by
exchanging the host for one of a different size
after the wasp has examined it but immedi-
ately before it has the opportunity to begin
ovipositing in it (Klomp & Teerink, 1962).
However, a problem with at least the latter
technique is that the parasitoid may alter its
sex allocation behaviour and the sex ratio of
the clutch of eggs may influence progeny
fitness and thus also the optimum clutch size
(Waage & Ng, 1984).

Other models predict that the best strategy for a
parasitoid is to maximise fitness per unit time
rather than per host attacked. If there is a cost in
time to laying an egg, it may benefit a female to
cease adding more eggs to a host and to allocate
the time saved to locating a new host. The fitness
gain from leaving hosts and searching for new
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ones will increase as the travel time between

oviposition sites decreases, i.e., as host avail-

ability increases. As hosts become more abun-

dant, females should leave each host sooner, i.e.,

produce smaller clutch sizes. Thus, with the

maximisation of fitness per unit time models,

females maximise fitness per host attacked (i.e.,

produce Lack clutch sizes) only when hosts are

scarce (Godfray, 1994). Trichogramma minutum
appears to be a species whose strategy is to
maximise fitness per unit time. Schmidt and

Smith (1987a) presented females with nine host

eggs attached by glue to a cardboard base and

employed various egg spacing treatments: the

eggs were situated with their centres either 2, 3, 4

or 5 mm apart on a grid. Clutch size was found to

decrease with increased crowding of eggs, i.e.,

increasing host density per unit area.

There are also models that take into account
egg-limitation constraints, i.e., they assume that
the parasitoid has a limited number of eggs to lay
at any one time. Such a parasitoid is always in a
position where available eggs are fewer than
potential clutch sites. If eggs are severely limit-
ing, i.e., egg load is much smaller than the
number of hosts available (this could be due to
the fact that the female has laid most of her eggs,
e.g., Heimpel et al., 1998), a female should
spread out her eggs between hosts so that the
fitness gain per egg, rather than per clutch, is
maximised. When per capita fitness of offspring
decreases monotonically (as in Figure 1.17), the
optimal clutch size under severe egg limitation is
always one (see Zaviezo & Mills, 2000, for the
effects of female life expectancy on optimal
clutch size).

What if data and model predictions do not
match? As can be seen from Fig. 1.17, clutch
sizes predicted by optimality models tend to
differ from the ones recorded in experiments.
This discrepancy may occur for one or several
reasons:

1. The wrong fitness currency has been used.
For example, the parasitoid’s strategy may be
that of maximising fitness per unit time rather
than per host attacked, or a classic (static or
dynamic) optimality model has been used
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rather than a game-theoretic model (see
below).

2. The model does not take account of stochastic
variability in certain parameters (Godfray &
Ives, 1988).

3. The measure of fitness (e.g., offspring sur-
vival to adulthood) used may be inappropriate
or incomplete (e.g., Visser, 1994).

4. The measure of fitness is appropriate but
difficult to quantify (e.g., laboratory estimates
do not accurately reflect field estimates, e.g.,
Visser, 1994; West et al., 1996).

If the fitness measure, such as juvenile survival,
is inapproproiate, measures such as adult fecun-
dity or longevity, both influencing foraging per-
formance, may be more important. Calculating
fitness as total offspring fecundity may lead to a
closer fit between model and data (Waage & Ng,
1984; Waage & Godfray, 1985 ). Measuring
offspring fecundity is likely to prove very time-
consuming, so an alternative procedure is to
measure offspring body size or weight; both of
these factors are usually good predictors of
fecundity in parasitoids (Sect. 2.7.3). Le Masur-
ier (1991) used a combined measure of fitness:
the product of progeny survival and the calcu-
lated mean egg load at emergence (a measure of
lifetime fecundity) of the surviving female pro-
geny. The egg load for each emerging wasp was
determined indirectly, from a regression equation
relating egg load to head width. Le Masurier
(1991) found that the fitness function curve
constructed for a British population of Cotesia
glomerata in larvae of Pieris brassicae showed
no density-dependent effect of clutch size on
fitness, and this therefore prevented him from
calculating the optimum clutch size for that host:
all that could be predicted was that females
should lay at least the maximum number of eggs
recorded in a host.

Release-recapture experiments with different
size classes of parasitoids in the field may pro-
vide useful information on size—fitness relation-
ships, although ideally these relationships should
be directly measured (Visser, 1994; West et al.,
1996; Ellers et al., 1998).
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It has become increasingly apparent that
measurements of size—fitness relationships are
strongly influenced by environmental variation
(Rivero & West, 2002). In addition, laboratory
studies tend to underestimate the disadvantages
of small body size in parasitoid wasps (Hardy
et al., 1992b; Visser, 1994; West et al., 1996).
Therefore, any assumption that there is a general
size—fitness correlation in parasitoids needs to be
treated with caution. Furthermore, the fitness of
an individual with a given body size may be
dependent on the sizes of other individuals in the
population. This occurs, for instance, when for-
aging females compete directly, via agonistic
interactions, for access to hosts (Sect. 1.13) and
the probability of gaining or retaining access is
higher for relatively large competitors. If such
competition occurs frequently, mothers are
expected to produce smaller clutches that gen-
erate fewer but larger offspring, in response to
the sizes of clutches (and offspring) being pro-
duced on other hosts by other mothers. The
optimal clutch size in these circumstances is an
ESS (Sect. 1.2.2), found by game theory, rather
than a prediction of the classical optimality ap-
proach (Petersen & Hardy, 1996; Mesterton-
Gibbons & Hardy, 2004; Goubault et al., 2007a).

A further factor to consider is variation in host
size. If a gregarious parasitoid’s strategy is that of
maximising fitness per host attacked, then the
optimal clutch size ought to increase with
increasing host size. Gregarious parasitoids do
tend to lay larger clutches in or on larger hosts,
both within and across species (e.g., Hardy et al.,
1992b; Mayhew & Hardy, 1998; Shameer et al.,
2002; Wang et al., 2008; Kapranas et al., 2011;
Malesios & Prophetou-Athanasiadou, 2014;
Tang et al., 2014; Villacafias de Castro & Thiel,
2017). How do gregarious (and solitary) para-
sitoids measure host size? Schmidt and Smith
(1985) studied host size measurement in 7Tri-
chogramma minutum. Females allocated fewer
progeny to host eggs that were partially embed-
ded in the substratum than into host eggs that
were fully exposed. Since the eggs were of
identical diameter and surface chemistry, it was
concluded that the mechanism of host size de-
termination is neither chemosensory nor visual,

57

but is essentially mechanosensory, based on ac-
cessible surface area. Schmidt and Smith (1987b)
subsequently observed the behaviour of individ-
val 7. minutum, during the host examination
phase, on spherical host eggs of a set size, and
recorded: (1) the frequency of and intervals
between contacts with the substratum bearing the
eggs, and turns made by the wasps, and (2) the
number of eggs laid per host. In analysing the
data, seven variables were considered: the total
number of substratum contacts, the mean interval
between such contacts, the interval between the
last contact and oviposition, the longest and
shortest interval between contacts, the total
interval between the first three contacts, and the
interval between the first contact with the host
and the first contact with the substratum (initial
transit). Of these, only the duration of the initial
transit across the host surface showed a signifi-
cant positive linear relationship with the number
of eggs deposited. By interrupting the path of
wasps during their initial transit, and thereby
reducing their initial transit time, Schmidt and
Smith (1987b) succeeded in reducing the number
of progeny laid by a female. Schmidt and Smith
(1987b) concluded that wasps are able to alter
progeny allocation by measuring short time
intervals. Interestingly, the duration of initial
transit was found to be the same for both large
and small wasps (Schmidt & Smith, 1987b,
1989).

Large-bodied gregarious parasitoids (and
solitary parasitoids) are likely to measure host
size in other ways, for example by determining
whether the tips of the antennae reach certain
points on the host’s body. Such stimuli are
thought to be tactile (e.g., King, 1998). Alter-
nately, simple visual examination of the whole
host may provide the correct cues.

Finally, using the isofemale line method,
Wajnberg et al. (1989) demonstrated a significant
intra-population genetic variation in the clutch
size laid by Trichogramma maidis (= T. brassi-
cae) females and the distribution of eggs within
Ephestia kuehniella host eggs. This demonstrates
that the trait can be the target of natural selection,
leading to optimal clutch sizes in different envi-
ronmental situations.
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In this section we have focused on clutch size
as an optimality problem for foraging natural
enemies. We note that observed clutch sizes of
parasitoids and predatory insects may be influ-
enced by a wider suite of constraints and con-
siderations than are covered here, such as
phylogeny, anatomy and even geometry (e.g.,
Mayhew & Hardy, 1998; Abram et al., 2023).

1.11 Sex Allocation

1.11.1 Introduction

Haplodiploidy (the production of haploid males
from unfertilised eggs and diploid females from
fertilised eggs; also known as arrhenotokous
parthenogenesis, Sect. 3.3.2) allows female
wasps to determine the sex of their offspring.
Such control of sex allocation has made the
parasitoid Hymenoptera a favoured subject for
behavioural ecologists studying adaptive sex al-
location (Godfray, 1994; Godfray & Shimada,
1999; Ode & Hunter, 2002; Ode & Hardy, 2008;
West, 2009; Hardy & Boulton, 2019; Abe et al.,
2021). There is much more to this topic than can
be covered in any detail here: Chaps. 3, 4 and 5
also contain discussions of sex allocation and
closely associated topics.

Natural selection will normally favour equal
investment in the sexes in an outbreeding (pan-
mictic) population (Fisher, 1930; Gardner, 2023)
(Fig. 1.18). Many hymenopterans, however, fre-
quently exhibit sex ratios that are strongly
divergent from equality: explaining these differ-
ences has resulted in a robust and intricate set of
models that are well, and reciprocally, supported
by empirical investigations (Godfray, 1994;
West, 2009; Gardner & Hardy, 2020; Abe et al.,
2021; Lehtonen et al., 2023). In general, patterns
of sex allocation are influenced by two main
factors: the population’s mating structure and the
environmental conditions experienced (Hardy &
Boulton, 2019). While both can select for the
ability to maximise fitness through manipulation
of offspring sex ratio, the patterns of sex alloca-
tion they influence are quite different.
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Fig. 1.18 Sex allocation theory for panmictic and for
locally mating species. The optimal primary sex ratio
(proportion of offspring that are males) in relation to the
number of foundress females (mothers) exploiting a patch.
The dashed line represents the ‘Fisherian’ scenario of
population-wide mating among maturing offspring (pan-
mixis) leading to selection for equal investment in sons
and daughters by mothers: even sex ratios maintained by
frequency-dependent selection (Fisher, 1930; Gardner,
2023). The solid line represents the ‘Hamiltonian’
scenario of strict local mating (LMC) by offspring within
their natal patch followed by the dispersal of mated
daughers only (Hamilton, 1967): the optimal sex ratio for
individual mothers (termed foundresses) depends on sex
allocation decisions by other mothers on the patch and the
unbeatable solution for them all to adopt (the ESS) is
given by (n — 1)/2n, where n is the number of females
colonising the patch. For the single-mother case, the
prediction of a sex ratio of zero is taken to mean ‘just
sufficient males to mate with all daughters in the patch’.
The LMC prediction shown is for diplo-diploid genetics;
the prediction for haplo-diploid genetics is that sex ratios
are slightly more biased. The models summarised here
form much of the core of sex allocation theory (consisting
of many empirically justified modifications), which has
become a very successful area within evolutionary
biology

1.11.2 Local Mate Competition

The first broad pattern that needs to be explained
is a cross-species one: sex ratios (usually
expressed as the proportion of the progeny that
are male) can vary from highly female biased to
equality, or much more rarely, become male-
biased. For example, Bernal et al. (1998) re-
ported that mated female Coccophagus semicir-
cularis produce strongly female-biased sex
ratios; the Drosophila parasitoid Leptopilina
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heterotoma has a sex ratio near equality, whereas
the closely related species L. boulardi has a
male-biased sex ratio (Fauvergue et al., 1999).
This variation has been explained by the the-
ory of local mate competition (Hamilton, 1967;
Godray, 1994; West, 2009). Under conditions of
Local Mate Competition (LMC) ovipositing
females are predicted to lay an increasingly
female-biased offspring sex ratio as the likeli-
hood of sib-mating increases. Imagine a patch
where only one female oviposits and lays a given
number of eggs and then, on maturity, her sons
mate with her daughters, before the sons die and
the daughters disperse to find new patches to lay
their eggs on. With an unbiased sex ratio, the
males in the maturing brood will compete with
each other for matings with their sisters. The
ovipositing female can increase her fitness by
changing the proportions of male and female
offspring in her brood, increasing allocation to
females to the point where there are only enough
males present to ensure that all females in the
brood are mated. Biasing the sex ratio in this
manner means that competition between sons for
access to mates will be lower, the number of
available mates for each male will be increased,
and the overall production of mated daughters
from the brood will be maximised (Antolin,
1993; Ode et al., 1998; West, 2009).
Conditions suitable for LMC are most likely
to be met when patches are discrete (the classic
example is that of the pollinating fig wasps where
only one female will oviposit within each fig
fruit; Hamilton, 1979; see Greeff & Kjellberg,
2022, for a review of pollinator wasp sex ratios),
when patches are defended by females from
attack by other searching females (Sect. 1.13), or
when the density of females is low and offspring
tend to mate near the emergence site (Hardy,
1994; Chap. 5). With increased numbers of
females ovipositing in a patch, the males of dif-
ferent mothers are able to mate with a focal
mother’s daughter and the focal mother’s
sons can also mate with the daughters of other
mothers. Sex allocation decisions by individual
mothers within groups can be seen as a game-
theoretic problem, and the ESS (Sect. 1.2.2) is
that each female should increase the proportion
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of males in her brood compared to what she
would do if reproducing alone (Hamilton, 1967).
When large numbers of females produce off-
spring on a patch, the optimal sex ratio becomes
essentially the same as under population-wide
mating systems (panmixis): an equal allocation to
male and female offspring. Hamilton (1967)
showed that the predicted ESS (which he termed
the ‘unbeatable’ sex ratio) is (n — 1)/2n, where
n is the number of females colonising a patch of
resource, on which their offspring mate at ran-
dom (Fig. 1.18). This applies to organisms with
diplo-diploid genetics; for haplidiploids the
equation becomes (n — 1)(2n — 1)/n(4n — 1),
giving a very slightly more female-biased sex
ratio than the diploid model when multiple
mothers colonise a patch (Hamilton, 1979; Tay-
lor & Bulmer, 1980; West, 2009).

In a comparative study of the sex ratios of
non-pollinating fig wasps (which are primarily
inquilines or parasitoids), Fellowes et al. (1999)
used the wing morphology of males to distin-
guish between species that naturally vary in the
levels of LMC experienced. Species with wing-
less males have to mate within the fig fruit, and
hence are likely to experience high levels of
local, often sibling, mating. In contrast, species
with winged males will mate outside the fig,
often after dispersal, resulting in near-random
mating thoughout the population. In some spe-
cies of non-pollinating fig wasps an intermediate
proportion of males are winged; these species
should experience an intermediate level of local
mating (termed partial LMC, Hardy, 1994).
Theory predicts that sex ratios should follow the
rank order of winged males > dimorphic
males > wingless males, and a phylogenetically
controlled analysis (Sect. 1.2.3) confirmed this
pattern. Further comparative studies of sex allo-
cation under LMC are provided by Griffiths and
Godfray (1988), Hardy and Mayhew (1998) and
Smart and Mayhew (2009); see aso Mayhew and
Pen (2002).

Within species, similar patterns are also
found. Indeed, Salt (1936) noted that the pro-
portion of male Trichogramma evanescens off-
spring emerging from hosts increased when more
females oviposited in a patch. This observation
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was confirmed and developed further by Waage
and Lane (1984), who found that while sex ratio
did increase with the number of ovipositing
females, the sex ratio was more male-biased than
expected. They explained this by proposing that
females were less likely to survive superpara-
sitism. More recent examples of parasitioid sex
ratio responses to the numbers of females
reproducing on a patch can be found in, for ex-
ample, Burton-Chellew et al. (2008), Ode and
Hardy (2008), West (2009), Abdi et al. (2020a)
and Abe et al. (2021).

1.11.3 Conditional Sex Allocation

The second pattern of sex allocation behaviour
that needs to be explained is the preferential
oviposition of one-offspring sex (usually female)
in better-quality hosts. This was explained by the
theory of Conditional Sex Allocation (Charnov,
1979; Charnov et al., 1981; King, 1993; Godfray,
1994; Hardy & Boulton, 2019; West, 2009). The
size of parasitoids (especially idiobionts) is often
determined by host size. As there is often a pos-
itive correlation between parasitoid body size and
fitness (Sect. 1.10), larger hosts should be pre-
ferred. However, if the size—fitness relationship is
stronger for female parasitoids than for males, an
ovipositing female will maximise her fitness by
placing female eggs in better-quality hosts and
males in poor-quality hosts (e.g., King & King,
1994; King & Lee, 1994; Morris & Fellowes,
2002; Ode & Hardy, 2008; Hardy & Boulton,
2019). The relative fitness benefits of larger male
and female size are, however, challenging to
assess, especially in the field (Karsai et al., 2006;
King & Napoleon, 2006; Sect. 2.7.3).

Aphelinus abdominalis is a common para-
sitoid of several aphid species. In a detailed
study, Hongk et al. (1998) investigated the sex
allocation behaviour of this parasitoid when
presented with several potential host species. In
all four aphid species (Macrosiphum euphorbiae,
Metapolophium dirhodum, Sitobion avenae and
Rhopalosiphum  padi), females preferentially
placed male offspring in smaller hosts. If females
were provided with small hosts only, then over
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time the sex ratio became less male-biased.
Interestingly, virgin females (i.e., those con-
strained to produce male progeny only) initially
favoured small hosts, but over time preferentially
attacked larger hosts when provided with a
choice. Further examples of parasitoid sex allo-
cation responses to host size are reviewed in, for
example, Godfray (1994), Ode and Hardy (2008)
and West (2009).

1.11.4 Sex Allocation and Mass
Rearing

Female-biased sex ratios are clearly the prefer-
able outcome of parasitoid mass rearing for
biocontrol programmes, as only female para-
sitoids attack hosts in the field. In a survey of the
sex ratios of parasitoids and predators mass
reared for biological control purposes, Heimpel
and Lundgren (2000; see also Lundgren &
Heimpel, 2003) found that while predators all
had an unbiased sex ratio, a large proportion of
the parasitoids had a more male-biased sex ratio
than expected. Such work suggests that the pro-
ducers of biocontrol agents may be able to
improve the quality of their product with chan-
ged rearing techniques. Thus, the study of sex
allocation in insect parasitoids is an important
area of study not only for those interested in
evolutionary ecology but also for practitioners of
biological control (Hardy & Ode, 2007; Luck,
1990; Ode & Hardy, 2008), and such consider-
ations have underpinned several studies of para-
sitoid sex allocation behaviour.

Sagarra and Vincent (1999) suggested that
Anagyrus kamali, a parasitoid of the hibiscus
mealybug, should be reared on larger hosts to
maximise the production of female progeny.
However, one point that can be missed in such
studies is that conditional sex allocation is usu-
ally a relative behaviour. Female offspring will
be placed in larger hosts, but if only large hosts
are presented then the sex ratio will approach
equality. Thus, a mother may lay a son in a
medium-sized host that is encountered among a
batch of large hosts but would lay a daughter in a
medium-sized host found among small-sized
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hosts. Females are expected to update their esti-
mations of the distributions of host sizes as they
encounter a succession of hosts during their lives.
Several studies, on Catolaccus grandis (Hyme-
noptera: Pteromalidae) a parasitoid of boll wee-
vils, and Diglyphus isaea (Hymenoptera:
Eulophidae), which attacks agromyzid leafmin-
ers, have shown that increasing the size of hosts
presented to females over several days leads to a
greater production of female offspring than does
presenting similar host sizes each day, and pre-
senting smaller and smaller hosts leads to male-
biased sex ratios. The technique works not just
with females held in isolation (which would be
labour intensive in a mass-rearing facility) but
also when hosts are presented to groups of par-
asitoids. Under simulated mass-rearing condi-
tions the production costs of females can be cut
by as much as a half (Ode & Heinz, 2002; Chow
& Heinz, 2005, 2006; Ode & Hardy, 2008 ).

Similarly, attempts have been made to use
LMC theory to improve mass-rearing efficiency.
Since a major prediction is that sex ratios will be
more female biased when fewer females con-
tribute offspring to a patch, rearing programmes
can be set up such that females encounter hosts in
isolation rather than in the presence of other
females. Experiments by Irvin and Hoddle
(2006) on three species of Mymarids, parasitoids
in the genus Gonatocerus, indicated that mass-
rearing efficiency can be substantially improved
by minimising contact between females pre-
sented with hosts.

1.11.5 Density-Dependent Shifts
in Sex Ratio

In a population of wasps adjusting sex allocation
as predicted by Hamilton’s (1967) model, the
proportion of male offspring produced per female
will be higher at high wasp densities than at low
densities. Thus, individual optimisation does not
go hand in hand with maximal female production
in a population. This is one reason why the mass
rearing of parasitoids often does not result in
desired female-biased sex ratios (Sect. 1.11.4).
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Models like Hamilton’s (1967), which predict
adaptive shifts in sex allocation in response to the
presence of other females, raise the question of
how these shifts can be achieved. Waage (1982)
was the first to show that simple fixed mecha-
nisms, such as always laying one or more male
eggs first (Fig. 1.19), can lead to variable sex
ratios under different conditions, close to those
predicted by the functional models (Waage &
Lane, 1984; Waage & Ng, 1984). Rather than
counting the number of hosts in a patch and
calculating what fraction of her offspring should
be sons, the female can lay a son, then lay the
number of daughters he can fertilise, then lay
another son, and so on (reviewed in Hardy, 1992,
see also Greeff & Kjellberg, 2022). This has been
theoretically demonstrated by Wajnberg (1994).
Other mechanisms are also known where the
stimulus to change the sequence of sex allocation
comes from contacts with marks of conspecifics
or with parasitised hosts (Viktorov, 1968; Vik-
torov & Kochetova, 1971).

To show that females adjust sex ratio in
response to the presence of other females, offer
patches containing equal numbers of standardised
hosts to different densities of parasitoid females
(as in a mutual interference experiment,
Sect. 1.15.3). Primary sex ratio can be determined
as described below (Sect. 1.11.6). If females use a
simple ‘males-first’ rule, a shift in sex ratio can be
found with this setup. Alternatively, one could
offer a fixed number of standardised hosts per
female in experiments with different numbers of
females. In such an experiment, the number of
hosts increases with the number of wasps. Where
females use a ‘males-first’ rule, no sex ratio
adjustment should be found unless, that is,
females react to parasitoid odour or marks.

Strand (1988) adopted a quite different
approach in studying density-dependent shifts in
sex ratio in Telenomus heliothidis. He kept
groups of around 200 females together, without
hosts, for variable periods of time shortly after
emergence and mating, then allowed subse-
quently isolated females to oviposit in unpara-
sitised hosts (Strand, 1988, also tested for the
effects of subsequent isolation by varying the
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Fig. 1.19 Sex allocation by parasitoids: the sequence in
which the solitary scelionid parasitoid Gryon pennsyl-
vanicum (= atriscapus) lays male and female eggs in host
egg masses of 6, 12 and 24 eggs. Data are based on
observations of mated females and subsequent dissection
of host eggs at the time of adult emergence. In all egg
masses, males (usually one per mass) are placed in the
first few host eggs. By this strategy, every host egg mass,
independent of size, is ensured a male wasp offspring. In
very large egg masses, e.g., of 24 eggs, a second male is

isolation period). With this method, one can rule
out the possibility that females alter sex ratio in
response to encounters with already parasitised
hosts. Strand (1988) concluded that the observed
effects were directly due to crowding.

Simple mechanisms such as ‘males first’ can
easily be studied in solitary parasitoids by col-
lecting a sequence of hosts parasitised by an
individual female and rearing each of the hosts in
separate containers. Investigating such behaviour
in gregarious parasitoids is more difficult, but by
interrupting oviposition at various points during
the laying of egg clutches and rearing the para-
sitoids, information on the sequence of male and
female eggs can be obtained. Sometimes the

sometimes produced towards the end of the sequence,
suggesting that females measure the ratio of males to
females and keep it constant for a particular size of egg
mass. The males-first strategy alone will also produce an
adaptive increase in sex ratio with increased female
crowding, since each wasp will lay fewer eggs per egg
mass and therefore allocate proportionately more males.
Source Waage (1982), reproduced by permission of
Blackwell Publishing

sequence of male and female eggs can be infer-
red from the behaviour of the female during the
oviposition bout (Sect. 1.11.6).

1.11.6 Measuring Primary Sex Ratios

Theories of sex allocation deal with the ovipo-
sition decisions of female wasps. Tests of these
theories may require accurate measurement of
the sex ratio of the oviposited eggs, i.e., the
allocated or primary sex ratio. Often, however,
due to differential mortality of male and female
immatures, the sex ratio of emerging parasitoids,
the so-called secondary sex ratio, does not
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always reflect the primary sex ratio, and even if
mortality is not different between the sexes,
mortality can affect the sexual composition of
broods and obscure sex allocation strategies (van
Baaren et al., 1999; Khidr et al., 2013; Wilkinson
et al,, 2016; Liu et al., 2023). It is possible,
especially when working on ectoparasitoids
where egg-to-adult mortality is readily observ-
able, to use a subset of broods in which there was
no mortality as an indicator of the primary sex
ratio. Although this may serve a useful purpose
in some cases (e.g., Werren, 1980), this method
is, strictly speaking, flawed because the subset of
broods without mortality are a self-selected
subset, with sex ratios biased towards the sex
with the lowest mortality (Krackow & Neu-
héuser, 2008; Khidr et al., 2013, see also Well-
ings et al.,, 1986). To take account of this
problem, the following empirical methods can be
used to obtain unbiased estimates of primary sex
ratios:

1. Behavioural indictators: Cole (1981), Suzuki
et al. (1984) and Strand (1989) discovered for
some species that one can determine, on the
basis of differences in the insect’s abdominal
movements during oviposition, whether or
not a female parasitoid fertilises an egg.
A feature common to these species is a pause
during oviposition of a fertilised (female) egg.

2. Positional indicators: Flanders (1950) and
Luck et al. (1982) used a non-destructive
method for Aphytis that involves determining
the sex of an egg from the position in the host
in which it is laid: wasps lay male and female
eggs on the host’s dorsal surface and ventral
surface, respectively.

3. Chromosomal counts: cytological techniques
for counting chromosomes of haplo-diploid
parasitoids can be used to establish the sex of
freshly laid eggs (Dijkstra, 1986; van Dijken,
1991): further details are given in Sect. 3.4.1.

4. Molecular genetics: between-strain polymor-
phisms in microsatellite markers can be used
in crosses between males and females from
stain carrying different alleles and then eggs
in which only one allele is detected (hem-
izygous) are identified as male and those
containing  both alleles  (heterozygous
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diploids) are identified as female (Khidr et al.,
2013; Liu et al., 2023; Sect. 3.4.1). De
Menten et al. (2003) used fluorescence in-situ
hybridisation (FISH) to sex ant eggs. This
approach has been applied to parasitoid wasps
(Carabajal Paladino et al., 2013) but not yet to
assess primary sex ratios.

1.12 Switching Behaviour

Species and host stage preference by natural
enemies has been discussed in Sect. 1.6.7. Pref-
erence (parameter ¢ in Eq. 1.1) may not be
constant but may vary with the relative abun-
dance of two prey or host types, in which case if
the predator or parasitoid eats or oviposits in
disproportionately more of the more abundant
type (c increases as N,/N, increases) it is said to
display a switching behaviour (Murdoch, 1969)
or an apostatic selection (Clarke, 1962), the latter
term being used by geneticists. Where dispro-
portionately more of the rarer type is accepted
(¢ increases as N;/N, decreases) negative
switching is said to occur (Chesson, 1984).
Positive switching behaviour has aroused the
interest of students of population dynamics
because it is associated with a Type 3 functional
response (to prey type Ny) (Sect. 1.14) (Murdoch,
1969; Lawton et al., 1974 ).

Switching behaviour in parasitoids has been
observed by Cornell and Pimentel (1978) in
Nasonia vitripennis, van Alphen and Vet (1986)
in Asobara tabida, Chow and Mackauer (1991)
in Aphidius ervi and Praon pequodorum, and
probably by Lill (1999), while switching in
insect predators has been observed by Lawton
et al. (1974) in the waterboatman Notonecta
glauca and the damselfly Ischnura. Other
examples are given in Sherratt and Harvey
(1993) who provide a comprehensive review of
switching and frequency-dependent selection in
general.

Switching can be tested for by offering para-
sitoids combinations of different host species in
single-patch experiments. The combined density
of the two host species should be kept constant,
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but the relative abundance of the two species
should vary among treatments. If the mechanism
causing the switching is to be determined, full
records of parasitoid (and host) behaviour ought
to be made. As in other host selection experi-
ments (Sect. 1.6.7) females should be observed
continuously and the number of acceptances and
ovipositions scored, to show whether females
accept more or fewer individuals of a host type
than they successfully parasitise (this possibility
is usually ignored by authors).

One can either conduct fixed-time experi-
ments, in which depletion of the hosts is pre-
vented by replacing each parasitised host by an
unparasitised one of the same species, or termi-
nate experiments when the parasitoid leaves the
patch that it is allowed to deplete. Switching, like
many other aspects of parasitoid and predator
behaviour, is likely to be affected by previous
experience of the natural enemy (see below).

The resulting data can be analysed using
Murdoch’s (1969) null or no-switch model:

P]ZCF]/(I—Fl‘f'[CF]D (12)
where F is the proportion of host species 1 in the
environment, P; is the proportion of species 1
among all the hosts oviposited in, and ¢ (a
parameter we have already mentioned in
Sect. 1.6.7) corresponds to the one used in

M. D. E. Fellowes et al.

switching behaviour, ¢ is a constant that can be
estimated in various ways, although it is conve-
nient to estimate it when N; = N,. The value of
P, for any level of availability of species 1 can be
estimated by substituting the estimated value of
c in Eq. (1.2), and an expected no-switch curve
plotted (Fig. 1.20). If the parasitoid or predator
species’ preference is not constant but alters with
changing host or prey availability (or encounter
rate) the observed proportion of host/prey species
1 among all the accepted hosts or prey will be
higher than expected when species 1 is abundant
and lower than expected when species 1 is rare.
Elton and Greenwood (1970, 1987) and
Greenwood and Elton (1979; see also Sherratt &
Harvey, 1993) provide a model which can be
used for the detection of switching and other
forms of frequency-dependent selection, and
which includes a measure of the deviation from
constant preference as one of the parameters.
Another model developed by Manly et al.
(1972), and Manly (1972, 1973, 1974; see
Sherratt & Harvey, 1993, for a discussion) takes
account of prey depletion (this model requires
modification before it can be used to take account
of depletion of unattacked hosts or prey). The
latter model can also be easily generalised for
more than one host/prey or host type.
Tinbergen (1960) suggested, as a mechanism
for switching, that predators form a search image

Eq. (1.1) (Sect. 1.6.7). In the absence of
Fig. 1.20 Switching in insect 100
natural enemies: the
percentage of mayfly larvae in
the diet of Notonecta glauca
L. (Hemiptera: Heteroptera) 75 E;mt?:ﬂ
was a function of their relative
abundance in the habitat. The 5
almost straight line is the ‘no- 2
switch’ curve. Source Lawton ‘@
et al. (1974) %50
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of the most abundant prey species, i.e., they
experience a perceptual change in the ability to
detect a cryptic prey type, and this change does
not occur when that type is rare (Lawrence &
Allen, 1983; Guilford & Dawkins, 1987, discuss
evidence for search image formation). However,
switching could well result from other behaviour
such as active rejection of the less preferred host
species as the preferred hosts become more
abundant, a prediction of optimal prey selection
models (Sect. 1.6.7). Note that Murdoch’s (1969)
definition of switching is couched in terms of
relative prey density, whereas optimal foraging
models refer to absolute densities or encounter
rates with prey.

Lawton et al. (1974) investigated whether
experience with a particular prey species may be
a contributory mechanism in the switching
behaviour of Notonecta glauca presented with
Asellus and Cloeon. In this case, negative
switching was recorded over days 2-4 of the
experiment and positive switching over days 8-
10 (Fig. 1.20). In a separate experiment, the
authors measured the proportion of successful
attacks on Asellus prey in relation to the pro-
portion of this prey available in the environment
during the previous seven days. They found that
the more Asellus the predator was exposed to, the
greater was the proportion of successful attacks
recorded. While this strongly suggests that ex-
perience with Asellus affects the predator’s prey
capture efficiency, it does not prove conclusively
that it does so, since no information was obtained
on the encounter rates, and therefore on the
experience of the insects, during the pre-
experimental period. The development of a
search image could be ruled out as a mechanism
for switching in this predator/prey system since:
(1) in the switching test N. glauca took different
prey species in a random sequence instead of
attacking prey in ‘runs’ (Lawton et al., 1974),
and (2) the prey were unlikely to have been
cryptic in the experimental tanks used.

Switching behaviour may not necessarily be
adaptive. Chow and Mackauer (1991) found that
A. ervi and P. pequodorum switched to the alfalfa
aphid when pea aphids and alfalfa aphids were
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offered to wasps in a 1:3 ratio. However, the
authors hypothesised that since alfalfa aphids are
more likely than pea aphids to escape from an
attacking wasp, a foraging wasp incurs a poten-
tially higher cost in lost ‘opportunity time’
(Sect. 1.6.7) when attacking alfalfa aphids. Fur-
thermore, since it is possible that alfalfa aphids
are poorer-quality hosts in terms of offspring
growth and development, wasps may not derive a
fitness gain from switching to alfalfa aphids.

1.13 Patch Defence Behaviour

When a predatory insect finds a resource, there is
a trade-off between allocating time to consuming
it or defending it against competitors (Field &
Calbert, 1998). However, the resources utilised
by parasitoids are relatively long-lived and thus
potential hosts in a patch may not yet be suitable
for attack, or any offspring that have already been
invested in are vulnerable to attack themselves.
As a result, some female parasitoids defend
hosts, or patches of hosts, against conspecific and
heterospecific intruders (Hardy et al., 2013;
Couchoux & van Nouhuys, 2014; Mathiron
et al., 2018; Goubault et al., 2019), occasionally
leading to the death of one of the protagonists
(Pérez-Lachaud et al., 2002; Velasco-Hernandez
et al., 2021; Guo et al.,, 2023, see also Dunn
et al., 2015). This patch defence behaviour con-
sists of two components, resource defence
(where competing females are prevented from
gaining access to potential hosts; Waage, 1982)
and maternal care (where previously parasitised
hosts are protected from superparasitism or
hyperparasitism; van Alphen & Visser, 1990),
and the relative importance of both factors will
influence patch defence behaviour (Field &
Calbert, 1998; Guerra-Grenier et al., 2020).
Thus, patch defence can be an alternative com-
petitive strategy to one of allowing conspecifics
on the same patch and competing with them
through superparasitism (Sect. 1.9.4).

Patch defence is only advantageous under a
limited set of conditions. The following factors
favour defence of patches:
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1. Synchronous development of the hosts in the
patch.

2. Rapid development of the host to a stage
which can no longer be attacked by the par-
asitoids, or rapid development of the para-
sitoid offspring to a stage at which they have
a competitive advantage in cases of super-
parasitism (after which continued defence
may no longer be necessary; Goubault et al.,
2007b).

3. Short travel times between patches. When
travel times are long, intruders are likely to be
‘reluctant’ to lose the contest for the patch.
This would prolong fighting and increase the
cost of defence.

4. A low probability of finding more than one
host or host patch during adult life. This
factor selects for foragers to spend long
periods guarding those resources that they do
find (host- and brood-guarding; Hardy &
Blackburn, 1991).

5. Patches should be of a defensible size; larger
patches are harder to defend.

Patch defence was first described for scelionid
egg parasitoids (Waage, 1982), which defend
small and intermediate-sized host egg masses.
However, it is also found in braconids (e.g.,
Asobara citri), ichneumonids (e.g., Rhyssa per-
suasoria, Venturia canescens, Hyposoter horti-
cola), and bethylids (e.g., Goniozus nephantidis
and G. legneri).

In some parasitoids, such as the aforemen-
tioned scelionid egg parasitoids, patch defence
appears to be a fixed response to an intruder (but
see below). However, in other species such as the
braconid Asobara citri, patch defence and fight-
ing behaviour decrease in frequency with
increasing patch size and increasing numbers of
intruders, and wasps may switch to competition
through superparasitism. Patch defence can have
a pronounced effect on the distribution of adult
parasitoids over host patches. It can lead to a
regular distribution of parasitoids (de Jong et al.,
2011), and is thus one of the factors reducing
aggregation (Sect. 1.15).
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Whether patch defence or competition by
superparasitism is the better strategy depends on
species-specific traits such as the encounter rate
with hosts and the handling time. Thus, it is
possible that one species attacking a certain host
defends hosts or patches against intruders, while
another parasitoid species attacking the same
host does not.

One of the better-studied systems involves the
scelionid wasp Trissolcus basalis, a parasitoid of
the egg masses of pentatomid bugs (Field, 1998;
Field et al., 1997, 1998; Field & Calbert, 1998,
1999; Sujii et al., 2002; Wajnberg et al., 2004;
Cusumano et al., 2011; Mesterton-Gibbons et al.,
2021; see also Guerra-Grenier et al., 2020). Here,
if a female finds a patch, she will initially search
for, and oviposit in, suitable hosts. Later, she will
patrol the patch, still ovipositing until the patch is
depleted. Once this occurs, the female will remain
on the patch for about 5 h, before departing,
although the length of time spent guarding will
depend on patch quality. If two females find a
patch, then at first both will exploit it without
aggression. However, after a period of time,
fighting will be initiated and the females take the
roles of ‘intruder’ or ‘resident’, with the resident
usually being the female that first arrived. The
likelihood of a female T. basalis initiating conflict
will depend on several factors: the number of
potential hosts in the patch and the encounter rate
with them, the asymmetry in arrival time and the
number of conspecifics encountered, and the
number of eggs invested in the patch. The resi-
dent will guard the patch because if the intruder
attacks within the first 3 h after oviposition by the
resident, the intruder’s developing offspring will
compete with those of the resident. During this
period, the female will be exposed to a trade-off
between exploiting new hosts and guarding the
patch. The intruder will regularly attempt to
cryptically invade the patch, and eventually will
succeed once the resident has left. Finally,
Wajnberg et al. (2004) found a significant intra-
population genetic variation in the behavioural
mechanisms involved in the patch defence strat-
egy adopted by T. basalis females.
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Patch defence should preferably be studied in
multi-patch experiments. In single-patch experi-
ments, one could easily underestimate the sig-
nificance of defence behaviour. A classic
example of this is the fighting and chasing which
occurs when two females of Venturia canescens
meet whilst searching the same patch. This
aggressive behaviour is an important component
of mutual interference in laboratory experiments
with V. canescens (Hassell, 1978; Sect. 1.15.3).
The function of the fighting and chasing is not
easily understood from such experiments because
the behaviour leads, on large patches, to a
decrease in attack rate for both wasps but not to
the permanent exclusion of the intruding
wasp. However, field observations of V. canes-
cens searching for Ephestia (Anagasta) kueh-
niella larvae feeding on fallen figs suggest that a
fig containing a host larva can be successfully
defended against intruding competitors, with the
latter moving on to nearby figs following an
aggressive encounter (Driessen et al., 1995).
Field or semi-field condition observations are, of
course, extremely valuable but often difficult to
achieve and sample sizes may be in consequence
relatively low (e.g., Couchoux & van Nouhuys,
2014).

1.14 Functional Responses

Understanding how predators and parasitoids
respond to changes in prey and host density is
critical to gaining a grasp of the interactions
between natural enemies and their victims.
Solomon (1949) coined the term functional
response when describing the response shown by
individual natural enemies to varying host (prey)
density. With increasing host or prey availability,
each natural enemy will attack more host or prey
individuals, but several types of functional
response are possible (Fig. 1.21, Chap. 7; Has-
sell, 2000b, provides a detailed review). Four
types, called Type 1, 2, 3 and 4, have been
observed:

Type 1: where there is a rectilinear rise to a
maximum (N,) in the number of prey eaten per
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predator as prey density increases. The response
is described by the following equation:

N, =dTN (L.3)
where N, is the number of hosts parasitised or
prey eaten, n is the number of hosts or prey
provided, T is the total time available for search,
and a’ is an acceleration constant, the instanta-
neous attack rate (Eq. 1.3 applies only when N <
N,).

The Type 1 response is likely to be found
when handling times (see below) are negligible
and eggs are in limited supply.

Type 2: where the response rises at a con-
stantly decreasing rate towards a maximum
value, i.e., the response is curvilinear, in contrast
with the Type 1 response. Holling (1959a,
1959b) predicted such a response, reasoning that
the acts of quelling, killing, eating and digesting
prey are time-consuming activities (collectively
called the handling time) and that these will
reduce the time available for further search.
Following from this, as prey density increases, a
predator will spend a decreasing proportion of its
(total available) time on searching:

T, =T —TyN, (L.4)
where Ty is the actual time spent searching, and
T, is the handling time. The Type 2 functional
response is probably the most commonly repor-
ted in parasitoids (Fernandez-Arhex & Corley,
2003).

Type 3: where the response resembles the
Type 2 response except that at lower prey den-
sities it accelerates. The response is thus sigmoid.

Type 4: where the response resembles the
Type 2 response except that at higher densities it
declines, producing a dome-shape curve.

Sabelis (1992) also recognised a fifth type of
response, which is intermediate between the
Type 1 and the Type 2. This response appears to
be shown by some predatory mites and will not
be discussed further here.

The functional response of a predator or par-
asitoid species is usually measured as follows:
individual insects are confined in an arena (e.g.,
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Fig. 1.21 The four types of
functional response: a Type 1;
b Type 2; ¢ Type 3; d Type 4.
N, = number of hosts

parasitised or number of prey -
eaten; % = percentage of = R
hosts parasitised or eaten

(a)
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Host or prey density

cage), with different numbers of prey or hosts, for
a fixed period of time (Fig. 1.22). At the end of
the experiment, the natural enemies are removed
and either the number of prey killed or the
number of hosts parasitised (or both, in the case
of some host-feeding parasitoids, see below) is
counted. Hosts are either dissected or reared until
emergence of the parasitoids. From the counts
made, a graph can then be plotted relating the
number of prey or hosts attacked to the number
offered. The plots are then fitted to mathematical
models (Holling, 1959a, 1959b, 1966; Rogers,
Royama, 1971, 1972; Mills, 1982; Arditi, 1983;

Host or prey density

Casas et al., 1993; Casas & Hulliger, 1994;
Dannon et al., 2010; Bodino et al., 2019; D’ Auro
et al., 2021; Wang et al., 2020; Aguirre et al.,
2021).

Determining the type of functional response is
an important step that needs to be taken by the
investigator before attempting to obtain parame-
ter estimates from functional response models.
Incorrect estimates may be obtained if a model
for a Type 2 response is used to estimate
parameters from what is in reality a Type 3
response, and vice versa. For advice on how to
determine the functional response, and for
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Fig. 1.22 Functional responses of parasitoids and preda-
tors: schematic representation of traditional design of a
functional response experiment. Circles denote the

information on curve-fitting routines, see Trexler

et al. (1988), Casas and Hulliger (1994), Juliano

(2001) and Schenk and Bacher (2002). There are

R packages that can fit functional responses to

experimental data uing correct statistical methods

(e.g., frair, Pritchard et al., 2017). An alternative

to measuring functional responses is to undertake

an integrated analysis of all factors affecting

patch time allocation in parasitoids (Sect. 1.5).
With predators, the functional responses of

the different larval instars, as well as those of the

adults, can be measured. With both predators and
parasitoids, functional responses in relation to
prey and hosts of different sizes can be measured.

There are two likely reasons why a Type 3
response may be recorded using the aforemen-
tioned experimental setup:

1. As host density decreases at the lower range
of host densities, the parasitoid spends an
increasing proportion of the total time avail-
able in non-searching activities. For example,
at lower host densities, Venturia canescens
spends a greater proportion of its time per-
forming activities such as walking and resting
on the sides of the experimental cage. Similar
behaviour is probably responsible for the
Type 3 response observed in parasitoids and
predators that are offered unpreferred prey

experimental host patch, and rectangles the experimental
arena. See text for discussion

species: in Aphidius uzbeckistanicus, Coc-
cinella  septempunctata and  Notonecta
glauca, a Type 3 response was recorded when
the unpreferred host and prey species was
provided, compared with a Type 2 when the
preferred species was provided (Hassell et al.,
1977; Dransfield, 1979 ). The parasitoid
under investigation may be a host feeder,
mainly feeding upon hosts rather than
ovipositing, at low host densities (Sect. 1.8)
(in host-feeding parasitoids that feed and
oviposit on different host individuals, we may
distinguish between the following functional
responses: that for parasitism alone, that for
host feeding alone, and that for parasitism and
feeding combined; i.e., the ‘total’ functional
response; Kidd & Jervis, 1989). If, as is
likely, the handling time for feeding
encounters is longer than for oviposition
encounters, a Type 3 response for parasitism
may result (Collins et al., 1981).

2. Handling times may be shorter at higher host
densities. In solitary parasitoids, this is an
unlikely cause of a sigmoid functional
response, but gregarious parasitoids may
decrease clutch size at higher host densities
(Sect. 1.10), and so decrease handling time per
host. Predators may ingest less food from each
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Fig. 1.23 The relationship between prey availability and
the percentage of the mass of each prey individual
consumed by the belostomatid bug Diplonychus rusticum:
The bug is more ‘wasteful’, eating proportionately less of
each prey (Chironomus plumosus) as prey density
increases. This effect is predicted by optimal foraging
(i.e., functional) and gut-filling (i.e., causal) models and is
shown by a wide variety of predators. Values given are
means £SE. Source Dudgeon (1990)

prey item at higher prey densities (Fig. 1.23)
and so reduce handling times. When extract-
ing food from a prey item becomes increas-
ingly difficult with the time spent feeding on
it, predators may optimise the overall rate of
food intake by consuming less of each indi-
vidual prey item when the rate of encounters
with prey is high (Charnov, 1976; Cook &
Cockrell, 1978). Optimal foraging models
predict this behaviour, while a similar pre-
diction can be made based on a causal model
relating the amount of food in the gut to the
amount eaten from each prey. Some authors
have argued that the optimal foraging model
can be refuted because there is a causal
explanation for the observed behaviour.
However, causal and functional explanations
are not mutually exclusive; indeed, they
complement each other (Sect. 1.2). When
predictions of a causal and a functional model
are quantitatively similar, this can be taken as
evidence that the mechanism does not con-
strain optimisation of a behavioural trait.

M. D. E. Fellowes et al.

A Type 4 functional response will occur if:
(1) when dealing with prey individuals, other
prey individuals interfere with the predator and
cause it to abort the attack more frequently at
high prey densities than at low densities; and/or
(2) the prey have a well-developed group defence
reaction that is more effective at high prey den-
sities than at low ones.

The classical functional response experiment
assumes there is a homogeneous environment, or
at least it does not consider the spatial distribu-
tion of prey and hosts. However, most insects are
patchily distributed and the spatial distribution of
hosts or prey within an experimental arena is
likely to vary significantly with the density of the
insects. Predators and parasitoids respond to
differences in prey and host densities between
patches by adjusting the amount of time spent in
each patch (Sect. 1.5). By allowing the para-
sitoid, rather than the experimenter, to determine
the amount of time it spends in an experimental
patch (in a so-called variable-time experiment), a
different type of functional response may be
obtained compared to experiments where the
time spent is fixed by the experimenter (so-called
fixed-time experiments; Collins et al., 1981; van
Alphen & Galis, 1983; Hertliein & Thorarinsson,
1987). Van Lenteren and Bakker (1978) suggest
that in fixed-time experiments, some parasitoids
are likely to show a Type 2 response, rather than
a Type 3, because parasitoids are caused to
revisit low-density patches they would otherwise
leave. Thus, a Type 2 response may be an arte-
fact of the fixed-time experimental design.

Designing an experiment for estimating
functional responses from experimental data is
usually considered a difficult task since the goal
is to estimate the number of hosts or prey
attacked as a function of the density of hosts or
prey available. Such a density must remain
constant (i.e., undepletable patches). Hence, any
host or prey attacked should ideally be replaced
immediately by a new one. Okuyama (2013)
points at several methological problems like this
one.
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Since the type of functional response found in
an experiment depends very much on the
experimental design adopted, one should first
clearly define what sort of question one wishes to
address before measuring a functional response.
Often, a functional response is measured to
provide insights into the suitability of a para-
sitoid as a biological control agent. The problem
is then how one can use the information gener-
ated by the experiments to predict the perfor-
mance of the parasitoid in the field. The context
in which the data will be used is one of popu-
lation dynamics (D’Auro et al., 2021; Aguirre
et al., 2021; Chap. 7), and thus relates to the
response of the parasitoid population to host
density. The spatial structure of natural host
populations, and the interactions between indi-
vidual parasitoids in the population, make it hard
to relate the results of experiments on individuals
in single-patch, single-parasitoid experiments to
processes occurring at the population level.

If single-patch experiments are, nevertheless,
to be carried out, the minimum requirements for
experimental design should be as follows: the
foraging insect should be observed continuously
(in many functional response experiments, para-
sitoid and predator behaviour have not been
examined directly) and a record made of how the
parasitoid spends its time in the experimental
arena. Parasitoids should be allowed to leave the
arena when they decide to leave, so the experi-
ment should be a variable-time one. It may prove
difficult for the observer to decide when an
experiment should be terminated. A parasitoid
may leave the experimental patch for a short
period, but then return and continue searching for
hosts. Experiments may need to be terminated
after the insect has spent an arbitrary period of
time outside the patch (Waage, 1979; van Alphen
& Galis, 1983 ), but of course the choice of the
period is subjective and it acts as a censor in the
data (a censor is a factor, other than a decision by
the foraging insect, that terminates an experi-
ment, e.g., a decision by the experimenter or an
external disturbance, see Haccou et al., 1991;
Sect. 2.8.2). A solution to the problem of when to
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terminate an experiment is to use an arena con-
taining two patches. Once the insect has left the
first patch and arrived in the second one, the
experiment can be terminated.

However, there is a drawback to conducting
such experiments under artificial conditions in
the laboratory. The searching efficiency of the
natural enemy will be influenced by the spatial
structure of the patch (e.g., variation in plant
architecture) and in the age structure of the vic-
tims (Wang et al., 2020). As an illustration of
this, consider the parasitoid Aphidius ervi that
preferentially attacks second- and third-instar pea
aphids within a given patch. Among patches it
exhibits variation in foraging efficiency resulting
from variation in plant architecture. Ives et al.
(1999) found that when aphid numbers were low
A. ervi, a species that would normally be con-
sidered to exhibit a strong Type 2 functional
response, shows a Type 1 response. Foraging
experiments should therefore be conducted under
a range of scenarios, of which at least some
would reflect more natural foraging conditions.

Ideally, functional response experiments
should measure encounter rates with concur-
rently available patches containing different
densities of hosts. To do this, a multi-patch
experiment needs to be carried out. Such an
experiment might show that high-density patches
are found more easily by the parasitoid, since
such patches produce greater quantities of vola-
tile attractants than low-density patches
(Sect. 1.6.3).

Functional response experiments have typi-
cally not taken into account the possibility that
the response of a parasitoid to patches of different
densities depends on whether patches are scarce
or common in the habitat. In ‘poor’ habitats
when distances between patches are large and
high-density patches are scarce, parasitoids
should, when exploiting low-density patches,
stay longer and parasitise more hosts. Finally,
functional response experiments need to take
account of the reaction of a parasitoid to the
presence of conspecifics or other competitors
(Aguirre et al., 2021).
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1.15 Distribution of Parasitoids
Over a Host Population

1.15.1 Introduction

The distribution of parasitoids over a spatially
structured (i.e., heterogeneous) host population
has attracted considerable attention from theo-
retical ecologists. Hassell and May (1973) and
Murdoch and Oaten (1975), among others, have
shown that this is one of the key features

affecting stability of parasitoid—host population
models (Chap. 7).

1.15.2 Aggregation

The term aggregation is usually used to refer to
the host-searching behaviour of parasitoids.
Parasitoids may be more attracted to patches of
high host density than to patches of low host
density or they may show a stronger degree of
arrestment in patches of high host density
(Sect. 1.6.3). Insect ecologists refer to an
aggregative response of parasitoids and preda-
tors, because the aforementioned patch response
behaviour leads to the concentration of para-
sitoids and predators in high-density patches
(e.g., Vanbergen et al., 2007; Couchoux & van
Nouhuys, 2014). Latterly, the term aggregation
has also been applied to the concentration of
parasitoids on patches of low host density or on
certain patches irrespective of the number of
hosts they contain; this can occur if parasitoids
are attracted to some patches in response to
stimuli that are either negatively correlated with,
or independent of, host density. In studies of
population dynamics, the term aggregation
has also been used in a statistical sense, in
terms of both the variance in parasitoid distri-
bution and the covariance between the distribu-
tions of host and parasitoid (Godfray &
Pacala, 1992).

Aggregation of adult parasitoids is the result
of two different processes:
1. Differences among patches in the probability

of discovery by parasitoids. In a
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Fig. 1.24 Aggregative responses of parasitoids and
predators: Schematic representation of the design for an
experiment used for detecting and measuring the aggrega-
tive response, and which takes account of the effects on
interactions between foragers. Numbers within circles
indicate the number of hosts present in each patch

heterogeneous environment, it is likely that
not every patch has the same probability of
being detected, even if all patches are other-
wise similar. Patches may also differ in the
probability of detection by parasitoids
because of differences in host density or other
aspects of quality of the patch.

2. The period of time that each parasitoid stays
in a patch after discovering it. The number of
parasitoids visiting a patch and the period of
time they stay there determine the amount of
‘search effort’ devoted to a patch.

Aggregation can be measured in two main ways:

1. Individual parasitoids can be presented with
several patches of different host density, as in
studies of patch time allocation.

2. Several parasitoids at one time can be pre-
sented with several patches of different host
density (Fig. 1.24).

When measuring aggregation using the sec-
ond of these experimental designs, one should
ideally monitor the behaviour of all parasitoids in
all patches and record the time each parasitoid
spends in each patch. In laboratory experiments
with a modest number of host patches and with
the insects continuously observed with video-
recording equipment, this is possible, but in field
experiments such observations are very labour
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intensive and often impossible to make. Pub-
lished field studies on aggregation have therefore
relied on periodic observations of the patches
(e.g., Waage, 1983; Cronin, 2003a).

One problem associated with studying aggre-
gation in the field is deciding upon the spatial
scale at which aggregation should be measured.
Clumped distributions of hosts may occur at
different levels of host distribution, and so may
aggregation by parasitoids (e.g., Doak, 2000). It
is often possible, for practical purposes, to define
what a patch is. For example, when studying the
distribution of parasitoids of the cassava mealy-
bug within a cassava field, cassava plant tips
infested with mealybugs are the most relevant
foraging units, whereas if one wants to compare
biological control between different fields, whole
cassava fields can be considered as patches.

The dispersal behaviour of the predator or
parasitoid itself may also influence the aggrega-
tion pattern of aggregation seen. The likelihood
of the minute fairyfly (Mymaridae) egg para-
sitoid Anagrus sophiae laying all of its eggs is
correlated with dispersal distance among patches.
Females that have dispersed over 250 m from
their natal patch will oviposit all their eggs in that
patch (Cronin & Strong, 1999).

Such patterns may also be environment-
dependent. Cronin (2003b) found that para-
sitism of the planthopper Prokelisia crocea by
the egg parasitoid Anagrus columbi depended on
the location of the planthopper’s host plant,
prairie cordgrass. When plant patches were sur-
rounded by other grass species, parasitism rates
were lower on the periphery of the patch,
whereas if the host plants were surrounded by
mudflat, attack rates were even throughout the
patch. The dispersal behaviour of the parasitoid
also varied with cordgrass patches surrounded by
non-host grasses having a higher likelihood of
colonisation by the egg parasitoid. It is evident
that, ideally, studies of parasitoid aggregations
should combine knowledge of host, and host-
plant, distributions with an understanding of
parasitoid dispersal and foraging behaviour
(Vanbergen et al., 2007).
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1.15.3 Interference

Before we describe interference, we need to
stress that mutual interference, pseudo-
interference and indirect mutual interference are
concepts that can only be properly understood
with reference to mathematical models, in par-
ticular those of searching efficiency (Chap. 7).
The reader is therefore recommended to explore
literature dealing with host—parasitoid population
dynamics (e.g., Hassell, 2000a, 2000b).

The tendency for some parasitoids and
predators to cease searching and to leave the
immediate vicinity after an encounter with a
conspecific would account for the results of
laboratory experiments designed to measure
emigration rates in relation to parasitoid density.
In these experiments, the proportion of female
parasitoids leaving a single, fixed-density host
patch increased significantly with increasing
numbers of parasitoids (see Fig. 1.25 for exper-
imental design). It has also been observed that
when females encounter either an already para-
sitised host or a parasitoid mark on the substra-
tum, they move away from the area where the
encounter occurred. Any of these behavioural
interactions are likely to cause the searching
efficiency of a natural enemy in the single-patch
experiment to be reduced, a phenomenon known
as mutual interference (Hassell & Varley, 1969;
Visser & Driessen, 1991; Lynch, 1998; Kristof-
fersen et al., 2001; Elliott, 2003; Couchoux &
van Nouhuys, 2014; Yazdani & Keller, 2015;
Sreenivas & Hardy, 2016).

The study of mutual interference began with
Hassell and Varley (1969) who noted a negative
relationship between parasitoid searching effi-
ciency and the density of searching parasitoids:

(1.5)

where P is the density of searching parasitoids; a’
is the effective attack rate or area of discovery per
generation, a'P =log [initial number of
hosts/number of hosts surviving parasitism]; a is
the attack rate in the absence of interference. The

loga' = loga — mlog P
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Fig. 1.25 Mutual interference and pseudo-interference:
Schematic representation of the design of two types of
experiment for studying interference: a the design
normally adopted for measuring interference, with a
single host patch (denoted by a circle); b the design used
by Visser et al. (1990): either a single parasitoid female
searches a single unit patch containing 20 hosts, or two
females search a double unit patch containing 40 hosts, or
four females search a quadruple unit patch containing 80
hosts. Hassell (1971a, 1971b) used a design similar to that
given in Fig. 1.22, although the number of foraging
parasitoids was also varied. Both Visser et al. (1990) and
Hassell (1971a, 1971b) designs take account of the multi-
patch context in which interference occurs

parameter m is the measure of the extent of
mutual interference. Such a relationship is to be
expected because, as parasitoid density increases,
individual parasitoids will waste an increasing
proportion of their searching time in encounters
with other conspecifics. Similar patterns are to be
found with insect predators, and even among
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closely related species the importance of mutual
interference will vary (Elliott, 2003).

Free et al. (1977) argued, using deductive
models, that marked parasitoid aggregation (e.g.,
resulting from a strong tendency of parasitoid
individuals to spend longer periods of time in
higher host-density patches, and the consequent
differential exploitation of patches) can lead to
apparent interference, termed pseudo-
interference, even if behavioural interference is
lacking. As a consequence of parasitoids aggre-
gating in high-density regions (because these are
initially the most profitable), a higher proportion
of the hosts in the whole area (i.e., experimental
cage) is parasitised than would be obtained with
random search. If parasitoids do not respond (i.e.,
by dispersal) rapidly to the declining profitability
of the high host density (i.e., more heavily
exploited patches), then overall searching effi-
ciency will be lower at high parasitoid densities.
Thus, pseudo-interference results from ‘over-
aggregation’ by the parasitoids (Hassell, 1982).
In a population of optimally foraging parasitoids
capable of responding rapidly to exploitation,
overall searching efficiency would, at high para-
sitoid densities, be the same as for random search.

A third form of interference has been identi-
fied (Visser & Dreissen, 1991; Visser et al.,
1999). Indirect mutual interference was first
found in the parasitoid Leptopilina heterotoma, a
generalist parasitoid of drosophilids. Mutual
interference is not found in this species, but as a
result of superparasitism, searching efficiency is
reduced at the population level, but not at the the
level of the patch (Visser & Dreissen, 1991).

These different forms of interference can lead
to the stabilisation of consumer—victim popula-
tion interactions, and as a result have proved
important in studies linking individual behaviour
and population dynamics. Visser et al. (1999)
used data collected by Jones (1986), studying
Trybliographa rapae attacking Delia radicum, to
explore how the three different forms of inter-
ference may influence host—parasitoid population
dynamics. In this case, the effect of interference
depended on host distribution and the para-
sitoid’s arrival and departure rules. Mutual
interference did not appear to be important, but
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both indirect mutual interference and pseudo-
interference reduced parasitoid search rate, their
relative importance depending upon host
distribution.

Traditionally, parasitoid attack rates (number
of hosts parasitised per unit time) are used when
considering interference relationships. However,
if one is concerned with optimal behaviour,
encounter rates should be considered. Visser
et al. (1990) and van Dijken and van Alphen
(1991) went further and calculated the mean
number of realised offspring per female para-
sitoid per unit of patch time as a measure of
individual efficiency. ESS models developed by
Visser et al. (1992a) predict that the presence of
other females on a patch reduces this efficiency,
even when the number of hosts per female is held
constant. This interference is not caused by
behavioural encounters that decrease the
encounter rate with hosts but results from the
parasitoids staying for longer on patches and
superparasitising.

It needs to be stressed that when investigating
interference phenomena, the parasitoid densities
used and the host spatial distribution pattern
should typically reflect those found in the field.
As pointed out by Free et al. (1977), few ex-
perimenters take account of this requirement.
Nonetheless, deliberately exposing parasitoids to
unusual densities can elict behaviours and
aspects of reproductive performance that gener-
ate useful insights (e.g., Venkatesan et al., 2009;
Sreenivas & Hardy, 2016; Abdi et al., 2020a;
Malabusini et al., 2022).

Another factor to consider is the size of the
experimental arena. Jones and Hassell (1988)
found per capita searching efficiencies to be
lower in field cages than in laboratory cages and
interference to be more marked in the latter, the
volume of which was relatively small. Jones and
Hassell (1988) attributed the interference to an
unnaturally high frequency of encounters
between searching parasitoids (Trybliographa
rapae). The much lower searching efficiency in
the field cages was presumably due to the greater
opportunities for parasitoids to spend time per-
forming behaviour other than searching in close
proximity to hosts.
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It should also be noted that not all interactions
between foraging parasitoids are necessarily
negative. For example, if parasitoids respond to
the presence of others by reducing handling time
or by avoiding areas previously searched by
conspecifics (through patch marking), then
‘positive interference’ may occur (Visser et al.,
1999); inded some parasitoids may even coop-
erate in host attack (Abdi et al., 2020b, 2020c;
Liu et al., 2021).

1.16 Life-History Traits
and Foraging Behaviour
1.16.1

Introduction

Insect parasitoids display an enormous diversity

of life-histories (Blackburn, 1991a, 1991b;
Godfray, 1994; Quicke, 1997; Mayhew &
Blackburn, 1999; Jervis et al., 2001, 2003;

Traynor & Mayhew, 2005; Jervis & Ferns, 2011;
Iwabuchi, 2019; Poelman et al., 2022; Hardy &
Godfray, 2023; Chap. 2). Some species have
very short development times, can live for only a
few days as adults, and emerge with all their eggs
ready to be laid, in contrast to other species
which develop slowly, can live for several
months as adults, and produce new eggs
throughout adult life. Some species produce a
large number of small eggs, whereas others
produce a small number of large eggs. These
different life-history traits are associated with
differences in searching and host selection
behaviour. When designing experiments on par-
asitoid behaviour, it is important to be aware that
this is so. We discuss this in relation to egg
production strategy.

1.16.2 Egg Limitation Versus Time
Limitation

Given that eggs are costly to produce and allo-
cation to reproductive function will trade off with
longevity (Segoli & Wajnberg, 2020, but see
Segoli et al., 2018), natural selection can be
expected to lead to reproductive strategies that
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approach a quantitative match between egg
supply and the availability of suitable hosts. An
evolved match may become a mismatch if, for
instance, host populations gradually decline over
ecological time (Couchoux & van Nouhuys,
2014) or mismatches may be due to within-
season variation in host availability (Phillips &
Kean, 2017). More generally, aspests of envi-
ronmental variability will typically prevent exact
matches, leading to females either running out of
eggs before death (egg limitation) or dying with
eggs unlaid (time limitation). Whether egg limi-
tation or time limitation is predominant has been
extensively debated. The consensus is that either
may occur, depending on the details of the
environmental variability (Rosenheim, 2011;
Phillips & Kean, 2017).

Parasitoids can be divided into pro-ovigenic
and synovigenic species (Sect. 2.3.4). Pro-
ovigenic parasitoids emerge with their full
potential lifetime complement of mature eggs,
whereas synovigenic parasitoids emerge with at
most only part of their complement, this fraction
varying considerably among synovigenic species
(ranging from very nearly one down to zero)
(Boivin & Ellers, 2016; Jervis et al., 2001).
These different patterns of egg production can be
understood as adaptations to differences in the
spatial and temporal distribution patterns of hosts
(Jervis et al., 2001; Ellers & Jervis, 2003). Pro-
ovigenic species are expected to behave in lab-
oratory experiments in a time-limited manner,
because even when large numbers of hosts are
offered, these numbers do not exceed the number
of mature eggs carried by the parasitoid. Con-
versely, synovigenic species are expected to
behave in an egg-limited manner, often
exhausting their daily egg supply in a few hours
when the number of hosts offered to them
exceeds the number of mature eggs in their
ovaries (this oversimplifies the difference be-
tween pro- and synovigeny; see Ellers et al.,
2000, for further details).

Theoretical studies considering stochasticity
in host availability have shown it to be a major
influence on optimal egg loads, and that the
patchy distribution of hosts is a key source of
stochasticity (Rosenheim, 1996; Ellers et al.,
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1998, 2000; Ellers & Jervis, 2004; 2011), as is
temporal stochasticity in reproductive opportu-
nities (Rosenheim, 2011; Phillips & Kean, 2017).
If stochasticity is high, investment is shifted
away from lifespan to eggs, i.e., towards an
optimal egg load that is higher than the expected
number of hosts found, and thus a lower inci-
dence of egg limitation. The ability of synovi-
genic parasitoids to mature eggs throughout life
further reduces the incidence of egg limitation
and it also reduces the degree to which individ-
uals are time limited (i.e., they have a surplus of
eggs but not too many) (Ellers et al., 2000).
However, synovigenic females will still experi-
ence transient levels of egg limitation (Heimpel
& Rosenheim, 1998; Heimpel et al., 1998; Casas
et al., 2000; Rosenheim et al., 2000). Further,
egg limitation may be ecologically important
even when not prevalent, and the population
dynamics of the hosts are also likely to influence
selection for egg investment strategies (Phillips
& Kean, 2017).

From a literature survey of fifteen species,
Heimpel and Rosenheim (1998) concluded that
egg limitation is common in the field. The results
of empirical field studies, however, suggest that
only some females experience egg limitation
(Weisser et al., 1997; Ellers et al., 1998; Heimpel
et al., 1998; Casas et al., 2000; Phillips & Kean,
2017; Segoli & Rosenheim, 2013b). Thus, it
appears that parasitoids have evolved strategies
that reduce the risk of egg limitation. However,
concomitant with these would be an increased
risk of time limitation, the risk being heightened
by any lifespan cost, of egg production (Ellers
et al., 2000). Indeed, West and Rivero (2000),
using a sex ratio-based method to measure the
relative importance of egg and time limitation
among eight parasitoid species, concluded that
on average, most species are at an intermediate
position along the egg/time limitation continuum,
with a bias towards time limitation.

The question of whether time and egg limi-
tation, when observed in the laboratory, reflect
the field situation or whether it is an artefact of
unnaturally high host densities can be addressed
by obtaining some measure of oviposition rate
under field conditions, and comparing this with
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the average rate of egg production in parasitoids.
The outcome of experiments on aspects of par-
asitoid biology as diverse as patch time alloca-
tion, functional responses, host selection, sex
allocation, superparasitism or encounter rates,
will all depend critically on whether the experi-
mental conditions place the parasitoid under the
constraint of time or egg limitation. Either
experiments can be run under conditions repre-
senting both of these constraints, or an experi-
mental design can be chosen that is relevant to
the particular question one is asking. For exam-
ple, when asking about the performance of a
parasitoid immediately following field release,
present females in experiments with a super-
abundance of hosts so that they are egg limited,
but when asking about the performance of the
parasitoid after the host population has been
suppressed below a damage threshold, present
females with low densities of hosts so that the
parasitoids are time limited. If one is asking
evolutionary questions, it is advisable to choose a
situation (e.g., range of host densities, host spa-
tial distribution pattern) closest to what the wasps
experience most often in nature.

1.17 The Cost of Reproduction

In many studies of time allocation, recognition
time and handling time are taken to be the only
time costs involved in oviposition. However, as
discussed in Chap. 2, a trade-off can exist
between reproductive effort and survival (e.g.,
Thorne et al., 2006). In at least one case, it
appears that egg deposition, as opposed to egg
production, incurs a survival cost (Sect. 2.8.3).

1.18 Age-Dependent Foraging
Decisions

Although parasitoids may have a longer life ex-
pectancy when they lay fewer eggs, they do not
live forever. The older they become, the less
likely they are to survive to another day (e.g.,
Hardy et al., 1992b; Amante et al., 2017; Jucker
et al., 2020). In addition, young adult parasitoids
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may be more fecund than older females (De Vis
et al., 2002; Riddick, 2003). Because of the di-
minishing probability of survival with increasing
age, parasitoids should become less selective and
accept more host types for oviposition (Iwasa
et al., 1984). For example, young Lysiphlebus
cardui preferentially attack second- and third-
instar Aphis fabae, whereas older wasps show no
preference (Weisser, 1994). All other things
being equal, older wasps will superparasitise and
accept less suitable hosts more readily than
younger ones, a prediction that is supported
empirically (Roitberg et al., 1992, 1993). One
can try to make use of this alteration in behaviour
with age in experiments that require parasitoids
to oviposit in non-preferred hosts, e.g., para-
sitised individuals and unpreferred species, or to
explore how the subjective value of hosts affects
patch defence behaviour (Humphries et al., 2006;
Stockermans & Hardy, 2013; Sect. 1.13).

1.19 Foraging Behaviour
and Taxonomy

Taxonomists work primarily with preserved
specimens and until recently relied heavily on
morphological characters to describe species
(Gauld & Bolton, 1988; Quicke, 1993). This is in
most cases a satisfactory state of affairs, because
differences in morphology can often be found,
even between closely related species. Sometimes,
however, morphologically identical specimens
can be collected from populations found in eco-
logically different situations, e.g., attacking a
different host species, occurring on different host
plants or in different geographical regions. The
question then is whether these populations
belong to one species or not: an important
question, not only in deciding whether a para-
sitoid is a specific natural enemy of a target pest,
but also because the scientific name of an
organism is used in publications.

By comparing the host habitat-finding beha-
viour and host selection behaviour of different
populations, one can establish whether important
ecological differences exist between them. Dif-
ferences in host habitat finding and/or host
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species selection can theoretically result in
reproductive isolation between the two popula-
tions, which occupy different niches by virtue of
the differences in their searching behaviour.
When interpopulation differences in foraging
behaviour are found, one should then determine
whether cross-matings are possible. If such
matings do not occur either in the laboratory or in
the field, it is reasonable to conclude that the
populations are separate species.

Vet et al. (1984) discovered Asobara rufes-
cens by studying microhabitat location of wasps
initially believed to be A. tabida. Asobara
rufescens had until then gone unrecognised and
its populations had been considered conspecific
with A. tabida. Similarly, van Alphen (1980)
discovered a new species of Tetrastichus, which
attacks the twelve-spotted asparagus beetle, Cri-
oceris duodecimpunctatum, by showing that it
rejected the eggs of Crioceris asparagi, the host
of Tetrastichus coeruleus. Information about the
foraging behaviour of insect natural enemies may
therefore prove useful in taxonomy and system-
atics, although this is complicated by behavioural
plasticity (Japyassu & Viera, 2002).

1.20 Foraging Behaviour and Host
Resistance

1.20.1 Introduction

Not all prey or host individuals are equally worth
attacking. It has become increasingly clear that
the success rate of natural enemy attack can vary
due to host or prey defence. Such resistance may
take many forms, but this can be conveniently

divided into physiological and behavioural
defences.

1.20.2 Physiological Host Resistance

Physiological defences to endoparasitoid attack
centre on the innate immune response of insects,
which typically involves the parasitoid egg being
isolated in a melanised capsule (Sect. 2.10.2); a
counter-strategy by parastioids may be to lay
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multiple eggs into the host such that they cannot
all be encapsulated (van Alphen & Visser, 1990;
Luna et al., 2016; D’Auro et al., 2021). The im-
mune response is not, however, the only means
by which hosts avoid the detrimental actions of
parasitoids: many herbivorous insects sequester
plant secondary chemicals that can be deployed
as a means of defence against their natural ene-
mies. Utetheisa ornatrix, an arctiid moth, feeds
on legumes from which it sequesters pyrrolizidine
alkaloids (Eisner et al., 2000). These alkaloids are
passed onto the eggs, and this acts as a deterrent
against the predatory lacewing, Ceraeochrysa
cubana. However, the amount of alkaloid passed
down to the eggs varies, depending on the host
plant the parents have been feeding on. The
moth’s eggs are laid in batches of about twenty,
and the lacewing will sample two or three before
deciding to accept or reject the batch of eggs.
Since the variation in noxious chemicals within a
batch is low, sampling from a small number will
provide a reliable indicator of prey quality. If
there is considerable variation among batches in
alkaloid concentration, sampling from all batches
is worthwhile (Eisner et al., 2000).

It has been suggested that such secondary
chemicals are more likely to be sequestered by
specialist herbivores than by generalists. This
leads to the prediction that generalists should be
subject to greater levels of attack by natural
enemies, and that levels of attack should reflect
the presence of the secondary chemicals in the
community. In an elegant experiment, Camara
(1997) tested the latter hypothesis under natural
conditions. Buckeye butterfly larvae, Junonia
coenia, were reared on plants that contained iri-
doid glycosides (Kickxia elatine and Plantago
lanceolata) or an artificial medium lacking the
defensive chemicals. In the sites where many
plants contained iridoid glycosides, fewer larvae
that had been fed on the plants were consumed
by predators, whereas no differences in predation
were found in sites with lower proportions of the
glycoside-containing plants (Camara, 1997). As
well as individuals varying in the amount of
secondary chemicals acquired from host plants,
substantial variation among populations is also
likely.
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1.20.3 Behavioural Defences

Perhaps the classic example of a behavioural
defence against predator attack is provided by
aphid dropping behaviour (Losey & Denno,
1998a, 1998b, 1998c). Here, aphids drop from
the plant in response to predator cues, although
this may not always be to the benefit of the aphid,
as ground predators will often successfully attack
the escapees (Losey & Denno, 1998c). Pea
aphids (Acyrthosiphon pisum) show genetic
variation in dropping behaviour, and this beha-
viour is influenced by ambient temperature
(Stacey & Fellowes, 2002). Aphids can also
escape predation by the production of winged
morphs in response to the presence of predators
(Weisser et al., 1999).

For aposematic prey species, i.e., those with
colouration or markings that repel or warn
predators of their unsuitability as prey, both
physiological and behavioural defences may be
intertwined. Tullberg et al. (2000) showed that
while two species of lygaeid bugs (Lygaeus
equestris and Tropidothorax leucopterus) are
unpalatable to birds, the likelihood of being
preyed upon was in part determined by the
degree of aggregation of the larvae. Fewer
attacks occurred when the larvae were in groups,
compared to individual larvae.

Some hosts are similarly able to resist para-
sitioids by dropping from the host plant (aphids)
or jumpig away (leafhoppers and planthoppers)
and others may aggressively defend themselves
(reviewed by Gross, 1993). Dipteran, lepi-
dopteran and coleopteran larvae may wriggle, or
otherwise defend themselves. Mealybugs may
‘flip’ the posterior end of their body or throw
droplets of honeydew onto parasitoids attempting
to parasitise them. Females in the ectoparasitoid
genus Sclerodermus attack the larvae of wood-
boring cerambycid beetles and face a mortality
risk of around 20% when attacking small hosts
and considerably higher risks when hosts are
larger (Liu et al., 2011; Wei et al., 2014; Abdi
et al., 2020b, 2020c). Host larvae react violently
when attacked and have well-developed mand-
ibles, and often the attacking wasp is bitten in
two before it is able to subdue the host with an
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injection of venom (Abdi et al., 2020b, 2020c;
Liu et al.,, 2021). The dangers involved in
attempting to subdue such hosts are expected to
influence the degree of cooperation and compe-
tition exhibited by Sclerodermus females which,
if hosts are successfully suppressed, will go on to
produce a communal brood (Tang et al., 2014;
Mesterton-Gibbons & Hardy, 2021; Liu et al.,
2021).

Irrespective of the means of avoiding or
resting attack, it is clear that not all hosts are
equal in value to a foraging predator or para-
sitoid. They vary not only in quality as a
resource, but also in terms of the likelihood of
their being successfully attacked, and this will
vary among individuals, populations and species.
Additionally, although much less studied, it is
clear that there will also be variation at a similar
series of scales in natural enemy ‘virulence’.

1.21 Insect Natural Enemy
Foraging Behaviour

and Community Ecology

The role of insect natural enemy foraging beha-
viour in determining community interactions has
been implicitly rather than explicitly implicated
in many aspects of community ecology. These
issues are well illustrated by the work of Miiller
et al. (1999), who studied an aphid-natural
enemy (primarily parasitoids) system in Rush
Meadow, an abandoned field in southwestern
England. By producing a quantitative food web
of the interacting species, Miiller et al. (1999)
were able to use the web to predict the strength of
both direct and indirect interactions within the
community. Such webs are immensely time-
consuming to obtain but the return, measured in
terms of detailed knowledge of the system, is
potentially enormous (e.g., Schonrogge &
Crawley, 2000; Lewis et al., 2002; Sect. 6.3.12).
This web can be used to convincingly demon-
strate the concept of apparent competition, where
two species that do not directly compete for
resources indirectly compete because of shared
natural enemies (Holt, 1977; Sect. 7.3.7). Miiller
and Godfray (1997) tested for apparent
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competition  between the grass aphid,
Rhopalosiphum padi, and the nettle aphid,
Microlophium carnosum, mediated by shared
natural enemies. They found that foraging lady-
birds were attracted in increased numbers to the
experimental site, mainly by the presence of
grass aphids. However, the increased numbers of
coccinellids preferentially attacked the nettle
aphids, providing a clear example of apparent
competition (Miiller & Godfray, 1997).

Such food webs not only illustrate the
importance of indirect effects within a commu-
nity, but also point to the direct influence of
insect natural enemies on community structure.
Miiller and Godfray (1999) studied why two
species of aphids (Aphis jacobaeae and Brachy-
caudus cardui), common in surrounding areas,
were uncommon in Rush Meadow. By excluding
predators from artificially inoculated aphid
colonies, they found that the aphids were able to
colonise the field but were prevented from doing
so by the presence of predators and parasitoids.

Clearly, the foraging decisions and abilities of
insect natural enemies will have a significant
influence on the community dynamics of any
terrestrial ecosystem. Foraging success will often
be influenced by the host plant a potential prey or
host is attacking. For example, in Encarsia for-
mosa (a parasitoid of whitefly), foraging success
is greater on glabrous (smooth-leaved) varieties
of cucumber (Hulspas-Jordaan & van Lenteren,
1978). In a different field system, recent field
studies showed that the sizes and architectures of
two plant species fed on by a single host species
affects the species of parasitoid that attacks it,
such that resource partitioning, parasitoid coex-
istence, and thus a more complex web, are likely
promoted (Xi et al., 2017, 2020). Indirect effects
of plants will also be common, as host species
reared on poor-quality plants will have reduced
population growth rates, and parasitoids emerg-
ing from such hosts may be smaller and less fe-
cund (Stadler & Mackauer, 1996), while
predators may consume more prey individuals
for the same return.

Quantitative food webs also illustrate another
important facet of insect natural enemy commu-
nity ecology. While many predators and
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parasitoids are thought to have an extremely
wide host range (the fundamental niche), these
ignore the effects of host preference or competi-
tion, which results in a much narrower range of
regularly attacked victims (the realised niche).

From the above examples, it is readily
apparent that the foraging behaviour of insect
natural enemies is often (within bounds) context-
specific, and the range of species attacked will
depend on both direct and indirect effects within
the community. Moreover, the strength of these
interactions may be influenced by the herbivore’s
host plants. Without an understanding of the
natural history of the species of choice, designing
laboratory-based systems to assay behaviour is
fraught with difficulty. The importance of the
community context in trying to understand the
foraging behaviour of an insect predator or par-
asitoid should not be underestimated.

1.22 Concluding Remarks

The study of the foraging behaviour of insect
predators and, especially, parasitoids has pro-
vided a model system for ecologists for many
years. Applied ecologists use such systems in the
hope that information obtained from them will
inform biological control measures (Wajnberg
et al., 2016; Heimpel & Mills, 2017) and link to
population dynamics (Godfray & Shimada, 1999;
Hassell, 2000b; Segoli et al., 2023; Chap. 7).
Recent decades have seen rapid advances in
the study of insect natural enemies, particularly
as regards parasitoid behaviour. These develop-
ments have mainly been in response to advances
in ecological theory. The availability of a whole
suite of models of parasitoid—host population
dynamics that incorporate important behavioural
characteristics of parasitoids, combined with the
rapid progress in behavioural ecology, has led to
the formulation of more precise and quantitative
hypotheses. In addition, tools for the analysis of
complex time-series of behaviour have become
available, allowing us to address problems that
previously could not be analysed properly.
Behavioural studies of parasitoids have been
conducted along two main lines: the functional



1 Foraging Behaviour

analysis of behaviour, which has been guided by
largely model-based theories on the evolution of
animal behaviour, and the causal analysis of
behaviour, which has been guided much less by
models (Chap. 4 ). Developments in causal and
functional analyses of behaviour have been, for a
large part, independent. As we hope to have
indicated in this chapter, research can benefit
from an increased integration of the study of
mechanisms and the study of the function of
behaviour.

There is a productive, and indeed synergistic,
two-way interaction between theory and empiri-
cal research: behavioural and population models
can guide us in the design of experiments, while
the results of experiments stimulate new theory.
Theories of population dynamics and beha-
vioural ecology are now often concerned with the
behaviour of parasitoids and predators in spa-
tially heterogeneous environments, with patchily
distributed resources. For reasons of conve-
nience, behavioural studies on natural enemies
have often been conducted in single-patch envi-
ronments. Results from experimental studies on
the behaviour of natural enemies in multi-patch
environments, preferably in natural settings
(Heimpel & Casas, 2008), can provide the
information needed both to test current theories
and to develop new ones.

Along with this call for a meshing of empir-
ical and theoretical ecology is the continuing
need for researchers to have a firm grasp of the
natural history of the species they are working
with. Natural history is difficult, if not impossi-
ble, to learn in the lecture theatre or the labora-
tory, and there is no better way of beginning to
understand the ecology of any system than
spending time with it in the field. Becoming
thoroughly acquainted with one’s study organ-
isms must be a prerequisite for any successful
research programme.

Acknowledgements The previous version of this chap-
ter was written by Mark Fellowes, Jacques van Alphen,
and Mark Jervis (Fellowes et al., 2005), with some con-
tributions by Ian Hardy and Paul Ode. Help and advice on
that version were given by Emma Wittmann, Jacintha
Ellers and Kerry Elliott. The text was revised and updated
for the current edition by K.S. Shameer, Ian Hardy and

81

Eric Wajnberg. We acknowledge support from the Israel
Institute for Advanced Studies for the research group
programme ‘Mathematical modeling of biological control
interactions to support agriculture and conservation’
during the revision of the text.

References

Abdi, M. K., Hardy, I. C. W., Jucker, C., & Lupi, D.
(2020a). Kinship effects in quasi-social parasitoids II:
Co-foundress relatedness and host dangerousness
interactively affect host exploitation. Biological Jour-
nal of the Linnean Society, 130, 642—-660.

Abdi, M. K., Lupi, D., & Hardy, I. C. W. (2020b). Co-
foundress confinement elicits kinship effects in a
naturally sub-social parasitoid. Journal of Evolution-
ary Biology, 33, 1068-1085.

Abdi, M. K., Lupi, D., Jucker, C., & Hardy, I. C. W.
(2020c). Kinship effects in quasi-social parasitoids I:
Co-foundress number and relatedness affect suppres-
sion of dangerous hosts. Biological Journal of the
Linnean Society, 130, 627-641.

Abe, J., Iritani, R., Tsuchida, K., Kamimura, Y., & West,
S. A. (2021). A solution to a sex ratio puzzle in
Melittobia wasps. Proceedings of the National
Academy of Sciences USA, 118, 1-8.

Abram, P. K., Brodeur, J., Urbaneja, A., & Tena, A.
(2019). Nonreproductive effects of insect parasitoids
on their hosts. Annual Review of Entomology, 64,
259-276.

Abram, P. K., Guerra-Grenier, E., Brodeur, J., Capko, C.,
Beers, E., Blassioli, C., Borges, M., Fernand Cin-
golani M., Cusumano, A., De Clercq, P., Fernandez,
C. A, Gariepy, T. D., Haye, T., Hoelmer, K.,
Laumann, R., Lietti, M., McPherson, J. E., Punscke,
E., Saunders, T., Zhang, J. P., & Hardy, . C. W.
(2023). Protective geometry and reproductive anatomy
as candidate determinants of clutch size variation in
pentatomid bugs. American Naturalist. In Press.

Adamo, S. A., Robert, D., Perez, J., & Hoy, R. R. (1995).
The response of an insect parasitoid, Ormia ochracea
(Tachinidae), to the uncertainty of larval success
during infestation. Behavioral Ecology and Sociobi-
ology, 36, 111-118.

Agarwala, B. K., & Dixon, A. F. G. (1993). Kin
recognition: Egg and larval cannibalism in Adalia
bipunctata (Coleoptera: Coccinellidae). European
Journal of Entomology, 90, 45-50.

Agrawal, A. A., Janssen, A., Bruin, J., Pothumus, M. A.,
& Sabelis, M. W. (2002). An ecological cost of plant
defence: Attractiveness of bitter cucumber plants to
natural enemies of herbivores. Ecology Letters, 5,
377-385.

Aguirre, M. B., Bruzzone, O. A., Triapitsyn, S. V., Diaz-
Soltero, H., Hight, S. D., & Logarzo, G. A. (2021).
Influence of competition and intraguild predation
between two candidate biocontrol parasitoids on their



82

potential impact against Harrisia cactus mealybug,
Hypogeococcus sp. (Hemiptera: Pseudococcidae).
Scientifc Reports, 11, 13377.

Aleosfoor, M., Ehteshami, F., & Fekrat, L. (2014). A six-
arm olfactometer for analysing olfactory responses of
Goniozus legneri Gordh (Hymenoptera: Bethylidae),
the larval ectoparasitoid of Carob Moth. Journal of
Entomological and Acarological Research, 46, 119—
122.

Allen, G. R. (1998). Diel calling activity and field survival
of the bushcricket, Sciarasaga quadrata (Orthoptera:
Tettigonidae): A role for sound-locating parasitic
flies? Ethology, 104, 645-660.

van Alphen, J. J. M. (1980). Aspects of the foraging
behaviour of Tetrastichus asparagi Crawford and
Tetrastichus spec. (Eulophidae), gregarious egg para-
sitoids of the asparagus beetles Crioceris asparagi L.
and C. duodecimpunctata L. (Chrysomelidae). Nether-
lands Journal of Zoology, 301, 307-325.

van Alphen, J. J. M. (1993). Patch residence time and the
encounters with parasitized hosts: A reaction. Nether-
lands Journal of Zoology, 43, 340-349.

van Alphen, J. J. M., van Dijken, M. J., & Waage, J. K.
(1987). A functional approach to superparasitism:
Host discrimination needs not to be learnt. Nether-
lands Journal of Zoology, 37, 167-179.

van Alphen, J. J. M., & Drijver, R. A. B. (1982). Host
selection by Asobara tabida Nees (Braconidae; Alysi-
inae) a larval parasitoid of fruit inhabiting Drosophila
species. 1. Host stage selection with Drosophila
melanogaster as host. Netherlands Journal of Zool-
ogy, 32, 215-231.

van Alphen, J. J. M., & Galis, F. (1983). Patch time
allocation and parasitization efficiency of Asobara
tabida Nees, a larval parasitoid of Drosophila. Journal
of Animal Ecology, 52, 937-952.

van Alphen, J. J. M., & Janssen, A. R. M. (1982). Host
selection by Asobara tabida Nees (Braconidae; Alysi-
inae) a larval parasitoid of fruit inhabiting Drosophila
species. II. Host species selection. Journal of Animal
Ecology, 32, 194-214.

van Alphen, J. J. M., & Nell, H. W. (1982). Superpar-
asitism and host discrimination by Asobara tabida
Nees (Braconidae; Alysiinae) a larval parasitoid of
Drosophilidae. Journal of Animal Ecology, 32,
232-260.

van Alphen, J. J. M., & Vet, L. E. M. (1986). An
evolutionary approach to host finding and selection.
In J. K. Waage & D. Greathead (Eds.), Insect
parasitoids (pp. 23-61). Academic Press.

van Alphen, J. J. M., & Visser, M. E. (1990). Superpar-
asitism as an adaptive strategy for insect parasitoids.
Annual Review of Entomology, 351, 59-179.

van Alphen, J. J. M., Visser, M. E., & Nell, H. W. (1992).
Adaptive superparasitism and patch time allocation in
solitary parasitoids: Searching in groups versus sequen-
tial patch visits. Functional Ecology, 6, 528-535.

Alwash, N., Allen, A. M., Sokolowski, M. B., & Levine,
J. D. (2021). The Drosophila melanogaster foraging

M. D. E. Fellowes et al.

gene affects social networks. Journal of Neurogenet-
ics, 35, 249-261.

Amante, M., Schéller, M., Hardy, I. C. W., & Russo, A.
(2017). Reproductive biology of Holepyris sylvanidis
(Hymenoptera: Bethylidae). Biological Control, 106,
1-8.

Anthony, C. D. (2003). Kinship influences cannibalism in
the wolf spider, Pardosa milvina. Journal of Insect
Behavior, 16, 23-36.

Antolin, M. F. (1993). Genetics of biased sex ratios in
subdivided populations: Models, assumptions, and
evidence. Oxford Surveys in Evolutionary Biology, 9,
239-281.

Arditi, R. (1983). A unified model of the functional
response of predators and parasitoids. Journal of
Animal Ecology, 52, 293-303.

Arim, M., & Marquet, P. A. (2004). Intraguild predation:
A widespread interaction related to species biology.
Ecology Letters, 7, 557-564.

Aspin, E., Keller, M. A., Yazdani, M., & Hardy, 1. C. W.
(2021). Walk this way, fly that way: Goniozus jacintae
attunes flight and foraging behaviour to leaf-roller host
instar. Entomologia Experimentalis et Applicata, 169,
350-361.

Ayala, A., Toledo, J., Pérez-Lachaud, G., Liedo, P., &
Montoya, P. (2021). Superparasitism and fitness
parameters in three native wasp parasitoids (Bra-
conidae: Opiinae) of the Mexican fruit fly, Anastrepha
ludens (Diptera: Tephritidae). Bulletin of Entomolog-
ical Research, 112, 253-260.

Ayelo, P. M., Mohamed, S. A., Chailleux, A., Yusuf, A.
A., Pirk, C. W. W., & Deletre, E. (2022). The
parasitoid Dolichogenidea gelechiidivoris eavesdrops
on semiochemicals from its host Tuta absoluta and
tomato. Journal of Pest Science, 95, 633—652.

van Baaren, J., & Boivin, G. (1998). Learning affects host
discrimination behavior in a parasitoid wasp. Behav-
ioral Ecology and Sociobiology, 42, 9-16.

van Baaren, J., Landry, B. L., & Boivin, G. (1999). Sex
allocation and larval competition in a superparasitizing
solitary egg parasitoid: Competing strategies for an
optimal sex ratio. Functional Ecology, 13, 66-71.

van Baaren, J., & Nénon, J. P. (1996). Host location and
discrimination mediated through olfactory stimuli in
two species of Encyrtidae. Entomologia Experimen-
talis et Applicata, 81, 61-69.

Bacher, S., Casas, J., Wickers, F., & Dorn, S. (1997).
Substrate vibrations elicit defensive behaviour in
leafminer pupae. Journal of Insect Physiology, 43,
945-952.

Bai, B., & Mackauer, M. (1990). Oviposition and host-
feeding patterns in Aphelinus asychis (Hymenoptera:
Aphelinidae) at different aphid densities. Ecological
Entomology, 15, 9-16.

Bakker, K., Eijsackers, H. J. P., van Lenteren, J. C., &
Meelis, E. (1972). Some models describing the
distribution of eggs of the parasite Pseudeucoila
bochei (Hym., Cynip.) over its hosts, larvae of
Drosophila melanogaster. Oecologia, 10, 29-57.



1 Foraging Behaviour

Bakker, K., Peulet, P., & Visser, M. E. (1990). The ability
to distinguish between hosts containing different
numbers of parasitoid eggs by the solitary parasitoid
Leptopilina heterotoma (Thomson) (Hym. Cynip.).
Netherlands Journal of Zoology, 40, 514-520.

Bargen, H., Saudhof, K., & Poehling, H. M. (1998). Prey
finding by larvae and adult females of Episyrphus
balteatus. Entomologia Expermentalis et Applicata,
87, 245-254.

Bartlett, B. R. (1964). Patterns in the host-feeding habit of
adult Hymenoptera. Annals of the Entomological
Society of America, 57, 344-350.

Batchelor, T. P., Hardy, I. C. W., & Barrera, J. F. (2006).
Interactions among bethylid parasitoid species attack-
ing the coffee berry borer, Hypothenemus hampei
(Coleoptera: Scolytidae). Biological Control, 6,
106-118.

Batchelor, T. P., Hardy, 1. C. W., Barrera, J. F., & Pérez-
Lachaud, G. (2005). Insect gladiators 1I: Competitive
interactions within and between bethylid parasitoid
species of the coffee berry borer, Hypothenemus
hampei (Coleoptera: Scolytidae). Biological Control,
33, 194-202.

Battaglia, D., Poppy, G., Powell, W., Romano, A.,
Tranfaglia, A., & Pennacchio, F. (2000). Physical
and chemical cues influencing the oviposition beha-
viour of Aphidius ervi. Entomologia Experimentalis et
Applicata, 94, 219-227.

Bayram, A., Salerno, G., Onofri, A., & Conti, E. (2010).
Lethal and sublethal effects of preimaginal treatments
with two pyrethroids on the life history of the egg
parasitoid Telenomus busseolae. BioControl, 55,
697-710.

Bell, H. A., Marris, G. C., Prickett, A. J., & Edwards,
J. P. (2005). Influence of host size on the clutch size
and developmental success of the gregarious ectopar-
asitoid Eulophus pennicornis (Nees) (Hymenoptera:
Braconidae) attacking larvae of the tomato moth
Lacanobia oleracea (L.) (Lepidoptera: Noctuidae).
Journal of Experimental Biology, 208, 3199-3209.

Benedet, F., Bigot, Y., Renault, S., Pouzat, J., & Thibout,
E. (1999). Polypeptides of Acrolepiopsis assectella
cocoon (Lepidoptera: Yponomeutoidea): An external
host-acceptance kairomone for the parasitoid Diadro-
mus pulchellus (Hymenoptera: Ichneumonidae). Jour-
nal of Insect Physiology, 45, 375-384.

Bernal, J. S., Luck, R. F., & Morse, J. G. (1998). Sex
ratios in field populations of two parasitoids (Hyme-
noptera: Chalcidoidea) of Coccus hesperidum L.
(Homoptera: Coccidae). Oecologia, 116, 510-518.

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

Bertoldi, V., Rondoni, G., Brodeur, J., & Conti, E. (2019).
An egg parasitoid efficiently exploits cues from a
coevolved host but not those from a novel host.
Frontiers in Physiology, 10, 746.

83

Bertoldi, V., Rondoni, G., Peri, E., Conti, E., & Brodeur,
J. (2021). Learning can be detrimental for a parasitic
wasp. PLoS ONE, 16, e0238336.

Blaakmeer, A., Geervliet, J. B. F., van Loon, J. J. A,,
Posthumus, M. A., van Beek, T. A., & de Groot, A.
(1994). Comparative headspace analysis of cabbage
plants damaged by two species of Pieris caterpillars:
Consequences for inflight host location by Cotesia
parasitoids. Entomologia Experimentalis et Applicata,
73, 175-182.

Blackburn, T. M. (1991a). A comparative examination of
lifespan and fecundity in parasitoid Hymenoptera.
Journal of Animal Ecology, 60, 151-164.

Blackburn, T. M. (1991b). Evidence for a ‘fast-slow’
continuum of life-history traits among parasitoid
Hymenoptera. Functional Ecology, 5, 65-74.

Blue Pahl, K., Yurkowski, D. J., Lees, K. J., & Hussey, N.
E. (2020). Measuring the occurrence and strength of
intraguild predation in modern food webs. Food Webs,
25, e00165.

Bodino, N., Ferracini, C., & Tavella, L. (2019). Func-
tional response and age-specific foraging behaviour of
Necremnus tutae and N. cosmopterix, native natural
enemies of the invasive pest Tuta absoluta in
Mediterranean area. Journal of Pest Science, 92,
1467-1478.

Boivin, G., & Ellers, J. (2016). Replacing qualitative life-
history traits by quantitative indices in parasitoid
evolutionary ecology. Entomologia Experimentalis et
Applicata, 159, 163-171.

Bokonon-Ganta, A. H., van Alphen, J. J. M., & Neuen-
schwander, P. (1996). Competition between Gyranu-
soidea tebygi and Anagyrus mangicola, parasitoids of the
mango mealybug, Rastrococcus invadens: Interspecific
host discrimination and larval competition. Entomologia
Experimentalis et Applicata, 79, 179-185.

Bradburne, R. P., & Mithen, R. (2000). Glucosinolate
genetics and the attraction of the aphid parasitoid
Diaeetiella rapae to Brassica. Proceedings of the
Royal Society of London B, 267, 89-95.

Broad, G. R., & Quicke, D. L. J. (2000). The adaptive
significance of host location by vibrational sounding
in parasitoid wasps. Proceedings of the Royal Society
of London B, 267, 2403-24009.

Bruins, E. B. A. W, Wajnberg, E., & Pak, G. A. (1994).
Genetic variability in the reactive distance in Tri-
chogramma brassicae after automatic tracking of the
walking path. Entomologia Experimentalis et Appli-
cata, 72, 297-303.

Budenberg, W. J. (1990). Honeydew as a contact
kairomone for aphid parasitoids. Entomologia Exper-
imentalis et Applicata, 55, 139-148.

Bui, H. T., Yazdani, M., & Keller, M. A. (2020). Host
selection of Dolichogenidea tasmanica: Implications
for conservation biological control of light brown
apple moth. Biocontrol Science and Technology, 30,
316-328.

Burger, J. M. S., Huang, Y., Hemerik, L., van Lenteren,
J. C., & Vet, L. E. M. (2006). Flexible use of patch-



84

leaving mechanisms in a parasitoid wasp. Journal of
Insect Behavior, 19, 155-170.

Burk, T. (1982). Evolutionary significance of predation on
sexually signalling males. Florida Entomologist, 65,
90-104.

Burke, M. K., & Rose, M. R. (2009). Experimental
evolution with Drosophila. American Journal of
Physiology—Regulatory, Integrative and Comparative
Physiology, 296, R1847-R1854.

Burton-Chellew, M. N., Koevoets, T., Grillenberger, B.
K., Sykes, E. M., Underwood, S. L., Bijlsma, K,
Gadau, J., van de Zande, L., Beukeboom, L. W., West,
S. A., & Shuker, D. M. (2008). Facultative sex ratio
adjustment in natural populations of wasps: Cues of
local mate competition and the precision of adaptation.
American Naturalist, 172, 393-404.

Cade, W. (1975). Acoustically orienting parasitoids: Fly
phonotaxis to cricket song. Science, 190, 1312-1313.

Calatayud, P. A., Auger, J., Thibout, E., Rousset, S.,
Caicedo, A. M., Calatayud, S., Buschmann, H.,
Guillaud, J., Mandon, N., & Bellotti, A. C. (2001).
Identification and synthesis of a kairomone mediating
host location by two parasitoid species of the cassava
mealybug Phenacoccus herreni. Journal of Chemical
Ecology, 27, 2203-2017.

Camara, M. D. (1997). Predator responses to sequestered
plant toxins in buckeye caterpillars: Are tritrophic
interactions locally variable? Journal of Chemical
Ecology, 23, 2093-2106.

Carabajal Paladino, L., Papeschi, A., Lanzavecchia, S.,
Cladera, J., & Bressa, M. J. (2013). Cytogenetic
characterization of Diachasmimorpha longicaudata
(Hymenoptera: Braconidae), a parasitoid wasp used as
a biological control agent. European Journal of
Entomology, 110, 401-409.

Carter, M. C., & Dixon, A. F. G. (1984). Honeydew, an
arrestment stimulus for coccinellids. Ecological Ento-
mology, 9, 383-387.

Casas, J. (1990). Foraging behaviour of a leafminer
parasitoid in the field. Ecological Entomology, 14,
257-265.

Casas, J., Gurney, W. S. C., Nisbet, R., & Roux, O.
(1993). A probabilistic model for the functional
response of a parasitoid at the behavioural timescale.
Journal of Animal Ecology, 62, 194-204.

Casas, J., & Hulliger, B. (1994). Statistical analysis of
functional response experiments. Biocontrol Science
and Technology, 4, 133-145.

Casas, J., Nisbet, R. M., Swarbrick, S., & Murdoch, W.
W. (2000). Eggload dynamics and oviposition rate in a
wild population of a parasitic wasp. Journal of Animal
Ecology, 69, 185-193.

Castelo, M. K., Corley, J. C., & Desouhant, E. (2003).
Conspecific avoidance during foraging in Venturia
canescens (Hymenoptera: Ichneumonidae): The roles
of host presence and conspecific densities. Journal of
Insect Behavior, 16, 307-318.

Cézilly, F., & Benhamou, S. (1996). Optimal foraging
strategies: A review. Revue D Ecologie-la Terre et la
Vie, 51, 43-86.

M. D. E. Fellowes et al.

Chan, M. S., & Godfray, H. C. J. (1993). Host-feeding
strategies of parasitoid wasps. Evolutionary Ecology,
7, 593-604.

Charnov, E. L. (1976). Optimal foraging: Attack strategy
of a mantid. American Naturalist, 110, 141-151.
Charnov, E. L. (1979). The genetical evolution of patterns
of sexuality: Darwinian fitness. American Naturalist,

113, 465-180.

Charnov, E. L. (1982). The theory of sex allocation.
Princeton University Press.

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

Charnov, E. L., & Skinner, S. W. (1985). Complementary
approaches to the understanding of parasitoid ovipo-
sition decisions. Environmental Entomology, 14,
383-391.

Chen, W. B., Vasseur, L., Zhang, S. Q., Zhang, H. F.,
Mao, J., Liu, T. S., Zhou, X. Y., Wang, X., Zhang, J.,
You, M. S., & Gurr, G. M. (2020). Mechanism and
consequences for avoidance of superparasitism in the
solitary parasitoid Cotesia vestalis. Scientific Reports,
10, 11463.

Chesson, J. (1978). Measuring preference in selective
predation. Ecology, 59, 211-215.

Chesson, J. (1983). The estimation and analysis of
preference and its relationship to foraging models.
Ecology, 63, 1297-1304.

Chesson, P. L. (1984). Variable predators and switching
behaviour. Theoretical Population Biology, 26, 1-26.

Chiappini, E., Salerno, G., Berzolla, A., lacovone, A.,
Reguzzi, M. C., & Conti, E. (2012). Role of volatile
semiochemicals in host location by the egg parasitoid
Anagrus breviphragma. Entomologia Experimentalis
et Applicata, 144, 311-316.

Chow, A., & 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, 193-199.

Chow, A., & Heinz, K. M. (2006). Control of Liriomyza
langei on chrysanthemum by Diglyphus isaea produced
with a standard or modified parasitoid rearing tech-
nique. Journal of Applied Entomology, 30, 113—-121.

Chow, A., & Mackauer, M. (1991). Patterns of host
selection by four species of aphidiid (Hymenoptera)
parasitoids: Influence of host switching. Ecological
Entomology, 16, 403—410.

Clarke, B. C. (1962). Balanced polymorphism and the
diversity of sympatric species. In D. Nichols (Ed.),
Taxonomy and geography (pp. 47-70). Systematics
Association  Publication No. 4, Systematics
Association.

Cock, M. J. W. (1978). The assessment of preference.
Journal of Animal Ecology, 47, 805-816.

Colazza, S., Peri, E., Salerno, G., & Conti, E. (2010).
Host searching by egg parasitoids: Exploitation of host
chemical cues. In F. L. Cénsoli, J. R. P. Parra, & R.
A. Zucchi (Eds.), Egg parasitoids in agroecosystems
with emphasis on Trichogramma (pp. 97-147).
Springer.



1 Foraging Behaviour

Cole, L. R. (1981). A visible sign of a fertilization act
during oviposition by an ichneumonid wasp, Itoplectis
maculator. Animal Behaviour, 29, 299-300.

Collins, M. D., Ward, S. A., & Dixon, A. F. G. (1981).
Handling time and the functional response of Aphe-
linus thomsoni, a predator and parasite of the aphid
Drepanosiphum platanoidis. Journal of Animal Ecol-
ogy, 50, 479-487.

Conti, E., Salerno, G., Bin, F., Williams, H. J., & Vinson,
S. B. (2003). Chemical cues from Murgantia histri-
onica eliciting host location and recognition in the egg
parasitoid Trissolcus brochymenae. Journal of Chem-
ical Ecology, 29, 115-130.

Conti, E., Salerno, G., Leombruni, B., Frati, F., & Bin, F.
(2010). Short-range allelochemicals from a plant-
herbivore association: A singular case of oviposition-
induced synomone for an egg parasitoid. Journal of
Experimental Biology, 213, 3911-3919.

Cook, R. M., & Cockrell, B. J. (1978). Predator ingestion
rate and its bearing on feeding time and the theory of
optimal diets. Journal of Animal Ecology, 47,
529-548.

Cook, R. M., & Hubbard, S. F. (1977). Adaptive
searching strategies in insect parasitoids. Journal of
Animal Ecology, 46, 115-125.

Cornell, H., & Pimentel, D. (1978). Switching in the
parasitoid Nasonia vitripennis and its effect on host
competition. Ecology, 59, 297-308.

Costa, A., Ricard, 1., Davison, A. C., & Turlings, T.
C. J. (2010). Effects of rewarding and unrewarding
experiences on the response to host-induced plant
odors of the generalist parasitoid Cotesia marginiven-
tris (Hymenoptera: Braconidae). Journal of Insect
Behavior, 23, 303-318.

Couchoux, C., & van Nouhuys, S. (2014). Effects of
intraspecific competition and host-parasitoid develop-
mental timing on foraging behaviour of a parasitoid
wasp. Journal of Insect Behavior, 27, 283-301.

Couty, A., Kaiser, L., Huet, D., & Pham-Délégue, M. H.
(1999). The attractiveness of different odour sources
from the fruit-host complex on Leptopilina boulardi, a
larval parasitoid of frugivorous Drosophila spp. Phys-
iological Entomology, 24, 76-82.

Cox, D. R. (1972). Regression models and life tables.
Biometrics, 38, 67-77.

Cronin, J. T. (2003a). Matrix heterogeneity and host-
parasitoid interactions in space. Ecology, &4,
1506-1516.

Cronin, J. T. (2003b). Movement and spatial population
structure of a prairie planthopper. Ecology, &84,
1179-1188.

Cronin, J. T., & Strong, D. R. (1999). Dispersal-
dependent oviposition and the aggregation of para-
sitism. American Naturalist, 154, 23-36.

Crowley, P. H., & Linton, M. C. (1999). Antlion foraging:
Tracking prey across space and time. Ecology, 80,
2271-2282.

Cusumano, A., Bella, P., Peri, E., Rostas, M., Guarino, S.,
Lievens, B., & Colazza, S. (2022a). Nectar-inhabiting
bacteria affect olfactory responses of an insect

85

parasitoid by altering nectar odors. Microbial Ecology,
1, 1-13.

Cusumano, A., Peri, E., Aling, T., & Colazza, S. (2022b).
Contrasting reproductive traits of competing para-
sitoids facilitate coexistence on a shared host pest in a
biological control perspective. Pest Management
Science, 78, 3376-3383.

Cusumano, A., Peri, E., Amodeo, V., McNeil, J. N., &
Colazza, S. (2013). Intraguild interactions between
egg parasitoids: Window of opportunity and fitness
costs for a facultative hyperparasitoid. PLoS ONE, 8,
e64768.

Cusumano, A., Peri, E., Vinson, S. B., & Colazza, S.
(2011). Intraguild interactions between two egg par-
asitoids exploring host patches. BioControl, 56,
173-184.

Danner, H., Brown, P., Cator, E. A., Harren, F. J. M., van
Dam, N. M., & Cristescu, S. M. (2015). Aboveground
and belowground herbivores synergistically induce
volatile organic sulfur compound emissions from
shoots but not from roots. Journal of Chemical
Ecology, 41, 631-640.

Dannon, E. A., Tamo, M., van Huis, A., & Dicke, M.
(2010). Functional response and life history parame-
ters of Apanteles taragamae, a larval parasitoid of
Maruca vitrata. BioControl, 55, 363-378.

D’Auro, F., Luna, M. G., & Liljesthrom, G. G. (2021).
Functional response and egg distribution among hosts
by Pseudapanteles dignus, a larval endoparasitoid of
Tuta absoluta. Journal of Applied Entomology, 145,
688-696.

Davies, N. B., Krebs, J. R., & West, S. A. (2012). An
Introduction to behavioural ecology. John Wiley &
Sons.

DeBach, P. (1943). The importance of host-feeding by
adult parasites in the reduction of host populations.
Journal of Economic Entomology, 36, 647-658.

Degen, T., Dillmann, C., Marion-Poll, F., & Turlings, T.
C. J. (2004). High genetic variability of herbivore-
induced volatile emission within a broad range of
maize inbred lines. Plant Physiology, 135,
1928-1938.

Degenhardt, J., Kollner, T. G., & Gershenzon, J. (2009).
Monoterpene and sesquiterpene synthases and the
origin of terpene skeletal diversity in plants. Phyto-
chemistry, 70, 1621-1637.

Diamantidis, A. D., Carey, J. R, Nakas, C. T., &
Papadopoulos, N. T. (2011). Ancestral populations
perform better in a novel environment: Domestication
of medfly populations from five global regions.
Biological Journal of the Linnean Society, 102,
334-345.

Dicke, M., & Sabelis, M. W. (1988). Infochemical
terminology: Based on a cost-benefit analysis rather
than origin of compounds? Functional Ecology, 2,
131-139.

Dicke, M., Sabelis, M. W., Dejong, M., & Alers, M. P. T.
(1990). Do Phytoseiid mites select the best prey
species in terms of reproductive success. Experimental
and Applied Acarology, 8, 161-173.



86

Dickens, J. C. (1999). Predator-prey interactions: Olfac-
tory adaptations of generalist and specialist predators.
Agricultural and Forest Entomology, 1, 47-54.

van Dijken, M. J. (1991). A cytological method to
determine primary sex ratio in the solitary parasitoid
Epidinocarsis lopezi. Entomologica Experimentalis et
Applicata, 60, 301-304.

van Dijken, M. J., & van Alphen, J. J. M. (1998). The
ecological significance of differences in host detection
behaviour in coexisting parasitoid species. Ecological
Entomology, 23, 265-270.

van Dijken, M. J., & van Alphen, J. J. M. (1991). Mutual
interference and superparasitism in the solitary para-
sitoid Epidinocarsis lopezi. Mededelingen van de
Landbouwwetenschappen Rijksuniversiteit Gent, 56,
1003-1010.

Dijkstra, L. J. (1986). Optimal selection and exploitation
of hosts in the parasitic wasp Colpoclypeus florus
(Hym., Eulophidae). Netherlands Journal of Zoology,
36, 177-301.

Dimitry, N. Z. (1974). The consequences of egg canni-
balism in Adalia bipunctata (Coleoptera: Coccinelli-
dae). Entomophaga, 19, 445-451.

Dixon, A. F. G. (1959). An experimental study of the
searching behaviour of the predatory coccinellid beetle
Adalia decempunctata (L.). Journal of Animal Ecol-
ogy, 28, 259-281.

Dixon, A. F. G. (2000). Insect predator-prey dynamics:
Ladybird beetles and biological control. Cambridge
University Press.

Djemai, L., Casas, J., & Magal, C. (2001). Matching host
reactions to parasitoid wasp vibrations. Proceedings of
the Royal Society of London B, 268, 2403-2408.

Djieto-Lordon, C., Orivel, J., & Dejean, A. (2001).
Predatory behavior of the African ponerine ant
Platythyrea modesta (Hymenoptera: Formicidae).
Sociobiology, 38, 303-315.

Doak, P. (2000). The effects of plant dispersion and prey
density on parasitism rates in a naturally patchy
habitat. Oecologia, 122, 556-567.

Dostalkova, 1., Kindlmann, P., & Dixon, A. F. G. (2002).
Are classical predator-prey models relevant to the real
world? Journal of Theoretical Biology, 218, 323-330.

Dransfield, R. D. (1979). Aspects of host-parasitoid
interactions of two aphid parasitoids, Aphidius urticae
(Haliday) and Aphidius uzbeckistanicus (Luzhetski)
(Hymenoptera, Aphidiidae). Ecological Entomology,
4, 307-316.

Driessen, G. J., Bernstein, C., van Alphen, J. J. M., &
Kacelnik, A. (1995). A count-down mechanism for
host search in the parasitoid Venturia canescens.
Journal of Animal Ecology, 64, 117-125.

Driessen, G., & Hemerik, L. (1992). The time and egg
budget of Leptopilina clavipes (Hartig.), a larval
parasitoid of Drosophila. Ecological Entomology,
17, 17-217.

Drost, Y. C., Lewis, W. J., Zanen, P. O., & Keller, M. A.
(1986). Beneficial arthropod behavior mediated by
airborne semiochemicals. 1. Flight behavior and
influence of preflight handling of Microplitis

M. D. E. Fellowes et al.

croceipes (Cresson). Journal of Chemical Ecology,
12, 1247-1262.

Drukker, B., Scutareanu, P., & Sabelis, M. W. (1995). Do
anthocorid predators respond to synomones from
psylla-infested pear trees under field conditions. Ento-
mologia Experimentalis et Applicata, 77, 193-203.

Du, Y.-J., Poppy, G. M., & Powell, W. (1996). Relative
importance of semiochemicals from first and second
trophic levels in host foraging behavior of Aphidius
ervi. Journal of Chemical Ecology, 22, 1591-1605.

Duan, J. J., & Messing, R. H. (1999). Effects of origin and
experience of patterns of host acceptance by the opiine
parasitoid Diachasmimorpha tryoni. Ecological Ento-
mology, 24, 284-291.

Dudgeon, D. (1990). Feeding by the aquatic heteropteran,
Diplonychus rusticum (Belostomatidae): An effect of
prey density on meal size. Hydrobiologia, 190, 93-96.

Duelli, P. (1981). Is larval cannibalism in lacewings
adaptive? Researches on Population Ecology, 23,
193-209.

Dugatkin, L. A, & Alfieri, M. S. (2003). Boldness,
behavioral inhibition and learning. Ethology, Ecology
and Evolution, 15, 43-49.

Dunn, D. W, Jandér, K. C., Lamas, A. G., & Pereira, R.
A. S. (2015). Mortal combat and competition for
oviposition sites in female pollinating fig wasps.
Behavioral Ecology, 26, 262-268.

Dwumfour, E. F. (1992). Volatile substances evoking
orientation in the predatory flowerbug Anthocoris
nemorum (Heteroptera, Anthocoridae). Bulletin of
Entomological Research, 82, 465-469.

Edwards, O. R., & Hopper, K. R. (1999). Using
superparasitism by a stem borer to infer a host refuge.
Ecological Entomology, 24, 7-12.

Eisner, T., Eisner, M., Rossini, C., Iyengar, V. K., Roach,
B. L., Benedikt, E., & Meinwald, J. (2000). Chemical
defense against predation in an insect egg. Proceed-
ings of the National Academy of Sciences USA, 97,
1634-1639.

Elgar, M. A., & Crespi, B. J. (1992). Cannibalism:
Ecology and evolution among diverse taxa. Oxford
University Press.

Ellers, J., van Alphen, J. J. M., & Sevenster, J. G. (1998).
A field study of size-fitness relationships in the
parasitoid Asobara tabida. Journal of Animal Ecol-
ogy, 67, 318-324.

Ellers, J., & Jervis, M. A. (2003). Body size and the
timing of egg production in parasitoid wasps. Oikos,
102, 164-172.

Ellers, J., & Jervis, M. A. (2004). Why are so few
parasitoid wasp species pro-ovigenic? Evolutionary
Ecology Research, 6, 993—-1002.

Ellers, J., Sevenster, J. G., & Driessen, G. (2000). Egg
load evolution in parasitoids. American Naturalist,
156, 650-655.

Elliott, J. M. (2003). A comparative study of the
functional response of four species of carnivorous
stoneflies. Freshwater Biology, 48, 191-202.

Elton, R. A., & Greenwood, J. J. D. (1970). Exploring
apostatic selection. Heredity, 25, 629-633.



1 Foraging Behaviour

Elton, R. A., & Greenwood, J. J. D. (1987). Frequency-
dependent selection by predators: Comparison of
parameter estimates. Oikos, 48, 268-272.

Emlen, J. M. (1966). The role of time and energy in food
preference. American Naturalist, 100, 611-617.

Escalante, G., & Rabinovich, J. E. (1979). Population
dynamics of Telenomus fariai (Hymenoptera; Sce-
lionidae), a parasite of Chagas’ disease vectors, IX.
Larval competition and population size regulation
under laboratory conditions. Researches on Popula-
tion Ecology, 20, 235-246.

Ettifouri, M., & Ferran, A. (1993). Influence of larval
rearing diet on the intensive searching behaviour of
Harmonia axyridis (Col.: Coccinellidae) larvae. Ento-
mophaga, 38, 51-59.

Faeth, S. H. (1994). Induced plant responses: Effects on
parasitoids and other natural enemies of phytophagous
insects. In B. A. Hawkins & W. Sheehan (Eds.),
Parasitoid community ecology (pp. 245-260). Oxford
University Press.

Fauvergue, X., Fleury, F., Lemaitre, C., & Allemand, R.
(1999). Parasitoid mating structures when hosts are
patchily distributed: Field and laboratory experiments
with Leptopilina boulardi and L. heterotoma. Oikos,
86, 344-356.

Feener, D. H., & Brown, B. V. (1997). Diptera as
parasitoids. Annual Review of Entomology, 42, 73-97.

Fellowes, M. D. E. (1998). Do non-social insects get the
(kin) recognition they deserve? Ecological Entomol-
ogy, 23, 223-2217.

Fellowes, M. D. E., van Alphen, J. J. M., & Jervis, M. A.
(2005). Foraging behaviour. In M. A. Jervis (Ed.),
Insects as natural enemies: A practical perspective
(pp. 1-71). Springer.

Fellowes, M. D. E., Compton, S., & Cook, J. M. (1999).
Sex allocation and local mate competition in Old
World non-pollinating fig wasps. Behavioral Ecology
and Sociobiology, 46, 95-102.

Felsenstein, J. (1985). Phylogenies and the comparative
method. American Naturalist, 125, 1-15.

Fernandez-Arhex, V., & Corley, J. C. (2003). The
functional response of parasitoids and its implications
for biological control. Biocontrol Science and Tech-
nology, 13, 403-413.

Field, S. A. (1998). Patch exploitation, patch-leaving, and
pre-emptive patch defence in the parasitoid wasp
Trissolocus basalis (Insecta: Scelionidae). Ethology,
104, 323-338.

Field, S. A., & Calbert, G. (1998). Patch defence in the
parasitoid wasp Trissolcus basalis: When to begin
fighting? Behaviour, 135, 629-624.

Field, S. A., & Calbert, G. (1999). Don’t count your eggs
before they’re parasitized: Contest resolution and the
trade offs during patch defense in a parasitoid
wasp. Behavioral Ecology, 10, 122-127.

Field, S. A., Calbert, G., & Keller, M. A. (1998). Patch
defence in the parasitoid wasp Trissolcus basalis
(Insecta: Scelionidae): The time structure of pairwise
contests, and the ‘waiting game.” Ethology, 104,
821-840.

87

Field, S. A., & Keller, M. A. (1999). Short-term host
discrimination in the parasitoid wasp Trissolcus
basalis Wollaston (Hymenoptera: Scelionidae). Aus-
tralian Journal of Zoology, 47, 19-28.

Field, S. A., Keller, M. A., & Calbert, G. (1997). The pay-
off from superparasitism in the egg parasitoid Trissol-
cus basalis, in relation to patch defence. Ecological
Entomology, 22, 142-149.

Fisher, R. A. (1930). The genetical theory of natural
selection. Oxford University Press.

Flanders, S. E. (1950). Regulation of ovulation and egg
disposal in the parasitic Hymenoptera. Canadian
Entomologist, 82, 134-140.

Formanowicz, D. R., Jr. (1982). Foraging tactics of larvae
of Dytiscus verticalis (Coleoptera, Dytiscidae): The
assessment of prey density. Journal of Animal Ecol-
ogy, 51, 757-767.

Fowler, H. G. (1987). Field behaviour of Euphasiopteryx
depleta (Diptera: Tachinidae): Phonotactically orient-
ing parasitoids of mole crickets (Orthoptera: Cryl-
lotalpidae: Scapteriscus). Journal of the New York
Entomological Society, 95, 474-480.

Fowler, H. G., & Kochalka, J. N. (1985). New records of
Euphasiopteryx depleta (Diptera: Tachinidae) from
Paraguay: Attraction to broadcast calls of Scapteriscus
acletus (Orthoptera: Gryllotalpidae). Florida Ento-
mologist, 68, 225-226.

Frati, F., Salerno, G., Conti, E., & Bin, F. (2008). Role of
the plant-conspecific complex in host location and
intra-specific communication of Lygus rugulipennis.
Physiological Entomology, 33, 129-137.

Freckleton, R. P., Harvey, P. H., & Pagel, M. (2002).
Phylogenetic analysis and comparative data: A test
and review of evidence. American Naturalist, 160,
712-726.

Free, C. A., Beddington, J. R., & Lawton, J. H. (1977).
On the inadequacy of simple models of mutual
interference for parasitism and predation. Journal of
Animal Ecology, 46, 543-544.

Fukushima, J., Kainoh, Y., Honda, H., & Takabayashi,
J. (2002). Learning of herbivore-induced and non-
specific plant volatiles by a parasitoid, Cotesia kariyai.
Journal of Chemical Ecology, 28, 579-586.

Galis, F., & van Alphen, J. J. M. (1981). Patch time
allocation and search intensity of Asobara tabida Nees
(Hym.: Braconidae). Journal of Animal Ecology, 31,
701-712.

Gandolfi, M., Mattiacci, L., & Dorn, S. (2003). Mecha-
nisms of behavioral alterations of parasitoids reared in
artificial systems. Journal of Chemical Ecology, 29,
1871-1887.

Gardner, A. (2023). The rarer-sex effect. Pholosophical
Transactions of the Royal Society B, 378, 20210500.

Gardner, A., & Hardy, I. C. W. (2020). Adjustment of sex
allocation to co-foundress number and kinship under
local mate competition: An inclusive-fitness analysis.
Journal of Evolutionary Biology, 33, 1806—1812.

Garland, T., Jr., Harvey, P. H., & Ives, A. R. (1992).
Procedures for the analysis of comparative data using
independent contrasts. Systematic Biology, 41, 18-32.



88

Garland, T. Jr. & Diaz-Uriate, R. (1999). Polytomies and
phylogenetically independent contrasts: Examination
of the bounded degrees of freedom approach. System-
atic Biology, 48, 547-558.

Gauld, I., & Bolton, B. (1988). The Hymenoptera. Oxford
University Press.

Gauthier, N., & Monge, J. P. (1999). Could the egg itself
be the source of the oviposition deterrent in the
ectoparasitoid Dinarmus basalis? Journal of Insect
Physiology, 45, 393-400.

Geiselhardt, S., Jakobschy, D., Ockenfels, P., & Peschke,
K. (2008). A sex pheromone in the desert tenebrionid
beetle Parastizopus armaticeps. Journal of Chemical
Ecology, 34, 1065-1071.

Gershenzon, J., & Dudareva, N. (2007). The function of
terpene natural products in the natural world. Nature
Chemical Biology, 3, 408—414.

Giron, D., Rivero, A., Mandon, N., Darrouzet, E., &
Casas, J. (2002). The physiology of host feeding in
parasitic wasps: Implications for survival. Functional
Ecology, 16, 7150-757.

Giunti, G., Canale, A., Messing, R. H., Donati, E.,
Stefanini, C., Michaud, J. P., & Benelli, G. (2015).
Parasitoid learning: Current knowledge and implica-
tions for biological control. Biological Control, 90,
208-219.

Godfray, H. C. J. (1987a). The evolution of clutch size in
invertebrates. Oxford Surveys in Evolutionary Biology,
4, 117-154.

Godfray, H. C. J. (1987b). The evolution of clutch size in
parasitic wasps. American Naturalist, 129, 221-233.

Godfray, H. C. J. (1994). Parasitoids: Behavioral and
evolutionary ecology. Princeton University Press.

Godfray, H. C. J., & Ives, A. R. (1988). Stochasticity in
invertebrate clutch-size models. Theoretical Popula-
tion Biology, 33, 79-101.

Godfray, H. C. J., & Pacala, S. W. (1992). Aggregation
and the population dynamics of parasitoids and
predators. American Naturalist, 140, 30-40.

Godfray, H. C. J., & Shimada, M. (1999). Parasitoids as
model systems for ecologists. Researches on Popula-
tion Ecology, 41, 3-10.

Gohole, L. S., Overholt, W. A., Khan, Z. R., & Vet, L.
E. M. (2003). Role of volatiles emitted by host and
non-host plants in the foraging behaviour of Den-
tichasmias busseolae, a pupal parasitoid of the spotted
stemborer Chilo partellus. Entomologia Experimen-
talis et Applicata, 107, 1-9.

Goubault, M., Exbrayat, M., & Earley, R. L. (2019).
Fixed or flexible? Winner/loser effects vary with
habitat quality in a parasitoid wasp. Behavioral Ecol-
ogy and Sociobiology, 73, 74.

Goubault, M., Mack, A. F. S., & Hardy, I. C. W. (2007a).
Encountering competitors reduces clutch size and
increases offspring size in a parasitoid with female-
female fighting. Proceedings of the Royal Society of
London B, 274, 2571-25717.

Goubault, M., Scott, D., & Hardy, I. C. W. (2007b). The
importance of offspring value: Maternal defence in
parasitoid contests. Animal Behaviour, 74, 437-446.

M. D. E. Fellowes et al.

Goubault, M., & Hardy, I. C. W. (2007). Deuterium
marking of chemical emissions: Detectability and
fitness consequences of a novel technique for insect
behavioural studies. Entomologia Experimentalis et
Applicata, 125, 285-296.

Gouinguene, S., Alborn, H., & Turlings, T. C. J. (2003).
Induction of volatile emissions in maize by different
larval instars of Spodoptera littoralis. Journal of
Chemical Ecology, 29, 145-162.

Gowling, G. R., & van Emden, H. F. (1994). Falling
aphids enhance impact of biological control by
parasitoids on partially aphid-resistant plant varieties.
Annals of Applied Biology, 125, 233-242.

Grasswitz, T. R., & Paine, T. D. (1993). Effect of
experience on in-flight orientation to host-associated
cues in the generalist parasitoid Lysiphlebus testa-
ceipes. Entomologia Experimentalis et Applicata, 68,
219-229.

Greany, P. D., & Oatman, E. R. (1972). Analysis of host
discrimination in the parasite Orgilus lepidus (Hyme-
noptera: Braconidae). Annals of the Entomological
Society of America, 65, 377-383.

Greeff, J. M., & Kjellberg, F. (2022). Pollinating fig
wasps’ simple solutions to complex sex ratio prob-
lems: A review. Frontiers in Zoology, 19, 3.

Greenwood, J. J. D., & Elton, R. A. (1979). Analysing
experiments on frequency-dependent selection by
predators. Journal of Animal Ecology, 48, 721-737.

Griffiths, D. (1982). Tests of alternative models of prey
consumption by predators, using ant-lion larvae.
Journal of Animal Ecology, 52, 363-373.

Griffths, N. T., & Godfray, H. C. J. (1988). Local mate
competition, sex ratio and clutch size in bethylid
wasps. Behavoural Ecology and Sociobiology, 22,
211-217.

Gross, P. (1993). Insect behavioral and morphological
defenses against parasitoids. Annual Review of Ento-
mology, 38, 251-273.

Grostal, P., & Dicke, M. (2000). Recognising one’s enemies:
A functional approach to risk assessment by prey.
Behavioral Ecology and Sociobiology, 47, 258-264.

Guerra, M., Fuentes-Contreras, E., & Niemeyer, H. M.
(1998). Differences in behavioural responses of Sito-
bion avenae (Hemiptera: Aphididae) to volatile com-
pounds, following parasitism by Aphidius ervi
(Hymenoptera: Braconidae). Ecoscience, 5, 334-337.

Guerra-Grenier, E., Abram, P. K., & Brodeur, J. (2020).
Asymmetries affecting aggressive contests between
solitary parasitoids: The effect of host species. Beha-
voral Ecology, 31, 1391-1400.

Guerrieri, E., Pennacchio, F., & Tremblay, E. (1997).
Effect of adult experience on in-flight orientation to
plant and plant-host complex volatiles in Aphidius ervi
Haliday (Hymenoptera: Braconidae). Biological Con-
trol, 10, 159-165.

Guilford, T., & Dawkins, M. S. (1987). Search images not
proven: A reappraisal of recent evidence. Animal
Behaviour, 35, 1838-1845.

Guo, X., Zhou, B., Zhao, R., Meng, L., Hardy, I. C. W., &
Li, B. (2023). Agonistic responses to potential co-



1 Foraging Behaviour

foundresses in cooperatively brooding quasi-social
parasitoids. Ecological Entomology, 48, 11-18.

Haccou, P., & Meelis, E. (1992). Statistical analysis of
behavioural data, an approach based on time-
structured models. Oxford University Press.

Haccou, P., de Vlas, S. J., van Alphen, J. J. M., & Visser,
M. E. (1991). Information processing by foragers:
Effects of intra-patch experience on the leaving
tendency of Leptopilina heterotoma. Journal of Ani-
mal Ecology, 60, 93-106.

Hamilton, W. D. (1967). Extraordinary sex ratios.
Science, 156, 477-488.

Hamilton, W. D. (1979). Wingless and fighting males in
fig wasps and other insects. In M. S. Blum & N.
A. Blum (Eds.), Sexual selection and reproductive
competition in insects (pp. 167-220). Academic Press.

Hamilton, R. M., Dogan, E. B., Schaalje, G. B., & Booth,
G. M. (1999). Olfactory response of the lady beetle
Hippodamia convergens (Coleoptera: Coccinellidae)
to prey related odors, including a scanning electron
microscopy study of the antennal sensilla. Environ-
mental Entomology, 28, 812-822.

Hansen, L. S., & Jensen, K. M. V. (2002). Effect of
temperature on parasitism and host-feeding of Tri-
chogramma turkestanica (Hymenoptera: Trichogram-
matidae) on Ephestia kuehniella (Lepidoptera:
Pyralidae). Journal of Economic Entomology, 95,
50-56.

Hardie, J., Hick, A. J., Holler, C., Mann, J., Merritt, L.,
Nottingham, S. F., Powell, W., Wadhams, L. J.,
Witthinrich, J., & Wright, A. F. (1994). The responses
of Praon spp. parasitoids to aphid sex pheromone
components in the field. Entomologia Experimentalis
et Applicata, 71, 95-99.

Hardy, 1. C. W. (1992). Non-binomial sex allocation in
the parasitoid Hymenoptera. Oikos, 65, 143-150.
Hardy, I. C. W. (1994). Sex ratio and mating structure in

the parasitoid Hymenoptera. Oikos, 69, 3-20.

Hardy, I. C. W., van Alphen, J. J. M., & van Dijken, M.
J. (1992a). First record of Leptopilina longipes in the
Netherlands, and its hosts identified. Entomologische
Berichten, 52, 128-130.

Hardy, 1. C. W., & Blackburn, T. M. (1991). Brood
guarding in a bethylid wasp. Ecological Entomology,
16, 55-62.

Hardy, I. C. W., & Boulton, R. A. (2019). Sex allocation,
sex ratios and reproduction. In J.C. Choe (Ed.),
Encyclopedia of animal behavior, 2nd edn (pp. 464—
471). Elsevier.

Hardy, I. C. W., & Godfray, H. C. J. (2023). Parasitoids.
In S. Schneiner (Ed.), Encyclopedia of biodiversity.
Elsevier. In Press.

Hardy, I. C. W., Goubault, M., & Batchelor, T. P. (2013).
Hymenopteran contests and agonistic behaviour. In 1.
C. W. Hardy & M. Briffa (Eds.), Animal contests
(pp. 147-177). Cambridge University Press.

Hardy, I. C. W., Griffiths, N. T., & Godfray, H.
C. J. (1992b). Clutch size in a parasitoid wasp: A
manipulation experiment. Journal of Animal Ecology,
61, 121-129.

89

Hardy, I. C. W., & Mayhew, P. J. (1998). Sex ratio,
sexual dimorphism and mating structure in bethylid
wasps. Behavioral Ecology and Sociobiology, 42,
383-395.

Hardy, I. C. W., & Mesterton-Gibbons, M. (2023).
Evolutionarily stable strategy, animal contests, para-
sitoids, pest control and sociality. Philosophical
Transactions of the Royal Society B, 378, 20210498.

Hardy, I. C. W., & Ode, P. J. (2007). Why biocontrol
practitioners should be more interested in parasitoid
sex ratios. Biocontrol News and Information, 28,
49-51.

Hare, J. D. (2011). Ecological role of volatiles produced
by plants in response to damage by herbivorous
insects. Annual Review of Entomology, 56, 161-180.

Hare, J. D., & Morgan, D. J. W. (2000). Chemical
conspicuousness of an herbivore to its natural enemy:
Effect of feeding site selection. Ecology, 81, 509-519.

Harmon, L. (2009). Geiger: Analysis of evolutionary
diversification. R package version 1.3—1. http://cran.r-
project.org/package=geiger.

Harvey, J. A. (1996). Venturia canescens parasitizing
Galleria mellonella and Anagasta kuehniella: 1s the
parasitoid a conformer or regulator? Journal of Insect
Physiology, 42, 1017-1025.

Harvey, J. A., Harvey, 1. F., & Thompson, D. J. (1994).
Flexible larval feeding allows use of a range of host
sizes by a parasitoid wasp. Ecology, 75, 1420-1428.

Harvey, J. A., Jervis, M. A, Gols, R., Jiang, N., & Vet, L.
E. M. (1999). Development of the parasitoid, Cotesia
rubecula (Hymenoptera: Braconidae) in Pieris rapae
and Pieris brassicae (Lepidoptera: Pieridae): Evidence
for host regulation. Journal of Insect Physiology, 45,
173-182.

Harvey, P. H, & Nee, S. (1997). The phylogenetic
foundations of behavioural ecology. In J. R. Krebs &
N. B. Davies (Eds.), Behavioural ecology (4th ed.,
pp- 334-349). Blackwell Scientific Publishing.

Harvey, P. H., & Pagel, M. D. (1991). The comparative
method in evolutionary biology. Oxford University
Press.

Hasan, F., & Ansari, M. S. (2010). Clutch size decisions
of Cotesia glomerata, a gregarious parasitoid of Pieris
brassicae. Phytoparasitica, 38, 337-347.

Hassell, M. P. (1971a). Mutual interference between
searching insect parasites. Journal of Animal Ecology,
40, 473-486.

Hassell, M. P. (1971b). Parasite behaviour as a factor
contributing to the stability of insect host-parasite
interactions. In P.J. den Boer & C.R. Gradwell (Eds.),
Dynamics of populations, proceedings of the
advanced study institute on ‘dynamics of numbers in
populations’, Oosterbeck, 1970 (pp. 366-379). Centre
for Agricultural Publishing and Documentation.

Hassell, M. P. (1978). The dynamics of arthropod
predator-prey systems. In Monographs in Population
Biology (Vol. 13). Princeton University Press.

Hassell, M. P. (1982). Patterns of parasitism by insect
parasites in patchy environments. Ecological Ento-
mology, 7, 365-377.


http://cran.r-project.org/package=geiger
http://cran.r-project.org/package=geiger

90

Hassell, M. P. (2000a). Host-parasitoid population
dynamics. Journal of Animal Ecology, 69, 543-566.

Hassell, M. P. (2000b). The spatial and temporal
dynamics of host-parasitoid interactions. Oxford
University Press.

Hassell, M. P., Lawton, J. H., & Beddington, J. R. (1977).
Sigmoid functional responses by invertebrate preda-
tors and parasitoids. Journal of Animal Ecology, 46,
249-262.

Hassell, M. P., & May, R. M. (1973). Stability in insect
host-parasite models. Journal of Animal Ecology, 42,
693-736.

Hassell, M. P., & Southwood, T. R. E. (1978). Foraging
strategies of insects. Annual Review of Ecology and
Systematics, 9, 75-98.

Hassell, M. P., & Varley, G. C. (1969). New inductive
population model for insect parasites and its bearing
on biological control. Nature, 223, 1113-1137.

Hattingh, V., & Samways, M. J. (1995). Visual and
olfactory location of biotopes, prey patches, and
individual prey by the ladybeetle Chilocorus nigritus.
Entomologia Experimentalis et Applicata, 75, 87-98.

Hauber, M. E. (1999). Variation in pit size of antlion
(Myrmeleon carolinus) larvae: The importance of pit
construction. Physiological Entomology, 24, 37-40.

Hauber, M. E. (2002). Conspicuous colouration attracts
prey to a stationary predator. Ecological Entomology,
27, 686-691.

Havill, N. P., & Raffa, K. F. (2000). Compound effects of
induced plant responses on insect herbivores and
parasitoids: Implications for tritrophic interactions.
Ecological Entomology, 25, 171-179.

Heidari, M., & Copland, M. J. W. (1992). Host finding by
Cryptolaemus montrouzieri (Col., Coccinellidae) a
predator of mealybugs (Horn., Pseudococcidae). Ento-
mophaga, 37, 621-625.

Heidari, M., & Copland, M. J. W. (1993). Honeydew — a
food resource or arrestant for the mealybug predator
Cryptolaemus — montrouzieri. Entomophaga, 38,
63-68.

Heimpel, G. E., & Casas, J. (2008). Parasitoid foraging
and oviposition behavior in the field. In E. Wajnberg,
C. Bernstein, & J. J. M. van Alphen (Eds.), Behavioral
ecology of insect parasitoids: from theoretical
approaches to field applications (pp. 51-70). Black-
well Publishing.

Heimpel, G. E., & Collier, T. R. (1996). The evolution of
host-feeding behaviour in insect parasitoids. Biologi-
cal Reviews, 71, 373—-400.

Heimpel, G. E., & Lundgren, J. G. (2000). Sex ratios of
commercially reared biological control agents. Bio-
logical Control, 19, 77-93.

Heimpel, G. E., Mangel, M., & Rosenheim, J. A. (1998).
Effects of time limitation and egg limitation on
lifetime reproductive success of a parasitoid in the
field. American Naturalist, 152, 273-289.

Heimpel, G. E., & Mills, N. J. (2017). Biological control:
Ecology and applications. Cambridge University Press.

M. D. E. Fellowes et al.

Heimpel, G. E., & Rosenheim, J. A. (1995). Dynamic
host feeding by the parasitoid Aphytis melinus: The
balance between current and future reproduction.
Journal of Animal Ecology, 64, 153-167.

Heimpel, G. E., & Rosenheim, J. A. (1998). Egg
limitation in parasitoids: A review of the evidence
and a case study. Biological Control, 11, 160-168.

Hemerik, L., Driessen, G. J., & Haccou, P. (1993). Effects
of intra-patch experiences on patch time, search time
and searching efficiency of the parasitoid Leptopilina
clavipes. Journal of Animal Ecology, 62, 33-44.

Hemerik, L., & van der Hoeven, N. (2003). Egg
distributions of solitary parasitoids revisited. Ento-
mologia Experimentalis et Applicata, 107, 81-86.

Hemerik, L., van der Hoeven, N., & van Alphen, J. J. M.
(2002). Egg distributions and the information a
solitary parasitoid has and uses for its oviposition
decisions. Acta Biotheoretica, 50, 167-188.

Hertlein, M. B., & Thorarinsson, K. (1987). Variable
patch times and the functional response of Leptopilina
boulardi (Hymenoptera: Eucoilidae). Environmental
Entomology, 16, 593-598.

Hilker, M., & Fatouros, N. E. (2015). Plant responses to
insect egg deposition. Annual Review of Entomology,
60, 493-515.

Hodek, 1., & Honek, A. (1996). Ecology of coccinellidae.
Kluwer Academic Publishers.

Hodges, T. K., Laskowski, K. L., Squadrito, G. L., De
Luca, M., & Leips, J. (2013). Defense traits of larval
Drosophila melanogaster exhibit genetically based
trade-offs against different species of parasitoids.
Evolution, 67, 749-760.

van der Hoeven, N., & Hemerik, L. (1990). Superpara-
sitism as an ESS: To reject or not to reject, that is the
question. Journal of Theoretical Biology, 146,
467-482.

Hoffmann, A. A., & Ross, P. A. (2018). Rates and
patterns of laboratory adaptation in (mostly) insects.
Journal of Economic Entomology, 111, 501-509.

Hoftmeister, T. S. (2000). Marking decisions and host
discrimination in a parasitoid attacking concealed
hosts. Canadian Journal of Zoology-Revue Canadi-
enne de Zoologie, 78, 1494-1499.

Hoffmeister, T. S., & Gienapp, P. (2001). Discrimination
against previously searched, host-free patches by a
parasitoid foraging for concealed hosts. Ecological
Entomology, 26, 487-494.

Hoéller, C., Christiansen-Weniger, P., Micha, S. G., Siri,
N., & Borgemeister, C. (1991). Hyperparasitoid-aphid
and Hyperparasitoid-Primary Parasitoid Relationships.
Redia, 74, 153-161.

Holling, C. S. (1959a). The components of predation as
revealed by a study of small mammal predation of the
European sawfly. Canadian Entomologist, 91,
293-320.

Holling, C. S. (1959b). Some characteristics of simple
types of predation and parasitism. Canadian Ento-
mologist, 91, 385-398.



1 Foraging Behaviour

Holling, C. S. (1966). The functional response of
invertebrate predators to prey density. Memoirs of
the Entomological Society of Canada, 48, 1-86.

Holt, R. D. (1977). Predation, apparent competition, and
the structure of prey communities. Theoretical Pop-
ulation Biology, 12, 197-229.

Honek, A., Jarossik, V., Lapchin, L., & Rabasse, J.-M.
(1998). Host choice and offspring sex allocation in the
aphid parasitoid Aphelinus abdominalis (Hymenop-
tera: Aphelinidae). Journal of Agricultural Entomol-
ogy, 15, 209-221.

Hubbard, S. F., Harvey, 1. F., & Fletcher, J. P. (1999).
Avoidance of superparasitism: A matter of learning?
Animal Behaviour, 57, 1193-1197.

Hubbard, S. F., Marris, G., Reynolds, A., & Rowe, G. W.
(1987). Adaptive patterns in the avoidance of super-
parasitism by solitary parasitic wasps. Journal of
Animal Ecology, 56, 387-401.

Hulspas-Jordaan, P. M., & van Lenteren, J. C. (1978).
The relationship between host-plant leaf structure and
parasitization efficiency of the parasitic wasp Encarsia
formosa Gahan (Hymenoptera: Aphelinidae). Med-
edelingen van de Faculteit Landbouwwettenschappen
Rijksuniversiteit Gent, 43, 431-440.

Humphries, E. L., Hebblethwaite, A. J., Batchelor, T. P.,
& Hardy, 1. C. W. (2006). The importance of valuing
resources: Host weight and contender age as determi-
nants of parasitoid wasp contest outcomes. Animal
Behaviour, 72, 891-898.

Tizuka, T., & Takasu, K. (1998). Olfactory associative
learning of the pupal parasitoid Pimpla luctuosa Smith
(Hymenoptera: Ichneumonidae). Journal of Insect
Behavior, 11, 743-760.

Irvin, N. A., & Hoddle, M. S. (2006). The effect of
intraspecific competition on progeny sex ratio in
Gonatocerus spp. for Homalodisca coagulata egg
masses: Economic implications for mass rearing and
biological control. Biological Control, 39, 162-170.

Ives, A. R., Schooler, S. S., Jagar, V. J., Knuteson, S. E.,
Grbic, M., & Settle, W. H. (1999). Variability and
parasitoid foraging efficiency: A case study of pea
aphids and Aphidius ervi. American Naturalist, 154,
652-673.

Iwabuchi, K. (2019). Polyembryonic insects: An extreme
clonalrreproductive strategy. Springer Nature.

Iwasa, Y., Higashi, M., & Matsuda, H. (1984). Theory of
oviposition strategy of parasitoids. 1. Effect of mor-
tality and limited egg number. Theoretical Population
Biology, 26, 205-227.

Janssen, A. (1989). Optimal host selection by Drosophila
parasitoids in the field. Functional Ecology, 3,
469-479.

Janssen, A., van Alphen, J. J. M., Sabelis, M., & Bakker,
K. (1991). Microhabitat selection behaviour of Lep-
topilina heterotoma changes when odour of competi-
tor is present. Redia, 74, 302-310.

Janssen, A., Montserrat, M., HilleRisLambers, R., de
Roos, A. M., Pallini, A., & Sabelis, M. W. (2006).
Intraguild predation usually does not disrupt biolog-
ical control. In J. Brodeur & G. Boivin (Eds.), Trophic

91

and guild interactions in biological control (pp. 21—
44). Springer.

Japyassu, H. F., & Viera, C. (2002). Predatory plasticity
in Nephilengys cruentata (Araneae: Tetragnathidae):
Relevance for phylogeny reconstruction. Behaviour,
139, 529-544.

Jervis, M. A. (1992). A taxonomic revision of the
pipunculid fly genus Chalarus Walker, with particular
reference to the European fauna. Zoological Journal of
the Linnean Society, 105, 243-352.

Jervis, M. A. (1998). Functional and evolutionary aspects
of mouthpart structure in parasitoid wasps. Biological
Journal of the Linnean Society, 63, 461-493.

Jervis, M., & Ferns, P. (2011). Towards a general
perspective on life-history evolution and diversifica-
tion in parasitoid wasps. Biological Journal of the
Linnean Society, 104, 443-461.

Jervis, M. A., Ferns, P. N., & Heimpel, G. E. (2003).
Body size and the timing of egg production in
parasitoid wasps: A comparative analysis. Functional
Ecology, 17, 375-383.

Jervis, M. A., Heimpel, G. E., Ferns, P. N., Harvey, J. A.,
& Kidd, N. A. C. (2001). Life-history strategies in
parasitoid wasps: A comparative analysis of ‘ovi-
geny.’ Journal of Animal Ecology, 70, 442-458.

Jervis, M. A., & Kidd, N. A. C. (1986). Host-feeding
strategies in hymenopteran parasitoids. Biological
Reviews, 61, 395-434.

Jervis, M. A., & Kidd, N. A. C. (1999). Parasitoid
nutritional ecology: Implications for biological con-
trol. In B. A. Hawkins & H. V. Cornell (Eds.),
Theoretical —approaches to  biological control
(pp. 131-151). Cambridge University Press.

Jia, F., Margolies, D. C., Boyer, J. E., & Charlton, R. E.
(2002). Genetic variation in foraging traits among
inbred lines of a predatory mite. Heredity, 89,
371-379.

Jones, T. H. (1986). Patterns of parasitism by 7Trybli-
ographa rapae (Westw.), a cynipid parasitoid of the
cabbage root fly. Imperial College, Ph.D. Thesis,
Imperial College, University of London.

Jones, T. H., & Hassell, M. P. (1988). Patterns of
parasitism by Trybliographa rapae, a cynipid para-
sitoid of the cabbage root fly, under laboratory and
field conditions. Ecological Entomology, 13, 65-92.

de Jong, P. W., Hemerik, L., Gort, G., & van Alphen,
J. J. M. (2011). Rapid establishment of a regular
distribution of adult tropical Drosophila parasitoids in
a multi-patch environment by patch defence beha-
viour. PLoS ONE, 6, e20870.

Joseph, S. B., Snyder, W. E., & Moore, J. (1999).
Cannibalizing Harmonia axyridis (Coleoptera: Coc-
cinellidae) larvae use endogenous cues to avoid eating
relatives. Journal of Evolutionary Biology, 12,
792-7917.

Jucker, C., Hardy, I. C. W., de Milato, S., Zen, G.,
Malabusini, S., Savoldelli, S., & Lupi, D. (2020).
Factors affecting the reproduction and mass-rearing of
Sclerodermus brevicornis (Hymenoptera: Bethylidae),
a natural enemy of exotic flat-faced longhorn beetles



92

(Coleoptera: Cerambycidae: Lamiinae). Insects, 11,
657.

Juliano, S. A. (2001). Non-linear curve-fitting: Predation
and functional response curves. In S. M. Scheives &
J. Gurevitch (Eds.), Design and analysis of ecological
experiments (2nd ed., pp. 198-219). Chapman and
Hall.

Kapranas, A., Hardy, I. C. W., Morse, J. G., & Luck, R. F.
(2011). Parasitoid developmental mortality in the
field: Patterns, causes and consequences for sex ratio
and virginity. Journal of Animal Ecology, 80,
192-203.

Karsai, L., Somogyi, K., & Hardy, I. C. W. (2006). Body
size, host choice and sex allocation in a spider hunting
pompilid wasp. Biological Journal of the Linnean
Society, 87, 285-296.

Kawamata, R., Sato, Y., Suzuki, M., & Kainoh, Y.
(2018). Color preference and associative color learn-
ing in a parasitoid wasp, Ascogaster reticulata
(Hymenoptera: Braconidae). Journal of Insect Behav-
ior, 31, 523-534.

Kazmer, D. J., & Luck, R. F. (1995). Field tests of the
size-fitness hypothesis in the egg parasitoid 7ri-
chogramma pretiosum. Ecology, 76, 412-415.

Keller, M. A. (1990). Responses of the parasitoid Cotesia
rubecula to its host Pieris rapae in a flight tunnel.
Entomologia  Experimentalis et Applicata, 57,
243-249.

Kennedy, J. S. (1978). The concepts of olfactory ‘arrest-
ment’ and ‘attraction.” Physiological Entomology, 3,
91-98.

Khidr, S. K., Mayes, S., & Hardy, I. C. W. (2013).
Primary and secondary sex ratios in a gregarious
parasitoid with local mate competition. Behavioral
Ecology, 24, 435-443.

Kidd, N. A. C., & Jervis, M. A. (1989). The effects of
host-feeding behaviour on the dynamics of parasitoid-
host interactions, and the implications for biological
control. Researches on Population Ecology, 31,
235-274.

Kidd, N. A. C., & Jervis, M. A. (1991). Host-feeding and
oviposition strategies of parasitoids in relation to host
stage. Researches on Population Ecology, 33, 13-28.

King, B. H. (1993). Sex ratio manipulation by parasitoid
wasps. In D.L. Wrensch & Ebbert, M.A. (Eds.),
Evolution and diversity of sex ratio in insects and
mites (pp. 418—441). Chapman and Hall.

King, B. H. (1998). Host age response in the parasitoid
wasp Spalangia cameroni (Hymenoptera: Pteromali-
dae). Journal of Insect Behaviour, 11, 103—117.

King, B. H., & King, R. B. (1994). Sex ratio manipulation
in relation to host size in the parasitic wasp Spalangia
cameroni: Is it adaptive? Behavioral Ecology, 5,
448-454.

King, B. H., & Lee, H. E. (1994). Test of the adaptiveness
of sex ratio manipulation in a parasitoid wasp. Behav-
ioral Ecology and Sociobiology, 35, 437-443.

King, B. H., & Napoleon, M. E. (2006). Using effects of
parasitoid size on fitness to test a host quality model

M. D. E. Fellowes et al.

assumption with the parasitoid wasp Spalangia end-
ius. Canadian Journal of Zoology, 84, 1678-1682.

Klomp, H., & Teerink, B. J. (1962). Host selection and
number of eggs per oviposition in the egg parasite
Trichogramma Embryophagum Htg. Nature, 195,
1020-1021.

Klomp, H., Teerink, B. J.,, & Ma, W. C. (1980).
Discrimination between parasitized and unparasitized
hosts in the egg parasite Trichogramma embryoph-
agum (Hym: Trichogrammatidae): A matter of learn-
ing and forgetting. Journal of Animal Ecology, 30,
254-277.

Kouame, K. L., & Mackauer, M. (1991). Influence of
aphid size, age and behaviour on host choice by the
parasitoid wasp Ephedrus californicus: A test of host-
size models. Oecologia, 88, 197-203.

Krackow, S., & Neuhduser, M. (2008). Insights from
complete-incomplete brood sex-ratio disparity. Beha-
vioural Ecology and Sociobiology, 62, 469-477.

de Kraker, J., van Huis, A., van Lenteren, J. C., Heong, K.
L., & Rabbinge, R. (2001). Effect of prey and predator
density on predation of rice leaffolder eggs by the
cricket Metioche villaticollis. Biocontrol Science and
Technology, 11, 67-80.

Kramer, E. (1976). The orientation of walking honeybees
in odour fields with small concentration gradients.
Physiological Entomology, 1, 27-37.

Kiristoffersen, A. B., Lingjaerde, O. C., Stenseth, N. C., &
Shimada, M. (2001). Non-parametric modelling of
non-linear density dependence: A three-species host-
parasitoid system. Journal of Animal Ecology, 70,
808-819.

Lack, D. (1947). The significance of clutch-size. Ibis, 89,
302-352.

Lawrence, E. S., & Allen, J. A. (1983). On the term
‘search image.” Oikos, 40, 313-314.

Lawton, J. H., Beddington, J. R., & Bonser, R. (1974).
Switching in invertebrate predators. In M. B. Usher &
M. H. Williamson (Eds.), Ecological stability
(pp. 141-158). Chapman and Hall.

Lehtonen, J., Malabusini, S., Guo, X., & Hardy, I. C. W.
(2023). Individual- and group-level sex ratios under
local mate competition: consequences of infanticide
and reproductive dominance. Evolution Letters, 7,
13-23.

Le Masurier, A. D. (1991). Effect of host size on clutch
size in Cotesia glomerata. Journal of Animal Ecology,
60, 107-118.

Le Ru, B., & Makosso, J. P. M. (2001). Prey habitat
location by the cassava mealybug predator Exochomus
flaviventris: Olfactory responses to odor of plant,
mealybug, plant mealybug complex, and plant-
mealybug-natural enemy complex. Journal of Insect
Behavior, 14, 557-572.

van Lenteren, J. C. (1976). The development of host
discrimination and the prevention of superparasitism
in the parasite Pseudeucoila bochei Weld (Hym.:
Cynipidae). Netherlands Journal of Zoology, 26,
1-83.



1 Foraging Behaviour

van Lenteren, J. C. (1991). Encounters with parasitised
hosts: To leave or not to leave the patch. Netherlands
Journal of Zoology, 41, 144-157.

van Lenteren, J. C. (2003). Quality control and produc-
tion of biological control agents—Theory and testing
procedures. CABL

van Lenteren, J. C., & Bakker, K. (1978). Behavioural
aspects of the functional responses of a parasite
(Pseudeucoila bochei Weld) to its host (Drosophila
melanogaster). Netherlands Journal of Zoology, 28,
213-233.

van Lenteren, J. C., Bakker, K., & van Alphen, J. J. M.
(1978). How to analyse host discrimination. Ecolog-
ical Entomology, 3, T1-75.

Lewis, O. T., Memmott, J., LaSalle, J., Lyal, C. H. C.,
Whitefoord, C., & Godfray, H. C. J. (2002). Structure
of a diverse tropical forest insect-parasitoid commu-
nity. Journal of Animal Ecology, 71, 855-873.

Lewis, W. J., & Takasu, K. (1990). Use of learned odors
by a parasitic wasp in accordance with host and food
needs. Nature, 348, 635-636.

Lill, J. T. (1999). Structure and dynamics of a parasitoid
community attacking larvae of Psilocorsis quercicella
(Lepidoptera: Oecophoridae). Environmental Ento-
mology, 28, 1114-1123.

Liu, P.-C., Wang, Z.-Y., Qi, M., & Hu, H.-Y. (2023).
Testing the local mate competition rule in a quasi-
gregarious parasitoid with facultative superparasitism.
Behavioral Ecology, 34, 287-296.

Liu, Z., Deng, L., Wang, S., Zheng, X., Holyoak, M.,
Wickham, J. D., Tao, Y., & Sun, J. (2021). Mortality
risk promotes cooperation of wasps when paralysing
hosts. Animal Behaviour, 172, 135-144.

Liu, Z., Xu, B., Li, L., & Sun, J. (2011). Host-size
mediated trade-off in a parasitoid Sclerodermus har-
mandi. PLoS ONE, 6, €23260.

Lopez, R., Ferro, D. N., & Van Driesche, R. C. (1995).
Two tachinid species discriminate between parasitised
and non-parasitised hosts. Entomologia Experimen-
talis et Applicata, 74, 37-45.

Losey, J. E., & Denno, R. F. (1998a). The escape
response of pea-aphids to foliar foraging predators:
Factors affecting dropping behaviour. Ecological
Entomology, 23, 53-61.

Losey, J. E.,, & Denno, R. F. (1998b). Interspecific
variation in the escape responses of aphids: Effect on
risk of predation from foliar-foraging and ground-
foraging predators. Oecologia, 115, 245-252.

Losey, J. E., & Denno, R. F. (1998c). Positive predator-
predator interactions: Enhanced predation rates and
synergistic suppression of aphid populations. Ecology,
79, 2143-2152.

Loughrin, J. H., Manukian, A., Heath, R. R., Turlings, T.
C. J., & Tumlinson, J. H. (1994). Diurnal cycle of
emission of induced volatile terpenoids by herbivore-
injured cotton plant. Proceeding of the National
Academy of Sciences USA, 91, 11836-11840.

93

Lucas, J. R. (1985). Antlion pit structure and the
behaviour of prey. American Zoologist, 25, 26A.
Luck, R. F. (1990). Evaluation of natural enemies for
biological control: A behavioural approach. Trends in

Ecology and Evolution, 5, 196-199.

Luck, R. F., Podoler, H., & Kfir, R. (1982). Host selection
and egg allocation behaviour by Aphytis melinus and
A. lingnanensis: A comparison of two facultatively
gregarious parasitoids. Ecological Entomology, 7,
397-408.

Luna, M. G., Desneux, N., & Schneider, M. 1. (2016).
Encapsulation and self-superparasitism of Pseudapan-
teles dignus (Muesebeck) (Hymenoptera: Braconidae),
a Parasitoid of Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae). PLoS ONE, ¢0163196.

Lundgren, J. G., & Heimpel, G. E. (2003). Quality
assessment of three species of commercially produced
Trichogramma and the first report of thelytoky in
commercially produced Trichogramma. Biological
Control, 26, 68-73.

Lynch, L. D. (1998). Indirect mutual interference and the
CV? > 1 rule. Oikos, 83, 318-326.

MacArthur, R. H., & Pianka, E. R. (1966). On optimal use
of a patchy environment. American Naturalist, 100,
603-609.

Majerus, T. M. O., Majerus, M. E. N., Knowles, B.,
Wheeler, J., Bertrand, D., Kuznetzov, V. N., Ueno, H.,
& Hurst, G. D. D. (1998). Extreme variation in the
prevalence of inherited male-killing microorganisms
between three populations of Harmonia axyridis
(Coleoptera: Coccinellidae). Heredity, 81, 683-691.

Malabusini, S., Hardy, I. C. W., Jucker, C., Savoldelli, S.,
& Lupi, D. (2022). How many cooperators are too
many? Foundress number, reproduction and sex ratio
in a quasi-social parasitoid. Ecological Entomology,
47, 566-579.

Malesios, G. A., & Prophetou-Athanasiadou, D. A.
(2014). Development of the parasitoid Bracon brevi-
cornis on different larval instars (L2-L5) of the Indian
meal moth Plodia interpunctella. Entomologia Hel-
lenica, 23, 59-64.

Mangel, M. (1989). Evolution of host selection in
parasitoids: Does the state of the parasitoid matter?
American Naturalist, 133, 157-172.

Mangel, M., & Clark, C. W. (1988). Dynamic modeling in
behavioural ecology. Princeton University Press.

Manly, B. F. J. (1972). Tables for the analysis of selective
predation experiments. Researches on Population
Ecology, 14, 74-81.

Manly, B. F. J. (1973). A linear model for frequency-
dependent selection by predators. Researches on
Population Ecology, 14, 137-150.

Manly, B. F. J. (1974). A model for certain types of
selection experiments. Biometrics, 30, 281-294.

Manly, B. F. J.,, Miller, P., & Cook, L. M. (1972).
Analysis of a selective predation experiment. Ameri-
can Naturalist, 106, 719-736.



94

Marks, R. J. (1977). Laboratory studies of plant searching
behaviour by Coccinella septempunctata L. larvae.
Bulletin of Entomological Research, 67, 235-241.

Marques, R. V., Sarmento, R. A., Oliveira, A. G., de
Macedo Rodrigues, D., Venzon, M., Pedro-Neto, M.,
Pallini, A., & Janssen, A. (2018). Reciprocal intra-
guild predation and predator coexistence. Ecology and
Evolution, 8, 6952-6964.

Marris, G. C., & Casperd, J. (1996). The relationship
between conspecific superparasitism and the outcome
of in vitro contests staged between different larval
instars of the solitary endoparasitoid Venturia canes-
cens. Behavioral Ecology and Sociobiology, 39,
61-69.

Marris, G. C., Hubbard, S. F., & Scrimgeour, C. (1996).
The perception of genetic similarity by the solitary
parthenogenetic parasitoid Venturia canescens, and its
effects on the occurrence of superparasitism. Enfo-
mologia Experimentalis et Applicata, 78, 167-174.

Mathiron, A. G. E., Pottier, P., & Goubault, G. (2018).
Let the most motivated win: Resource value compo-
nents affect contest outcome in a parasitoid
wasp. Behavioral Ecology, 29, 1088—1095.

Mathiron, A. G. E., Pottier, P., & Goubault, M. (2019).
Keep calm, we know each other: Kin recognition
affects aggressiveness and conflict resolution in a
solitary parasitoid. Animal Behaviour, 151, 103—111.

Matos, M., Rose, M. R., Pite, M. T. R., Rego, C., &
Avelar, T. (2000). Adaptation to the laboratory
environment in Drosophila subobscura. Journal of
Evolutionary Biology, 13, 9-19.

Mayhew, P. J.,, & Blackburn, T. M. (1999). Does
development mode organize life-history traits in
parasitoid Hymenoptera? Journal of Animal Ecology,
68, 906-916.

Mayhew, P. J., & Hardy, I. C. W. (1998). Nonsiblicidal
behavior and the evolution of clutch size in bethylid
wasps. American Naturalist, 151, 409-424.

Mayhew, P. J., & Pen, L. R. (2002). Comparative analysis
of sex ratios. In I. C. W. Hardy (Ed.), Sex ratios:
Concepts and research methods (pp. 132-156). Cam-
bridge University Press.

Maynard Smith, J. (1972). On evolution. Edinburgh
University Press.

Maynard Smith, J. (1974). The theory of games and the
evolution of animal conflicts. Journal of Theoretical
Biology, 47, 209-221.

Maynard Smith, J. (1982). Evolution and the theory of
games. Cambridge University Press.

McCormick, A. C., Boeckler, A. G., Koéllner, T. G.,
Gershenzon, J., & Unsicker, S. B. (2014a). The timing
of herbivore-induced volatile emission in black poplar
(Populus nigra) and the influence of herbivore age and
identity affect the value of individual volatiles as cues
for herbivore enemies. BMC Plant Biology, 14, 304.

McCormick, A. C., Gershenzon, J., & Unsicker, S. B.
(2014b). Little peaks with big effects: Establishing the
role of minor plant volatiles in plant—insect interac-
tions. Plant, Cell and Environment, 37, 1836-1844.

M. D. E. Fellowes et al.

McGregor, R. (1997). Host-feeding and oviposition by
parasitoids on hosts of different fitness value:
Influence of egg load and encounter rate. Journal of
Insect Behavior, 10, 451-462.

Meelis, E. (1982). Egg distribution of insect parasitoids:
A survey of models. Acta Biotheoretica, 31, 109-126.

van der Meijden, E., & Klinkhamer, P. G. L. (2000).
Conflicting interests of plants and the natural enemies
of herbivores. Oikos, 89, 202-208.

Meiners, T., Wackers, F., & Lewis, W. J. (2003).
Associative learning of complex odours in parasitoid
host location. Chemical Senses, 28, 231-236.

van den Meiracker, R. A. F., Hammond, W. N. O., & van
Alphen, J. J. M. (1990). The role of kairomone in prey
finding by Diomus sp. and Exochomus sp., two
coccinellid predators of the cassava mealybug
Phenacoccus Manihoti. Entomologia Experimentalis
et Applicata, 56, 209-217.

de Menten, L., Niculita, H., Gilbert, M., Delneste, D., &
Aron, S. (2003). Fluorescence in situ hybridization: A
new method for determining primary sex ratio in ants.
Molecular Ecology, 12, 1637-1648.

Mesterton-Gibbons, M. (2019). An introduction to game-
theoretic modelling (3rd ed., p. 37). American Math-
ematical Society.

Mesterton-Gibbons, M., Cusumano, A., & Hardy, I
C. W. (2021). Escaping the evolutionary trap: Can
size-related contest advantage compensate for juvenile
mortality disadvantage when parasitoids develop in
unnatural invasive hosts? Journal of Theoretical
Biology, 527, 110821.

Mesterton-Gibbons, M., & Hardy, I. C. W. (2004). The
influence of contests on optimal clutch size: A game-
theoretic model. Proceedings of the Royal Society of
London B, 271, 971-978.

Mesterton-Gibbons, M., & Hardy, I. C. W. (2021).
Defection on the bounty? Kinship and the exploitation
of a rich, essential but dangerous resource. Animal
Behaviour, 176, 57-65.

Meyhofer, R., & Casas, J. (1999). Vibratory stimuli in
host location by parasitic wasps. Journal of Insect
Physiology, 45, 967-971.

Meyhofer, R., Casas, J., & Dorn, S. (1994). Host location
by a parasitoid using leafminer vibrations: Character-
ising the vibrational signals produced by the leafmin-
ing host. Physiological Entomology, 19, 349-359.

Meyhofer, R., Casas, J., & Dorn, S. (1997). Vibration-
mediated interactions in a host-parasitoid system.
Proceedings of the Royal Society of London B, 264,
261-266.

Miksanek, J. R., & Heimpel, G. E. (2020). Density-
dependent lifespan and estimation of life expectancy
for a parasitoid with implications for population
dynamics. Oecologia, 194, 311-320.

Mills, N. J. (1982). Satiation and the functional response:
Test of a new model. Ecological Entomology, 7,
305-315.

Milonas, P. G. (2005). Influence of initial egg density and
host size on the development of the gregarious



1 Foraging Behaviour

parasitoid Bracon hebetor on three different host
species. BioControl, 50, 415-428.

Minoli, S., Kauer, 1., Colson, V., Party, V., Renou, M.,
Anderson, P., Gadenne, C., Marion-Poll, F., & Anton,
S. (2012). Brief exposure to sensory cues elicits
stimulus-nonspecific general sensitization in an insect.
PLoS ONE, 7, e34141.

de Moraes, C. M., Lewis, W. J., Pare, P. W., Alborn, H.
T., & Tumlinson, J. H. (1998). Herbivore-infested
plants selectively attract parasitoids. Nature, 393,
570-573.

de Moraes, C. M., Mescher, M. C., & Tumlinson, J. H.
(2001). Caterpillar-induced nocturnal plant volatiles
repel conspecific females. Nature, 410, 577-580.

Morris, R. J., & Fellowes, M. D. E. (2002). Learning and
natal host influence host preference, handling time and
sex allocation behaviour in a pupal parasitoid. Behav-
ioral Ecology and Sociobiology, 51, 386-393.

Miiller, F. P. (1983). Differential alarm pheromone
responses between strains of the aphid Acyrthosiphon
pisum. Entomologia Experimentalis et Applicata, 34,
347-348.

Miiller, C. B., Adriaanse, I. C. T., Belshaw, R., &
Godfray, H. C. J. (1999). The structure of an aphid-
parasitoid community. Journal of Animal Ecology, 68,
346-370.

Miiller, C., Collatz, J., Wieland, R., & Steidle, J. L. M.
(2006). Associative learning and memory duration in
the parasitic wasp Lariophagus distinguendus. Animal
Biology, 56, 221-232.

Miiller, C. B., & Godfray, H. C. J. (1997). Apparent
competition between two aphid species. Journal of
Animal Ecology, 66, 57-64.

Miiller, C. B., & Godfray, H. C. J. (1999). Predators and
mutualists influence the exclusion of aphid species
from natural communities. Oecologia, 119, 120-125.

Mumm, R., & Dicke, M. (2010). Variation in natural plant
products and the attraction of bodyguards involved in
indirect plant defense. Canadian Journal of Zoology,
88, 628-667.

Mumm, R., & Hilker, M. (2005). The significance of
background odour for an egg parasitoid to detect
plants with host eggs. Chemical Senses, 30, 337-343.

Murakami, Y., & Tsubaki, Y. (1984). Searching effi-
ciency of the lady beetle Coccinella septempunctata
larvae in uniform and patchy environments. Journal of
Ethology, 2, 1-6.

Murdoch, W. W. (1969). Switching in general predators:
Experiments on predator specificity and stability of
prey populations. Ecological Monographs, 39,
335-354.

Murdoch, W. W., & Oaten, A. A. (1975). Predation and
population stability. Advances in Ecological Research,
9, 1-131.

Nakamuta, K. (1982). Switchover in searching behaviour
of Coccinella septempunctata L. (Coleoptera: Coc-
cinellidae) caused by prey consumption. Applied
Entomology and Zoology, 17, 501-506.

Nakashima, Y., Teshiba, M., & Hirose, Y. (2002).
Flexible use of patch marks in an insect predator:

95

Effect of sex, hunger state, and patch quality. Ecolog-
ical Entomology, 27, 581-587.

Nasser, M., & Abdurahiman, U. C. (1990). Reproductive
biology and predatory behaviour of the anthocorid
bugs (Anthocoridae: Hemiptera) associated with the
coconut caterpillar, Opisina arenosella (Walker).
Entomon, 15, 3-4.

Netting, J. F., & Hunter, M. S. (2000). Ovicide in the
whitefly parasitoid, Encarsia formosa. Animal Beha-
viour, 60, 217-226.

Neveu, N., Grandgirard, J., Nénon, J. P., & Cortesero, A.
M. (2002). Systemic release of herbivore-induced
plant volatiles by turnips infested by concealed root-
feeding larvae Delia radicum L. Journal of Chemical
Ecology, 28, 1717-1732.

New, T. R. (1991). Insects as predators. New South
Wales University Press.

van Nouhuys, S., & Via, S. (1999). Natural selection and
genetic differentiation of behaviour between para-
sitoids from wild and cultivated habitats. Heredity, 83,
127-137.

Nufio, C. R., & Papaj, D. R. (2001). Host marking
behavior in phytophagous insects and parasitoids.
Entomologia  Experimentalis et Applicata, 99,
273-293.

Ode, P. J., Antolin, M. F., & Strand, M. R. (1998).
Differential dispersal and female-biased sex allocation
in a parasitic wasp. Ecological Entomology, 23, 314—
318.

Ode, P. J., & Hardy, I. C. W. (2008). Parasitoid sex ratios
and biological control. In E. Wajnberg, C. Bernstein,
& J. J. M. van Alphen (Eds.), Behavioral ecology of
insect parasitoids: From theoretical approaches to
field  applications  (pp. 253-291).  Blackwell
Publishing.

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

Ode, P. J., & Hunter, M. S. (2002). Sex ratios of parasitic
Hymenoptera with unusual life-histories. In I. C. W.
Hardy (Ed.), Sex ratios: Concepts and research
methods (pp. 218-234). Cambridge University Press.

Okuyama, T. (2013). On selection of functional response
models: Holling’s models and more. BioControl, 58,
293-298.

Orme, D. (2012). Caper: Comparative analyses of phy-
logenetics and evolution in R. R package version 0.5.
http://cran.r-project.org/package=caper.

Orr, M. R., De Camargo, R. X., & Benson, W. W. (2003).
Interactions between ant species increase arrival rates
of an ant parasitoid. Animal Behaviour, 65, 1187—
1193.

Osborne, K. A., Robichon, A., Burgess, E., Butland, S.,
Shaw, R. A., Coulthard, A., Pereira, H. S., Greenspan,
R. J., & Sokolowski, M. B. (1997). Natural behaviour
polymorphism due to a cGMP-dependent protein
kinase of Drosophila. Science, 277, 834-836.

Outreman, Y., Le Ralec, A., Plantegenest, M., Chaubet,
B., & Pierre, J. S. (2001). Superparasitism limitation
in an aphid parasitoid: Cornicle secretion avoidance


http://cran.r-project.org/package=caper

96

and host discrimination ability. Journal of Insect
Physiology, 47, 339-348.

Pallewatta, P. K. T. N. S. (1986). Factors affecting
progeny and sex allocation by the egg parasitoid,
Trichogramma evanescens Westwood. Ph.D. Thesis,
Imperial College, University of London.

Paradis, E., Claude, J., & Strimmer, K. (2004). Ape:
Analysis of phylogenetics and evolution in R lan-
guage. Bioinformatics, 20, 289-290.

Parent, J.-P., Takasu, T., Brodeur, J., & Boivin, G. (2017).
Time perception-based decision making in a parasitoid
wasp. Behavioral Ecology, 28, 640-644.

Parker, G. A. (1984). Evolutionarily stable strategies.
In J. R. Krebs & N. B. Davies (Eds.), Behavioural
ecology: An evolutionary approach (pp. 30-61).
Blackwell.

Parker, G. A., & Courtney, S. P. (1984). Models of clutch
size in insect oviposition. Theoretical Population
Biology, 26, 27-48.

Party, V., Hanot, C., Biisser, D. S., Rochat, D., & Renou,
M. (2013). Changes in odor background affect the
locomotory response to pheromone in moths. PLoS
ONE, 8, €52897.

Pérez-Lachaud, G., Batchelor, T. P., & Hardy, I. C. W.
(2004). Wasp eat wasp: Facultative hyperparasitism
and intra-guild predation by bethylid wasps. Biolog-
ical Control, 30, 149-155.

Pérez-Lachaud, G., & Hardy, I. C. W. (1999). Reproduc-
tive biology of Cephalonomia hyalinipennis (Hyme-
noptera: Bethylidae), a native parasitoid of the coffee
berry borer Hypothenemus hampei (Coleoptera:
Scolytidae) in Chiapas, Mexico. Biological Control,
14, 152-158.

Pérez-Lachaud, G., Hardy, I. C. W., & Lachaud,
J. P. (2002). Insect gladiators: Competitive interac-
tions between three species of bethylid wasps attack-
ing the coffee berry borer, Hypothenemus hampei
(Coleoptera: Scolytidae). Biological Control, 25,
231-238.

Pérez-Maluf, R., & Kaiser, L. (1998). Mating and ovipo-
sition experience influence odor learning in Leptopilina
boulardi (Hymenoptera: Eucoilidae), a parasitoid of
Drosophila. Biological Control, 11, 154—159.

Pérez-Maluf, R., Kaiser, L., Wajnberg, E., & Carton, Y.
(1998). Genetic variability of conditioned probing
responses to a fruit odor in Leptopilina boulardi
(Hymenoptera: Eucoilidae), a Drosophila parasitoid.
Behavior Genetics, 28, 67-73.

Persons, M. H. (1999). Hunger effects on foraging responses
to perceptual cues in immature and adult wolf spiders
(Lycosidae). Animal Behaviour, 57, 81-88.

Petersen, G., & Hardy, 1. C. W. (1996). The importance of
being larger: Parasitoid intruder-owner contests and
their implications for clutch size. Animal Behaviour,
51, 1363-1373.

Pettersson, J. (1970). An aphid sex attractant. 1. Biological
Studies. Entomologia Scandinavica, 1, 63-73.

Phillips, C. B., & Kean, J. M. (2017). Response of
parasitoid egg load to host dynamics and implications

M. D. E. Fellowes et al.

for egg load evolution. Journal of Evolutionary
Biology, 30, 1313-1324.

Pickett, J. A., Wadhams, L. J., Woodcock, C. M., &
Hardie, J. (1992). The chemical ecology of aphids.
Annual Review of Entomology, 37, 67-90.

Pierre, J. S., Masson, J.-P., & Wajnberg, E. (2012). Patch
leaving rules: A stochastic version of a well-known
deterministic motivational model. Journal of Theoret-
ical Biology, 313, 1-11.

Piesik, D., Rochat, D., Delaney, K. J., & Marion-Poll, F.
(2013). Orientation of European corn borer first instar
larvae to synthetic green leaf volatiles. Journal of
Applied Entomology, 137, 234-240.

Plouvier, W. N., & Wajnberg, E. (2018). Improving the
efficiency of augmentative biological control with
arthropod natural enemies: A modeling approach.
Biological Control, 125, 121-130.

Poelman, E. H., Cusumano, A., & de Boer, J. G. (2022).
The ecology of hyperparasitoids. Annual Review of
Entomology, 67, 143-161.

Polis, G. A. (1981). The evolution and dynamics of
intraspecific predation. Annual Review of Ecology and
Systematics, 12, 225-232.

Polis, G. A., Myers, C. A., & Holt, R. D. (1989). The
ecology and evolution of intraguild predation: Poten-
tial competitors that eat each other. Annual Review of
Ecology and Systematics, 20, 297-330.

Pope, T. W., Kissen, R., Grant, M., Pickett, J. A.,
Rossiter, J. T., & Powell, G. (2008). Comparative
innate responses of the aphid parasitoid Diaeretiella
rapae to alkenyl glucosinolate derived isothio-
cyanates, nitriles, and epithionitriles. Journal of
Chemical Ecology, 34, 1302-1310.

Potting, R. P. J., Snelling, H. M., & Vet, L. E. M. (1997).
Fitness consequences of superparasitism and mecha-
nism of host discrimination in the stemborer parasitoid
Cotesia flavipes. Entomologia Experimentalis et
Applicata, 82, 341-348.

Powell, W., Pennacchio, F., Poppy, G. M., & Tremblay,
E. (1998). Strategies involved in the location of hosts
by the parasitoid Aphidius ervi Haliday (Hymenop-
tera: Braconidae: Aphidiinae). Biological Control, 11,
104-112.

Price, P. W. (1970). Trail odours: Recognition by insects
parasitic in cocoons. Science, 170, 546-547.

Price, P. W. (1975). Reproductive strategies of para-
sitoids. In P. W. Price (Ed.), Evolutionary strategies of
parasitic insects and mites (pp. 87-111). Plenum.

Price, P. W. (1981). Semiochemicals in evolutionary time.
In D. A. Nordlund, R. L. Jones, & W. J. Lewis (Eds.),
Semiochemicals their role in pest control (pp. 251—
279). Wiley and Sons.

Pritchard, D., Barrios-O’Neill, D., Bovy, H., & Paterson,
R. (2017). Frair: Tools for functional response anal-
ysis. R package version 0.5.100. https://cran.r-project.
org/package=frair.

Purvis, A., & Rambaut, A. (1995). Comparative analysis
by independent contrasts (CAIC): An Apple Macin-
tosh application for analysing comparative data.


https://cran.r-project.org/package=frair
https://cran.r-project.org/package=frair

1 Foraging Behaviour

Computer Applications in the Biosciences, 11,
247-251.

Putters, F. A., & van den Assem, J. (1988). The analysis
of preference in a parasitic wasp. Animal Behaviour,
36, 933-935.

Putters, F. A., & Vonk, M. (1991). The structure oriented
approach in ethology: Network models and sex ratio
adjustments in parasitic wasps. Behaviour, 114,
148-160.

Quicke, D. L. J. (1993). Principles and techniques of
contemporary taxonomy. Chapman and Hall.

Quicke, D. L. J. (1997). Parasitic wasps. Chapman and
Hall.

R Core Team. (2020). R: A language and environment for
statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. https://www.r-project.org/.

Raffa, K. F., Havill, N. P., & Nordheim, E. V. (2002).
How many choices can your test animal compare
effectively? Evaluating a critical assumption of behav-
ioral preference tests. Oecologia, 133, 422-429.

Riddick, E. W. (2003). Factors affecting progeny produc-
tion of Anaphes iole. BioControl, 48, 177-189.

Rivero, A., & Casas, J. (1999). Rate of nutrient allocation
to egg production in a parasitic wasp. Proceedings of
the Royal Society of London B, 266, 1169-1174.

Rivero, A., & West, S. A. (2002). The physiological costs
of being small in a parasitic wasp. Evolutionary
Ecology Research, 4, 407-420.

Rogers, D. (1972). Random search and insect population
models. Journal of Animal Ecology, 41, 369-383.
Roitberg, B. D., Mangel, M., Lalonde, R. C., Roitberg, C.
A., van Alphen, J. J. M., & Vet, L. E. M. (1992).
Seasonal dynamic shifts in patch exploitation by

parasitic wasps. Behavioral Ecology, 3, 156-165.

Roitberg, B., Sircom, J., van Alphen, J. J. M., & Mangel,
M. (1993). Life expectancy and reproduction. Nature,
364, 108.

Rolff, J., & Kraaijeveld, A. R. (2001). Host preference
and survival in selected lines of a Drosophila
parasitoid, Asobara tabida. Journal of Evolutionary
Biology, 14, 742-745.

Rondoni, G., Bertoldi, V., Malek, R., Foti, M. C., Peri, E.,
Maistrello, L., Haye, T., & Conti, E. (2017a). Native
egg parasitoids recorded from the invasive Halyomor-
pha halys successfully exploit volatiles emitted by the
plant-herbivore complex. Journal of Pest Science, 90,
1087-1095.

Rondoni, G., Ielo, F., Ricci, C., & Conti, E. (2017b).
Behavioural and physiological responses to prey-
related cues reflect higher competitiveness of invasive
vs. native ladybirds. Scientific Reports , 7, 3716.

Rose, U. S. R., Lewis, W. J., & Tumlinson, J. H. (1998).
Specificity of systemically released cotton volatiles as
attractants for specialist and generalist parasitic wasps.
Journal of Chemical Ecology, 24, 303-319.

Rosenheim, J. A. (2011). Stochasticity in reproductive
opportunity and the evolution of egg limitation in
insects. Evolution, 65, 2300-2312.

Rosenheim, J. A., Heimpel, G. E., & Mangel, M. (2000).
Egg maturation, egg resorption and the costliness of

97

transient egg limitation in insects. Proceedings of the
Royal Society of London B, 267, 1565-1573.

Rosenheim, J. A., Kaya, H. K., Ehler, L. E., Marois, J. J.,
& Jaffee, B. A. (1995). Intraguild predation among
biocontrol agents: Theory and evidence. Biological
Control, 5, 303-335.

Rosenheim, J. A., Nonacs, P., & Mangel, M. (1996). Sex
ratios and multifaceted parental investment. American
Naturalist, 148, 501-535.

Rosenheim, J. A., & Rosen, D. (1992). Influence of egg
load and host size on host-feeding behaviour of the
parasitoid Aphytis lingnanensis. Ecological Entomol-
ogy, 17, 263-272.

Rouyar, A., Party, V., Presern, J., Blejec, A., & Renou,
M. (2011). A general odorant background affects the
coding of pheromone stimulus intermittency in spe-
cialist olfactory receptor neurones. PLoS ONE, 6,
e26443.

Royama, T. (1971). A comparative study of models for
predation and parasitism. Researches on Population
Ecology, Supplement, 1, 1-91.

Royer, L., Fournet, S., Brunel, E., & Boivin, G. (1999).
Intra- and interspecific host discrimination by host-
seeking larvae of coleopteran parasitoids. Oecologia,
118, 59-68.

Rutledge, C. E., & Wiedenmann, R. N. (2003). An
attempt to change habitat preference of a parasitoid,
Cotesia  sesamiae  (Hymenoptera: Braconidae),
through artificial selection. Journal of Entomological
Science, 38, 93—-103.

Sabelis, M. W. (1990). How to analyse prey preference
when prey density varies? A new method to discrim-
inate between gut fullness and prey type composition.
Oecologia, 82, 289-298.

Sabelis, M. W. (1992). Predatory arthropods. In M.
J. Crawley (Ed.), Natural enemies: The population
biology of predators, parasites and diseases (pp. 225—
264). Blackwell.

Sabelis, M. W., & van de Baan, H. E. (1983). Location of
distant spider-mite colonies by phytoseiid predators.
Demonstration of specific kairomones emitted by
Tetranychus urticae and Panonychus ulmi (Acari:
Tetranychidae, Phytoseiidae). Entomologia Experi-
mentalis et Applicata, 33, 303-314.

Sadeghi, H., & Gilbert, F. (1999). Individual variation in
oviposition preference, and its interaction with larval
performance in an insect predator. Oecologia, 118,
405-411.

Sadeghi, H., & Gilbert, F. (2000). The effect of egg load
and host deprivation on oviposition behaviour in
aphidophagous hoverflies. Ecological Entomology,
25, 101-108.

Sagarra, L. A., & Vincent, C. (1999). Influence of host
stage on oviposition, development, sex ratio and
survival of Anagyrus kamali Moursi (Hymenoptera:
Encyrtidae), a parasitoid of the Hibiscus Mealybug,
Maconellicoccus hirsutus Green (Homoptera: Pseu-
dococcidae). Biological Control, 15, 51-56.

Sahragard, A., Jervis, M. A., & Kidd, N. A. C. (1991).
Influence of host availability on rates of oviposition


https://www.r-project.org/

98

and host-feeding, and on longevity in Dicondylus
indianus Olmi (Hym., Dryinidae), a parasitoid of the
Rice Brown Planthopper, Nilaparvata lugens Stél
(Hem., Delphacidae). Journal of Applied Entomology,
112, 153-162.

Sakuma, M. (1998). Probit analysis of preference data.
Applied Entomology and Zoology, 33, 339-347.

Salt, G. (1932). Superparasitism by Collyria calcitrator
Grav. Bulletin of Entomological Research, 23,
211-216.

Salt, G. (1936). Experimental studies in insect parasitism.
IV. The effect of superparasitism on populations of
Trichogramma evanescens. Journal of Experimental
Biology, 13, 363-375.

Salt, G. (1958). Parasite behaviour and the control of
insect pests. Endeavour, 17, 145-148.

Salt, G. (1961). Competition among insect parasitoids.
Mechanisms in biological competition. Symposium of
the Society for Experimental Biology, 15, 96—119.

Samkova, A., Raska, J., Hadrava, J., & Skuhrovec,
J. (2022). An intergenerational approach to parasitoid
fitness determined using clutch size. Scientific
Reports, 12, 5217.

Samson-Boshuizen, M., van Lenteren, J. C., & Bakker, K.
(1974). Success of parasitization of Pseudeucoila
bochei Weld (Hym. Cynip.): A matter of experience.
Netherlands Journal of Zoology, 24, 67-85.

Schenk, D., & Bacher, S. (2002). Functional response of a
generalist insect predator to one of its prey species in
the field. Journal of Animal Ecology, 71, 524-531.

Schilthuizen, M., Nordlander, G., Stouthamer, R., & van
Alphen, J. J. M. (1998). Morphological and molecular
phylogenetics in the genus Leptopilina (Hymenoptera:
Cynipoidea: Eucoilidae). Systematic Entomology, 23,
253-2064.

Schmidt, J. M., & Smith, J. J. B. (1985). Host volume
measurement by the parasitoid wasp Trichogramma
minutum: The roles of curvature and surface area.
Entomologia  Experimentalis et Applicata, 39,
213-221.

Schmidt, J. M., & Smith, J. J. B. (1987a). The effect of
host spacing on the clutch size and parasitization rate
of Trichogramma minutum. Entomologia Experimen-
talis et Applicata, 43, 125-131.

Schmidt, J. M., & Smith, J. J. B. (1987b). Short interval
time measurement by a parasitoid wasp. Science, 237,
903-905.

Schmidt, J. M., & Smith, J. J. B. (1989). Host examina-
tion walk and oviposition site selection of Tri-
chogramma minutum: Studies on spherical hosts.
Journal of Insect Behavior, 2, 143-171.

Schonrogge, K., & Crawley, M. J. (2000). Quantitative
webs as a means of assessing the impact of alien
insects. Journal of Animal Ecology, 69, 841-868.

Schroder, R., & Hilker, M. (2008). The relevance of
background odor in resource location by insects: A
behavioral approach. BioScience, 58, 308-316.

M. D. E. Fellowes et al.

Scutareanu, P., Drukker, B., Bruin, J., Posthumus, M. A.,
& Sabelis, M. W. (1997). Volatiles from Psylla-
infested pear trees and their possible involvement in
attraction of anthocorid predators. Journal of Chem-
ical Ecology, 23, 2241-2260.

Segoli, M., & Rosenheim, J. A. (2013a). Spatial and
seasonal variation in sugar availability for insect
parasitoids in agricultural fields and consequences
for reproductive success. Biological Control, 67,
163-169.

Segoli, M., & Rosenheim, J. A. (2013b). Limits to the
reproductive success of two insect parasitoid species
in the field. Ecology, 94, 2498-2504.

Segoli, M., & Rosenheim, J. A. (2015). The effect of body
size on the oviposition success of a minute insect
parasitoid in nature. Ecological Entomology, 40,
483-485.

Segoli, M., Sun, S., Nava, D. E., & Rosenheim, J. A.
(2018). Factors shaping life history traits of two
proovigenic parasitoids. Integrative Zoology, 13, 297—
306.

Segoli, M., & Wajnberg, E. (2020). The combined effect
of host and food availability on optimized parasitoid
life history traits based on a three-dimensional trade-
off surface. Journal of Evolutionary Biology, 33,
850-857.

Segoli, M., Abram, P. K., Ellers, J., Hardy, I. C. W,
Greenbaum, G., Heimpel, G. E., Keasar, T., Ode, P. J.,
Sadeh, A. & Wajnberg, E. (2023). Trait-based
approaches to predicting biological control success:
challenges and prospects. Trends in Ecology and
Evolution, 38, 802-811.

Seino, H., & Kainoh, Y. (2008). Associative learning and
discrimination of 10 plant species by the egg-larval
parasitoid, Ascogaster reticulata Watanabe (Hyme-
noptera: Braconidae). Applied Entomology and Zool-
ogy, 43, 83-90.

Sengonca, C., & Kranz, J. (2001). A modified, four-armed
olfactometer for determining olfactory reactions of
beneficial arthropods. Anzeiger fiir Schadlingskunde,
74, 127-132.

Sequeira, R., & Mackauer, M. (1992). Nutritional ecology
of an insect host-parasitoid association: The pea aphid-
Aphidius ervi system. Ecology, 73, 183-189.

Settle, W. H., & Wilson, L. T. (1990). Behavioral-factors
affecting differential parasitism by Anagrus epos
(Hymenoptera, Mymaridae), of two species of ery-
throneuran leathoppers (Homoptera, Cicadellidae).
Journal of Animal Ecology, 59, 877-891.

Shaltiel, L., & Ayal, Y. (1998). The use of kairomones for
foraging decisions by an aphid parasitoid in small host
aggregations. Ecological Entomology, 23, 319-329.

Shameer, K. S., McCormick, A. C., Subaharan, K., &
Nasser, M. (2017). Volatile organic compounds in
healthy and Opisina arenosella Walker (Lepidoptera:
Oecophoridae) infested leaves of coconut palms.
Entomon, 42, 121-132.



1 Foraging Behaviour

Shameer, K. S., Mohan, C., & Nair, C. P. R. (2002).
Optimum weight of host larvae for the mass multipli-
cation of Goniozus nephantidis (Muesebeck), the
larval parasitoid of Opisina arenosella Walker. In
Proceedings of the Plantation crops research and
development in the new millennium (PLACROSYM
XIV) (pp. 452-455). National Research Centre for Oil
Palm, Hyderabad.

Sheehan, W., Wickers, F. L., & Lewis, W. J. (1993).
Discrimination of previously searched, host-free sites
by Microplitis croceipes (Hymenoptera: Braconidae).
Journal of Insect Behavior, 6, 323-331.

Sherratt, T. N., & Harvey, I. F. (1993). Frequency
dependent food selection by arthropods: A review.
Biological Journal of the Linnean Society, 48,
167-186.

Shimoda, T., Nishihara, M., Ozawa, R., Takabayashi, J.,
& Arimura, G. (2012). The effect of genetically
enriched (E)-B-ocimene and the role of floral scent in
the attraction of the predatory mite Phytoseiulus
persimilis to spider mite-induced volatile blends of
torenia. New Phytologist, 193, 1009-1021.

Shiojiri, K., Ozawa, R., & Takabayashi, J. (2006). Plant
volatiles, rather than light, determine the nocturnal
behavior of a caterpillar. PLoS Biology, 4, e164.

Shonouda, M. L., Bombosch, S., Shalaby, A. M., &
Osman, S. I. (1998). Biological and chemical charac-
terization of a kairomone excreted by the bean aphids,
Aphis fabae Scop. (Hom.: Aphididae), and its effect on
the predator Metasyrphus corollae. Fabr. 1I-Beha-
vioural response of the predator M. corollae to the
aphid kairomone. Journal of Applied Entomology,
122, 25-28.

Simoes, P., Rose, M. R., Duarte, A., Goncalves, R., &
Matos, M. (2007). Evolutionary domestication in
Drosophila subobscura. Journal of Evolutionary
Biology, 20, 758-766.

Sirot, E., Ploye, E., & Bernstein, C. (1997). State
dependent superparasitism in a solitary parasitoid:
Egg load and survival. Behavioral Ecology, 8,
226-232.

Skinner, S. W. (1985). Clutch size as an optimal foraging
problem for insects. Behavioural Ecology and Socio-
biology, 17, 231-238.

Smart, C. B., & Mayhew, P. J. (2009). A comparative
study of sex ratio and clutch size in gregarious
ichneumonoid wasps. Journal of Insect Behavior, 22,
273-288.

Smith, D. R., Hardy, I. C. W., & Gammell, M. P. (2011).
Power rangers: No improvement in the statistical
power of analyses published in Animal Behaviour.
Animal Behaviour, 81, 347-352.

Snart, C. J. P., Kapranas, A., Williams, H., Barrett, D. A.,
& Hardy, I. C. W. (2018). Sustenance and perfor-
mance: Nutritional reserves, longevity and contest
behaviour of fed and starved adult parasitoid wasps.
Frontiers in Ecology and Evolution, 6, 12.

Snodgrass, G. L. (2002). Characteristics of a red-eye
mutant of the tarnished plant bug (Heteroptera:

929

Miridae). Annals of the Entomological Society of
America, 95, 366-369.

Solomon, M. E. (1949). The natural control of animal
populations. Journal of Animal Ecology, 18, 1-35.
Soper, R. S., Shewell, G. E., & Tyrrell, D. (1976).

Colcondamyia auditrix nov. sp. (Diptera: Sarcophagi-
dae), a parasite which is attracted by the mating song
of its host, Okanagana rimosa (Homoptera: Cicadi-

dae). Canadian Entomologist, 108, 61-68.

Sreenivas, A. G., & Hardy, I. C. W. (2016). Mutual
interference reduces offspring production in a brood-
guarding bethylid wasp. Entomologia Experimentalis
et Applicata, 159, 260-269.

Stacey, D. A., & Fellowes, M. D. E. (2002). Influence of
temperature on pea aphid (Acyrthosiphon pisum)
(Hemiptera: Aphididae) resistance to natural enemy
attack. Bulletin of Entomological Research, 92,
351-357.

Stadler, B., & Mackauer, M. (1996). Influence of plant
quality on interactions between the aphid parasitoid
Ephedrus californicus Baker (Hymenoptera: Aphidi-
idae) and its host, Acyrthosiphon pisum (Harris)
(Homoptera: Aphididae). Canadian Entomologist,
128, 27-39.

Steidle, J. L. M., & Schéller, M. (1997). Olfactory host
location and learning in the granary weevil parasitoid
Lariophagus distinguendus (Hymenoptera: Pteromal-
idae). Jounrnal of Insect Behaviour, 10, 331-342.

Stephens, D. W., & Krebs, J. R. (1986). Foraging theory.
Princeton University Press.

Stockermans, B. C., & Hardy, 1. C. W. (2013). Subjective
and objective components of resource value additively
increase aggression in parasitoid contests. Biology
Letters, 9, 20130391.

Stowe, M. K., Turlings, T. C. J., Loughrin, J. H., Lewis,
W. J., & Tumlinson, J. H. (1995). The chemistry of
eavesdropping, alarm, and deceit. Proceedings of the
National Academy of Sciences USA, 92, 23-28.

Strand, M. R. (1988). Variable sex ratio strategy of
Telenomus heliothidis (Hymenoptera: Scelionidae):
Adaptation to host and conspecific density. Oecologia,
77, 219-224.

Strand, M. R. (1989). Oviposition behavior and progeny
allocation of the polyembryonic wasp Copidosoma
foridanum (Hymenoptera: Encyrtidae). Journal of
Insect Behavior, 2, 355-369.

Strand, M. R., & Vinson, S. B. (1982). Source and
characterization of an egg recognition kairomone of
Telenomus heliothidis, a parasitoid of Heliothis
virescens. Physiological Entomology, 7, 83-90.

Strand, M. R., & Vinson, S. B. (1983). Analyses of an egg
recognition kairomone of Telenomus heliothidis
(Hymenoptera: Scelionidae): Isolation and function.
Journal of Chemical Ecology, 9, 423-432.

Stubbs, M. (1980). Another look at prey detection by
coccinellids. Ecological Entomology, 5, 179-182.
Subaharan, K., Ponnamma, K. N., Sujatha, A., Basheer,
B. M., & Raveendran, P. (2005). Olfactory condition-
ing in Goniozus nephantidis (Musebeck) a parasitoid



100

of coconut black headed caterpillar, Opisina areno-
sella Walker. Entomon, 30, 165-170.

Sujii, E. R., Costa, M. L. M., Pires, C. S. S., Colazza, S.,
& Borges, M. (2002). Inter- and intra-guild interac-
tions in egg parasitoid species of the soybean stink
bug complex. Pesquisa Agropecuaria Brasileira, 37,
1541-1549.

Suzuki, Y., Tsuji, H., & Sasakawa, M. (1984). Sex
allocation and the effects of superparasitism on
secondary sex ratios in the gregarious parasitoid,
Trichogramma chilonis (Hymenoptera: Trichogram-
matidae). Animal Behaviour, 32, 478-484.

Taborsky, M. (2010). Sample size in the study of
behaviour. Ethology, 116, 185-202.

Takabayashi, J., Sato, Y., Horikoshi, M., Yamaoka, R.,
Yano, S., Ohsaki, N., & Dicke, M. (1998). Plant effects
on parasitoid foraging: Differences between two
tritrophic systems. Biological Control, 11, 97-103.

Takabayashi, J., Takahashi, S., Dicke, M., & Posthumus,
M. A. (1995). Developmental stage of herbivore
Pseudaletia separata affects production of herbivore-
induced synomone by corn plants. Journal of Chem-
ical Ecology, 21, 273-287.

Takasu, K., & Lewis, W. J. (2003). Learning of host
searching cues by the larval parasitoid Microplitis
croceipes. Entomologia Experimentalis et Applicata,
108, 77-86.

Takasu, K., Takano, S. I, Sasaki, M., Yagi, S., &
Nakamura, S. (2003). Host recognition by the tick
parasitoid Ixodiphagus hookeri (Hymenoptera: Encyr-
tidae). Environmental Entomology, 32, 614-617.

Tang, X., Meng, L., Kapranas, A., Xu, F., Hardy, I.
C. W.,, & Li, B. (2014). Mutually beneficial host
exploitation and ultra-biased sex ratios in quasisocial
parasitoids. Nature Communications, 5, 4942.

Taylor, R. J. (1984). Predation. Chapman and Hall.

Taylor, P. D., & Bulmer, M. G. (1980). Local mate
competition and the sex ratio. Journal of Theoretical
Biology, 86, 409—419.

Tenhumberg, B., Keller, M. A., & Possingham, H.
P. (2001a). Using Cox’s proportional hazard models
to implement optimal strategies: An example from
behavioural ecology. Mathematical and Computer
Modelling, 33, 597-607.

Tenhumberg, B., Keller, M. A., Tyre, A. J., & Possing-
ham, H. P. (2001b). The effect of resource aggregation
at different scales: Optimal foraging behavior of
Cotesia rubecula. American Naturalist, 158, 505-518.

Thiery, D., & Visser, J. H. (1986). Masking of host plant
odour in the olfactory orientation of the Colorado
potato beetle. Entomologia Experimentalis et Appli-
cata, 41, 165-172.

Thompson, D. J. (1978). Prey size selection by larvae of

the damselfly Ischnura elegans (Odonata). Journal of

Animal Ecology, 47, 786-796.

Thorpe, W. H., & Caudle, H. B. (1938). A study of the
olfactory responses of insect parasites to the food plant
of their host. Parasitology, 30, 523-528.

Thorne, A. D., Pexton, J. J., Dytham, C., & Mayhew,
P. J. (2006). Small body size in an insect shifts

M. D. E. Fellowes et al.

development, prior to adult eclosion, towards early
reproduction. Proceedings of the Royal Society of
London B, 273, 1099-1103.

Thu, G. H. T., & Ueno, T. (2002). Biology of Hemip-
tarsenus varicornis (Hymenoptera: Eulophidae), a
parasitoid wasp of the leafminer Liriomyza trifolii
(Diptera: Agromyzidae). Journal of the Faculty of
Agriculture Kyushu University, 47, 45-54.

Tinbergen, L. (1960). The dynamics of insect and bird
populations in pine woods. Archives Néerlandaises de
Zoologie, 13, 259-473.

Tinzaara, W., Dicke, M., van Huis, A., van Loon, J. J. A.,
& Gold, C. S. (2003). Different bioassays for inves-
tigating orientation responses of the banana weevil,
Cosmopolites sordidus, show additive effects of host
plant volatiles and a synthetic male-produced aggre-
gation pheromone. Entomologia Experimentalis et
Applicata, 106, 169-175.

Traynor, R. E., & Mayhew, P. J. (2005). A comparative
study of body size and clutch size across the parasitoid
Hymenoptera. Oikos, 109, 305-316.

Trexler, J. C., McCulloch, C. E., & Travis, J. (1988). How
can the functional response best be determined?
Oecologia, 76, 206-214.

Tsuchida, Y., Masui, S., & Kasai, A. (2022). Effects of
intraguild predation and cannibalism in two generalist
phytoseiid species on prey density of the pink citrus
rust mite in the presence of high-quality food.
BioControl, 67, 287-296.

Tullberg, B. S., Gamerale-Stille, G., & Solbreck, C.
(2000). Effects of food plant and group size on
predator defence: Differences between co-occurring
aposematic Lygaeinae bugs. Ecological Entomology,
25, 220-225.

Turlings, T. C. J., Bernasconi, M., Bertossa, R., Bigler, F.,
Caloz, G., & Dorn, S. (1998). The induction of volatile
emissions in maize by three herbivore species with
different feeding habits: Possible consequences for their
natural enemies. Biological Control, 11, 122-129.

Turlings, T. C. J., & Erb, M. (2018). Tritrophic interac-
tions mediated by herbivore induced plant volatiles:
Mechanisms, ecological relevance, and application
potential. Annual Review of Entomology, 63, 433—452.

Ueno, T. (1994). Self-recognition by the parasitic wasp
Itoplectis naranyae (Hymenoptera, Ichneumonidae).
Oikos, 70, 333-339.

Ueno, T. (1997). Effects of superparasitism, larval
competition, and host feeding on offspring fitness in
the parasitoid Pimpla nipponica (Hymenoptera: Ich-
neumonidae). Annals of the Entomological Society of
America, 90, 682-688.

Ueno, T. (1998a). Selective host-feeding on parasitized
hosts by the parasitoid Itoplectis naranyae (Hyme-
noptera: Ichneumonidae) and its implication for bio-
logical control. Bulletin of Entomological Research,
88, 461-466.

Ueno, T. (1998b). Adaptiveness of sex ratio control by the
pupal parasitoid Ifoplectis naranyae (Hymenoptera:
Ichneumonidae) in response to host size. Evolutionary
Ecology, 12, 643-654.



1 Foraging Behaviour

Ueno, T. (1999a). Reproduction and host-feeding in the
solitary parasitoid wasp Pimpla nipponica (Hymenop-
tera: Ichneumonidae). Invertebrate Reproduction and
Development, 35, 231-237.

Ueno, T. (1999b). Host-feeding and acceptance by a
parasitic wasp (Hymenoptera: Ichneumonidae) as
influenced by egg load and experience in a patch.
Evolutionary Ecology, 13, 33-44.

Ueno, T. (1999c). Multiparasitism and host feeding by
solitary parasitoid wasps (Hymenoptera: Ichneu-
monidae) based on the pay-off from parasitised hosts.
Annals of the Entomological Society of America, 99,
601-608.

Ueno, T., & Tanaka, T. (1996). Self-host discrimination
by a parasitic wasp: The role of short-term memory.
Animal Behaviour, 52, 875-883.

Urbaneja, A., Llacer, E., Garrido, A., & Jacas, J. A.
(2001). Effect of temperature on the life history of
Cirrospilus sp. near Iyncus (Hymenoptera: Eulophi-
dae), a parasitoid of Phyllocnistis citrella (Lepi-
doptera: Gracillariidae). Biological Control, 21,
293-299.

Vanbergen, A. J., Jones, T. H., Hails, R. S., Watt, A. D.,
& Elston, D. A. (2007). Consequences for a host-
parasitold interaction of host-plant aggregation, isola-
tion, and phenology. Ecological Entomology, 32,
419-427.

Varaldi, J., Fouillet, P., Ravallec, M., Lépez-Ferber, M.,
Boulétreau, M., & Fleury, F. (2003). Infectious
behavior in a parasitoid. Science, 302, 1930.

Varaldi, J., & Lepetit, D. (2018). Deciphering the
behaviour manipulation imposed by a virus on its
parasitoid host: Insights from a dual transcriptomic
approach. Parasitology, 45, 1979-1989.

Velasco-Hernandez, M. C., Shameer, K. S., Nasser, M.,
Moya-Raygoza, G., & Hardy, 1. C. W. (2021).
Contests between beneficial natural enemies: Brood
guarding parasitoids versus foraging predators. Ento-
mologia Experimentalis et Applicata, 169, 208-218.

Venkatesan, T., Srinivasa Murthy, K., Rabindra, R. J., &
Baskaran, T. V. (2009). Influence of parasitoid-host
density on the behaviour ecology of Goniozus
nephantidis (Muesebeck) (Hymenoptera: Bethylidae),
a parasitoid of Opisina arenosella Walker. Journal of
Biological Control, 23, 255-264.

Vet, L. E. M. (1983). Host-habitat location through
olfactory cues by Leptopilina clavipes (Hartig) (Hym.:
Eucoilidae), a parasitoid of fungivorous Drosophila:
The influence of conditioning. Netherlands Journal of
Zoology, 33, 225-248.

Vet, L. E. M. (1999). From chemical to population
ecology: Infochemical use in an evolutionary context.
Journal of Chemical Ecology, 25, 31-49.

Vet, L. E. M., & van Alphen, J. J. M. (1985).
A comparative functional approach to the host detec-
tion behaviour of parasitic wasps. 1. A qualitative
study on Eucoilidae and Alysiinae. Oikos, 44,
478-486.

Vet, L. E. M., Datema, A., Janssen, A., & Snellen, H.
(1994). Clutch size in a larval-pupal endoparasitoid:

101

Consequences for fitness. Journal of Animal Ecology,
63, 807-815.

Vet, L. E. M., & Dicke, M. (1992). Ecology of
infochemical use by natural enemies in a tritrophic
context. Annual Review of Entomology, 37, 141-172.

Vet, L. E. M., Janse, C., van Achterberg, C., & van
Alphen, J. J. M. (1984). Microhabitat location and
niche segregation in two sibling species of drosophilid
parasitoids: Asobara tabida (Nees) and A. rufescens
(Foerster) (Braconidae: Alysiinae). Oecologia, 61,
182-188.

Vet, L. E. M., van Lenteren, J. C., Heymans, M., &
Meelis, E. (1983). An airflow olfactometer for mea-
suring olfactory responses of hymenopterous para-
sitoids and other small insects. Physiological
Entomology, 8, 97-106.

Vet, L. E. M., Lewis, W. J., & Cardé, R. T. (1995).
Parasitoid foraging and learning. In R. T. Cardé & W.
J. Bell (Eds.), Chemical ecology of insects (2nd ed.,
pp. 65-101). Springer.

Vet, L. E. M., & Papaj, D. R. (1992). Effects of
experience on parasitoid movement in odour plumes.
Physiological Entomology, 17, 90-96.

Vigneault, C., Roger, C., Hui, K. P. C., & Boivin, G.
(1998). An image analysis system developed for the
evaluation of Coleomegilla maculata larvae’s behav-
ior. Canadian Agricultural Engineering, 40, 55-60.

Viktorov, G. A. (1968). The influence of population
density on sex ratio in Trissolcus grandis Thoms.
(Hymenoptera: Scelionidae). Zoologichesky Zhurnal,
47, 1035-1019. (In Russian).

Viktorov, G. A., & Kochetova, N. I. (1971). Significance
of population density to the control of sex ratio in
Trissolcus grandis (Hymenoptera: Scelionidae). Zoo-
logichesky Zhurnal, 50, 1735-1755. (In Russian).

Villacafias de Castro, C., & Thiel, A. (2017). Resource-
dependent clutch size decisions and size-fitness rela-
tionships in a gregarious ectoparasitoid wasp, Bracon
brevicornis. Journal of Insect Behavior, 30, 454—469.

Vinson, S. B. (1985). The behaviour of parasitoids. In G.
A. Kerkut & L. I. Gilbert (Eds.), Comprehensive
insect physiology, biochemistry and pharmacology
(pp. 417-469). Pergamon Press.

Vinson, S. B. (1999). Parasitoid manipulation as a plant
defense strategy. Annals of the Entomological Society
of America, 92, 812-828.

de Vis, R. M. J., Fuentes, L. E., & van Lenteren, J. C.
(2002). Life history of Amitus fuscipennis (Hym.,
Platygastridae) as parasitoid of the greenhouse white-
fly Trialeurodes vaporariorum (Hom., Aleyrodidae)
on tomato as function of temperature. Journal of
Applied Entomology, 126, 24-33.

Visser, J. H. (1996a). Measuring behavior. In Interna-
tional workshop on methods and techniques in
behavioral research, 16—-18 October 1996, Utrecht,
The Netherlands.

Visser, M. E. (1996b). The influence of competition
between foragers on clutch size decisions in an insect
parasitoid with scramble larval competition. Behav-
ioral Ecology, 7, 109-114.



102

Visser, M. E. (1992). Adaptive self- and conspecific
superparasitism in the solitary parasitoid Leptopilina
heterotoma. Behavioral Ecology, 4, 22-28.

Visser, M. E. (1993). Adaptive self-superparasitism and
conspecific superparasitism in the solitary parasitoid
Leptopilina heterotoma (Hymenoptera: Eucolidae).
Behavioral Ecology, 4, 22-28.

Visser, M. E. (1994). The importance of being large: The
relationship between size and fitness in females of the
parasitoid Aphaereta minuta (Hymenoptera: Bra-
conidae). Journal of Animal Ecology, 63, 963-978.

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

Visser, M. E., van Alphen, J. J. M., & Nell, H. W. (1990).
Adaptive superparasitism and time allocation in soli-
tary parasitoids: The influence of the number of
parasitoids depleting the patch. Behaviour, 114,
21-36.

Visser, M. E., van Alphen, J. J. M., & Nell, H. W.
(1992b). Adaptive superparasitism and patch time
allocation in solitary parasitoids: The influence of pre-
patch experience. Behavioral Ecology and Sociobiol-
ogy, 31, 163-172.

Visser, M. E., & Driessen, G. (1991). Indirect mutual
interference in parasitoids. Netherlands Journal of
Entomology, 41, 214-227.

Visser, M. E., Jones, T. H., & Driessen, G. (1999).
Interference among insect parasitoids: A multi-patch
experiment. Journal of Animal Ecology, 68, 108—120.

Visser, J. H., & Piron, P. G. M. (1998). An open Y-track
olfactometer for recording of aphid behavioural
responses to plant odors. Proceedings of the Sec-
tion Experimental Applied Entomology, NEV Amster-
dam, 9, 41-45.

Vonk, M., Putters, F., & Velthuis, B. J. (1991). The causal
analysis of an adaptive system: Sex-ratio decisions as
observed in a parasitic wasp and simulated by a
network model. InJ. A. Meyer & S. W. Wilson (Eds.),
From animals to animals (pp. 485-491). MIT Press.

Vyas, D. K., Harvey, J. A, Paul, R. L., Heimpel, G. E., &
Ode, P. J. (2019). Ecological dissociation and re-
association with a superior competitor alters host
selection behavior in a parasitoid wasp. Oecologia,
191, 261-270.

Waage, J. K. (1978). Arrestment responses of a parasitoid,
Nemeritis canescens, to a contact chemical produced
by its host, Plodia interpunctella. Physiological
Entomology, 3, 135-146.

Waage, J. K. (1979). Foraging for patchily distributed
hosts by the parasitoid Nemeritis canescens. Journal
of Animal Ecology, 48, 353-371.

Waage, J. K. (1982). Sib-mating and sex ratio strategies in
scelionid wasps. Ecological Entomology, 7, 102—112.

Waage, J. K. (1983). Aggregation in field parasitoid
populations: Foraging time allocation by a population
of Diadegma (Hymenoptera, Ichneumonidae). Eco-
logical Entomology, 8, 447-453.

M. D. E. Fellowes et al.

Waage, J. K. (1986). Family planning in parasitoids:
Adaptive patterns of progeny and sex allocation.
In J. K. Waage & D. Greathead (Eds.), Insect
parasitoids (pp. 63-95). Academic Press.

Waage, J. K., & Godfray, H. C. J. (1985). Reproductive
strategies and population ecology of insect parasitoids.
In R. M. Sibly & R. H. Smith (Eds.), Behavioural
ecology, ecological consequences of adaptive beha-
viour  (pp. 449-470).  Blackwell  Scientific
Publications.

Waage, J. K., & Lane, J. A. (1984). The reproductive
strategy of a parasitic wasp. II. Sex allocation and
local mate competition in Trichogramma evanescens.
Journal of Animal Ecology, 53, 417-426.

Waage, J. K., & Ng, S.-M. (1984). The reproductive
strategy of a parasitic wasp. I. Optimal progeny and
sex allocation in Trichogramma evanescens. Journal
of Animal Ecology, 53, 401-416.

Wickers, F. L., Mitter, E., & Dorn, S. (1998). Vibrational
sounding by the pupal parasitoid Pimpla (Coccy-
gomimus) turionellae: An additional solution to the
reliability detectability problem. Biological Control,
11, 141-146.

Wagner, J. D., Glover, M. D., Moseley, J. B., & Moore,
A. J. (1999). Heritability and fitness consequences of
cannibalism of Harmonia axyridis. Evolutionary
Ecology Research, 1, 375-388.

Wajnberg, E. (1994). Intra-population genetic variation in
Trichogramma. In E. Wajnberg & S. A. Hassan
(Eds.), Biological control with egg parasitoids
(pp. 245-271). CAB International.

Wajnberg, E. (2004). Measuring genetic variation in
natural enemies used for biological control: Why and
how? In L. Ehler, R. Sforza & Th. Mateille (Eds.),
Genetics, evolution and biological control (pp. 19—
37). CAB International.

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

Wajnberg, E. (2012). Multi-objective behavioural mech-
anisms are adopted by foraging animals to achieve
several optimality goals simultaneously. Journal of
Animal Ecology, 81, 503-511.

Wajnberg, E., Bernhard, P., Hamelin, F., & Boivin, G.
(2006). Optimal patch time allocation for time-limited
foragers. Behavioral Ecology and Sociobiology, 60,
1-10.

Wajnberg, E., Bernstein, C., & van Alphen, J. J. M.
(2008). Behavioral ecology of insect parasitoids:
From theoretical approaches to field applications.
Blackwell Publishing.

Wajnberg, E., & Colazza, S. (1998). Genetic variability in
the area searched by a parasitic wasp: Analysis from
automatic video tracking of the walking path. Journal
of Insect Physiology, 44, 437-444.

Wajnberg, E., Curty, C., & Colazza, S. (2004). Genetic
variation in the mechanisms of direct mutual interfer-
ence in a parasitic wasp: Consequences in terms of



1 Foraging Behaviour

patch-time allocation. Journal of Animal Ecology, 73,
1179-1189.

Wajnberg, E., Gonsard, P. A., Tabone, E., Curty, C.,
Lezcano, N., & Colazza, S. (2003). A comparative
analysis of patch-leaving decision rules in a parasitoid
family. Journal of Animal Ecology, 72, 618-626.

Wajnberg, E., & Haccou, P. (2008). Statistical tools for
analyzing data on behavioral ecology of insect para-
sitoids. In E. Wajnberg, C. Bernstein, & J. J. M. van
Alphen (Eds.), Behavioral ecology of insect para-
sitoids: From theoretical approaches to field applica-
tions (pp. 402-429). Blackwell Publishing.

Wajnberg, E., Pizzol, J., & Babault, M. (1989). Genetic
variation in progeny allocation in Trichogramma
maidis. Entomologia Experimentalis et Applicata,
53, 177-187.

Wajnberg, E., Roitberg, B. D., & Boivin, G. (2016).
Using optimality models to improve the efficacy of
parasitoids in biological control programmes. Ento-
mologia Experimentalis et Applicata, 158, 2—-16.

Wajnberg, E., Rosi, M. C., & Colazza, S. (1999). Genetic
variation in patch time allocation in a parasitic
wasp. Journal of Animal Ecology, 68, 121-133.

Walker, T. J. (1993). Phonotaxis in female Ormia
ochracea (Diptera: Tachinidae), a parasitoid of field
crickets. Journal of Insect Behavior, 6, 389-410.

Waloff, N., & Jervis, M. A. (1987). Communities of
parasitoids associated with leathoppers and planthop-
pers in Europe. Advances in Ecological Research, 17,
281-402.

Wang, X., Biondi, A., & Daane, K. M. (2020). Functional
responses of three candidate Asian larval parasitoids
evaluated for classical biological control of Droso-
phila suzukii (Diptera: Drosophilidae). Journal of
Economic Entomology, 113, 73-80.

Wang, X. Y., Yang, Z. Q., Wu, H., & Gould, J. R. (2008).
Effects of host size on the sex ratio, clutch size, and
size of adult Spathius agrili, an ectoparasitoid of
emerald ash borer. Biological Control, 44, 7-12.

Webster, B., Bruce, T., Pickett, J., & Hardie, J. (2010).
Volatiles functioning as host cues in a blend become
nonhost cues when presented alone to the black bean
aphid. Animal Behaviour, 79, 451-457.

Wei, K., Tang, Y.-L., Wang, X.-Y., Cao, L.-M., & Yang,
Z.-Q. (2014). The developmental strategies and related
profitability of an idiobiont ectoparasitoid Scleroder-
mus pupariae vary with host size. Ecological Ento-
mology, 39, 101-108.

Weinbrenner, M., & Volkl, W. (2002). Oviposition
behaviour of the aphid parasitoid, Aphidius ervi: Are
wet aphids recognized as host? Entomologia Exper-
imentalis et Applicata, 103, 51-59.

Weiss, M. R. (2003). Good housekeeping: Why do
shelter-dwelling caterpillars fling their frass? Ecology
Letters, 6, 361-370.

103

Weisser, W. W. (1994). Age-dependent foraging behavior
and host-instar preference of the aphid parasitoid
Lysiphlebus cardui. Entomologia Experimentalis et
Applicata, 70, 1-10.

Weisser, W. W., Braendle, C., & Minoretti, N. (1999).
Predator-induced morphological shift in the pea aphid.
Proceedings of the Royal Society of London B, 266,
1175-1181.

Weisser, W. W., & Houston, A. I. (1993). Host discrim-
ination in parasitic wasps: When is it advantageous?
Functional Ecology, 7, 27-39.

Weisser, W. W., Volkl, W., & Hassell, M. P. (1997). The
importance of adverse weather conditions for beha-
viour and population ecology of an aphid parasitoid.
Journal of Animal Ecology, 66, 386—400.

Wellings, P., Morton, R., & Hart, P. J. (1986). Primary
sex-ratio and differential progeny survivorship in
solitary haplo-diploid parasitoids. Ecological Ento-
mology, 11, 341-348.

Werren, J. H. (1980). Sex ratio adaptations to local mate
competition in a parasitic wasp. Science, 208,
1157-1159.

West, S. A. (2009). Sex allocation. Princeton University
Press.

West, S. A., Flanagan, K. E., & Godfray, H. C. J. (1996).
The relationship between parasitoid size and fitness in
the field, a study of Achrysocharoides zwoelferi
(Hymenoptera, Eulophidae). Journal of Animal Ecol-
ogy, 67, 631-639.

West, S. A., & Rivero, A. (2000). Using sex ratios to
estimate what limits reproduction in parasitoids.
Ecology Letters, 3, 294-299.

Wilkes, A. (1963). Environmental causes of variation in
the sex ratio of an arrhenotokous insect, Dahlbominus
fuliginosus (Nees) (Hymenoptera: Eulophidae). Cana-
dian Entomologist, 95, 183-202.

Wilkinson, R. D., Kapranas, A., & Hardy, I. C. W.
(2016). Detecting non-binomial sex allocation when
developmental mortality operates. Journal of Theoret-
ical Biology, 408, 167-178.

Wittmann, E. J., & Leather, S. R. (1997). Compatibility of
Orius laevigatus Fieber (Hemiptera: Anthocoridae)
with Neoseiulus (Amblyseius) cucumeris Oudemmans
(Acari: Phytoseiidae) and Iphiseius (Amblyseius) de-
generans Berlese (Acari: Phytoseiidae) in the biocon-
trol  of  Frankliniella  occidentalis ~ Pergande
(Thysanoptera: Thripidae). Experimental and Applied
Acarology, 21, 523-538.

Xi, X., Yang, Y., Yang, Y., Segoli, M., & Sun, S. (2017).
Plant-mediated resource partitioning by coexisting
parasitoids. Ecology, 98, 1660-1670.

Xi, X., Zhang, B., Wang, Y., Vazquez, D. P., Dong, Y., &
Sun, S. (2020). Experimental reduction of plant
abundance changes interaction frequency of a tri-
trophic micro-food web: Contrasting responses of



104

generalists and specialists. Journal of Ecology, 108,
415-423.

Yamada, Y. Y., & Kitashiro, S. (2002). Infanticide in a
dryinid parasitoid, Haplogonatopus atratus. Journal
of Insect Behavior, 15, 415-527.

Yang, N.-W,, Ji, L.-L., Lovei, G. L., & Wan, F.-H.
(2012). Shifting preference between oviposition vs.
host-feeding under changing host densities in two
aphelinid parasitoids. PLoS ONE , 7, e41189.

Yazdani, M., & Keller, M. A. (2015). Mutual interference
in Dolichogenidea tasmanica (Cameron) (Hymenop-
tera: Braconidae) when foraging for patchily-
distributed light brown apple moth. Biological Con-
trol, 86, 1-6.

Yazdani, M., Glatz, R., & Keller, M. A. (2015). Searching
behaviour of Dolichogenidea tasmanica in response to

M. D. E. Fellowes et al.

susceptible instars of Epiphyas postvittana. Australian
Journal of Zoology, 63, 38-45.

Zhang, Y. B., Zhang, G. F,, Liu, W. X., & Wan, F.-H.
(2019). Variable temperatures across different stages
have novel effects on behavioral response and popu-
lation viability in a host-feeding parasitoid. Scientific
Reports, 9, 2202.

Zaviezo, T., & Mills, N. (2000). Factors influencing the
evolution of clutch size in a gregarious insect para-
sitoid. Journal of Animal Ecology, 69, 1047-1057.

van Zyl, A., van der Linde, T. C. D., & Grimbeek, R.
J. (1997). Metabolic rates of pit-building and non-pit-
building antlion larvae (Neuroptera: Myrmeleontidae)
from southern Africa. Journal of Arid Environments,
37, 355-365.



	1 Foraging Behaviour
	1.2 Methodology
	1.2.1 The Causal Approach
	1.2.2 The Functional Approach
	1.2.3 The Comparative Method

	1.3 The Treatment of Parasitoids Prior to Their Use in Experiments
	1.3.1 Rearing
	1.3.2 Experience
	1.3.3 Sex Ratio

	1.4 Handling Behavioural Data
	1.4.1 Recording Behaviour
	1.4.2 Analysing Behavioural Data
	1.4.3 Behavioural Research in the Field

	1.5 Patch Time Allocation
	1.5.1 Introduction
	1.5.2 Factors Affecting Patch Time Allocation
	1.5.3 Analysing the Interplay of Different Factors
	1.5.4 Genetic Variation in Patch Time Allocation

	1.6 Host and Prey Location Behaviour
	1.6.2 Host and Prey Habitat Location by Parasitoids and Predators
	1.6.3 Host Location by Parasitoids
	1.6.4 Responses to Parasitoid Odours and Patch Marks
	1.6.5 Search Modes Within a Patch
	1.6.6 Host Recognition by Parasitoids
	1.6.7 Host and Prey Selection

	1.8 Host Feeding
	1.9 Host Discrimination
	1.9.1 Introduction
	1.9.2 Indirect Methods
	1.9.3 Direct Observations of Behaviour
	1.9.4 Superparasitism
	1.9.5 Multiparasitism
	1.9.6 Cannibalism
	1.9.7 Intraguild Predation

	1.10 Clutch Size
	1.11 Sex Allocation
	1.11.1 Introduction
	1.11.2 Local Mate Competition
	1.11.3 Conditional Sex Allocation
	1.11.4 Sex Allocation and Mass Rearing
	1.11.5 Density-Dependent Shifts in Sex Ratio
	1.11.6 Measuring Primary Sex Ratios

	1.12 Switching Behaviour
	1.13 Patch Defence Behaviour
	1.14 Functional Responses
	1.15 Distribution of Parasitoids Over a Host Population
	1.15.1 Introduction
	1.15.3 Interference

	1.16 Life-History Traits and Foraging Behaviour
	1.16.1 Introduction
	1.16.2 Egg Limitation Versus Time Limitation

	1.17 The Cost of Reproduction
	1.18 Age-Dependent Foraging Decisions
	1.19 Foraging Behaviour and Taxonomy
	1.20 Foraging Behaviour and Host Resistance
	1.20.1 Introduction
	1.20.2 Physiological Host Resistance
	1.20.3 Behavioural Defences

	1.21 Insect Natural Enemy Foraging Behaviour and Community Ecology
	Acknowledgements
	References




