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Associative learning of host presence in non-host
environments influences parasitoid foraging
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Abstract. 1. Parasitoids are known to utilise learning of herbivore-induced plant
volatiles (HIPVs) when foraging for their herbivorous host. In natural situations these
hosts share food plants with other, non-suitable herbivores (non-hosts). Simultaneous
infestation of plants by hosts and non-hosts has been found to result in induction of
HIPVs that differ from host-infested plants. Each non-host herbivore may have different
effects on HIPVs when sharing the food plant with hosts, and thus parasitoids may learn
that plants with a specific non-host herbivore also contain the host.

2. This study investigated the adaptive nature of learning by a foraging parasitoid that
had acquired oviposition experience on a plant infested with both hosts and different
non-hosts in the laboratory and in semi-field experiments.

3. In two-choice preference tests, the parasitoid Cotesia glomerata shifted its
preference towards HIPVs of a plant–host–non-host complex previously associated
with an oviposition experience. It could, indeed, learn that the presence of its host is
associated with HIPVs induced by simultaneous feeding of its host Pieris brassicae
and either the non-host caterpillar Mamestra brassicae or the non-host aphid Myzus
persicae. However, the learned preference found in the laboratory did not translate into
parasitisation preferences for hosts accompanying non-host caterpillars or aphids in a
semi-field situation.

4. This paper discusses the importance of learning in parasitoid foraging, and debates
why observed learned preferences for HIPVs in the laboratory may cancel out under
some field experimental conditions.

Key words. Associative learning, Cotesia glomerata, dual herbivory, field-tent experi-
ment, non-host, parasitoid behaviour.

Introduction

The ability to learn to associate certain cues with the presence of
a food reward is important for animals to optimise their foraging
success (Ishii & Shimada, 2010; Hoedjes et al., 2011; Mery,
2013; Dridi & Lehmann 2016). Parasitic wasps, or parasitoids,
lay their eggs in or on other arthropods, their hosts. The larvae
emerging from these eggs feed on this host and eventually
the host dies (Godfray, 1994). To find the herbivorous hosts
in the complex environment in which they forage, parasitoids
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use direct cues from the host (e.g. from frass) (Van Alphen
et al., 2003; Colazza et al., 2014) and indirect cues produced
by the food plant of the host in response to herbivore feeding
(herbivore-induced plant volatiles, HIPVs) (Vet & Dicke, 1992;
Van Alphen et al., 2003; Hare, 2011). By learning to associate
such cues with the presence of hosts, parasitoids can increase
their foraging efficiency (Ishii & Shimada, 2010; Hoedjes et al.,
2011; Mery, 2013).

In natural situations, hosts often share their food plant with
non-host herbivores that are not suitable for parasitoid lar-
val development. Mixed infestations of plants with host and
non-host herbivores affect the HIPVs and herbivore-related cues
that parasitoids encounter during foraging for hosts (De Rijk
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et al., 2013). These cues may be more similar when host and
non-host herbivores are of the same feeding guild than when
herbivores differ in feeding guild. At the level of indirect cues,
phloem-feeding herbivores like aphids generally induce the
emission of volatile compounds regulated by the salicylic acid
signal-transduction pathway of the plant, whereas leaf-chewing
herbivores such as caterpillars generally induce the emission
of a different group of volatiles regulated by the activation of
the plant jasmonic acid pathway (Arimura et al., 2011). In fact,
when phloem feeders and leaf chewers attack the same plant,
the plant signal-transduction pathways can interact (cross-talk),
and consequently a unique volatile blend is emitted (Dicke et al.,
2009; Thaler et al., 2012). In addition, the direct cues pro-
duced by phloem feeders and leaf chewers are dissimilar, e.g.
different body odours, frass, and patterns of feeding damage.
By the induction of different volatile blends and the produc-
tion of different herbivore-related direct cues, the presence of
non-host herbivores with various feeding styles partly deter-
mines the olfactive environment of the parasitoid (De Rijk
et al., 2013; Aartsma et al., 2017). For a parasitoid associated
with a caterpillar host, non-host caterpillars on neighbouring or
host-infested plants were found to reduce host location, whereas
parasitoids found hosts on plants infested with aphids more read-
ily (Bukovinszky et al., 2012; De Rijk et al., 2016a). In diverse
herbivore communities, individual herbivore species were found
to influence parasitoid host location more strongly than diver-
sity per se (De Rijk et al., 2016b). Learning to associate HIPVs
of a specific plant–host–non-host complex with host presence
may allow parasitoids to fine-tune their foraging in environments
with various non-host herbivore species.

Although thorough laboratory studies have identified the
potential of learning by parasitoids as well as some of the
underlying mechanisms (Tumlinson et al., 1993; Turlings et al.,
1993; Vet et al., 1995; Hoedjes et al., 2011; Wäschke et al.,
2013), the significance of learning in foraging under complex
field conditions has seldom been studied (Lewis & Martin,
1990; Mery, 2013, but see Papaj & Vet, 1990; Hare et al.,
1997; Kruidhof et al., 2015). The few field studies show that
both predators and herbivores have enhanced foraging success
under field conditions when they associated the presence of their
food with a distinct odour (Zrelec et al., 2013; Janssen et al.,
2014). In parasitoids, oviposition experience on a host-infested
plant enhanced the number of host patches visited per time
unit in a field-tent setup. The learned cue associated with host
presence allowed experienced parasitoids to find host patches
more efficiently than did naive parasitoids when host patches
were surrounded by other vegetation (Kruidhof et al., 2015).
However, how learning may benefit parasitoids in foraging
under complex field conditions at the level of the herbivore
community has not been studied.

Here, we studied, in a field-tent setup, the adaptive nature
of learning in the parasitoid Cotesia glomerata foraging for
its preferred host Pieris brassicae when it had acquired ovipo-
sition experience on a plant–host–non-host complex with its
associated odours in the laboratory. In laboratory settings, C.
glomerata is able to associate volatiles produced by plants in
response to host feeding with the presence of the host (Geervliet
et al., 1998a,b; Bleeker et al., 2006; Smid et al., 2007; Kruidhof

et al., 2012a,b). In this study we tested if C. glomerata could
learn to associate cues induced and produced by simultane-
ous feeding of host and non-host herbivores with the presence
of the host. We specifically tested whether conditioning on a
plant–host–non-host complex with different non-hosts, i.e. the
aphid Myzus persicae or caterpillars of Mamestra brassicae:
(i) resulted in a learned preference for the specific conditioned
plant–host–non-host complex in two-choice tests between the
aphid and caterpillar plant–host–non-host complex; and (ii)
led to enhanced parasitism rates of hosts on the conditioned
plant–host–non-host complex over the non-conditioned com-
plex in a field-tent environment. We predicted that parasitoids
in the two-choice test would show a preference for the plant
infestation type previously experienced, or show no preference
when both plant infestation types were experienced, as a con-
sequence of associative learning (Vet et al., 1990). Previously
we found that after landing on a plant infested with hosts and
non-hosts, C. glomerata was more efficient in finding its host in
the presence of non-host phloem feeders than in the presence of
non-host leaf chewers (De Rijk et al., 2016a). Based on this find-
ing, we additionally predicted that parasitoids that previously
experienced a plant infested by hosts plus non-host aphids would
prefer to land on these plants and would be able to find hosts
more quickly than on plants with hosts and non-host caterpillars.
This would lead to overall higher parasitisation efficiency (num-
ber of hosts parasitised per time unit) for parasitoids that learned
that hosts were present on aphid-infested plants compared with
parasitoids that experienced host presence on a plant infested
by hosts plus non-host caterpillars. Parasitoids that previously
experienced both types of plant infestation were expected to
show an intermediate parasitisation efficiency.

Materials and methods

Plants and insects

Brassica oleracea var. gemmifera Cyrus plants were used
in the experiments. The plants were grown in a greenhouse
(20 ± 2 ∘C, RH 60 ± 10%, LD 16:8 h ) in 0.7-litre pots contain-
ing potting soil (Lentse potgrond, no. 4; Lent, the Netherlands).
Two to three times per week the plants were fertilised with a
liquid fertiliser (Kristalon; Yara Vlaardingen B.V., Vlaardingen,
the Netherlands). Cultures of the host caterpillar Pieris bras-
sicae, non-host caterpillar Mamestra brassicae and non-host
aphid Myzus persicae were maintained on B. oleracea plants in
a greenhouse (20 ± 2 ∘C, RH 60 ± 10%, LD 16:8 h ). For both
experiments, first-instar caterpillars and wingless adult aphids
were used. A culture of C. glomerata was maintained on P. bras-
sicae caterpillars in a greenhouse (20 ± 2 ∘C, RH 60 ± 10%,
LD 16:8 h). Parasitoid cocoons were kept in a climate cabi-
net (21 ∘C, LD 16:8 h) away from plant volatiles and emerged
adults were provided with water and honey ad libitum. The par-
asitoids were allowed to mate and 1- to 6-day-old inexperienced
female parasitoids were conditioned and tested in the experi-
ments. The parasitoid C. glomerata is specialised on caterpil-
lars of the genus Pieris, but is a generalist within this genus,
with P. brassicae as its preferred host (Geervliet et al., 2000).
Pieris caterpillars are oligophagous, feeding on plants within the
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Brassicaceae family and both the parasitoid and the caterpillar
are gregarious species.

Preparation of plants

Plants used for the conditioning of parasitoids were prepared
3 days in advance in order to allow plants to fully deploy
their response to the inducing herbivores. To create host- plus
non-host aphid-infested plants, 10 first-instar P. brassicae and
40 M. persicae individuals were transferred to the youngest fully
expanded leaf of a 5-week-old plant. Of those, all aphids and
five caterpillars were placed in a clip cage (diameter 60 mm) to
ensure concentrated feeding damage by both herbivore species
and to provide sufficient leaf area for feeding during the confine-
ment in the clip cage. Because of limited leaf area inside the clip
cage, the remaining five caterpillars were placed outside the clip
cage. Host- plus non-host caterpillar-infested plants were pre-
pared in a similar way, but instead of 40 aphids, 10 second-instar
M. brassicae caterpillars were transferred to the plant. Of those,
five were placed inside the clip cage together with the five
P. brassicae caterpillars. To prevent the herbivores outside of
the clip cages from moving to other leaves, cotton wool was
wrapped around the stalk of the leaf and a fine mesh bag
(35 × 27 cm) was placed around the leaf. Prepared plants were
kept in a greenhouse (23 ± 2 ∘C, RH 60%, LD 16:8 h). Before
conditioning the parasitoids, plants were brought to a laboratory
environment, and mesh bags, cotton wool, clip cages and her-
bivores were removed. Both host and non-host herbivores were
removed, but not their excretions, to prevent the possibility that
the learning experiences would greatly differ among parasitoids
(e.g. where one parasitoid would encounter a non-host individ-
ual and the other parasitoid would not). First-instar P. brassicae
caterpillars were placed on the previously infested leaf, on the
spot where the clip cage had been. New hosts were offered to
the parasitoid, because the 3-day-old hosts would better defend
themselves against oviposition that could negatively affect the
conditioning, whereas younger caterpillars defend themselves
less well (Gross, 1993). To encourage the parasitoids to search
for their host, frass of first-instar P. brassicae larvae was spread
on the leaf. Plants used in the wind-tunnel and field-tent exper-
iments were prepared the same way, but without the use of clip
cages. For the wind-tunnel experiment, plants were prepared
4 days in advance, for logistical reasons.

Conditioning of parasitoids

Parasitoids were inexperienced (inexperienced) or were given
an experience by allowing them one oviposition in a host on
a plant that was infested by: (i) the host in combination with
the non-host caterpillar M. brassicae (caterpillar conditioning);
(ii) the host and the non-host aphid M. persicae (aphid con-
ditioning); or (iii) oviposition on a plant infested by the host
and non-host caterpillar immediately followed by oviposition
on a plant infested by the host and non-host aphid (dual condi-
tioning) (Fig. 1). Each conditioning treatment was given twice,
with 10 min in between, so-called spaced training (Smid et al.,
2007), to create long-term memory that would last for at least

2 days. Immediately after collecting an individual parasitoid in
a 1.5-ml Eppendorf tube, the parasitoid was allowed to walk
on the infested part of the leaf, and after parasitizing one host,
the parasitoid was again collected in the tube. After 10 min,
the parasitoid underwent the second part of the conditioning,
which was the same as the first part in the case of caterpil-
lar or aphid conditioning. In the dual conditioning, the para-
sitoid first experienced one oviposition on a caterpillar-infested
plant, and this was immediately followed by an oviposition on
an aphid-infested plant. After the 10-min interval, the parasitoid
experienced these two ovipositions again, but in reversed order.
The two possible orders of oviposition experiences for this treat-
ment were equally divided over the parasitoids of this treatment.
Attacked hosts were replaced by new ones after removal of the
parasitoid. For each set of two plants, 12 parasitoids were con-
ditioned. Inexperienced parasitoids were kept in the collection
tube for 10 min. Parasitoids of all treatments were kept in cages
with honey and water ad libitum after conditioning. At 1 day
after conditioning, the parasitoids were released individually
(wind-tunnel experiment) or in groups of three (field-tent exper-
iment). Each parasitoid was tested only once.

Experimental setup

The preference of inexperienced and conditioned C. glom-
erata parasitoids for plants infested with hosts plus non-host
caterpillars and plants infested with hosts plus non-host aphids
was tested in the laboratory using a wind tunnel as described
by Geervliet et al. (1994) (Fig. 1). Plants were prepared as
described earlier. Before placing one plant of each type in
the wind tunnel, the cotton wool and mesh bags to confine
herbivores on the leaves were removed. Herbivores were not
removed. In the wind tunnel (25 ± 1 ∘C, RH 64–70%, wind
speed 0.1 m s−1) plant pairs were placed upwind, and individ-
ual (un)conditioned parasitoids were released from a distance of
70 cm from the plants. The first plant the parasitoid landed on
was considered as the preferred plant; when a parasitoid did not
land on one of the plants within 5 min, this parasitoid was con-
sidered unresponsive. After every two responding parasitoids,
the position of the plants was switched to control for unfore-
seen asymmetry in the setup. For each treatment, 13 or 14 sets of
plants were used to test 12 parasitoids per plant pair in a random
order spread over 7 weeks.

The parasitisation preference of inexperienced and con-
ditioned C. glomerata parasitoids was tested using a
field-tent experiment conducted from 1 May 2013 to 4
October 2013 (Fig. 1). Two sets of eight tents were used
(length × width × height, 3 × 4 × 2 m) made out of insect
screen (mesh diameter 0.6 mm) and positioned in an agricul-
tural field in the vicinity of Wageningen, the Netherlands. The
two sets of tents were used alternately, with at least 11 days
between using the same set of tents to exclude the presence of
previously released insects. After growing in a greenhouse for
4 weeks, B. oleracea plants were transferred outside to acclima-
tise for 1 week. Five-week-old plants were planted in the tents,
with 16 plants per tent in a 4 × 4 grid and with ± 60 cm distance
between plants. During the sixth week, all of the plants in the
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Fig. 1. Experimental design of conditioning of the parasitoid Cotesia glomerata on different plant–host–non-host complexes and its effect on
preference for a plant–host–non-host complex in two-choice wind-tunnel tests as well as parasitisation efficiency in small plant communities in field
tents. (a) Parasitoids used in the experiments were inexperienced or trained on an aphid plant–host–non-host complex, a caterpillar plant–host–non-host
complex, or both of the plant–host–non-host complexes. (b) They were subsequently tested in a two-choice test in a wind tunnel for preference for the
aphid or caterpillar plant–host–non-host complex. (c) In a field tent, the conditioned parasitoids were released to measure their parasitism preference
and efficiency for hosts on plants infested with non-host aphids or caterpillars. [Colour figure can be viewed at wileyonlinelibrary.com].

tents were infested with 10 P. brassicae caterpillars. Every other
plant was additionally infested with 40 M. persicae aphids,
whereas the remaining eight plants were additionally infested
with 10 M. brassicae caterpillars using methods described
earlier. Three days after herbivore introduction, three female
(un)conditioned parasitoids and three male parasitoids were
released after removal of the mesh bags to confine insects to
plants. The parasitoid-conditioning treatments were randomly
distributed over the tents (one conditioning treatment per tent,
two tents per conditioning treatment for each trial). Two plastic
lids (diameter 3 cm) with drops of honey were placed in the
tents as a food source for the parasitoids. After 24 h the plants
in the tents were harvested and kept individually in labelled
plastic bags at 4 ∘C. All P. brassicae caterpillars found back on
the plants were dissected under a stereomicroscope to check for
parasitisation. We ran nine trials of the experiment over time,
yielding 16 replicates per treatment.

Statistical analysis

To test for equal preference for the two plants offered to
the parasitoids in the wind-tunnel experiment, initially, per
treatment, a logistic regression model was fitted, with just a
constant on the logit scale, and a multiplicative dispersion
factor for the binomial variance of the dependent variable
of parasitoid preference for one of the two odour sources,
to account for extra variation between pairs of plants. An
approximate t-test was used to check whether the constant
differed from 0, i.e. whether parasitoids showed a preference.
When the estimated dispersion factor was smaller than 1,
the binomial test was used instead, assuming independence
of choices of parasitoids within and between pairs of plants.
To analyse if the preference and the response rate of the
parasitoids were affected by conditioning treatment, a logistic

regression analysis was conducted comprising an extra unknown
multiplicative dispersion factor for the binomial variance, an
explanatory variable for the day of testing, and main effects
for conditioning treatment on the logit scale. There was no
significant effect of the day of testing, so it was subsequently
dropped from the model. Statistical inference was based on the
Wald test.

To test for equal preference for the two plant types offered
to the parasitoids in the field-tent experiment, initially, per
treatment, a logistic regression model was fitted, comprising just
a constant as a fixed effect, in addition to random effects for
tents, on the logit scale, and a multiplicative dispersion factor
for the binomial variance, to account for extra variation between
groups of plants within the same tent. An approximate t-test
was used to check whether the constant differed from 0, i.e.
whether parasitoids showed a preference. When the estimated
variance component for tents was negligible and the estimated
dispersion factor was smaller than 1, the binomial test was
used instead, assuming independence of choices of parasitoids
within and between groups of plants within the same tent. To
analyse if the preference for the two plant types was affected
by conditioning treatment, a generalised linear mixed model
(GLMM) was used, comprising an extra unknown multiplicative
dispersion factor for the binomial variance, a random factor for
tent number, an explanatory variable for the time of testing, and
main effects for conditioning treatment on the logit scale. There
was no significant effect of the moment of testing, so it was
subsequently dropped. To analyse the percentage of parasitised
hosts out of the total number of hosts per tent, a similar GLMM
was used, with the moment of testing included. In addition
to an overall comparison of the four treatments, a test was
performed for the contrast between the inexperienced and the
average of the experienced parasitoids, all on the logit scale.
One of the trials was excluded from all analyses because the
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parasitoids did not fly out of the release tubes, most likely
because of low temperatures, bringing the total number of
replicates per treatment to 16. Inference was based on penalised
quasi-likelihood (PQL) (Breslow & Clayton, 1993). Quasi-Wald
tests and approximate F-tests (Kenward & Roger, 1997) applied
to the approximate linear mixed model from the last step of the
iterative reweighted REML algorithm were used. Calculations
were performed using genstat, 17th edition (VSN International
Ltd, Hemel Hempstead, U.K.).

Results

Wind-tunnel experiment

The percentage of parasitoids that responded in the wind
tunnel was, on average, 89% and was not affected by condi-
tioning treatment [generalised linear model (GLM), d.f. = 3,
F = 2.34, P = 0.089]. Inexperienced parasitoids preferred to
land on plants infested with hosts plus non-host caterpillars
over plants infested with hosts plus non-host aphids (approx-
imate t-test, P = 0.007). Likewise, parasitoids with an ovipo-
sition experience on plants infested with hosts plus non-host
caterpillars (caterpillar conditioning) also preferred this plant
type (binomial test, P = 0.011). However, when parasitoids had
experienced oviposition on plants infested with hosts plus aphids
(aphid conditioning), or in combination with an oviposition
on plants infested with hosts plus non-host caterpillars (dual
conditioning), the distribution of preference shifted from host-
plus non-host caterpillar-infested plants to a no-preference sit-
uation (approximate t-test, P = 0.561 and P = 0.504, respec-
tively) (Fig. 2). The percentage of parasitoids choosing the
host- plus non-host caterpillar-infested plant was highest for
the inexperienced parasitoids as compared with the aphid- and
dual-conditioned parasitoids. In addition, the percentage of par-
asitoids choosing the host- plus non-host aphid-infested plant
was higher for the aphid-conditioned parasitoids than for the
caterpillar-conditioned parasitoids (GLM, d.f. = 3, F = 4.07,
P = 0.013) (Fig. 2).

Field-tent experiment

Of the 10 240 hosts transferred to the plants in the tents,
7517 hosts were re-collected (73%). Of those hosts that were
re-collected, 2137 were parasitised (28%). The time at which
the separate replicates of the experiment were performed influ-
enced the percentage of hosts parasitised (GLMM, n.d.f. = 7,
d.d.f. = 41.7, P < 0.001), most likely because of variable
weather conditions. Conditioning of parasitoids did not affect
the number of host- plus aphid-infested or host- plus non-host
caterpillar-infested plants with parasitised hosts (GLMM,
n.d.f. = 3, d.d.f. = 60.0, P = 0.515) (Fig. 3). Parasitised hosts
were equally spread over host- plus non-host aphid-infested and
host- plus non-host caterpillar-infested plants in all treatments
(binomial test: all P > 0.2) (Fig. 3). On average (± SE), 28.8%
(± 1.75) of the hosts in the tents were parasitised. This was
not affected by conditioning in general (inexperienced versus
conditioned, GLMM, n.d.f. = 1, d.d.f = 50.6, P = 0.155), or

by the different types of conditioning (GLMM, n.d.f. = 3,
d.d.f = 52.0, P = 0.320).

Discussion

In this study we showed that parasitoids learn to associate cues of
non-host identity with the presence of hosts. In a laboratory set-
ting, the landing preference of C. glomerata parasitoids shifted
in the direction of plants infested by hosts plus non-host aphids
if, previously, cues from non-host aphids were experienced in
the presence of hosts. This learned association did not, however,
translate into parasitisation preferences in a field-tent situation.
In the field setting, C. glomerata parasitised hosts on similar
numbers of plants infested by hosts plus non-host caterpillars
as on plants infested by hosts plus non-host aphids, irrespective
of their previous experience.

Based on previous findings, it was predicted that parasitoids
would prefer to land on and parasitise hosts on plants with
the type of herbivore infestation they had previously experi-
enced (but see Desurmont et al., 2017 for a counter-example).
When both of the plant infestation types were previously
experienced, no landing preference or parasitisation preference
was expected. Inexperienced parasitoids were predicted to pre-
fer host- plus non-host caterpillar-induced plants. Supporting
our predictions, inexperienced parasitoids preferred host- plus
non-host caterpillar-induced plants over host- plus non-host
aphid-induced plants in the wind-tunnel experiment. This prefer-
ence shifted in the direction of host- plus non-host aphid-induced
plants when parasitoids experienced host oviposition on plants
infested by hosts plus non-host aphids or were also experienc-
ing a plant with hosts and non-host caterpillars in addition.
The innate preference of inexperienced parasitoids for host-
plus non-host caterpillar-damaged plants could be caused by
a quantitative difference in emitted volatiles related to cater-
pillar feeding, as a result of unequal numbers of caterpillars
on the two plant infestation types (Geervliet et al., 1998a).
However, previous research showed that differences in density
of host and non-host caterpillars between two plants do not
affect the preference of C. glomerata (Bukovinszky et al., 2012).
Quantitative differences could also have occurred because of
changed emission rates of caterpillar-related volatile compounds
due to co-infestation by phloem-feeding insects such as aphids
(Rodriguez-Saona et al., 2003; Zhang et al., 2013; Ponzio et al.,
2016; Li et al., 2017). Besides quantitative differences, quali-
tative differences are also hypothesised to occur between the
volatile blends of plants dually attacked by aphids and caterpil-
lars and plants attacked by only caterpillars (host and non-host)
(Dicke et al., 2009). An attack by aphids can affect a plant’s
response to an attack by caterpillars via cross-talk of the signal
transduction pathways of the plant, which could lead to a quali-
tative difference in the volatile blend (Thaler et al., 2012; Kroes
et al., 2015). Parasitoids conditioned on host- plus non-host
aphid-infested plants might have experienced that hosts can also
be found on plants emitting volatiles quantitatively and/or quali-
tatively different from plants infested with hosts that are innately
preferred. This new experience levelled out the preference for
plants induced by only host caterpillars in the wind-tunnel
experiment.
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Fig. 2. Mean percentages of parasitoids in the wind-tunnel experiment that chose to land on a plant infested with hosts plus non-host aphids (left) and
mean percentage of parasitoids that chose to land on a plant infested with hosts plus non-host caterpillars (right). Error bars indicate the standard errors
of different plant pairs (n = 13 or 14 plant pairs per conditioning treatment). Parasitoids were inexperienced (inexperienced), experienced with host
oviposition on a plant infested with hosts plus non-host caterpillars (caterpillar), experienced with host oviposition on a plant infested with hosts plus
non-host aphids (aphid), or experienced with host oviposition on a plant infested with hosts plus non-host caterpillars as well as on a plant infested with
hosts plus non-host aphids (dual). Values in bars show results of approximate t-tests (for inexperienced, aphid and dual) or binomial tests (for caterpillar)
for equal preference (𝛼 = 0.05, ns = not significant); different letters indicate significant differences between treatments based on logistic regression
(P = 0.013) and least significant differences (𝛼 = 0.05). Values in brackets are the number of responding parasitoids/the number of parasitoids tested.

Only very few previous studies have shown that insects that
can learn to associate cues with the presence of their host/food
in the laboratory also accordingly show altered behaviour in
(semi-)field situations (Lewis & Martin, 1990; Papaj & Vet,
1990; Hare et al., 1997; Raine & Chittka, 2008; Zrelec et al.,
2013; Janssen et al., 2014; Kruidhof et al., 2015). Cotesia glom-
erata is well known for its ability to learn in the laboratory
(Geervliet et al., 1998a,b; Bleeker et al., 2006; Smid et al.,
2007; Kruidhof et al., 2012a,b). Although its landing preference
was indeed affected by conditioning in our wind-tunnel exper-
iment, its parasitisation preference in field-tent situations was
not influenced by previous oviposition experience. An explana-
tion for this mismatch between laboratory and field observations
could be found in the incompleteness of the information that
we offered to the parasitoids. In natural situations, parasitoids
experience not only rewarding situations, e.g. being attracted
by an odour followed by finding a host, but also unrewarding
situations, e.g. being attracted by an odour followed by not find-
ing hosts. By facing both rewarding and unrewarding situations,
parasitoids get complete information about their environment
(Vet et al., 1998). Vet et al. (1998) showed that when para-
sitoids are provided with complete information, the response to
the rewarding situation increases. In our experiment, the condi-
tioning of the parasitoids was incomplete for the complex sit-
uation the parasitoids faced in the field tents. If we had given
the parasitoids both a rewarding (e.g. oviposition on a host- plus
non-host caterpillar-infested plant) and an unrewarding experi-
ence (e.g. no oviposition on a host- plus non-host aphid-infested
plant), the parasitoids would have had complete information and
the response to the ‘rewarding plant’ may have been stronger
(Kruidhof et al., 2015).

Additionally, our field-tent setup, in which host caterpillars
were feeding on all plants, did not penalise parasitoids that
landed on plants other than the plant infestation type they had
learned to associate with host presence. Based on the results
from our wind-tunnel experiment and on preference tests from
the literature (e.g. Geervliet et al., 1998a,b; Kruidhof et al.,
2012a,b) it is expected that the preference of C. glomerata would
not be 100% for either of the two plant infestation types. This
would mean that an individual parasitoid in the field-tent exper-
iment would mostly fly to its preferred plant, but sometimes
also to its non-preferred plant which harboured equal numbers
of hosts as the preferred plant. In the field-tent experiment,
the parasitoids may therefore have gained oviposition experi-
ence on the non-preferred plants in addition to the conditioned
cue of host presence. After every oviposition experience on a
non-preferred plant, the search image [temporary specialisation
on a single host type while ignoring alternatives (Ishii & Shi-
mada, 2010)] based on laboratory conditioning could have been
gradually weakened, resulting in equal parasitism preference for
both plant infestation types.

We speculate that, in our field-tent experiment, the incomplete
information given to the parasitoids and the environment that
was saturated with hosts played a major role in the observed
absence of effects of previous oviposition experience on par-
asitisation preference. Because the parasitoids were provided
with incomplete information, they possibly made more ‘mis-
takes’ by landing on the plant treatment they were not condi-
tioned on. An oviposition experience on this non-conditioned
plant treatment added to the experience the parasitoids acquired
in the laboratory, leading to a less specific search image. As a
result, parasitised hosts were found on similar numbers of plants
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Host + non-host aphids

Plants with parasitised caterpillars

Inexperienced

Caterpillar

Aphid

Dual

(132/256)

(127/256)

(148/256)

100% 50% 0% 50% 100%

Host + non-host caterpillars

(115/256)

Fig. 3. Mean percentages of plants with parasitised hosts in the field-tent experiment. Plants were infested by hosts plus non-host aphids (left) or hosts
plus non-host caterpillars (right). Error bars indicate the standard errors of different tents (n = 16 tents per conditioning treatment). Parasitoids were
inexperienced (inexperienced), experienced with host oviposition on a plant infested with hosts plus non-host caterpillars (caterpillar), experienced with
host oviposition on a plant infested with hosts plus non-host aphids (aphid), or experienced with host oviposition on a plant infested with hosts plus
non-host caterpillars as well as on a plant infested with hosts plus non-host aphids (dual). Based on generalised linear mixed models (𝛼 = 0.05) no
significant differences were found between treatments. Based on binomial tests (𝛼 = 0.05) no significant differences were found between numbers of
plants harbouring parasitised hosts of the two different plant infestation types. Values in brackets are the total number of plants with parasitised hosts/the
number of plants with hosts present.

that were infested with hosts plus non-host caterpillars as plants
that were infested with hosts plus non-host aphids, irrespec-
tive of the parasitoids’ experience in the laboratory. In previous
work, we found that parasitoids exploited aphid co-infested host
patches faster than patches with non-host caterpillars by para-
sitising more caterpillars per unit time (De Rijk et al., 2016a).
Because of the absence of parasitisation preferences, we also
did not observe that parasitoids that had previously experienced
oviposition on host- plus non-host aphid-infested plants showed
an increased parasitisation efficiency.

Our study shows that an initial associative learning experience
may not translate into a long-term effect on parasitisation
preferences of parasitoids in habitats with abundant hosts. It
remains to be tested if this is still the case when parasitoids
are given complete information about the environment in which
they will forage for hosts and how a match or a mismatch
of this experience with the foraging environment affects their
parasitisation efficiency.
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