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Patch choice from a distance and use of habitat
information during foraging by the parasitoid Ibalia
leucospoides
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Abstract. 1. In environments in which resources are distributed heterogeneously,
patch choice and the length of time spent on a patch by foragers are subject to strong
selective pressures. This is particularly true for parasitoids because their host foraging
success translates directly into individual fitness.

2. The aim of this study was to test whether: (i) females of the parasitoid Ibalia
leucospoides (Hymenoptera: Ibaliidae) can discriminate among patches according to
host numbers; (ii) the surrounding context affects the initial choice of patch, as well
as time spent on patch; and (iii) the perceived quality of a given patch is affected by
the quality of the surrounding patches.

3. Each female was randomly exposed to one of three different three-patch
environments which differed in host number per patch, mean environment host number
and host distribution among patches. For each treatment level, the first patch chosen
and the time allocated to each patch visited by the female were recorded.

4. Females of I. leucospoides were able to discriminate different levels of host
numbers among patches from a distance. The patch bearing the highest number of
hosts was, predominantly, the first choice. Patch host number in association with mean
habitat profitability influenced the length of time spent on the first patch visited. By
contrast, variance in habitat profitability did not influence time allocation decisions.
Contrary to the study prediction, there were no significant habitat-dependent time
allocation differences among patches holding the same number of hosts.

5. The results indicate that, for I. leucospoides, patch exploitation decisions are
partially influenced by information obtained from the habitat as a whole, a behaviour
that may prove to indicate adaptive ability in highly patchy environments, as well as
suggesting the presence of good cognitive abilities in this parasitoid species.

Key words. Foraging behaviour, marginal value theorem, parasitoid insects, patch
decision rules.

Introduction

Animals usually live in patchy environments in which
resources are heterogeneously distributed. In these conditions,
mechanisms for resource patch choice and strategies for
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determining the length of time spent on a patch are subject to
strong selective pressures (Stephens & Krebs, 1986). This is
particularly true for parasitoids, which are insects that lay their
eggs in or on other arthropods, because in these animals host
foraging success translates directly into offspring production
and thus into individual fitness. This behavioural trait makes
parasitoids ideal subjects in which to study foraging decisions.
As a consequence, foraging strategies, such as host patch
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choice and time spent on patch, and other factors influencing
parasitoid foraging behaviour have been subject to significant
research effort (see Wajnberg, 2006 for a review).

Parasitoid females frequently search for their hosts in
highly variable environments. In such settings, adaptive
foraging decisions depend on the accurate gathering and
use of information. Accordingly, parasitoids may sample
patches when searching in order to estimate the profitability
of the current patch and of the surrounding habitat by
continuously updating information. The use of information
for patch exploitation has been studied vastly from both
theoretical (McNamara & Houston, 1985; Bernstein et al.,
1988; Pierre et al., 2003) and experimental (Hubbard &
Cook, 1978; Waage, 1979; Hemerik et al., 1993; Vos et al.,
1998; Thiel & Hoffmeister, 2006; Tentelier et al., 2006;
Tentelier & Fauvergue, 2007) viewpoints. Patch sampling, an
information processing sequence, through which individuals
compare a priori and a posteriori information, should help
non-omniscient foragers to make better patch choices and
usage decisions.

A great variety of environmental cues, such as chemical,
visual and physical cues, are used by parasitoids as sources of
information for both locating and assessing host patches (Vet
& Dicke, 1992; Godfray, 1994). These cues of various natures
can act as indicators of host presence, host species (Thiel &
Hoffmeister, 2006) and host density (Waage, 1979; Li et al.,
1997; Shaltiel & Ayal, 1998; Wang & Keller, 2004; Tentelier
et al., 2005; Martínez et al., 2006, Corley et al., 2010), as
well as of the presence of competitors in the current patch
(Janssen et al., 1995a,b; Bernstein & Driessen, 1996; Castelo
et al., 2003). The use of such information is expected to reduce
uncertainty and therefore improve foraging success.

Making patch choice decisions on the basis of expected host
availability (i.e. estimated through patch sampling or through
stimuli discrimination from a distance) might ultimately lead to
an adaptive exploitation of resources. However, the accuracy of
such estimates depends on different factors, such as the number
of patches already visited and the development of learning
abilities. The inborn ability to estimate host availability can
be highly inaccurate and lead to inefficient decisions at early
stages in the learning process. Alternatively, the quality of the
estimate can rely on the ability to respond to cues to host
densities prior to patch exploitation (Geervliet et al., 1998;
Liu et al., 2009). In many host–parasitoid systems, different
cues, such as secondary chemical compounds released by
plants, visual indications of plant consumption by herbivores
and volatile kairomones released by hosts, can provide a
rapid, albeit rough, estimate of host availability and represent
the basis of an adaptive patch choice (Vet & Dicke, 1992;
Turlings & Wäckers, 2004; Tentelier et al., 2005; Tentelier &
Fauvergue, 2007).

Once they are on a patch, parasitoids should be able to adjust
the length of time they allocate to it in order to maximise their
lifetime reproductive success. The marginal value theorem
(MVT) (Charnov, 1976), the most influential rate maximisation
model, predicts that an optimal forager should leave a resource
patch when the instantaneous rate of fitness gain falls below the
average rate of gain expected for the habitat. Therefore, optimal

residence time on a patch would increase with both increasing
resource availability in the patch and decreasing availability in
the habitat as a whole (i.e. habitat profitability). However, the
MVT model does not suggest patch exploitation mechanisms
that foragers should employ to achieve optimal residence time.
Simple behavioural rules, such as the so-called rules of thumb
(Iwasa et al., 1981; McNair, 1982; Green, 1984; Stephens &
Krebs, 1986), and the more complex and dynamic incremen-
tal and decremental patch-leaving rules have been proposed as
such mechanisms (Waage, 1979; Driessen et al., 1995; Wajn-
berg et al., 2000; van Alphen et al., 2003; Wajnberg, 2006).

The parasitoid Ibalia leucospoides Hochenwarth (Hymen-
optera: Ibaliidae) is a solitary, koinobiont and nearly pro-
ovigenic parasitoid (i.e. with an ovigeny index of 0.77; D.
Fischbein, unpublished data, 2011) that attacks eggs and
first-instar larvae of the woodwasp Sirex noctilio Boidin
(Hymenoptera: Siricidae) (Chrystal, 1930; Madden, 1968;
Spradbery, 1974). Woodwasps are primitive xylophagous
insects that attack pine trees. Sirex noctilio is native to Mediter-
ranean Europe, but over the last century has successfully
invaded Australia, New Zealand, South Africa, South Amer-
ica and, more recently, North America (Hoebeke et al., 2005).
In most regions in which S. noctilio has established, it has
rapidly become an important pest of pine tree forestations,
mainly as a result of its outbreak population dynamics, during
which tree mortality can be severe (Corley et al., 2007). Ibalia
leucospoides is one of several biocontrol agents adopted for
the purposes of pest management of woodwasp populations
(Hurley et al., 2007; Corley & Bruzzone, 2009). The para-
sitoid, also native to Europe, was introduced into Australasia
in the early 1960s, since when it has established throughout
the invasion range of S. noctilio, mostly through accidental
introductions together with its host (Madden, 1988). In field
conditions, I. leucospoides may parasitise up to 40% of its
hosts.

Because of its applied importance, there is a growing
research effort on this parasitoid. Most studies have focused
on its host location and patch use behaviour. Together with
its eggs, the host wasp injects spore of its symbiotic fungus
Amylostereum areolatum into pine trees. Then, woodwasp
larvae develop and grow inside these trees by feeding on wood
decomposed by the fungus (Madden, 1981). The chemical
information derived from the host fungal symbiont is used by
parasitoids during host searching and may provide information
on host presence (Madden, 1968; Spradbery, 1974) and on
the relative densities of hosts on patches (Martínez et al.,
2006). There is also evidence to suggest that I. leucospoides
has a type III functional response to host density in pine
logs (Fernández-Arhex & Corley, 2005) and that interference
can occur when two females forage for a host in the same
patch in simplified experimental conditions (Fernández-Arhex
& Corley, 2010). To date, not many attempts have been made
to evaluate host foraging behaviour by this parasitoid in a more
natural, multiple patch environment (Corley et al., 2010).

Whereas pine plantations are generally characterised by
a regular spatial arrangement, trees attacked by S. noctilio
are typically aggregated, especially during the longlast-
ing, endemic population phase (Corley et al., 2007). The
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distribution of attacks by S. noctilio within these clumps shows
different degrees of heterogeneity, whereby clusters of attacked
trees can show low or high degrees of variance in the num-
ber of hosts per tree, which can range from a few individuals
to several hundred woodwasp larvae. During outbreak peri-
ods, overall infestation levels can be high, affecting most
trees (≥80%) and rendering spatial distribution less hetero-
geneous. Consequently, the abundance and spatial distribution
of S. noctilio can vary not only among plantations, but within
stands, and in the course of a single flight season as well as in
subsequent generations, resulting in varying levels of hetero-
geneity. In this context, female I. leucospoides must deal with
changes in both mean and variance habitat profitability.

This study tested the hypothesis that parasitoids choose
host patches and adjust patch exploitation times according
to different levels of host abundance and distribution among
attacked trees. This hypothesis leads to various accompanying
predictions. Firstly, female parasitoids are likely to assess
patch profitability from a distance and, accordingly, to choose
the best patch within a local environment, whatever the
surrounding habitat characteristics may be. Secondly, a positive
relationship between patch residence time and host numbers
should emerge and the length of time allocated to patches
will depend on the characteristics of the surrounding habitat.
Therefore, parasitoids that experience local environments with
different mean host numbers but similar host distribution
among attacked trees (i.e. similar variance in host numbers
per patch) will allocate more time to patches set in a poorer
environment than to those in a richer one. In the same
manner, parasitoids that experience local environments with
the same mean host numbers but different host distribution
among attacked trees will allocate their time among patches
more equally in line with the decreasing heterogeneity of
the environment (i.e. more similar host numbers per patch).
Finally, a given patch with an absolute abundance of hosts
will have higher relative profitability for the parasitoid when
this patch is placed in poor habitats than in richer ones and,
hence, will be exploited more intensively in the former context.

This study was focused on individual decision making by
female parasitoids that had arrived at an aggregate of host-
attacked trees. Accordingly, predictions were tested in three
different three-patch environments characterised by different
combinations of means and variances in habitat profitability.
Host patches in the experimental set-up were recreated using
pine tree logs infested in a controlled manner; the first patch
contacted and the time allocated by parasitoids to each patch
visited were analysed. Thus, the aim of this study was to
test whether: (i) I. leucospoides females are able to perceive
differences in patch host numbers from a distance as indicated
by their selection of the best patch as their first choice; (ii)
the surrounding context affects the choice of patch as well
as the time spent on patch; and (iii) the perceived quality
(quality rating) of a given patch is affected by the quality of
the surrounding patches.

Materials and methods

Host and parasitoid wasps used in this study were obtained
from pine (Pinus contorta) logs collected in the field, at several
heavily attacked plantations located in northwest Patagonia,
Argentina (42◦02′S, 71◦56′W). Once felled, trees were cut
into 1-m logs and kept individually in locker-type cages under
indoor conditions until insect emergence. Each morning, newly
emerged parasitoid females were collected from the cages
and immediately placed in individual plastic vials (251 cm3)

for 7 days in a common chamber, free from host odours
(temperature 23 ± 1 ◦C, RH 53%, LD 16:8 h). This time span
was chosen to combine practical purposes (i.e. the matching of
insects with the experimental set-up) with the use of middle-
aged, more representative individuals. All wasps were virgins
and were given unlimited access to a diluted honey solution
(30% honey in distilled water) from emergence. On the day
prior to the experiment, food was removed and replaced with
distilled water only.

Experimental design

The aims of the experiment were to assess the ability
of I. leucospoides females to detect the best patch of three
offered from a distance and to establish whether patch
residence time is proportional to host availability. The study
also sought to establish whether mean host abundance in
the local environment and host distribution among patches
influence patch exploitation behaviour. For this purpose,
female parasitoids were individually assigned at random to
one of three different three-patch environments. The settings
differed in host numbers at the individual log level (i.e. patch),
in mean environment host numbers (the three logs), as well
as in host distribution among patches (i.e. variance in host
numbers per log). The settings are hereafter referred to as
habitats LM-HV (low mean host numbers, high variance in
host numbers), HM-LV (high mean host numbers, low variance
in host numbers) and HM-HV (high mean host numbers, high
variance in host numbers) (Table 1). The first host patch chosen
(i.e. the first patch contacted by a parasitoid), subsequent
patch visits and the time allocated to each patch visited were
recorded as response variables. Therefore, if parasitoids are
able to assess patch profitability without making direct contact
with host patches, the patch with higher host numbers should
be selected as their first choice, regardless of surrounding
habitat characteristics. Additionally, if parasitoids are able
to adapt their residence time in patches according to the
surrounding patches, residence time should be longer in the
poorer (LM-HV) than in the richer (HM-HV) habitat. In
addition, if parasitoids can adjust their current patch time
allocation to neighbouring patches, the time spent on patches
should increase in similarity as the distribution of hosts among
patches decreases in heterogeneity (e.g. HM-LV vs. HM-HV).
Moreover, if parasitoids use the relative profitability of patches
to adjust patch exploitation times, patches with similar absolute
host numbers should be visited for less time when they are
located in rich (HM-LV and HM-HV) than in poor (LM-HV)
habitats.
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Table 1. Females of the parasitoid Ibalia leucospoides were individually assigned to one of three different three-patch environments (habitats
LM-HV, HM-LV and HM-HV).

Patch host numbers

n Low Medium High
Mean environment
host number

Host distribution
among patches (vc∗)

Habitat LM-HV 12 1 8 15 8 0.87
Habitat HM-LV 11 10 15 20 15 0.33
Habitat HM-HV 13 2 15 28 15 0.87

∗vc, the variation coefficient, was used as a relative measure of variance in host distribution among patches (i.e. the ratio between the standard
deviation of the mean environment host number and mean environment host number).
The environments differed in individual patch host numbers, mean environment host number and host distribution among patches (vc).
LM-HV, low mean host numbers, high variance in host numbers; HM-LV, high mean host numbers, low variance in host numbers; HM-HV, high
mean host numbers, high variance in host numbers.

Because of the short duration of the insect emergence
season (2 months approximately), and the time-consuming
logistics associated with the experimental set-up (see below),
completion of the research in a single season was unfeasible.
The experiments were thus carried out in two different years,
during daytime hours (11.00–20.00 hours) and at 23 ± 1 ◦C.
During the first year, five, five and six replicates of the LM-
HV, HM-LV and HM-HV habitat set-ups, respectively, were
carried out. A further seven, six and seven replicates were
added for each habitat scenario, respectively, during the second
experimental year.

In order to create a symmetrical environment, three logs
were placed in the corners of an imaginary isosceles triangle
(30 cm on each side) inside a wire mesh cage (1 m3). To
provide host patches, ‘clean’ (i.e. free from woodwasp attacks)
pine logs, 0.8 m in length, were cut and allowed to dry at
ambient temperatures for 10 days to ensure appropriate wood
moisture conditions for woodwasp oviposition. Logs were then
exposed to woodwasp females until the desired number of
ovipositions had been achieved. Logs were then stored for
another 10 days before the experiments to ensure that host
development and fungal growth were suitable and attractive
to I. leucospoides females. Data on the number of hosts per
log (Table 1) were obtained by observing female woodwasps
continuously and tallying each insertion of the ovipositor into
the log. The number of host eggs laid was estimated according
to Madden (1974). The position of a given log within the array
was set at random.

A female wasp was introduced at the exact centre of
the arrangement. After a 5-min adaptation period during
which the wasp was kept inside a perforated plastic vial,
the wasp was gently released and the trial initiated. In each
replicate of the experiment, both the parasitoids and logs used
were replaced. Wasps were observed continuously during an
experiment. Patch residence times were recorded using a hand-
held stopwatch. Although off-patch short excursions during
host patch visits are not common in I. leucospoides, the end
of a patch visit was arbitrarily defined as the point at which
a wasp left the patch and remained off it for 20 min. The
experiment was considered to have ended when, having left a
patch and landed elsewhere, the wasp remained off any patch
for ≥30 min.

Data analysis

A multinomial logit model was fitted to analyse the effects
of the surrounding context on the first patch chosen. The
initial model considered patch chosen (a qualitative three-
level factor: high, medium, low) as the response variable, and
habitat (a qualitative three-level factor: LM-HV, HM-LV, HM-
HV) and year as explanatory variables. Starting with the most
complex model, patch chosen = habitat |year (the latter term
represents the sum of the effects of the two-way interaction and
the two single variables), the non-significant factors and the
interaction between factors were progressively removed until
a minimal appropriate model was obtained. Model comparisons
were computed using the standard likelihood method (Faraway,
2006). To test the hypothesis that the females chose logs at
random, a G test for goodness of fit was carried out (Sokal &
Rohlf, 1981).

The effects of host numbers in a patch and the habitat
as a whole on time allocated to the patch visited were
analysed using a generalised linear model assuming a gamma
distribution of residuals and an inverse link function. The patch
host number (a quantitative variable in this case, representing
the number of hosts within the patch), the habitats (LM-HV,
HM-LV and HM-HV) and year were introduced in the model
as explanatory variables. A backward procedure was used to
remove non-significant factors and interactions between factors
in order to select the final model. Model comparisons were
computed using the standard likelihood method. Residuals
were examined to confirm that the final model accurately fitted
the data. To test the effect of habitats on time assigned to a
patch holding 15 hosts, when this patch was selected as a
first choice, a generalised linear model based on an inverse
link function and a gamma distribution was used. All data
analyses were performed using the R statistical environment
(R Development Core Team, 2011).

Results

Patch choice

The analysis of the first patch chosen out of the three
offered showed no significant interaction between habitat and
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year (χ2 = 8.49, d.f. = 4, P = 0.07). Additionally, and as
predicted, the first patch chosen by I. leucospoides females
was selected independently of habitat (χ2 = 6.84, d.f. = 4,
P = 0.14) and year (χ2 = 2.12, d.f. = 2, P = 0.34).
However, the results show that parasitoids were able to assess
patch profitability without requiring direct contact with host
patches by showing a propensity to alight on and exploit
the patch bearing the highest number of hosts (χ2 = 17.96,
d.f. = 2, P < 0.001) (Fig. 1).

The influence of patch host number and habitat on patch
residence time

Only six of a total of 36 wasps visited more than one patch,
irrespective of the local environment. Half of these wasps
oriented directly to the best patch, exploited it and then moved
to a subsequent patch. The time allocated to each patch visited
tended to be positively related to host numbers on the patch.
The remaining three wasps made a first, short visit to poorer
patches and then moved to the patch with the highest number of
hosts, in which they stayed and which they exploited. As only
a limited number of wasps visited more than one patch, it was
difficult to analyse data adequately in terms of patch residence
time on all patches and therefore all statistical analysis was
focused on patch residence time on the first host patch chosen.

Consistent with the study predictions, the time allocated
to the exploitation of the first host patch visited increased
with increasing patch host numbers (χ2 = 12.61, d.f. = 1,
P < 0.0001). In addition, patch residence time was signif-
icantly affected by the interaction between host number in a
patch and habitat (LM-HV, HM-HV, HM-LV; χ2 = 7.79,
d.f. = 2, P < 0.0001). We attempted to understand this sta-
tistically significant interaction by comparing habitats accord-
ing to their mean and variance in profitability (see below).

When habitat LM-HV was compared with habitat HM-HV,
results suggested that parasitoids may use the relative prof-
itability of patches to adjust their patch exploitation times.
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Fig. 1. Number of female wasps of Ibalia leucospoides that chose
a given host patch for the first time, among the three patches
simultaneously offered, as a function of patch host number (high,
medium, low).

Patch residence time was significantly affected by the interac-
tion between host number in a patch and habitat (χ2 = 2.60,
d.f. = 1, P = 0.01). Therefore, female wasps were able to
stay longer on patches (specifically, see patch containing 15
hosts; Fig. 2) in LM-HV conditions than in HM-HV condi-
tions. Patches with different absolute numbers of hosts, but
with the same relative profitability in habitat LM-HV and
HM-HV, were assigned exploitation times according to their
relative value (i.e. quality rating) (Fig. 2). However, patch res-
idence time increased with the number of hosts on the patch
(χ2 = 13.06, d.f. = 1, P < 0.0001).

When habitat HM-LV was compared with habitat HM-HV,
the interaction between host number in a patch and habitat
was significant (χ2 = 3.80, d.f. = 1, P < 0.01). However,
this probably occurred as a consequence of the fact that
only a single wasp (that in habitat HM-LV) visited the patch
containing 10 hosts and allocated a disproportionate amount
of time to it compared with the time allocated by the other
wasps to patches of comparable richness. When the individual
that had visited the patch bearing 10 hosts was removed
from the analysis, the interaction between host number in
the patch and habitat was no longer significant for habitats
HM-LV and HM-HV (χ2 = 0.39, d.f. = 1, P = 0.38), and,
contrary to the study prediction, habitat (i.e. variance in
host numbers per patch) did not affect patch residence time
(χ2 = 0.29, d.f. = 1, P = 0.52). Nonetheless, time spent on
the first patch visited increased with host numbers in that patch
(χ2 = 11.98, d.f. = 1, P < 0.0001).

To further study the use of patch relative profitability to
adjust patch exploitation times, differences in the time assigned
to patches holding 15 hosts when these patches were selected
as first choice were analysed (these patches were included in
the LM-HV, HM-LV and HM-HV habitats). In a manner that
is partially consistent with the study prediction, females tended
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Fig. 2. Patch residence times (mean ± standard error) on the first
patch visited as a function of patch host number, for Ibalia
leucospoides females exposed to different environmental conditions.

, habitat LM-HV (low mean host numbers, high variance in host
numbers); , habitat HM-LV (high mean host numbers, low variance
in host numbers); , habitat HM-HV (high mean host numbers, high
variance in host numbers).
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Habitat
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Fig. 3. Patch residence times (mean ± standard error) on patches of
15 hosts chosen as first options in habitats LM-HV, HM-LV or HM-
HV. LM-HV, low mean host numbers, high variance in host numbers;
HM-LV, high mean host numbers, low variance in host numbers; HM-
HV, high mean host numbers, high variance in host numbers.

to stay on the patch containing 15 hosts longer when this
patch was located in the poorer habitat [mean ± standard error
(SE) in habitat LM-HV: 114.10 ± 14.63 min (n = 10)] than
when it was placed in the richer habitat [mean ± SE in habitat
HM-LV: 89.00 ± 36.35 min (n = 6); mean ± SE in habitat
HM-HV: 61.33 ± 18.47 min (n = 3)] (Fig. 3). However, the
differences among habitats were not significant (χ2 = 0.86,
d.f. = 2, P = 0.37). The years in which the experiments
were performed had no significant effect on any response
variable analysed.

Discussion

Results show that I. leucospoides females may alight on and
exploit, firstly, logs holding the highest number of hosts. This
is particularly remarkable given that the first selection occurs
from a distance. Once on the patch, the time allocated to the
exploitation of the first host patch visited depended on host
number in the patch in association with habitat profitability.
This finding suggests that exploitation decisions may be
influenced by information obtained from the surrounding
patches.

Patch choice decisions

The most striking finding in this study is that I. leucospoides
was capable of responding to differences in host patch
quality without needing to make direct contact with logs
in order to assess their profitability. Ibalia leucospoides
seems to do this using chemical cues derived from the host
fungal symbiont (Madden, 1968; Martínez et al., 2006). As
ovipositing woodwasps may disturb tree growth during their
attacks, through a phytotoxic substance and fungus associated
with oviposition, it is likely that tree location by foraging

parasitoids follows volatile cues emitted by stressed trees, such
as monoterpenes (α- and β-pinene) (Madden, 1988). Odour
cues derived mainly from the host symbiotic fungus probably
help foraging wasps to optimise patch choice decisions even
before they reach the patch (Martínez et al., 2006; Corley
et al., 2010). However, we cannot discard the role played by
volatiles derived from live but stressed trees in the field in
parasitoid attraction and patch choice.

Choosing the best of three nearby patches suggests, from
one perspective, proportionality between odour concentration
and host number. Moreover, it requires at least a given ability
to appraise several patches in the local environment and the
capability to detect differences in volatile cues. It is generally
assumed that parasitoids need to sample their environment
first, mostly by making contact with host patches, in order
to assess its profitability and make decisions (Hubbard &
Cook, 1978; Waage, 1979; Driessen et al., 1995). However,
the present results suggest that I. leucospoides is able to make
host-searching decisions by assessing initial host availability
in patches, without the need for direct contact. In addition,
assessment ability and patch choice in this parasitoid did not
differ among habitats (i.e. independently of the characteristics
of the habitat into which they were released, wasps tended to
select the best log first), although at this stage we cannot rule
out the possibility that this apparent lack of difference may
be the consequence of a lack of power of our tests caused by
small sample sizes.

In I. leucospoides, the strategy of choosing and staying
longer in the best patch may result in a better outcome
than a strategy of engaging in a process of sampling and
continuous updating. A hypothetical explanation of the strategy
of choosing a single patch must involve a highly variable
environment. In pine plantations, S. noctilio densities and their
spatial distribution among trees are known to vary, even during
population outbreaks (Corley et al., 2007). In these conditions,
it is possible that a host-infested tree, within the aggregation
of attacked trees, bears several to hundreds of host larvae,
hence surpassing the parasitoid egg complement. Thus, for
parasitoids, the ability to assess patch quality from a distance
and respond accordingly by moving towards the best patch
would be valuable: firstly, it may result in a time-saving
strategy, and, secondly, making an appropriate choice gives
the female parasitoid the chance to lay more eggs in a single
tree with a high density of hosts. By making accurate choices
and thoroughly exploiting a patch, I. leucospoides may protect
itself against failure to find another good host patch, mortality
during travel, and losses in terms of energy budget. It is
also true that individual offspring production per patch can
be independent of the number of hosts per patch (Tentelier
et al., 2008). In the wild, a low number of eggs laid by a
female per patch in relation to the number of hosts available
may occur as a result of either strong predation pressure or
parasitoid redistribution among patches.

Patch residence time

Under the experimental conditions considered here, the
first patch chosen by I . leucospoides was probably exploited
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according to mean habitat profitability. Parasitoids may use
the relative profitability of patches to adjust their patch
exploitation times, but patch residence time also increases
with the number of hosts in the patch. By contrast, variance
in habitat profitability seems to have no influence on time
allocation decisions. In accordance with the predictions of
some theoretical studies (McNamara & Houston, 1985, 1987;
Vos & Hemerik, 2003), the present results suggest that wasps
may use the information available from nearby patches to make
patch-leaving decisions. Additionally, the results qualitatively
agreed with the general MVT predictions in that patch
residence times by parasitoids increased with increasing host
number. The increase in patch residence time may occur in
consequence to a response of I. leucospoides to concentrations
of host chemical cues.

Foraging theory predicts that the time allocated to a patch
with a given host density depends upon the particular host
environment. Thus, as habitat profitability increases, residence
times on a patch of particular host availability should decrease
(Charnov, 1976). Although we found that the number of hosts
in the patch determined the time allocated to the first patch
chosen in association with mean habitat profitability, we did
not observe a statistically significant habitat-dependent time
allocation difference with those patches bearing 15 hosts. This
apparent mismatch is probably a consequence of the low power
of the statistical test (low sample size) and not of parasitoid
behaviour. Note that female wasps tended to spend more time
on the patch with 15 hosts when this patch was within the
poorer habitat (LM-HV) than when it was in the richest habitat
(HM-HV).

In this study, the inclusion of an environment with low
mean habitat profitability and low variance in host numbers
per patch would have facilitated a factorial design. However,
an environment that strictly follows these characteristics is
difficult to design. Such an environment would have required a
mean host number (for the environment) of eight with patches
bearing different host numbers whilst conserving a variation
coefficient of 0.33. An example of such a setting would include
patches with six, eight and ten hosts. It is very unlikely that,
in this or similar scenarios, these patches would be perceived
as different by I. leucospoides females.

This study shows the relevance of quantitative differences
in volatile-based cues and the roles they play in the process
of patch selection. Once on a patch, animals may well use
or overlook information about habitat characteristics. In this
study, I. leucospoides showed a strong response to patch host
abundance and the probable use of habitat information, but
whether this leads to an increase in reproductive success
requires further investigation. In any case, the ability to respond
to differences in host numbers on patches is of great importance
because it may indicate how well I. leucospoides individuals
match their foraging effort to host availability.
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