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General introduction



Chapter 1

All animals need resources for their growth, maintenance and reproduction, but these
resources may be hard to find in dynamic heterogeneous environments (Vet, 2001;
van Alphen et al., 2003; van Alphen and Bernstein, 2008). Foraging in such
environments requires complex decisions, where animals use information from their
environment in the foraging process (van Alphen and Bernstein, 2008; Thiel and
Hoffmeister, 2009). By using this information, in the form of olfactory, visual,
auditory and tactile cues that are related to the desired resources, animals can adapt
their foraging behaviour to local conditions. This can improve their capacity to locate
these resources, i.e. improve their foraging efficiency, which is expected to
ultimately increase their fitness (Lewis et al., 1975; Vinson, 1976; Vet, 2001; van
Baalen and Hemerik, 2008; Ishii and Shimada, 2009). The link between foraging
behaviour and fitness is particularly strong in parasitoid wasps, since their ability to
find hosts is directly linked to offspring production, and therefore to fitness (Thiel
and Hoffmeister, 2009).

Parasitoid- host interactions

Parasitoids deposit their eggs in or on other organisms, where successful
development of the offspring results in the death of the host (Vinson, 1976). Due to
this lethal effect, host insects have evolved strategies to be inconspicuous and thus
minimize the risk of being detected by parasitoids (Vet et al., 1995). Hosts minimize
the risk of being found by parasitoids, by limiting the detection range of cues that
reliably predict host presence, i.e. host-derived cues (Vet et al., 1995). Even when
potential hosts are found by the parasitoid, they can defend themselves with
structural, behavioural and physiological mechanisms (Brodeur and Vet, 1995;
Strand and Pech, 1995; Strand and Obrycki, 1996). Physical structures such as hairs
can serve as armour, and behavioural defences include attacks on parasitoids that can
damage and occasionally even kill it, or escaping parasitism by wiggling away or
dropping from the leaf (Strand and Pech, 1995; Brodeur et al., 1996). Even after
parasitoid eggs are deposited, hosts can still defend themselves by encapsulating the
eggs, a process where haemocytes form an envelope around the eggs, killing them
through asphyxiation and the release of necrotizing substances (Strand and Obrycki,
1996; Kraaijeveld et al., 1998). Although these defences limit the host range of most
parasitoid species, parasitoids, in turn, have evolved methods to counteract these
defences. For example, some parasitoid species in the Braconidae and
Ichneumonidae families can inject polydnavirus and/or venom during oviposition to
temporarily or permanently suppress the immune system of the host (Strand and
Obrycki, 1996; Kraaijeveld et al., 1998).
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Finding hidden hosts

The inconspicuous nature of hosts may have driven the development of indirect
searching strategies, where parasitoids make use of environmental cues that
indirectly predict host presence. The best studied example of such a strategy is found
in parasitoids of herbivorous hosts that are known to use herbivore-induced plant
volatiles (HIPVs), volatiles that are produced by the plant in response to herbivory
(Vet et al., 1995). These cues are, however, generally less reliable indicators of host
presence, than cues directly derived from the host. HIPVs tend to be more variable,
and do not always provide parasitoids with sufficient information to discriminate
between suitable and unsuitable host species, so called non-hosts (Vet et al., 1995;
Geervliet et al., 1998b; de Rijk et al., 2013). Nevertheless, many parasitoid species
are known to respond to HIPVs, and they are thought to use these cues for long-
range orientation to herbivore-infested plants, after which the parasitoid needs to
locate the host on the plant and decides whether to deposit eggs.

Once a potential host-infested plant is found, parasitoids typically display hovering
behaviour, scanning the plant at a distance of several centimetres, after which they
usually land near herbivore-damaged plant tissue. Parasitoids then examine the area
around the damaged plant tissue, where they may encounter host-derived cues, such
as frass, silk, honeydew or other body secretions (Vinson, 1998; Clavijo McCormick
et al., 2012). Contact with these cues generally results in arrestment behaviour,
where the parasitoid displays intense directed searching (Vinson, 1976). When these
direct cues are not derived from a potential host, but from a non-host herbivore,
parasitoids are expected to depart from the plant (Vinson, 1976; Bukovinszky et al.,
2012). However, there are also examples of parasitoids being arrested by non-host
derived cues, including Cotesia kariyai after contacting the faeces of non-host larvae
(Acantholeucania loreyi) (Takabayashi and Takahashi, 1990). Host and non-host
derived cues can trigger a reflex response, where the parasitoid starts to pierce or
probe various objects leading to attacks on host and non-host species (Vinson, 1976;
Bukovinszky et al., 2012). For endoparasitoids, which deposit eggs within the host,
actual egg deposition depends on the presence of certain internal cues and the
absence of deterrents (Vinson, 1998), where haemolymph compounds are thought to
trigger egg deposition (Vinson, 1976). These triggers are not always host specific,
because egg deposition has also been observed in non-hosts (Arthur et al., 1969;
Takasu and Lewis, 2003; Bukovinszky et al., 2012).
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Improving foraging efficiency through associative learning

Female parasitoids are genetically adapted to respond to cues that have proven to be
reliable indicators of host presence over many parasitoid generations. However,
these cues may be insufficient to find hosts in environments that are spatially and
temporally dynamic within a single parasitoid generation (Takasu and Lewis, 2003).
Because parasitoids and their hosts are generally not monophagous (Vet et al., 1990;
Strand and Obrycki, 1996), hosts can be present on different plant species and in
many different locations within the habitat. In such cases, parasitoid searching
efficiency may be reduced when they respond to multiple sources of information,
because their brain capacity for simultaneous processing of information is limited
(Hoedjes et al., 2011). Through experience, i.e. encounters, with hosts, non-hosts
and their traces, parasitoids gain information on local host availability and
distribution (Vet et al., 1995; van Baalen and Hemerik, 2008), i.e. they can learn
about the host species that are available and on which plant species they occur.
Indeed, parasitoids can associate plant species-specific cues, such as HIPVs, with a
host encounter, leading to the formation of an associative memory. The information
contained in this memory allows the parasitoid to narrow its search image, leading
to a more focussed search for cues previously indicating host presence and allowing
for temporal specialization, which can improve foraging efficiency (Turlings et al.,
1993; van Baalen and Hemerik, 2008; Ishii and Shimada, 2009; Hoedjes et al., 2011).

Tailor-made memories

Learning, memory formation and the dynamics of these memories have been
extensively studied in honeybees (Menzel, 1999), fruit flies (Margulies et al., 2005)
and various parasitoid species (Hoedjes et al., 2011). These aspects are part of an
insect’s preparedness to learn and are thought to be tailor-made to suit the needs of
the insect, i.e. it is adaptive in the context of their ecology (Smid and Vet, 2016).
Associative memories are dynamic as they gradually form and decay over time,
allowing for temporal specialization (Menzel, 1999). Directly after a learning
experience, short-term memory (STM) is formed, which decays in minutes to a few
hours and can subsequently be replaced by mid-term memory (MTM) and long-term
memory (LTM), which require some time to consolidate, but can persist for hours to
days (Hoedjes et al., 2011). Whether memory is formed after certain experiences,
and the specific dynamics of these memories, are thought to be adaptations to the
conditions of the insect’s natural environment. These aspects of learning and
memory are therefore expected to be highly species- and even population-specific
(Menzel, 1999; Raine and Chittka, 2008; Hoedjes et al., 2011). Memory formation
and its dynamics are shaped by the balance between costs and benefits and depend
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on the reliability of the information and its reward value, i.e. the value with respect
to the animal’s fitness (Hoedjes et al., 2011). Cotesia glomerata, for example, forms
MTM after a single oviposition in the host Pieris rapae, of which the female butterfly
deposits a single egg on isolated plants of different species. The same parasitoid
forms LTM when ovipositing in the host Pieris brassicae, a gregarious butterfly that
deposits clusters of over 100 eggs in aggregated stands of host plants of the same
species (Kruidhof et al., 2012; Smid and Vet, 2016). When finding P. brassicae, the
associated plant cues are expected to be highly reliable in predicting host presence,
since multiple plants and hosts are expected to be present in the vicinity, while an
encounter with P. rapae does not necessarily predict the presence of more hosts.
Furthermore, although both species are suitable for offspring development, P.
brassicae is qualitatively superior to P. rapae (Harvey, 2000). The same principles
apply for the closely related species Cotesia rubecula, which specializes in finding
its P. rapae host and forms MTM after a single oviposition experience, but when
they find this host several times on the same plant species, MTM is replaced by LTM,
as the association has proven to be reliable with subsequent encounters (Smid et al.,
2007). Although these examples focus on a single learning event, or several learning
events with the same host and plant species, parasitoids gather and store information
continuously throughout their lifetime. To date, very little is known about how
subsequent learning experiences, with different reward values and different
environmental cues, shape parasitoid foraging behaviour.

Verifying information reliability over time

To optimize their foraging efficiency, parasitoids should process and store
information in an adaptive and integrative way and act according to the most reliable
information available (Hilker and McNeil, 2008). As described above, associative
memory can serve as a first indication that, within the current environment, hosts can
be found in the vicinity of the associated environmental cues, such as the HIPVs of
a particular plant species. If the HIPVs again lead to suitable hosts, the memory is
expected to be strengthened and might become more persistent. If, on the other hand,
the same HIPVs are not found again, the memory decays over time (Hoedjes et al.,
2011). In a third scenario, memorized host-associated cues, such as HIPVs, are
encountered again, but lead the parasitoid to plants without hosts. This may happen
when a host has developed into a stage that is unsuitable for parasitism, has left the
plant or when non-host instead of host herbivores are present. HIPVs are generally
plant species-specific, but they are not always specific enough for parasitoids to
discriminate between plants induced by host and non-host herbivores (Geervliet et
al., 1996). Encounters with unsuitable host stages and non-host herbivores indicate
that previously obtained information currently does not reliably predict the presence
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of suitable hosts, i.e. it is unreliable information. Such unreliable information could
have fitness consequences when parasitoids waste time searching for hosts on these
plants (Vos et al., 2001). To date, little is known about the effects of unreliable
information on parasitoid foraging behaviour. However, this information is essential
to understand the evolution of parasitoid foraging strategies in natural environments,
comprising multiple herbivore and plant species (Desurmont et al., 2018).

In non-parasitoid systems, such as honeybees, behavioural adjustment due to
unreliable information have been studied extensively (Eisenhardt et al., 2013). When
the expected reward is not encountered upon responding to the associated cues,
termed an extinction experience, this can lead to both temporary and permanent
behavioural changes (Eisenhardt, 2012). Temporary behavioural alterations are
caused by the formation of an extinction memory that temporarily blocks the
retrieval of the original memory, the reward memory. Once this blockage disappears
over time, the original memory can be retrieved again, a process termed spontaneous
recovery (Eisenhardt, 2012). These processes have been studied extensively with
vertebrates and bees, albeit mainly in a neuroscientific context in a laboratory setting
with artificial rewards and associated cues that lack natural variation (Kaiser et al.,
2003; Lagasse et al., 2009; Eisenhardt et al., 2013). To understand the importance of
these processes in nature, they should be studied in an ecological context, with
naturally variable rewards and environmental cues, such as host- and plant-derived
cues, and ideally in the field, which is ultimately the environment where foraging
behaviour evolved.

Research objectives

As outlined above, environments, and the insect and plant communities within, are
often spatially and temporally variable, where parasitoids adapt their foraging
behaviour to local conditions. Associative learning is one way to adapt to such
changing conditions and has been described in many species of parasitoids. The way
they learn, i.e. their preparedness to learn, can vary among species and populations.
Even after storing information on local conditions, environments can continue to
change and parasitoids might discover that an associative memory has become
unreliable. They might encounter unsuitable hosts or non-hosts on plants previously
associated with host presence. To date, little is known about the consequences of
such encounters for host finding and whether or how parasitoids adapt their foraging
behaviour accordingly. To understand in detail how individual parasitoids interact
with their environment during foraging, advanced observation methods are needed.

12
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In this thesis, I studied how unreliable memory, and interactions with Mamestra
brassicae non-hosts, shaped the foraging behaviour of the parasitoid Coftesia
glomerata. 1 developed advanced observation set-ups and methods, to track
individually foraging parasitoids in the laboratory and the field, and used them to
test the following hypotheses:

1) Unreliable associative memory reduces parasitoid foraging efficiency

2) Non-host-related extinction experiences alter a parasitoid’s response to associated
cues

3) Parasitoids change their foraging behaviour after a non-host oviposition

Study system
Parasitoid species

In this thesis, I used the parasitoids Nasonia vitripennis (Hymenoptera:
Pteromalidae) and Cotesia glomerata (Hymenoptera: Braconidae) (Fig. 1). Both
species are well known for their ability to learn and form long-term memory after a
single oviposition experience (Smid et al., 2007; Hoedjes et al., 2012).

Nasonia vitripennis is a gregarious pupal ectoparasitoid that parasitizes several fly
species, which commonly occur in bird nests, dung and carcasses (Darling and
Werren, 1990). I used this parasitoid to study fundamental aspects of associative
ovipositional learning with artificial odours, while I selected C. glomerata to further
elucidate various aspects of learning in a more natural context, where herbivore-
induced plant volatiles are associated with an oviposition in a host.

Cotesia glomerata is a gregarious larval endoparasitoid that parasitizes the
caterpillars of several members of the lepidopteran family Pieridae, with Pieris
brassicae as its preferred host in the Netherlands (Brodeur et al., 1996; Geervliet et
al., 2000). Female parasitoids have a potential fecundity of 1000-2200 eggs, which
are generally deposited in clutches of approximately 25 eggs in first and second
instar hosts (Laing and Levin, 1982; Le Masurier, 1991; Smallegange et al., 2008).
Successful development of the offspring leads to the death of the host, but only when
the female parasitoid can suppress internal host defences. If the eggs are not killed
by the host, larvae hatch and feed on the caterpillar’s haemolymph until they are
fully grown and ready to egress. Once egressed, they spin cocoons for their final
transformation into adults. Directly after adult emergence, female parasitoids mate
and start their search for hosts, where long-range orientation to host-infested plants
is mainly guided by plant volatiles, while locating hosts on these plants is facilitated
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by host-derived short-range cues, such as leaf damage, silk and frass (Laing and
Levin, 1982).

SH gsinthepicture.com

Figure 1. Cotesia glomerata ovipositing in a caterpillar of its Pieris brassicae host on a Brassicae
oleracea leaf (left) and Nasonia vitripennis ovipositing in a pupa of its host Calliphora vomitoria
(right).

Host and non-host species

Caterpillars of Pieris brassicae (Lepidoptera: Pieridae) were used as hosts for C.
glomerata and Mamestra brassicae (Lepidoptera: Noctuidae) caterpillars as non-
hosts. Both butterfly species are native to the Netherlands, where they commonly
occur on cultivated and wild brassicaceous plants, and their life-history is highly
similar (Bell and Muller, 1973; Carter, 1984). They lay large cluster of eggs on their
host plants, where early instars feed gregariously and later instars move to other
plants in the vicinity (Goulson and Cory, 1995; Vos et al., 1998). For N. vitripennis,
the host Calliphora vomitoria (Diptera: Calliphoridae) was used, which is blood-
feeding blowfly species that occurs in bird nests (Darling and Werren, 1990).

Plant species and cultivars

To attract C. glomerata and feed P. brassicae and M. brassicae caterpillars, I used
several members of the Brassicaceae family, including Brassica nigra, Brassica
oleracea and Sinapis arvensis. B. nigra (black mustard) and S. arvensis (field
mustard) are naturally occurring annual plants in the Netherlands, which commonly
occur in grassland vegetation (Bell and Muller, 1973). The B. oleracea plants

14
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included the agricultural cultivars B. oleracea var. gemmifera cv. Cyrus (Brussels
sprouts) and B. oleracea var. Rubra cv. Langedijker bewaar (red cabbage).

Thesis outline

In Chapter 2, I developed the high-throughput individual T-maze, an automated
high-throughput system for tracking insect behaviour. With this system, I could
simultaneously track the behaviour of 36 individual parasitoids, where each
parasitoid was studied in its own T-maze. This method allowed for high-throughput
and labour-efficient acquisition of detailed information on individual behaviours of
C. glomerata and N. vitripennis with respect to associative learning with artificial
odours.

In the following chapters, I switched my focus from the ability to obtain information
through associative learning, to the consequences of using this information during
foraging. This required testing foraging behaviour in an ecologically more relevant
situation, with natural variation in plant volatiles and ideally under field conditions,
because this is where parasitoid foraging behaviour has evolved.

In Chapter 3, I tested my first hypothesis. I determined whether unreliable memory
had a negative effect on the foraging efficiency of C. glomerata. 1 tested their
behaviour in situations where associated HIPVs led parasitoids to a plant species that
was infested with non-host caterpillars, while host caterpillars could be found on a
plant species that they had no experience with.

In Chapter 4, I extended this study to the field, allowing parasitoids to forage in a
more complex natural environment for a substantially longer period of time. I
developed a novel multi-camera set-up to observe how parasitoids, with persistent
memory containing reliable or unreliable information on host presence, foraged
around, and interacted with, host and non-host caterpillars on infested plants.

When parasitoids encounter situations that prove that previously obtained
information is unreliable, I expected them to subsequently alter their behaviour to
maintain their foraging efficiency. In Chapter 5, 1 therefore tested whether C.
glomerata lost its conditioned host plant preference after being given host- and non-
host-related extinction experiences. Due to the high potential fitness value of host-
related information, I expected host-related extinction experiences to have no effect.
In accordance with my second hypothesis, I expected a temporarily suppress of the
conditioned host plant preference with non-host-related extinction experiences.
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In previous chapters, I frequently observed that C. glomerata attacked and
potentially deposited eggs in the caterpillars of the non-host M. brassicae, even
under field conditions. This made me wonder whether M. brassicae was truly
unsuitable for the development of C. glomerata’s offspring. In Chapter 6, I tested
whether M. brassicae was indeed a non-host for C. glomerata, by verifying egg
deposition and egg survival. I expected that these eggs would not survive and that C.
glomerata would alter its behaviour after such a non-host oviposition experience. An
expectation that was in line with my third hypothesis. I used a couple of behaviour
assays to test for this change in behaviour, including the high-throughput individual
T-maze from chapter 2, and addressed the question why C. glomerata deposits eggs
in M. brassicae.

Finally, in Chapter 7, I integrated the findings of previous chapters and synthesized
how parasitoid foraging behaviour is shaped by information-reliability and non-host
interactions. I addressed the hypotheses stated above and presented an overview of
methods to measure parasitoid foraging behaviour in the laboratory and the field.
Furthermore, 1 discussed the context-dependency of parasitoid foraging behaviour,
how parasitoid learning can benefit biological control efforts and I propose future
research direction.

Acknowledgments
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on a previous version of this chapter.
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Chapter 2

Abstract

Insects are important models to study learning and memory formation in both an
ecological and neuroscience context due to their small size, behavioural flexibility
and ecological diversity. Measuring memory retention is often done through simple
time-consuming set-ups, producing only a single parameter for conditioned
behaviour. In this study, we present the design of the High-throughput individual T-
maze and its use for testing memory retention in two very different parasitoid
species, the larval parasitoid Cotesia glomerata and the pupal parasitoid Nasonia
vitripennis. The high-throughput individual T-maze uses commercially available
tracking software, Ethovision XT®, in combination with a Perspex stack of plates as
small as 18x18 cm, which accommodates 36 olfactory T-mazes, where each
individual parasitoid can choose between two artificial odours. Various behavioural
parameters, relevant to memory retention, can be acquired with this set-up, such as
first choice, residence time, giving up time and zone entries. From these parameters,
a performance index can be calculated as a measure of memory retention. Groups of
36 parasitoids can be tested simultaneously within minutes, resulting in efficient
acquisition of sufficiently high sample sizes. The set-up, and its corresponding
methods, proved to be highly suitable for testing memory retention in both C.
glomerata and N. vitripennis. The high-throughput individual T-maze provides us
with a standardized high-throughput, labour-efficient and cost-effective method to
test various kinds of behaviour, offering excellent opportunities for comparative
studies of various aspects of insect behaviour.

Keywords: learning, memory retention, parasitoid wasps, Cotesia glomerata,
Nasonia vitripennis, tracking system
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Introduction

Learning and memory formation are universal traits in the Animal Kingdom
(Dubnau, 2003), which makes it possible to study them in a wide range of animal
species with varying levels of brain complexity, including insects, such as fruit flies
(Drosophila melanogaster), bees (Apis melifera) and parasitoid wasps (Chen and
Tonegawa, 1997; Margulies et al., 2005; Smid et al., 2007; Galizia et al., 2011). For
ecological and neuroscience studies insects are ideal models due to their small size,
behavioural flexibility and enormous ecological diversity.

Memory retention is an important parameter in studies of learning and memory
formation, and it is generally assessed by measuring conditioned behaviour. Many
different bioassays have been used to study memory retention in insects, such as the
proboscis extension reflex (Bitterman et al., 1983), the two-choice wind tunnel
(Geervliet et al., 1998b), the Y-tube olfactometer (Wéackers, 1994), the static two-
chamber olfactometer (Huigens et al., 2009), the four-quadrant olfactometer (Vet et
al., 1983), the locomotion compensator (servosphere) (Vet and Papaj, 1992) and the
T-maze olfactometer (Hoedjes et al., 2012; Jiang et al., 2016). These bioassays
measure memory retention through conditioned behaviour in different ways and each
has its own strengths and weaknesses. The two-choice wind tunnel, the four-quadrant
olfactometer and servosphere bioassays allow for detailed recording of biologically
relevant behavioural responses of individual insects, but are time consuming. Wind
tunnels also require expensive equipment and ample space. The T-maze olfactometer
is used with groups of insects, which is more time efficient, but data points are
formed per group and therefore many conditioned animals are required per
experiment to obtain sufficient sample sizes. Furthermore, information on different
parameters of individual behaviour are not recorded (Lin et al., 2015) and social
behaviour may affect the observed behavioural response (Kohn et al., 2013).

A bioassay consisting of a video set-up with automated tracking software and a well-
designed test system can solve several of the above described drawbacks. Automated
tracking software allows for detailed recording of many behavioural parameters and
has already been used in several studies, but generally only with recordings of a
single individual or with group release where individual identities are lost (Faucher
et al., 2006; Beshel and Zhong, 2013; Reza et al., 2013; Spitzen et al., 2013; Smith
and Raine, 2014; Lin et al., 2015). Recently, further technological advancements in
studies on insect behaviour have been realized with video tracking software, where
the behaviour of individual insects in multiple arenas can be simultaneously recorded
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and tracked, allowing for both detailed individual behavioural recording and high-
throughput (Kloth et al., 2015; Thoen et al., 2016).

In this study a novel bio-assay was designed for memory retention testing in
parasitoid wasps. This set-up consists of a block with 36 individual olfactory T-maze
arenas in combination with a video set-up and tracking software, and allows for
simultaneous automated behavioural tracking of 36 individual parasitoids. We used
complex, commercially available odour extracts and compared the sensitivity of the
parasitoids for these odours using the electro-antennogram technique. To test this
novel bioassay, we used two unrelated and ecologically different parasitoid species,
Cotesia glomerata and Nasonia vitripennis. Cotesia glomerata (Braconidae:
Microgastrinae) is a parasitoid wasp that lays her eggs in first instar caterpillars of
Pieridae butterflies. It forms long term memory (LTM) for specific host plant odours
when they are rewarded with an oviposition in a caterpillar of the large cabbage
white butterfly, Pieris brassicae, on that plant (Smid et al., 2007). The jewel wasp
Nasonia vitripennis (Hymenoptera: Pteromalidae) lays her eggs in pupae of several
fly species. It forms LTM for natural odour extracts after a single oviposition
experience in a pupa of the bluebottle blowfly, Calliphora vomitoria (Hoedjes and
Smid, 2014). To optimize the bioassay for use with these species, sensitivity,
preference and memory retention experiments were conducted. The combined
results suggest this system can be used for a broad range of parasitoid wasp species
and may be further extended to include many more insect species and research fields.

Materials and methods
Insect cultures

Cotesia glomerata (Hymenoptera: Braconidae) females were obtained from a colony
which is re-established each year from individuals collected from cabbage fields
around Wageningen, The Netherlands. Parasitoids were reared on Pieris brassicae
L. (Lepidoptera: Pieridae) caterpillars, which in turn were reared on cabbage plants
(Brassicae oleracea) as described in Geervliet et al. (1998a). Parasitoid cocoons
from this rearing were placed in cages (40 x 30 x 30 cm) in a climate chamber (20-
22°C, 50-70% relative humidity, photoperiod L16:D8) where parasitoids were
supplied with honey and water. From these cages, two-day-old female parasitoids
were collected and placed in a separate cage with water and honey until experiments
started. Female parasitoids of 3-5 days old were used in all experiments.
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Memory retention testing with the high-throughput individual T-maze

Nasonia vitripennis parasitoids (Hymenoptera: Pteromalidae, strain AsymCx) were
reared as described in Hoedjes et al. (2012), in polystyrene rearing vials (28.5 x 95
mm) with foam stoppers (Genesee Scientific, San Diego, CA, USA). Parasitoids
were kept in a climate chamber at 25°C, 50-70 % relative humidity, with a
photoperiod of L16:D8. Pupae of the fly species Calliphora vomitoria (Kreikamp,
Hoevelaken, the Netherlands) were used as host, as described in Hoedjes et al.
(2012). Female parasitoids were fed honey and water and were used 2-4 days after
emergence.

Odours used for conditioning and memory retention testing

Four different commercially available complex odour blends were used: 2x Royal
Brand bourbon Vanilla extract, Natural Chocolate extract, Pure Coffee extract, and
Natural Almond extract (Nielsen-Massay Vanillas Intl., Leeuwarden, the
Netherlands). The choice for these odours was based on earlier studies on learning
and memory formation in Nasonia parasitoids (e.g. Hoedjes et al, (2012), (2014),
(2015), Liefting et al. (2018), van der Woude et al. (2018)). These blends were
chosen, since they were not expected to evoke high innate responses in the tested
parasitoid species, as they are not present at host or food sites. Furthermore, since
they are composed of many different odorants, they are also unlikely to remain
undetected. Odour detection was previously confirmed for N. vitripennis using
electroantennogram (EAG) analysis (Hoedjes et al., 2012), showing that at the
antennal level, these odours showed doses-dependent responses.

For C. glomerata, such EAG experiments were performed in this study. For
behavioural bioassays, concentrations of these odours could be fine-tuned to obtain
a 50%-50% choice from unexperienced parasitoids in a T-maze and clear-cut
conditioned responses to each side of the T-maze (Hoedjes et al., 2012). The
additional advantage of using odour blends, which are unrelated to the biology of the
parasitoids, is that such odours provide the best opportunity to get unbiased results
in memory studies, where different species are compared.
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Electroantennogram analysis for C. glomerata

An electroantennogram (EAG) analysis was conducted to assess the sensitivity to
several complex natural odour blends at the level of the olfactory sensilla on the
antenna, because potential differences could affect the detection of memory retention
in subsequent experiments. The EAG set-up was adapted from Hoedjes et al. (2012),
and based on a commercially available set-up from Syntech, Hilversum, The
Netherlands. We performed EAG analysis with commercially available odour
blends. The odour extracts were dissolved in a 50 ml 4% agarose (A9539-500g,
Sigma) solution in deionized water, at odour concentrations of 1%, 4%, 16% and
64%. Odour blends were heated to 80°C in a water bath and were then added to the
agarose solution at the same temperature, and mixed with a magnetic stirrer. The
control agarose solution was made without odour extract. Solutions were poured on
a flat plastic sheet (OHP Transparency film, Nobo ACCO Brands Cooperation,
England). The agarose was allowed to spread out on the sheet, to level out and dry
for 30 minutes. Strips of 40 x 5 x 2 mm agarose were cut from the centre of the dried
agarose solutions and a strip was placed against the inner wall of a Pasteur pipette,
where it would not block the airflow. Pasteur pipettes were subsequently sealed with
parafilm until the start of the EAG analysis. Just before the start of the experiment
the Pasteur pipettes were flushed with 250 ml of clean air to standardize odour
release. Unconditioned C. glomerata females were anaesthetized by putting them
briefly on ice, after which they were decapitated and the last segment of one of the
antennae was cut off. The base of the head was connected to the ground electrode of
the EAG set-up and the cut antenna to the recording electrode. We used 4% almond
as a standard odour and corrected with the unscented control agarose to calculate
relative EAG responses as described in Hoedjes et al. (2012).

Conditioning procedures

Cotesia glomerata

Female parasitoids were given an associative learning experience using a classical
conditioning procedure, adapted from Bleeker et al. (2006). In the original
procedure, parasitoids learned to associate plant odours as the conditioned stimulus
(CS) with suitable hosts as the unconditioned stimulus (US), after a single
oviposition experience with a caterpillar on a plant leaf. This type of conditioning is
considered a form of classical (Pavlovian) conditioning, where the host-searching
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phase is excluded. Smid et al. (2007) later found that his single trial conditioning
method resulted in the formation of robust, protein synthesis-dependent long-term
memory (LTM). In the current study, odourised agarose was used as CS, instead of
plant leaves, on which caterpillars and so-called frass (faeces and silk produced by
the feeding caterpillars) were placed. The agarose odourised with vanilla or coffee
extract was made as described above at a 4% odour concentration. A globular sphere
of odourised agarose was made by dipping the cone of a micro pestle (SIAL501ZZ0,
Sigma-Aldrich) 5 times in the odourised agarose solution at intervals of 30 seconds,
resulting in a globular shaped substrate (15 mm diameter) on a stick. The agarose
was allowed to cool at room temperature for 30 minutes after which 150-200 first
instar caterpillars and frass were placed on top of the agarose.

Two hours before conditioning, parasitoids were retrieved from the climate cabinet
and placed in the laboratory to acclimatize. For conditioning, 15 parasitoids were
individually transferred to polystyrene rearing vials and sequentially offered the
odourised agarose stick with the caterpillars to allow each parasitoid a single
oviposition in a host. Upon offering the stick with odourised agarose, caterpillars
and frass, parasitoids immediately initiated oviposition and a single oviposition was
generally completed within 30 seconds. After ovipositing, parasitoids were captured
by letting them walk into a clean vial. The parasitoids were then transferred to a
small cage (Dimensions 17.5 x 17.5 x 17.5 cm, Bugdorm type 41515, Megaview
Science, Taiwan) with water and honey and kept in a climate chamber until testing
24 h later. Parasitoids were reciprocally conditioned with two different odours for
memory retention experiments: 15 parasitoids were given an oviposition experience
on vanilla scented agarose and 15 parasitoids on coffee scented agarose.

Nasonia vitripennis

Conditioning trials for N. vitripennis were done as described in Hoedjes et al. (2012).
This conditioning procedure is known to induce protein synthesis-dependent LTM
in this strain (Hoedjes and Smid, 2014). Coffee and vanilla extracts were used to
train and test parasitoids. Parasitoids were given an associative learning experience
with a reciprocal, differential classical conditioning procedure, where half of a group
of parasitoids was first given an associative learning experience with vanilla odour
and a host (CS+), after which it was exposed to coffee odour without a host (CS-).
The other reciprocal half of the group was conditioned with the same odours, but in
opposite order, so coffee odour as CS+ and vanilla odour as CS-. The associative
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learning experience was conducted by placing parasitoids individually in a well of a
12-well microtiter plate (Greiner Bio-One, Alphen aan den Rijn, the Netherlands),
each well containing two Calliphora vomitoria pupae and a piece of filter paper (0.75
cm?) with 1 ul pure vanilla or coffee extract. During a 1 h period the parasitoid would
drill and host feed while experiencing the odour to form the association. A group of
12 parasitoids was given this experience individually. Actual oviposition does not
take place with this conditioning protocol, but previous experiments have shown that
deposition of eggs in not required to form LTM (Hoedjes and Smid, 2014).
Parasitoids that did not start drilling within the first 30 minutes of conditioning were
excluded from experiments. After the CS+ experience, parasitoids were transferred
to a polystyrene vial for 15 minutes. They were then exposed to the CS- for 15
minutes. Here, the odour was offered in the form of a glass capillary (ID 1.3 mm, cut
to 30 mm; Fisher Emergo, Landsmeer, the Netherlands) filled with pure odour
extract and covered at one end with pure petroleum jelly (Vaseline original, Unilever
Nederland B.V., Rotterdam). This entire procedure was defined as one single
conditioning trial and lasted 90 minutes. This difference in duration of a conditioning
trial with C. glomerata reflects the difference in duration of the oviposition
behaviour between the two species. After conditioning, parasitoids were transferred
to a clean polystyrene vial with honey and water and placed back in the climate
chamber until testing the following day.

Memory retention bioassays

High-throughput Individual T-maze design

The high-throughput individual T-maze design is based on the video tracking set-up
described in Thoen et al. (2016) and Thoen (2016) for thrips, which is here
redesigned for use with parasitoid wasps. The system consisted of a stack of five
Perspex plates with dimensions of 180x180 mm and thickness of 2, 5 or 10 mm
(PyraSied BV., Leeuwarden, The Netherlands). In these plates different openings
were made, using a computer guided laser cutting machine (BRM 6090
Lasermachine, BRM Lasers, Winterswijk, the Netherlands). Together, they formed
36 T-maze arenas for individual testing of 36 parasitoids simultaneously (Fig. 1).

The different layers of transparent Perspex plates were divided into two

compartments (Fig. 1). The bottom compartment served as 36 cages to load and hold
36 parasitoids (Fig. 1b) until their release at the start of the experiment, whereas the
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top compartment consisted of the actual T-maze arenas situated directly above each
of the 36 cages. The bottom compartment could be closed or opened towards the top
compartment by a gate plate, to allow for simultaneous release of parasitoids from
the cages into the T-maze arenas (Fig. 1b, c).

The bottom compartment with the cages and the gate was formed by four layers,
from top to bottom: one gate plate (195 x 180 x 2 mm) with 36 circular holes of Smm
diameter (Fig. 1f). By sliding this plate back- or forwards, the holes in this plate
could be aligned (Fig. 1c) or closed (Fig 1b), thereby opening or closing the
connection between the cages and arenas. The second plate (180 x 180 x 10 mm)
formed the actual cages, with 36 5 mm cylindrical openings where parasitoids were
trapped until testing commenced (Fig. 1g).

Below this second layer was a third layer, the bottom sliding door plate, which
consisted of four slides (180 x 41 x 5 mm) which could move on a Perspex plate of
180 x 180 x 2 mm (Fig. 1h). To allow free movement of these slides, the bottom
plate had two 180 x 5 x 5 mm Perspex pieces glued on the left and right sides and
180x2x5 mm spacers glued between individual slides. In the centre of the slide
opening of the bottom plate, four longitudinal slits of 160 x 10 mm were made to
allow access to the slides from the bottom. Each slide had nine holes, positioned
directly underneath the cage cells, and were covered on the top with gauze
(Monodur, PA 250; Nedfilter b.v., Almere, the Netherlands) for bottom ventilation
of the cells. The slides allow for opening (Fig 1b, left) and closing (Fig. 1b, right) of
each consecutive cell by sliding them backwards or forward while loading
parasitoids from below directly into the cage cells thereby using the natural, negative
geotaxis of the parasitoids.

Above the bottom compartment (cage and gate) is the top compartment, which
consisted of the arena plate and the top plate. The arena plate (180 x 180 x 10 mm)
consisted of 36 two-choice arenas (Fig. 1e). Each arena was made of two circular
lateral zones of 15 mm across and 8 mm deep, connected by a bridge (10 x 8 x 5
mm) (Fig. 1a, ¢). The bridge is 3 mm higher than the lateral zones so that each lateral
zone could be filled with a 3 mm (odourised) agarose layer. After application of the
agarose layer, the bridge and lateral zones are at equal level (Fig. 1a). In the middle
of the bridge, at equal distance to each of the lateral zones, a 5 x 5 mm circular
opening was made in line with the cages to allow parasitoids to enter the arena, when
the gate is aligned with that opening (Fig. 1c).
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Figure 1. Drawings of the T-maze set up. All elements are labelled in the figures. One T-maze consisted
of multiple layers of Perspex plates. The bottom compartment consisted of the bottom sliding door plate
and the cage plate. Above the bottom compartment was the gate plate. The top compartment consisted
of the arena plate with the agarose zones and the top plate (a) Cross section of one single T-maze,
frontal view, out of the complete block of 36. This drawing has been made to scale (scale bar = 4 cm).
The odourised agarose is coloured yellow, the other elements have different shades of grey to
distinguish them, but all plates are of the same transparent Perspex material. (b) Drawing in perspective
of a set of 4 arena’s and connected cages, in parasitoid loading position, with the gate closed. The left
row has the bottom sliding door opened, and a parasitoid can be loaded from the bottom using the
parasitoid transfer device. The right row has the bottom sliding door closed, and the parasitoid is in the
cage compartment. (c) After loading of all parasitoids, the gate is opened allowing the parasitoids to
enter the arenas from their cages and start exploring the two fields of odourised agarose. (d-h) The 5
different plates of Perspex that together form the block with 36 T-mazes, from top to bottom. The grey
shades correspond to those used in fig 1a.

Furthermore, the central circular opening in the bridge of the arena was 6mm instead
of 5mm (Fig. 1d). The design of the arenas was exactly the same. The system was
closed with a top plate (180 x 180 x 2 mm) where the area above each arena was cut
out and covered with gauze for ventilation (Fig. 1d). The stack with all plates was
aligned and kept together in a holder with an opening of 180 x 180 x 24 mm to
prevent movement of plates and ensure exact alignment of the Smm openings of the
cage, gate and central opening of the arenas through which parasitoids could walk.

For N. vitripennis a prior model of the high-throughput individual T-maze was used,
where the top plate (Fig. 1d) had no opening for ventilation, where parasitoids were
loaded from the top into the bottom compartment (the cage, Fig. 1b) instead of from
the bottom and only 32 instead of 36 could be loaded in the system.

Use of the High-throughput Individual T-maze

Before experiments, odourised agarose solutions were prepared and 0.5 ml was
pipetted into the lateral zones of each arena after which it was left to dry at room
temperature for 30 minutes. Odourised agarose was prepared with either vanilla,
chocolate or coffee extract at different concentrations (0.5, 1, 2 and 4%) or control
agarose, where no odour was dissolved in the agarose. Combinations of two odour
pairs in different concentrations were used according to results obtained with
unexperienced and experienced parasitoids as described in sections 3.2 and 3.3. The
lateral zones of each arena were always filled with two different odour solutions to
present a two-choice situation. The location of a specific odour was alternated in
every other arena. Once the agarose had dried, 36 parasitoids were taken from their
cage using a transfer device (Fig. 1b). This transfer device consisted of an outer glass
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tube (outer diameter 8 mm, inner diameter 6mm, length 6 cm) in which an inner tube
capped with cotton wool was placed (outer diameter 5 mm, inner diameter 4 mm
length 6.5 cm). With this device parasitoids could gently be pushed forward out of
the transfer device and loaded into the bottom compartment. Hereafter the high-
throughput individual T-maze was placed underneath the camera set-up. Upon
opening of the gate of the system, to allow the simultaneous release of the parasitoids
into the two-choice arenas, behaviour was recorded for 10 minutes. Per recording 36
C. glomerata parasitoids, 12 parasitoids per treatment, were tested. For V. vitripennis
groups of 29-32 vanilla or coffee conditioned parasitoids were tested.

All experiments were repeated on at least three different days, and treatment groups
were loaded in a single plate in a randomized block design for C. glomerata. After
testing, agarose was removed and plates were cleaned with soap (Bosmanite AL-42,
Rogier Bosman Chemie B.V., Dinteloord, the Netherlands) and warm water.

Camera set-up

The complete high-throughput individual T-maze was placed on a backlight (FL
tubes, 5000 K) on 15 mm spacers, in a camera set-up (Fig. 2), which consisted of a
digital camera (GigE, Basler acA2040-25-gc) with a varifocal lens (Kowa LM35HC
1” 35mm F1.4 manual iris c-mount). The entire set-up was shielded from daylight
during recording by a black curtain with a white inner liner facing the set-up.
Behaviour in the high-throughput individual T-maze was recorded using Debut
Video Capture Software (v 1.88, ® NCH Software) at a 2046 x 2046 pixel resolution,
a frame rate of 12.76 fps and .mp4 file format.
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Camera

Backlight

High-throughput
individual T-maze

Figure 2. The camera set-up with the high-throughput individual T-maze in place. The high-throughput
individual T-maze is placed on top of a backlight. The camera was positioned directly above the centre
of the bioassay for an optimal view of all arenas.

Video analysis

Video recordings were analysed with EthoVision® XT version 11.5 (Noldus
Information Technology B.V., Wageningen, The Netherlands). Each arena was
defined in EthoVision as consisting of 3 zones, two lateral zones in which the two
odour sources were present, and a neutral zone, which consisted of the bridge and
entry hole. Walking behaviour of the individual parasitoids was tracked using
Ethovison’s differencing method at a detection sensitivity value of 13. Parasitoids
were not tracked when in the bridge zone or when their velocity dropped below 0.21
cm/s, and tracking started again above 0.25 cm/s. Tracking started once a parasitoid
entered one of the lateral zones and paused when the parasitoid either stopped
moving, or when it was present in the neutral zone. Behaviour was recorded until the
total time spent moving in the lateral zones accumulated to 30 seconds. From the
Ethovision® XT data output the following behavioural parameters were used; latency
until first zone entry, latency until first zone exit (zone alteration), residence time
and frequency of zone entry. Latency until first zone entry consisted of the time from
parasitoid release, till its first entry in the lateral zone. Latency until first zone exit,
defined as zone alteration in Ethovision® XT, consisted of the time from parasitoid
release till the first time it exited a lateral zone. Residence time was defined as the
total time a parasitoid spent moving in a lateral zone. Frequency of zone entry
consisted of the number of times a parasitoid entered a lateral zone in the total
recorded time. With this data we created the behavioural parameters first choice and
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giving-up time. First choice was determined by selecting the zone with the lowest
latency until first zone entry. Giving-up time was determined by subtracting latency
until first zone entry from latency until first zone exit (zone alteration). Residence
time and zone entries (frequency of zone entry data) were used directly from
Ethovision® XT. Parasitoids that did enter a lateral zone, but did not have 30 seconds
of movement in the lateral zones in the 10 minutes recording, were only included in
the analysis of first choice data. Their data for the other parameters was discarded.

T-maze for group testing

In order to compare the results obtained from high-throughput individual T-maze for
memory retention in N. vitripennis with the previously used T-maze for groups
(Hoedjes et al., 2012), we compared the two methods, following the same protocol
and set-up as used by Hoedjes et al. (2012). Briefly, the T-maze consisted of three
Plexiglas tubes, a central tube with a small opening in which the parasitoids were
introduced and two lateral tubes through which an airflow of 100 ml/min was blown
towards the central tube, where it could leave the system through ventilation slits
covered by gauze. Odour was provided by placing two capillaries filled with either
pure vanilla or coffee odour extract, in the airflow lateral to each arm of the T-maze.
Groups of 9-12 parasitoids were released in the central tube and after 10 minutes the
final choice was recorded by counting the number of parasitoids in each lateral tube.
Parasitoids that did not make a choice, by remaining in the central tube, were
regarded as non-responding. A total of 12 groups was tested for memory retention,
6 groups with vanilla as CS+ and 6 with coffee as CS+. Note that the final choice
behavioural parameter, which was obtained from this bio-assay, cannot directly be
compared with the first choice parameter measured in the high-throughput individual
T-maze, since we only used the choice after 10 minutes. Furthermore, the size
dimensions of the T-maze for group testing are much larger, and as a consequence,
parasitoids are expected to switch between the two odours at a much lower frequency
than in the high-throughput individual T-maze. Thus, final choice in the T-maze for
group testing, as recorded after 10 minutes, may not necessarily be the first choice,
but rather results from both choice behaviour, residence time and patch leaving
tendency in the two lateral tubes of the T-maze.
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Statistics

For C. glomerata the relative EAG responses were analysed by a two-way ANOVA
using SPSS, version 23 (IBM, Armonk, NY, USA), to test for differences in EAG
response between the four odours and for concentration effects. Normality and equal
variance assumptions were checked with normality and residual plots, after which
pairwise comparisons were made using a Tukey’s LSD.

First choice results of the odour preference experiment were statistically analysed
using a binomial test. For memory retention testing in the high-throughput individual
T-maze, Performance index (PI) scores of all four behavioural parameters were
based on two parasitoids, one CS1+ (conditioned with odour 1, vanilla) parasitoid
and one CS2+ (conditioned with odour 2, coffee) parasitoid. Their scores were
combined to form one PI, as described below. The two corresponding parasitoids
that contribute to one PI score were tested in a two-choice arena at the same position
in plates analysed directly after each other. No PI score was formed if one of the two
parasitoids did not respond during recording. In case of the binomial first choice
results, the PI was calculated for each parasitoid pair as 100 if both the CS1+
parasitoid would first enter the conditioned agarose zone with odour 1 and the CS2+
parasitoid first entered the zone with odour 2. If one of the two parasitoids entered
the alternative zone first, then the PI would be 0, if both would enter the alternative
zone first, the PI was -100. No PI score was formed if one of the two parasitoids did
not respond during recording. For giving up time and total residence time, PI scores
were calculated per parasitoid pair by subtracting the percentage of active searching
time that the CS2+ parasitoid spent on the CS1 zone from the percentage of time the
CS1+ parasitoid spent on the CS1 zone (PI = % time CS1+ parasitoid on CS1 - %
time CS2+ parasitoid on CS1). The same was done for zone entry data, but here
instead of the percentage of time, the percentage of visits to either zone was used (PI
= % visits CS1+ parasitoid to CS1 - % visits CS2+ parasitoid to CS1). All datasets
from these calculations consisted of PI values ranging between -100 to 100, where a
value of -100 represented a negative effect of conditioning, 0 represented no effect
of conditioning and 100 a maximum effect of conditioning. More details on how
these PI scores were calculated can be found in the supplementary information. Since
not all datasets were normally distributed, all average PI scores were statistically
analysed with a one-sample Wilcoxon’s signed rank test, to test if their values where
significantly higher than 0, which would indicate memory retention (Hoedjes et al.,
2012).
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For the T-maze for group testing, we used performance index (PI) scores for memory
retention experiments as described in Hoedjes et al. (2012), with data of reciprocally
tested groups. One group was given a conditioning trial in combination with odour
1 as CS (CS1+ parasitoids), the other with odour 2 as CS (CS2+ parasitoids). After
testing, the percentage of CS2+ parasitoids that had chosen odour 1 was subtracted
from the percentage of CS1+ parasitoids that had chosen odour 1. These PI scores
were also statistically analysed with a one-sample Wilcoxon’s signed rank test. In
all cases, we used an alpha value of 0.05 as cut-off for significance.

Results

Electroantennogram recordings of C. glomerata

EAG analysis (Fig. 3) showed a significant effect of odour, odour concentration and
the interaction between odour and odour concentration (odour: /' = 110.612, p <
0.001; concentration: F'=87.678, p < 0.001; odour x concentration: F'=24.273, p <
0.001). Pairwise comparisons show that parasitoids were more sensitive to almond
than to any of the other odours (Tukey’s LSD, p < 0.001, table 1). Sensitivity to
vanilla, chocolate and coffee was not different. Due to the high sensitivity to the
almond extract, this odour was not selected for further experiments.
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Figure 3. Relative EAG responses of C. glomerata with various concentrations of vanilla, chocolate,
coffee and almond odours. Results were calculated by using 4% almond odour as a standard and by
correcting with control odour results. There was a significant effect of both odour and concentration
and their interaction, with sensitivity to almond being significantly different from vanilla, chocolate
and coffee.
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Odour 1 Odour 2 | p-value
Almond Chocolate | <0.001
Coffee <0.001
Table 1. Pairwise comparison results. of the. different Vanilla <0.001
odours of the EAG of C. glgmemm. Since a jSlgmﬁca}nt Chocolate | Coffee 0.720
effect of odour was found in the EAG experiment with -
C. glomerata, the various odours were compared to Vanilla 0.078
find out which odours differed from each other. Coffee Vanilla 0.160

Odour preference of C. glomerata

The selection of the odour pair for conditioning of C. glomerata was based on odour
preference of unconditioned parasitoids (Fig. 4). First, we tested the preference for
each type of 1% odourised agarose vs. unscented control agarose in the high-
throughput individual T-maze. Three groups of 12 parasitoids were tested for each
type of odourised agarose. First choice data showed that unconditioned parasitoids
have an aversion to 1% chocolate (F1 = 30%, p = 0.043), whereas there was no
preference for vanilla (F1 = 46%, p = 0.839) or coffee (F1 = 42%, p = 0.487) over
the control agarose. Therefore, the chocolate extract was excluded from further
testing. Combining the two remaining odours, and testing three groups of 36
unconditioned parasitoids with 1% vanilla vs. 1% coffee, showed no preference for
either odour (Fig. 4, F1 vanilla =47%, p = 0.649).

H Control m Odorized Vanilla ™ Coffee
N
Vanilla 24
Coffee 30
Chocolate 33
Vanilla vs. coffee 77
100% 50% 0% 50% 100%

Figure 4. First choice results of unconditioned C. glomerata parasitoids with differently odorized
agarose. Parasitoids were either tested with 1% odorized vs. control agarose, where vanilla, coffee and
chocolate were the different odour options, or with 1% vanilla vs. 1% coffee agarose.
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Memory retention in C. glomerata

Vanilla and coffee extracts were selected for conditioning (concentration 4%) and
memory retention testing (concentration 1%) in accordance with above results. PI
values of all tested parameters showed significant memory retention (Table 2, Fig.
5). Response levels of vanilla conditioned parasitoids were 68% (n = 23) and for
coffee conditioned parasitoids 75% (n = 27). Underlying odour preference scores
show a clear preference for vanilla with vanilla conditioned parasitoids, but no
preference for coffee with coffee conditioned parasitoids (Table 2).

Since no preference was found for coffee with coffee conditioned parasitoids,
different odour concentrations were tested to optimize the system; 1% vanilla vs.
0.5% coffee and 2% vanilla vs. 1% coffee. Testing with 1% vanilla and 0.5% coffee
improved the preference of coffee conditioned parasitoids, but at the expense of
vanilla conditioned parasitoids (Table 2). Response levels of vanilla conditioned
parasitoids were 78% (n = 28) and for coffee conditioned parasitoids 86% (n = 31).
PI values of all except first choice dropped and the giving up time parameter was no
longer significant (Table 2, Fig. 5). Testing with 2% vanilla and 1% coffee resulted
in low P-values for both vanilla and coffee conditioned parasitoids, though not all
significant (Table 2, vanilla 67% with n = 24, coffee 72% with n = 26). PI scores,
however, were high and significant for all behavioural parameters (Table 2, Fig. 5).
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Table 2. Memory retention results of C. glomerata for the different behavioural parameters in the high-
throughput individual T-maze, given different test odour concentrations. A One-Sample Wilcoxon’s
Signed Rank Test was used to test memory retention. Vanilla and coffee conditioned odour preference
results were analysed using a X? test for first choice and a Wilcoxon’s Signed Ranks Test for other
behavioural parameters. The number (n) of PI scores used in the analysis is represented in the table.

Test with 1% vanilla and 1% coffee
Vanilla conditioned Coffee conditioned
% in zone % in zone PI(n=19)
Parameter | Vanilla | Coffee | £~ Vanilla | Coffee p- PI p- Std.
value value | value | value | error
First 74 26 | 0039 | 47 53 0.819 | 26 | 0.025| 10.38
choice
Residence 74 26 | 0011 | 48 52 0825 26 |o0010]| 857
time
Giving up 81 19 |0004 | 53 47 | 0872 | 21 |0.013]| 696
time
Zone 69 31 | 0.007| 49 51 0916 | 25 | 0.010 | 8.01
entries
Test with 1% vanilla and 0.5% coffee
Vanilla conditioned Coffee conditioned
% in zone % in zone PI (n=26)
Parameter | Vanilla | Coffee | £~ Vanilla | Coffee p- PI p- Std.
value value | value | value | error
First 65 35 | 0117 | 27 73 0.019 | 38 | 0.012 | 13.67
choice
Residence | 4, 530694 32 68 | 0012 ] 15 | 0.045| 9.05
time
Giving up 45 55 10694 | 36 64 0258 | 8 |0301| 947
time
Zone 49 51 0931 | 37 63 0.006 | 17 | 0.034| 7.99
entries
Test with 2% vanilla and 1% coffee
Vanilla conditioned Coffee conditioned
% in zone % in zone PI(n=17)
Parameter | Vanilla | Coffee | £~ Vanilla | Coffee p- PI p- Std.
value value | value | value | error
First 71 29 1009 | 29 71 0.090 | 41 | 0035 17.28
choice
grzseldence ) 28 | 0023 38 62 | 0.154 | 34 | 0010 | 10.99
Giving up 80 20 | 0007 | 23 77 | 0121 | 37 | 0.008 | 11.71
time
. 60 40 | 0.155| 51 49 | 0832] 29 |0.023]| 1023
entries
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Table 3. Memory retention results of Nasonia vitripennis for the different behavioural parameters in
the high-throughput individual T-maze and the T-maze for group testing. A One-Sample Wilcoxon’s
Signed Rank Test was used to test memory retention. Vanilla and coffee conditioned odour preference
results were analysed using a X test for first choice and final choice. For other behavioural parameters
a Wilcoxon’s Signed Ranks Test was used.

High throughput individual T-maze
Test with 1% vanilla and 1% coffee agarose
Vanilla conditioned Coffee conditioned
% in zone % in zone PI
. p- . p- PI p- Std.
Parameter | Vanilla | Coffee Vanilla | Coffee n
value value | value | value | error
First 63 37 | 0.069 8 92 - 55 | <0.001 | 8.07 | 51
choice ) 0.001 ) )
Residence < <
time 71 29 0001 15 85 0.001 56 <0.001 | 5.25 | 48
Giving up < <
time 75 25 0001 21 79 0.001 52 <0.001 | 6.27 | 48
Zone <
entries 58 42 0.005 22 78 0.001 45 <0.001 | 5.29 | 48
T-maze for group testing
Test with vanilla and coffee extract capillaries
Vanilla conditioned Coffee conditioned
(n=15)5) (n=56)
% in zone % in zone Pl
Parameter | Vanilla | Coffee p- Vanilla | Coffee p- PI p- Std. n
value value | value | value | error
Final <
choice 69 31 0.005 25 75 0.001 43 0.028 8.63 6

Memory retention in V. vitripennis

Testing N. vitripennis in the high-throughput individual T-maze resulted in highly
significant PI scores and significant results for almost all odour preference
parameters (Table 3, Fig. 6). Testing in the T-maze for group testing resulted in a
significant PI score for final choice (Table 3, Fig. 6). Response levels in the high-
throughput individual T-maze ranged from 75% to 84%, response levels of the T-
maze for group testing ranged from 80 to 81%.
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Figure 5. PI scores of the behavioural parameters of C. glomerata in the high-throughput individual T-
maze with different test odour concentrations. C. glomerata was tested in the high-throughput
individual T-maze with test odour concentrations of 1% vanilla and 1% coffee (n = 19), 1% vanilla and
0.5% coffee (n = 26) and 2% vanilla and 1% coffee (n first choice = 17, other parameters n = 16).
Significant PI scores (p < 0.05) are indicated with an asterisk (*).
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Figure 6. PI scores of the behavioural parameters of N. vitripennis in the high-throughput individual
T-maze and the T-maze for group testing. N. vitripennis was tested with 1% vanilla and 1% coffee
agarose in the high-throughput individual T-maze (n first choice = 51, other parameters n = 48). With
the T-maze for group testing only final choice could be assessed (Final choice n = 6). Significant PI
scores (p < 0.05) are indicated with an asterisk (¥).
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Discussion

Behavioural assays for insects have undergone a clear technological evolution in the
past two decades. Time consuming methods, using observations of individual
insects, have been redesigned with the latest advances in video tracking technology
(Faucher et al., 2006; Beshel and Zhong, 2013; Reza et al., 2013; Smith and Burden,
2014; Lin et al., 2015; Jiang et al., 2016). Whereas various of these studies still test
single insects (Faucher et al., 2006; Reza et al., 2013; Smith and Burden, 2014), our
high-throughput individual T-maze makes it possible to load 36 parasitoids in
individual cages from which they can simultaneously be released into their own two-
choice arena. The camera set-up was combined with commercially available video
software and multiple arena tracking software (Noldus et al., 2001), which allows
for tracking of many individual parasitoids. Though simultaneous tracking of
multiple insects in one arena has been reported previously (Beshel and Zhong, 2013;
Linetal., 2015; Jiang et al., 2016), individual identities of insects are often lost when
walking tracks cross one another and social interactions may influence the results.
The multiple arena tracking module of EthoVision makes it possible to assign many
arenas in which individual parasitoids can be tracked. This allows for both high-
throughput and recording of detailed individual behaviours, without social
interactions and the need for massive amounts of insects. We showed that our system
was able to detect multiple behavioural parameters suitable for measuring memory
retention levels, thereby providing robust datasets in an efficient manner.

The conditioning and test protocols we used were designed to make them easy to
standardize and reproduce with commercially available, natural odour blends. Our
results emphasize that odour selection for conditioning and testing should be done
carefully with both EAG and preference tests. Even though three natural odour
extracts (vanilla, coffee and chocolate) showed an equal sensitivity in the EAG
experiment, and are known to be used for conditioning parasitoid parasitoids (Lewis
and Tumlinson, 1988; Lewis and Takasu, 1990; Gutiérrez-Ibanez et al., 2007;
Hoedjes et al.,, 2012; Zhou et al.,, 2015), our odour preference results of
unconditioned parasitoids showed a clear aversion for the agarose odourised with
chocolate vs. control agarose, whereas this was not the case for vanilla and coffee.
An equal preference level of these odours to unconditioned parasitoids makes is
easier to detect effects of conditioning. A final round of fine-tuning was performed
by testing different concentration of odourised agarose in the individual T-maze.
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In order to find the best memory retention results it is important to assess if it is
possible to induce a preference with each of the two odours used in the bioassay. Our
results show that PI scores could be substantially increased when both odours
showed significant conditioning effects. The reciprocal design of treatments
eliminates any remaining odour bias and allows for the creation of performance
index (PI) scores. These PI’s are commonly used in studies on learning and memory
formation as a parameter to measure conditioned behaviour, but usually these PI’s
are based on groups of insects (Hoedjes et al., 2012; Kohn et al., 2013; Jiang et al.,
2016). With the development of a high-throughput individual T-maze, we were able
to calculate PI scores based on two individual parasitoids, which increased sample
sizes and therefore statistical power compared to PI’s based on groups of insects.
Robust PI scores based on each of 4 behavioural parameters for both C. glomerata
and N. vitripennis were obtained in this study, demonstrating the suitability of this
set-up for testing of memory retention. Using N. vitripennis, we compared the high-
throughput individual T-maze with the T-maze for group testing, which showed
comparable PI scores, but substantially better p-values, using a similar number of
insects. This suggests that the required number of insects for the individual T-maze
per experiment may be lower than for the T-maze for group testing

The high-throughput individual T-maze is a strong tool to advance knowledge of
learning and memory dynamics in ecologically diverse groups such as parasitoid
parasitoids. Results of C. glomerata and N. vitripennis show the system is likely to
be suitable for a broader range of parasitoid wasp species and possibly also for other
model insect species like D. melanogaster. Furthermore, due to the use of
commercially available, natural odour blends, which are unrelated to odours
parasitoids are exposed to in nature, it is possible to design comparative experiments
with different species. Many types of preferences can be measured in this bioassay,
such as food, colour and odour preferences, but also other types of behaviour such
as mate choice and courtship behaviour, in line with what was done by Reza et al.
(2013). The system allows for the selection of the most relevant and statistically
strong behavioural parameters, allowing users to make species-specific selections to
record various kinds of behaviours. Adaptations to the bioassay, to meet specific
requirements of species, can be implemented easily, because of the flexibility of the
laser-cutting methodology for manufacturing of the arenas and the low cost of the
Perspex plates.

The selected behavioural parameters of the high-throughput individual T-maze; first
choice, residence time, giving up time and zone entries, are all highly relevant for
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foraging success (Wajnberg, 2006). Although the conditions in the set-up described
here are artificial, the fact that significant PIs were obtained from these 4 different
behavioural parameters show that learning affects different aspects of foraging
behaviour that contribute to foraging success for hosts, and thereby to realized fitness
of the parasitoids. Our Cotesia model system provides excellent opportunities to
validate how the results from our current high-throughput bio-assay translate into
natural or agricultural situations, since C. glomerata is a well-known model species
for behavioural studies in field, semi-field and wind tunnel situations (Geervliet et
al., 1998a; Geervliet et al., 1998b; Benson et al., 2003; Bleeker et al., 2006; Smid et
al., 2007; Kruidhof et al., 2012; Lucas-Barbosa et al., 2014; De Rijk et al., 2018). In
addition, the set-up could be useful for efficient screening of relevant behavioural
parameters of candidate species for biological control.

In conclusion, the high-throughput individual T-maze combines the benefits of high-
throughput and individual testing. It provides us with a standardized high-
throughput, labour-efficient and cost-effective method to test various kinds of
behaviour and offers excellent opportunities for comparative studies of various
aspects of insect behaviour.
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Supplementary information
PI calculations

For memory retention testing in the high-throughput individual T-maze,
Performance index (PI) scores of all four behavioral parameters were based on one
CS1+ (vanilla conditioned) parasitoid and one CS2+ (coffee conditioned) parasitoid.
Their scores were combined to form one PI. The two corresponding parasitoids that
contribute to one PI score were tested in a two-choice arena at the same position in
plates analyzed directly after each other. No PI score was formed if one of the two
parasitoids did not respond during recording.

PI calculation for first choice data

In case of the binomial first choice results, the PI was calculated for each parasitoid
pair as 100 if both the CS1+ parasitoid would first enter the conditioned agarose zone
with odor 1 and the CS2+ parasitoid first entered the zone with odor 2. If one of the
two entered the alternative zone first, then the PI would be 0, if both would enter the
alternative zone, the PI was -100.

The formula of this calculation is:

PI = (CS1+ zone choice — CS2+ zone choice)*100

With the following assigned scores based on zone choice:

CS1+ choosing the CS1 zone is assigned a score of 1

CS1+ choosing the CS2 zone is assigned a score of 0

CS2+ choosing the CS1 zone is assigned a score of 1

CS2+ choosing the CS1 zone is assigned a score of 0

Leading to the following PI values for first choice data:

CS1+ parasitoid | CS2+ parasitoid | PI calculation
CS1 CS2 (1-0)*100 =100
CS1 CS1 (1-DH)*100=0
CS2 CS2 (0-0)*100=0
CS2 CS1 (0-1)*100 =-100
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PI calculation for giving up time, total residence time and frequency of zone
entry

For giving up time, total residence time and frequency of zone entry, PI scores were
calculated per parasitoid pair by subtracting the percentage of active searching time
(or visits for frequency of zone entry) that the CS2+ parasitoid spent on the CS1 zone
from the percentage of time the CS1+ parasitoid spent on CS1 zone.

First a percentage was calculated:

Giving up time
% time on CS1 = (time on CS1 / (time on CS1 + time on CS2))*100
% time on CS2 = (time on CS2 / (time on CS1 + time on CS2))*100

Residence time
% time on CS1 = (time on CS1/30)*100
% time on CS2 = (time on CS2 /30)*100

Zone visits
% visits to CS1 = (visits to CS1 / (visits to CS1 + visits to CS2))*100
% visits to CS2 = (visits to CS2 / (visits to CS1 + visits to CS2))*100

All time units are in seconds, the division by 30 for residence time is based on the
total residence time of 30 seconds.

Based on these percentages PI scores were calculated:

Giving up time (time based on the first visit only)
PI = % time of a CS1+ parasitoid on CS1 - % time of a CS2+ parasitoid on CS1

Total residence time
PI = % time of a CS1+ parasitoid on CS1 - % time of a CS2+ parasitoid on CS1

Frequency of zone entry
PI = % visits of a CS1+ parasitoid to CS1 - % visits of a CS2+ parasitoid to CS1
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Abstract

Parasitoid wasps are known to improve their foraging efficiency after learning of
herbivore-induced plant volatiles (HIPVs) upon encountering their hosts on these
plants. However, due to spatial and temporal variation of herbivore communities,
learned HIPV cues can become unreliable, no longer correctly predicting host
presence. Little is known about the potential fitness costs when memories holding
such unreliable information persist. Here we studied how persistent memory,
containing unreliable information, affects the foraging efficiency for hosts in Cotesia
glomerata. Parasitoids were conditioned to associate one of two types of HIPVs with
either P. brassicae frass, 1 single oviposition in P. brassicae, 3 ovipositions in P.
brassicae spaced in time or they were kept unconditioned. The following day,
parasitoids were allowed to forage in a wind tunnel, in an environment that either
conflicted or was congruent with their learned plant experience. The foraging
environment consisted of host (P. brassicae) and non-host (Mamestra brassicae)
infested plants. The conflicting environment had non-hosts on the conditioned plant
species and hosts on the non-conditioned plant species, whereas the congruent
environment had hosts on the conditioned plant species and non-hosts on the
unconditioned plant species. Parasitoids had to navigate through five non-host
infested plants to reach the host-infested plant. Since C. glomerata parasitoids do not
distinguish between HIPVs induced by host and non-host caterpillars, the conflicting
foraging situation caused a prediction error, by guiding parasitoids to non-host
infested plants. Especially parasitoids given 3 spaced oviposition experiences, tested
in a conflicting situation, spent significantly more time on non-host infested plants
and showed a high tendency to oviposit in the non-hosts. As a result, they took
significantly more time to find their hosts. Conditioned parasitoids, which were
tested in a congruent situation, were more responsive than unconditioned parasitoids,
but there was no difference in foraging efficiency between these two groups in the
parasitoids that showed a response. We conclude that persistent memories, such as
formed after 3 experiences spaced in time, can lead to maladaptive foraging
behaviour if the contained information becomes unreliable.

Keywords: Cotesia glomerata, learning, foraging efficiency, unreliable
information, non-host, oviposition, prediction error, memory
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Introduction

A high degree of spatial and temporal variation exists in herbivore communities,
which makes it challenging for predators to find suitable prey. The way parasitoids
use environmental cues to find resources, such as hosts, is of great importance for
their realized lifetime reproductive success, a measure of fitness (van Baalen and
Hemerik, 2008). An inexperienced female parasitoid is attracted by a range of
environmental cues, which have proven their reliability for host finding over
generations through natural selection (Stephens, 1993; van Alphen and Bernstein,
2008; Hoedjes et al., 2011). Due to the high degree of both spatial and temporal
variation within and between generations in the availability, distribution and
abundance of both host and host plant species, these cues can be insufficient to guide
parasitoids to their hosts (Stephens, 1993; Vet, 2001). Parasitoids can, however,
acquire and process information as they forage, thereby learning how to become
more efficient foragers. Parasitoids are known to use a wide variety of olfactory,
visual, auditory and tactile cues to obtain and store information on local host
presence, distribution and abundance (Vet and Dicke, 1992; Turlings et al., 1993;
van Alphen and Bernstein, 2008; Ishii and Shimada, 2009). Acquisition of this
information can be achieved through learning, in particular through associative
ovipositional learning, where an oviposition in a host becomes associated with
various environmental cues, such as herbivore-induced plant volatiles (HIPVs),
resulting in associative memory (Bleeker et al., 2006). (Bleeker et al., 2006). Even
an encounter with host traces, such as silk and faeces (frass), without the host
themselves, results in learning of HIPV’s (Geervliet et al., 1998b), albeit that such
memories are generally less persistent than after an oviposition experience (Lewis
and Martin, 1990; Takasu and Lewis, 2003). With these memories, parasitoids can
temporarily adapt their foraging strategy to current local host and host plant
availability.

In general, only when multiple learning events occur spaced in time, the learned
information is considered reliable enough to adapt foraging behaviour accordingly
for a prolonged time. It is then stored in robust long-term memory (LTM), which can
last for days (Menzel, 1999; Hoedjes et al., 2011). Moreover, LTM formation is
costly in terms of energy expenditure (Menzel, 1999; Mery and Kawecki, 2004),
because it depends on protein synthesis (Tully et al., 1994), which is another reason
why single learning events usually results in the formation of energetically
inexpensive, short lasting memory, naturally decaying within minutes to hours
(Menzel, 1999; Hoedjes et al., 2011).

The generalist larval parasitoid Cotesia glomerata, is well known for its ability to
learn in both laboratory and (semi-)field studies (Geervliet et al., 1998b; Perfecto
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and Vet, 2003; Smid et al., 2007; De Rijk et al., 2018; Vosteen et al., 2019). Unlike
general theory, it consolidates LTM for oviposition events on certain host plants
within 4 hours after only a single oviposition in its host Pieris brassicae (Smid et al.,
2007). This direct LTM induction is most likely due to the spatial distribution and
gregarious nature of this host, since a single encounter with a gregarious host reliably
predicts many oviposition opportunities. Indeed, when this parasitoid species
encounters a solitary host, P. rapae, it does not form LTM, but a less persistent
memory type, anaesthesia-resistant memory (Kruidhof et al., 2012). While LTM of
a single oviposition wanes over five days, spaced conditioning with 3 ovipositions
leads to even more persistent LTM, lasting for more than five days (van Vugt et al.,
2015). Thus, experiences with only frass, a single oviposition or three ovipositions
spaced in time, each induce different memories with increasing levels of persistence.
This memory guides C. glomerata to subsequent host patches, but due to the high
similarity of HIPV of host and non-host species, these parasitoids are often unable
to discriminate between them (Geervliet et al., 1996; Vos et al., 2001; Bukovinszky
et al., 2012), even after oviposition experience (Vosteen et al., 2019). The presence
of non-host on host plant species has been found to lead to reduced foraging
efficiency (Vos et al., 2001; Bukovinszky et al., 2012; de Rijk et al., 2016;
Desurmont et al., 2018; Vosteen et al., 2019).

Since environments keep changing, assessment of the reliability of the learned
information is a continuous process. Non-hosts might occur on plants previously
associated with host presence, where the non-host encounter leads to a predication
error; the learned cues do not predict host presence, they have become unreliable. To
optimize foraging efficiency, information needs to be processed in an adaptive and
integrative way (Hilker and McNeil, 2008), continuously updating memories and
acting according to the most reliable information available.

The different levels of memory persistence described above make these parasitoids
an ideal model to study the risk of maladaptive foraging behaviour due to persistent
unreliable information. Here we conducted a wind tunnel experiment to study how
foraging efficiency is affected in the parasitoid C. glomerata, when foraging in an
environment, which was either conflicting or congruent with previously learnt
information varying in persistence. We confronted the parasitoids with non-hosts on
the plant species on which had they previously found their hosts, and hosts on the
plant species not encountered before (conflicting foraging situation) or vice versa
(congruent foraging situation). We expect that with higher levels of memory
persistence, parasitoids will increasingly suffer from reduced foraging efficiency in
the conflicting foraging situation, and benefit on the other hand from improved
foraging efficiency in the congruent foraging situation.
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Materials & methods
Insects

Pieris brassicae (Lepidoptera: Pieridae) and Mamestra brassicae (Lepidoptra:
Noctuidae) caterpillars were reared on Brussels sprouts plants (Brassicae oleracea
L. var. gemmifera cultivar Cyrus). Females of the parasitoid wasp Cotesia glomerata
(Hymenoptera: Braconidae) were obtained from a yearly re-established culture, and
reared on P. brassicae caterpillars, to maintain natural foraging behaviour. All insect
cultures were maintained at the Laboratory of Entomology, Wageningen University
and were reared under the same conditions in a climate-controlled greenhouse with
natural light conditions, 21 £ 1 °C and 50-70% humidity. First instar P. brassicae
caterpillars were used for parasitoid rearing. Upon emergence of the parasitoid
larvae, cocoons were collected and kept in Petri dishes which were put in a climate
cabinet (21 = 1 °C, L16:D8 photoperiod and 50-70% humidity). Just prior to
emergence the cocoons were transferred to cages (40 x 30 x 30 cm, Bugdorm-1
Insect rearing cage, type DP1000, Megaview Science, Taiwan) with honey and
water. Two-day-old females were selected from these cages and kept with honey and
water until the start of experiments, when females were 3-5 days old.

Plants

For experiments three to four weeks old Brassicae nigra L. and Sinapis arvensis L.
plants were used. Plants were watered daily and were supported by a small green
wooden stick and a metal ring to ensure upright growth. Induction of both plant
species was accomplished by placing 2 batches of 5 M. brassicae 48h prior to
experiments, or 2 batches of 5 P. brassicae caterpillars 24h prior to experiments, on
the fourth true leaf of a plant with clip cages. Clip cages were kept upright by
attaching each of them to a small green wooden stick (30 cm long, 4 mm diameter)
to prevent the leaf from breaking due to the weight of the clip cage. Besides the clip
cages, some cotton wool was wrapped around the base of the leaf to prevent the
spread of caterpillars to other leaves once the clip cages were removed. Early first
instar P. brassicae and late first instar M. brassicae caterpillars were used to infest
plants. The difference in age was to obtain similar caterpillar body sizes. M.
brassicae, however, caused less feeding damage and the induced plants were less
attractive to parasitoids after 24h induction (personal observation), therefore M.
brassicae was kept on the plant 24h longer than P. brassicae to obtain similar
damage and attractiveness of plants. After every 3 hours of experiments, plants were
replaced.
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Conditioning: learning to associate HIPVs with hosts

Type A : Type B: 1 single host
20 s contact oviposition, or
with C: 3 ovipositions
host frass on
S. arvensis

Associative memory 24 hrs after conditioning
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Figure 1. Overview of the conditioning and test procedures. Parasitoids were given a learning
experience (top panel), in which they learned to associate herbivore-induced plant volatiles (HIPVs) of
Brassicae nigra (dark green plants) or Sinapis arvensis (light green plants) with either a 20 second host
frass (Pieris brassicae) exposure, 1 single host oviposition or 3 host ovipositions spaced in time. These
conditioning treatments resulted in increasing levels of memory persistence (mid panel, indicated with
weak, medium or strong), for either B. nigra or S. arvensis as predictor for the presence of P. brassicae
hosts. The next day these conditioned parasitoids were tested in foraging situations created in a wind
tunnel (bottom panel), which were either congruent or conflicting with their memory. A conflicting
situation consisted of non-hosts (Mamestra brassicae) on five of the plant of the species on which the
parasitoids previously experienced hosts or host-frass, and hosts on only one plant of the alternative
plant species, located most upwind from the release point. The congruent situation had the same array
of 5 plants with non-hosts and one plant with hosts, but in this case the hosts were present on the same
plant species on which the previously were conditioned. Unconditioned parasitoids were also tested,
for which both foraging situations were considered as neutral. Altogether, this results in 14 different
treatments.

Parasitoid conditioning

A day before conditioning, a B. nigra and a S. arvensis plant were induced with
approximately 200-300 P. brassicae caterpillars spread in batches of approximately
50 caterpillars over the plant leaves. A classical (Pavlovian) conditioning procedure
was used, which excludes the host-searching phase, adopted from Bleeker et al.
(2006), to give parasitoids an associative learning experience (Fig 1). This procedure
consists of giving parasitoids oviposition experience on a plant leaf, where
parasitoids learned to associate plant odours as the conditioned stimulus (CS) with
suitable hosts as the unconditioned stimulus (US). This type of conditioning is
considered a form of classical (Pavlovian) conditioning, where the host-searching
phase is excluded.

A total of 7 different conditioning treatments were conducted; parasitoids were kept
unconditioned or were given conditioning experience on either the induced B. nigra
or S. arvensis plant. Conditioning on these leaves consisted of (A) a single leaf
damage experience where a parasitoid was transferred from a glass vial to a leaf with
host feeding damage. The first instar P. brassicae host caterpillars had been
removed, but their frass was still present. The parasitoid was allowed to contact the
host frass for 20 s, after which it was gently removed with the glass vial. (B) A single
oviposition in a first instar P. brassicae caterpillar, which was performed as under
(A), but now with host caterpillars present. After a single oviposition, the parasitoid
was removed with a glass vial. (C) Spaced conditioning consisting of 3 ovipositions
spaced in time. It was performed as 3 sequences of single ovipositions, as described
for (B), spaced by intervals of 10 minutes, during which the parasitoid remained in
the glass vial. Parasitoids were conditioned individually and only ovipositions
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lasting longer than 2 seconds were considered successful (Coleman et al., 1999). Fig.
1 shows an overview of these conditioning procedures. While both 1 and 3
ovipositions are expected to induce LTM, spaced conditioning with 3 ovipositions
leads to longer lasting, more robust LTM (Smid et al., 2007; van Vugt et al., 2015),
with stronger memory persistence (Fig. 1). After conditioning, parasitoids from all
treatment groups were placed in small cages (17.5 x 17.5 x 17.5 cm, Bugdorm type
41515, Megaview Science, Taiwan) supplied with water and honey until testing in
the wind tunnel the next day.

Wind tunnel set-up

The experiment was conducted in a wind tunnel as described in Geervliet et al.
(1994) with wind speed set to 10cm/s, a temperature of 24 = 1°C and a relative
humidity fluctuating between 50% and 70%. A glass cylinder (30cm long, diameter
15c¢m) was used as release site and was placed 70cm upwind from the first plant. Six
plants were placed 15cm apart and 10cm from the walls of the wind tunnel, five
plants infested with the non-host M. brassicae and one with host P. brassicae, the
latter being placed upwind from the five non-host infested plants. Two different
foraging situations were created, with either the non-host M. brassicae on B. nigra
and the host P. brassicae on S. arvensis, or vice versa. On a single experimental day
both foraging situations were used, each running for 3 hours. Both the order of the
foraging situations and the position of the P. brassicae plant were alternated daily.
The order of the 7 conditioning treatments was randomized, on each experimental
day 2 parasitoids were tested per treatment. The 7 conditioning treatments and the 2
foraging situations lead to a total of 14 treatments, each treatment was replicated 15
times. An overview of the conditioning and test procedure of these various
treatments is shown in Figure 1.

The wind tunnel was turned on 1-1.5h prior to experiments to create stable
temperature and humidity values. Just prior to the start of the experiment, plants were
positioned in the wind tunnel and clip cages, and their supporting sticks, were
removed. Caterpillar movement was restricted to the leaf due to the cotton wool
wrapped around the base and caterpillars were counted to make sure 10 live
caterpillar would be available. Dead caterpillars were replaced by caterpillars of the
same size and age.

Upon the start of the experiment a single parasitoid was capture in a glass test tube
(12 x 75mm) and transported from its cage into the glass release cylinder in the wind
tunnel. Each parasitoid was given 5 minutes to initiate flight and leave the cylinder.
Those that did not fly out of the glass cylinder were taken out of the experiment.

54



Costs of persisting unreliable memory

Parasitoids which directly flew to the ceiling of the wind tunnel were re-released
once.

Behavioural observations

Parasitoid behaviour was recorded on a hand-held computer with The Observer XT
10 software (Noldus Information Technology B.V., Wageningen, The Netherlands)
for 15 minutes or until first host oviposition. We used the following behavioural
parameters for statistical analysis: foraging time (total time of the behavioural
recording), time on non-host patches, number of non-host patch visits and non-host
oviposition occurrences. Only behaviour on the actual infested leaves was
considered. Furthermore, direct flight (the percentage of parasitoids which only
landed on the host plant after flight initiation) and parasitoid response (the
percentage of parasitoids initiating flight and orientation to the HIPVs) were also
used for statistical analysis.

Statistics

All statistical analyses were done in R version 3.4.3 (R Development Core Team
2017). Foraging time was analysed using survival analysis with a cox regression
analysis (coxph from the survival package, Therneau and Lumley (2015)), where
censored data consisted of parasitoids not finding their host within 900 seconds. Data
on time on non-host patches and number of non-host patch visits were analysed using
linear mixed models (Ime from the nlme package, Pinheiro et al. (2014)) with
experimental day as a random factor. Data on the number of non-host patch visits
was log transformed to account for equal variance, time on non-host patches was
square root transformed. Presence/absence data on non-host oviposition, direct flight
and response was analysed with a Bernoulli glmm (glmer from the Ime4 package,
Bates et al. (2014)) with day as a random factor.

The statistical models used foraging situation, test plant species and conditioning
treatment as fixed factors. Due to an incomplete factorial design, models including
unconditioned parasitoids/neutral foraging situation were run without conditioning
treatment and vice versa. Differences between groups were analysed with a least-
square means post hoc comparison with error correction (Ismeans from the Ismeans
package, Lenth (2016)).
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Figure 2. Survival plot of the fraction of parasitoids which have not found the host with foraging time
in different foraging situations. Coloured areas around the lines show the 95% confidence interval
(neutral n = 30, conflicting and congruent n = 90). Conflicting and congruent survival curves were
significantly different (z = -2.38, p = 0.046).
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Figure 3. Survival plot of the fraction of parasitoids which have not found the host within the 900
seconds foraging time, given different conditioning treatments and foraging situations (n = 30).
Parasitoids given 3 spaced ovipositions in combination with conflicting information were significantly
different from parasitoids given 3 spaced oviposition in combination with congruent information (z = -
2.96, p = 0.036).
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Results

Effect of foraging situation and conditioning treatment on foraging behaviour

Parasitoids given conflicting information had more difficulty finding hosts, than
parasitoids given congruent information as can be seen by the clear divergence of
their survival curves in Figure 2. While conditioning treatment did not have a strong
effect on its own, the combination of foraging situation and the conditioning
treatment shows clear effects of spaced conditioning with 3 ovipositions (Fig. 3).
While 3 ovipositions with congruent information made them the fastest group to find
the host, 3 ovipositions with conflicting information resulted in parasitoids being the
slowest group to find the host. Since the congruent and conflicting survival curves
of frass and a single oviposition show a high degree of overlap, the overall difference
between congruent and conflicting foraging situations is mainly explained by the
effect of spaced conditioning with 3 ovipositions (Fig. 3).

Assessment of the underlying behavioural components during the foraging period
revealed significant differences in the time parasitoids spent on non-host patches.
Parasitoids given spaced conditioning with conflicting information stayed more than
twice as long on non-host patches, than parasitoids given spaced conditioning with
congruent information (Fig. 4). The same pattern was observed for non-host
oviposition, where parasitoids given spaced conditioning with conflicting
information oviposited 3 times as often in non-hosts, but here the difference between
the two spaced conditioning groups had a p-value of 0.063 (Fig. 5).

Survival analysis of unconditioned parasitoids, foraging in a neutral situation,
switched between the congruent and conflicting conditioned parasitoids within the
first 250 seconds (Fig. 2). Thereafter, the unconditioned parasitoids behaved very
similar to congruently conditioned parasitoids. Overall, parasitoids foraging in a
neutral situation did not behave significantly different from parasitoids foraging in a
conflicting (z=1.76, p = 0.183) or congruent situation (z = 0.031, p = 1.000), due to
high behavioural variation show in the 95% confidence interval in Figure 2.
Unconditioned parasitoids did make fewer visits to non-host patches, than
parasitoids given a conflicting experience (F = 3.04, p = 0.049, Fig. 6a).
Furthermore, fewer unconditioned, than conditioned parasitoids responded to HIPVs
in the wind tunnel (z =-5.19, p <0.001, Fig. 6b).
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flights, when the host is found on either Brassica nigra or Sinapis arvensis. Error bars show the s.e. (n
=105).

Test plant species effects on foraging behaviour

The plants species offered during the foraging trail also greatly influenced foraging
behaviour. In foraging situations when non-hosts were present on B. nigra and the
hosts on S. arvensis, parasitoids took longer to find the host (X* = 4.87, p = 0.027),
they spent more time on non-host leaves (¢ = -3.38, p = 0.001, Fig. 7a) and visited
non-host leaves more often (¢t =-2.61, p = 0.010, Fig. 7b), than when the host was on
B. nigra and the non-host on S. arvensis. Furthermore, parasitoids performed more
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direct flights when the host was found on B. nigra, than when it was on S. arvensis
(z=2.79, p = 0.005, Fig. 7c).

Discussion

Natural environments are ever changing, and as a consequence learned information
can become outdated and should be forgotten. Since most parasitoids are time-
limited, they should utilize their time as efficiently as possible, since the way they
exploit their environment directly determines their realized fitness (Baalen and
Hemerik 2007). While most studies, focusing on the effect of learning on foraging
efficiency, provide the parasitoid with a foraging situation highly similar to what
they have been trained in (Geervliet et al., 1998b; Takasu and Lewis, 2003; Bleeker
et al., 2006; Smid et al., 2007; Kruidhof et al., 2015; De Rijk et al., 2018; Desurmont
et al., 2018), we tested how both reliable and unreliable information affects foraging
efficiency in a foraging situation with attractive odour plumes of both hosts and non-
hosts. As expected, we found maladaptive foraging behaviour after providing
parasitoids with conflicting information, especially when the information has
previously proven to be reliable through spaced conditioning. It seems that 3 spaced
oviposition experience do not only result in longer lasting memory (Smid et al.,
2007; van Vugt et al., 2015), but also results in a stronger focus on the memory
content during foraging as the information is considered more reliable. This was
reflected in parasitoids taking more time to find hosts and spending more time on
non-host patches.

Though learning is generally expected to result in an increase in foraging efficiency,
finding more hosts and increasing realized fitness, this most likely only applies if the
obtained information is correct. Learning is known to be costly in various ways
(Mery and Kawecki, 2004) and our study confirms that persistent unreliable memory
involves costs primarily associated with time. However, it is still unclear how the
parasitoid will overcome long-term negative effects of this unreliable information.
The encounter of a non-host, upon the response to HIPV’s previously associated with
a host, causes a prediction error and can be considered as a memory extinction event.
This event might trigger the formation of additional memory traces, which will
diminish the response to the learned cues faster than by natural memory decay
(Exton-McGuinness et al., 2015).

Hoedjes et al. (2011) suggested that high cue variability and low cue reliability
within a generation should favour the formation of short-lasting memory forms such
as STM and ARM rather than LTM. Since LTM is formed after a single oviposition
in P. brassicae it seems likely to assume that the HIPVs cue learned in this
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experiment are considered to be of high cue reliability under natural conditions.
However, P. brassicae and M. brassicae have overlapping host plant species ranges
and share the same habitats. Co-occurrence of these species occurs under natural
conditions, on plants in close proximity, but also on the same plant and even the
same leaf (Vos et al., 2001). Therefore, it seems likely that non-hosts such as M.
brassicae are regularly encountered and the cue reliability would be rather low.
However, a single encounter with the gregarious P. brassicae caterpillars consists of
such a high reward value, due to multiple oviposition opportunities, that this might
outweigh potential negative effects of cue variability and still facilitates LTM
formation after a single oviposition. As mentioned in Koops (2004), if the benefit of
correct information is high relative to the cost of the information being unreliable,
then the parasitoids should still respond, even if the reliability of the information is
relatively low.

The observed foraging behaviour also varied with plant species. When hosts were
present on B. nigra and non-host on S. arvensis, parasitoids found the host-infested
plants faster, performed more direct flights and spent less time on non-host-infested
plants compared with the reciprocal situation. Sinapis arvensis and Brassica nigra
are considered sister species (Agerbirk et al., 2008), yet they are apparently different
enough to cause substantial differences in foraging behaviour, depending on which
plant species contained the hosts or non-hosts. Possibly, B. nigra HIPVs are easier
to detect, or are more attractive, than HIPVs of S. arvensis, making it easier for
parasitoids to find the attractive B. nigra host-infested plant among the less attractive
HIPVs of S. arvensis, than vice versa.

The observation that C. glomerata is less efficient at finding hosts in the presence of
non-hosts has already been shown in various studies (Bukovinszky et al., 2012; de
Rijk et al., 2016), yet so far there has been no mentioning of non-host acceptance
under (semi-) natural foraging conditions. Under laboratory conditions, however,
Vosteen et al. (2019) and Bukovinszky et al. (2012) found occasional non-host
oviposition by C. glomerata in M. brassicae with flight assays. Vosteen et al. (2019)
found non-host acceptance levels up to 27%, which seems comparable with our
findings. Currently we are investigating to which extent M. brassicae is truly a non-
host, if these findings are a side-effect of the test set-up and which circumstances
favour non-host acceptance.

In contrast to what we expected, we found that congruently conditioned parasitoids
behaved very similar to unconditioned parasitoids. While the study of Kruidhof et
al. (2015) showed higher foraging efficiency after associative learning of HIPVs
with C. glomerata, we did not find this in this study. The main reason why we do
not find this positive effect of associative learning is most likely since we discarded
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parasitoids which did not respond within 5 minutes. While response levels of the
conditioned parasitoids were around 90%, only 48% of the unconditioned parasitoids
responded within 5 minutes. Oviposition experienced parasitoids are known to be
more responsive to HIPVs in general. Giving parasitoids oviposition experience or
exposing them to host frass prior to testing is a general way to increase the
responsiveness of parasitoid to HIPVs (Geervliet et al., 1998b; Takasu and Lewis,
2003; Bleeker et al., 2006; Pefiaflor et al., 2017).

Overall, we conclude that learning unreliable information causes maladapted
foraging behaviour, which reduces foraging efficiency under the conflicting test
conditions, compared to the congruent test situation. However, parasitoids do not
only learn to associate environmental cues with host while foraging, but also with
food (Tertuliano et al., 2004; Wéckers et al., 2006). Hungry parasitoid will primarily
respond to cues associated with food, while fed parasitoids will primarily respond to
cues associated with hosts (Lewis and Takasu, 1990; Luo et al., 2013). Their
environment in combination with their physiological state will determine their
foraging behaviour and the way they use learned cues. The effect of unreliable
memory in relation to food learning and foraging behaviour has not been researched
in parasitoids so far, but has been researched in honeybees with colour learning with
a food reward. Similar negative effects of persistent unreliable memory were found;
3 learning events led to longer lasting memory than 1 learning event (Menzel, 1968),
and bees with 3 learning events returned more often to the previously rewarding
colour, which now only supplied tap water, than parasitoids given 1 learning event
(Couvillon and Bitterman, 1980).

By learning how parasitoids integrate different kinds of information from their
environment to optimize foraging efficiency, we can greatly advance spatial
movement models and biological control efforts (van Alphen and Bernstein, 2008;
Ishii and Shimada, 2009; Wajnberg et al., 2016). Furthermore, the higher response
of parasitoids to local HIPVs after learning is interesting for biological control
practices (Prokopy and Lewis, 1993; Giunti et al., 2015; Kruidhof et al., 2019).
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Abstract

Changing conditions in nature have led to the evolution of behavioural traits that
allow animals to use information on local conditions and adjust their behaviour
accordingly, for example through learning. Although learning can improve foraging
efficiency, the learned information can become unreliable as the environment
continues to change. This could lead to potential fitness costs when memories
holding such unreliable information persist. We showed previously that persistent
unreliable memory, i.e. memory containing unreliable information, reduces the
foraging efficiency of the parasitoid Cotesia glomerata under laboratory conditions.
Here, we evaluated the effect of such persistent unreliable memory on the foraging
behaviour of C. glomerata in the field. This is a critical step in studies of foraging
theory, since animal behaviour evolved under the complex conditions present in
nature. Existing methods for field testing provide little detail on how parasitoids
interact with their environment, therefore we developed a novel multi-camera system
that allowed us to trace parasitoid foraging behaviour in detail in a semi-field set-up.
With this multi-camera system, we studied how persistent unreliable memory
affected the foraging behaviour of C. glomerata when these memories led parasitoids
to plants infested with non-host caterpillars. Our results demonstrate that persistent
unreliable memory not only affected the foraging behaviour of C. glomerata under
laboratory conditions, but also under field conditions and that different plant species
can lead to context-dependent results. Furthermore, persistent unreliable memory
made C. glomerata more likely to oviposit in the non-host Mamestra brassica.
Overall, we conclude that the multi-camera set-up provided us with new insights into
parasitoid foraging behaviour and that persistent unreliable memory can lead to
maladaptive foraging behaviour, even under field conditions.

Keywords: associative learning, Cotesia glomerata, foraging efficiency, Mamestra
brassicae, memory reliability, non-host, plant species
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Introduction

In nature, environmental conditions are constantly changing. This has led to the
evolution of behavioural traits that allow animals to adapt to a dynamic environment
(Stephens and Krebs, 1986). By gathering and using information from their
environment, animals can adjust their foraging behaviour to local conditions and
improve their foraging efficiency (Vet, 2001; Dall et al., 2005; van Baalen and
Hemerik, 2008). A high foraging efficiency is expected to improve fitness by
increasing lifetime reproductive success, but in most animal species there is no direct
link between foraging efficiency and fitness, making it difficult to test this prediction
experimentally (van Baalen and Hemerik, 2008). However, in insect parasitoids,
which forage for host insects to lay their eggs, foraging behaviour is directly linked
to fitness and they are ideal organisms in studies of foraging theory (van Baalen and
Hemerik, 2008; Thiel and Hoffmeister, 2009).

Parasitoids lay their eggs in or on other organisms, which function as a host for the
developing offspring, ultimately resulting in the death of the host (Godfray, 1994).
Due to this intimate relationship, hosts have evolved inconspicuousness and
mechanisms to kill deposited parasitoid eggs (Vinson, 1998; van Baalen and
Hemerik, 2008). This challenges parasitoids to find hosts that are suitable for
offspring development. Due to the direct fitness link between host searching
behaviour and offspring production, this behaviour is expected to be under strong
selection pressure (Thiel and Hoffmeister, 2009).

Parasitoid host searching behaviour is determined by interactions between external
factors, such as host availability and distribution, and internal factors, such as
genetics, physiological status and prior experience (Vet et al., 1995; van Baalen and
Hemerik, 2008). Learning through prior experience is known to be important in
shaping parasitoid foraging behaviour, as it allows the parasitoid to gather, store and
use information on local environmental conditions (Vet et al., 1995; Vet, 2001;
Hoedjes et al., 2011). When emerging, parasitoid females are genetically adapted to
respond to cues that have proven to be reliable over many generations. This
information might, however, be insufficient to find hosts due to temporal and spatial
variation of host presence in the current environment (Vet, 2001; van Baalen and
Hemerik, 2008). Behavioural flexibility, such as the ability to adapt to local
conditions through learning, thus provides a benefit in these changing environments.
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Parasitoid can alter their foraging behaviour through learning, by forming an
association between environmental cues, i.e. volatile, tactile and visual cues from the
host and its habitat (e.g. the host plant), and a host oviposition. During this
associative learning process, local information on host identity, density, quality and
distribution are stored as memory (Vet, 2001; Hoedjes et al., 2011). Short-term
memory is formed directly after an experience, but fades quickly. More persistent,
i.e. longer lasting, memory forms, such as long-term memory, can be formed when
the value (e.g. host quality) or the encounter frequency of the experience is high
(Hoedjes et al., 2011; Smid and Vet, 2016). Both memory forms facilitate temporal
adaptation of parasitoid host searching behaviour to local conditions (Smid and Vet,
2016).

Studies on associative learning often focus on a single learning experience, or
repetitive experiences, with a single cue and reward (Lewis and Tumlinson, 1988;
De Jong and Kaiser, 1991; Bleeker et al., 2006; Smid et al., 2007; Hoedjes et al.,
2012; Kawamata et al., 2018) to demonstrate, for example, that a host oviposition on
a certain plant species increases the response of parasitoid females to herbivore-
induced volatiles from this plant (Geervliet et al., 1998b). However, in nature,
parasitoids gather information from their environment throughout their lifetime.
Especially in environments with a high degree of within-lifetime variation, obtained
information needs to be continuously re-evaluated to validate its reliability and to
maintain a high foraging efficiency. For example, obtained information can become
unreliable when plant species that were previously associated with suitable hosts,
now contain unsuitable host stages or non-host species. Little is known about how
such unreliable memory influences parasitoid foraging behaviour. A recent
laboratory study with the parasitoid Cotesia glomerata has shown that persistent
unreliable memory, i.e. memory containing information that no longer correctly
predicted host presence, caused parasitoids to be highly attracted to non-host infested
plants and led to a lower foraging efficiency (de Bruijn et al., 2018b).

Here, we extend this study to the field because a controlled laboratory environment
is not representative for natural complex and dynamic foraging conditions, under
which learning has evolved (Vet, 2001). Our semi-field study allowed us to evaluate
foraging theory in a natural complex environment, with natural background
vegetation and insect communities, at a larger spatial and temporal scale. Assessing
foraging efficiency is difficult in such experiments and has generally been
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constrained to measuring parasitism levels after a set amount of time (Bukovinszky
et al., 2012; Kruidhof et al., 2015; Rijk et al., 2018). Although this shows the final
result of the foraging process, it provides no information on how parasitoids spend
their time and energy during foraging, how they interact with their environment
(Casas et al., 2003), and how experiences shape their behaviour. We therefore
developed a novel multi-camera set-up to trace parasitoids during foraging in a
complex environment. This set-up allowed us to record detailed foraging behaviour
of C. glomerata on host and non-host infested plants. We used this system to test
whether persistent unreliable memory, i.e. unreliable information acquired during 3
oviposition experiences spaced in time, leads to decreased foraging efficiency of C.
glomerata, as observed in the laboratory (de Bruijn et al. 2018b). Because we
previously found that plant species had a profound effect on conditioned behaviour,
we used a reciprocal approach to test our prediction, with two foraging situations
where host and non-host infested plant species were switched.

Materials and methods
Insects

Insect cultures originated from individuals collected in Brussel sprouts fields near
Wageningen and were refreshed yearly. All insects were cultured at the Laboratory
of Entomology, Wageningen University, in a climate-controlled greenhouse at 21 +
1°C, 50-70% relative humidity and a L16:D8 photoperiod with both natural and
artificial light. Caterpillars of Pieris brassicae (Lepidoptera: Pieridae) and Mamestra
brassicae (Lepidoptera: Noctuidae) were reared on Brussels sprouts plants
(Brassicae oleracea L. var. gemmifera cultivar Cyrus). Cotesia glomerata
(Hymenoptera: Braconidae) was reared on its main host Pieris brassicae. Once C.
glomerata larvae emerged and cocoons had formed, they were collected in a Petri
dish, which was placed in a mesh cage (Bugdorm-1 Insect rearing cage, 30 x 30 x 30
cm, type DP1000, Megaview Science, Taiwan) with water and honey in a climate
cabinet (21 £ 1°C, 50-70% humidity and L16:D8). For experiments, we used female
parasitoids 3 to 5 days after adult emergence.
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Plants

We used 4-5 weeks old Brassica nigra and Sinapis arvensis plants for experiments.
Plants were watered daily and upright growth was facilitated with a wooden stick
(30 cm long, 4 mm diameter). Host and non-host infested plants were prepared as
described in detail in de Bruijn et al. (2018b). Non-host infested plants were infested
48h prior to a field trial by placing 5 first instar Mamestra brassicae caterpillars in
the bottom of a clip cage and attaching two of these clip cages to the underside of a
leaf. Host-infested plants were infested 24h before a field trial by placing 2 batches
of 5 first instar Pieris brassicae caterpillars on top of a leaf, containing each batch
in a clip cage. Fully expanded straight leaves of similar sizes and at similar heights
were selected for infestation. Clip cages were supported with a wooden stick. At the
start of a field trial, clip cages were removed and cotton wool was wrapped around
the stalk of the leaf to prevent caterpillars from dispersing to other leaves.

Field tent set-up

To observe foraging behaviour of parasitoids, four large mesh tents (12 x 12 x 2.5
m) were placed in a field near the campus of Wageningen University. The field
consisted of natural grass and herb vegetation, with various species of Poaceae,
Juncaceae and Cyperaceae and plants such as Bellis perennis, Rumex acetosa and
Trifolium pratense. We confirmed that brassicaceous plants were absent. Within
each tent, 16 test plants were positioned in an 8 x 8§ m matrix, presented in Figure 1.
On one side of the tent a single host-infested plant was placed, on the opposite side
we positioned the parasitoid release plant (always an uninfested B. oleracea plant).
All other positions in the matrix were occupied by non-host-infested plants. This lay-
out ensured that parasitoids would encounter several non-host-infested plants after
their release, before reaching the host-infested plant. Pots with infested plants were
placed on top of the soil within the dense natural vegetation. The height of this
vegetation was adjusted to the height of the infested plants, it was kept at
approximately 30 cm through trimming with hedge shears every two weeks.

Since foraging behaviour of parasitoids may be influenced by the plant species used,

two reciprocal foraging situations were created. Foraging situation 1 consisted of 14
non-host-infested S. arvensis plants, a single host-infested B. nigra plant, and an

70



Information reliability shaping parasitoid foraging behaviour in the field

uninfested B. oleracea release plant. Foraging situation 2 consisted of 14 non-host-
infested B. nigra plants, a single S. arvensis host-infested plant and a B. oleracea
release plant (see Fig. 1). Once plants were placed in the field, clip cages were
removed and the number of caterpillars on each plant was checked. Missing
caterpillars were replaced to ensure that 10 caterpillars were present on each plant at
the start of the experiment. Below each infested plant, a camera was placed that was
focussed at the underside of the damaged leaf with caterpillars. Wooden sticks of 15
cm and 30 cm were used when necessary to support the horizontal position of the
leaf to allow for a good view of the lower leaf surface. Each week, both foraging
situations were tested once on different days, with the order of the two foraging
situations randomized per week. Plants and cameras were removed from the tent
after each trial, and each tent was used only once every 2 weeks. Although we
expected parasitoids would die within a week, because no food was provided and
very few flowering plants were present, yellow sticky traps (Horiver®, Koppert
Biological Systems, Berkel en Rodenrijs, the Netherlands) were placed in the tent
after each recording to make sure no live parasitoids were present during the next
trial.

Colour marking

To ensure that individual C. glomerata females could be recognized during the field
trials, parasitoids were given one of 12 colour markings. We used glossy email paints
(Revell GMBH, Germany) in the colours white (#4), yellow (#12), red (#31), orange
(#30), blue (#50) and green (#61), which were applied in different 1 to 3 dot patterns
to create 12 different colour markings. Due to the fast-drying property of the paint,
a thinner (Revell Thinner, Revell GmbH & Co. KG) was used to maintain a proper
consistency of the paint. For colour marking, females were captured individually in
a glass vial and briefly placed on ice to anesthetize them, after which an immobilized
individual was placed under a microscope and the colour pattern was applied on top
of the thorax (see Fig. 1, top panel) with a fine nylon brush. After colour application,
the parasitoid was transferred to a small mesh cage (Bugdorm type 41515, 17.5 x
17.5x 17.5 cm, Megaview Science, Taiwan) with water and honey and this cage was
stored in a climate cabinet until conditioning the following day.
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Conditioning procedure

Parasitoids were either kept unconditioned or were conditioned with three
oviposition experiences spaced by 10 minutes to form persistent memory, as
described in de Bruijn et al. (2018b) and depicted in Figure 1. Plants for conditioning
were infested 24h prior with 200-300 first instar P. brassicae caterpillars, distributed
in groups of 50 over the leaves of either a B. nigra or a S. arvensis plant. Colour
marked females were allowed to oviposit in host caterpillars on a leaf of either an
infested B. nigra or S. arvensis plant, allowing for the formation of an association
between oviposition and the plant’s volatiles. A female parasitoid was first captured
in a glass vial and then transferred to the leaf with hosts. The parasitoid was allowed
to oviposit once in a caterpillar, after which it was recaptured in a vial. This
procedure was repeated twice at 10-minute intervals. After giving parasitoids three
oviposition experiences, they were kept in a small cage with honey and water in a
climate cabinet until the start of the field trial the following day.

For parasitoids conditioned on B. nigra, foraging situation 1 (a B. nigra host plant
and S. arvensis non-host plants) was congruent with the information they had
obtained, i.e. they had reliable memory, while for parasitoids conditioned on S.
arvensis it conflicted with what they had learned, i.e. they had unreliable memory.
Foraging situation 2 (a S. arvensis host plant and B. nigra non-host plants) conflicted
with the information obtained by parasitoids conditioned on B. nigra, while for
parasitoids conditioned on S. arvensis it was congruent. For unconditioned
parasitoids both foraging situations were neutral. This reciprocal approach resulted
in 6 different treatments, the 3 different experience types (conflicting, congruent and
unconditioned), which were tested in each of the 2 foraging situations.

Video set-up

In order to observe the activity of the parasitoids assigned to these 6 treatments, we
used a multi-camera set-up (Cabled 16-dome-system PLUS, Bascom cameras bv,
Nieuwegein, The Netherlands), which included 16 dome camera’s and a 16-channel
hard disk recorder (recorder type PR16K, with a 1 TB hard drive) for data and power
transfer (Power over Ethernet, PoE). The cameras (type bsm-pd20) had manual
focusing and zoom function (92° to 28°) and a resolution of 2048 x 1536 pixels. A
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UTP cable connected each camera to the hard disk recorder for data transfer and
power supply (Figure 1). The video recorder and a 24-inch screen (Phillips 221B)
were placed on a table outside the tent. The recorder was connected to the screen via
a 16 m long VGA cable, to allow bringing the monitor inside the tent for manual
focusing of each camera during set-up. During each trial, we used 15 cameras that
were displayed as live view windows on the screen. A single view window could be
used when parasitoid activity was detected by the observer. Since the cameras were
directed towards the sky, there was substantial contrast in the recordings, which
reduced the saturation of the colour codes on the parasitoids, making it difficult to
distinguish these codes reliably. Parasitoid identification was therefore confirmed by
an observer inside the tent, upon request of the observer at the screen.

Behavioural observations

Each experimental day, twelve C. glomerata females were transferred from a cage
to a glass vial (28.5 x 95 mm): 4 conflictingly and 4 congruently conditioned
parasitoids and 4 unconditioned parasitoids. This vial was placed directly next to the
stem of the release plant. Parasitoids were left to acclimatize for 5 minutes, after
which they were released and video recording was started. Parasitoids could forage
for a maximum of 5 hours, during which parasitoid presence on host and non-host
plants was monitored continuously on the screen. Once a parasitoid was observed to
land on a plant (on the monitor outside the tent), its colour marking was checked by
the observer in the tent and the time of this first sighting and the associated video
channel were noted. Parasitoids had completed the foraging experiment when they
found the host caterpillars, after which they were captured and removed from the
tent. After 5 hours, the recording was terminated. All trials were done between 7:00
and 17:30, where we planned the 5-hour recording during favourable weather
conditions, i.e. 18-28°C and no rain. The experiment ran between May and
September 2018, with each foraging situation tested 8 times (32 parasitoids per
treatment).
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Conditioning: 3 x host oviposition with 10-minute intervals
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Figure 1. Overview of the experimental approach, including the conditioning method of the colour
marked Cotesia glomerata parasitoids (top panel) and the semi field set-up for the observation of
parasitoid foraging behaviour with the multi-camera set-up (bottom panels). Colour marked parasitoids
were given 3 spaced oviposition experiences on either a Brassica nigra or Sinapis arvensis host-infested
plant (top panel) or were kept unconditioned (not shown). They were released in the two test situations
24 hrs after conditioning, as described in the middle panels. The bottom panels show the layout of the
field tent, with the locations of the host and non-host infested plants, their associated video cameras,
their connection to the video recorder and the display of the 15 video channels, with the multi-channel
mode to observe parasitoid activity on all plants and the single-channel mode for a more detailed view.
See text for a more detailed description.

Video data collection and processing

Video files were retrieved from the recorder and stored on a hard disk, after which
behavioural data was manually retrieved from these recordings with Windows Media
Player (version 12.0.7601.24312, © 2009 Microsoft Corporation). Records on the
time of first sighting and the associated video channels were used as a starting point
to collect data from the video recording on the foraging behaviour of each individual
parasitoid. With backtracking, we first determined when the parasitoid landed on the
plant for the first time. Since parasitoids would frequently depart from the plant and
then land again within a few seconds, often hovering around the infested leaf,
backtracking was done until the parasitoid was not seen for 2 minutes. After the first
landing, forward tracking was applied to determine all subsequent arrival and
departure times to the individual non-host plants and we verified whether, and how
often, parasitoids oviposited in the non-host. If the parasitoid was not seen for 2
minutes after the last sighting, it was considered to have left the plant. An arrival and
subsequent departure was considered a non-host plant visit when the arrival and
subsequent departure times differed by more than 1 second, otherwise it was
considered a jump. These jumps were not used in data analyses. Occasionally, more
than one parasitoid was observed foraging on a single infested leaf, which led to a
confusion of parasitoid identity in a few cases. If there was any doubt about the
identity of the parasitoid, its colour code was reported as unknown, and it was not
used for further analyses.

These collected data were used, in combination with presence/absence data on

whether released parasitoids started to forage and whether they found the host, to
determine values of 14 different foraging parameters per individual parasitoid. Each
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foraging parameter is described in Table 1. For the foraging parameter ‘time to host’
(FP 3), parasitoids were assigned the maximum time of 5 hours when they did not
manage to find the host during the recording. These parasitoids may have needed
more than 5 hours to find the host, but we analysed this parameter with and without
these unsuccessful parasitoids because including them better reflects the difficulty
of finding the host.

Table 2. Description of the 14 foraging parameters (FP) and the type of data they consisted of
(continuous, count or binary).

Code | Foraging Type Description
parameter
FP 1 Response Binary Whether a released parasitoid was observed foraging
FP2 Host found Binary Whether a foraging parasitoid found the host
FP3 Time to host Continuous The time from the start of the recording, i.e. time of
release, until the parasitoid landed on the host plant
FP 4 Time until first | Continuous The time from the start of the recording until the first
landing landing on an infested plant
FP5 Foraging time Continuous The time the parasitoid was foraging, calculated by
subtracting time until first landing (FP 4) from time
to host (FP 3)
FP 6 NH plant visit Continuous The residence time of a single non-host plant visit,
residence time calculated by subtracting a departure time from the
prior arrival time *
FP7 NH plant Continuous The time a parasitoid spent on an individual non-host
residence time plant, where all revisits were stacked *
FP 8 Total NH plant | Continuous The sum of all non-host plant visit residence times
residence time of a parasitoid
FP9 Inter-patch time | Continuous The time parasitoids used to move from one non-
host plant, i.e. patch, to another, where revisits to the
same plant were ignored *

FP 10 | Intra-patch time | Continuous The time it took to revisit the same non-host plant *
FP 11 | NH plant visits Count The cumulative number of visits to all non-host
plants
FP 12 | NH plants Count The number of individual non-host plants that were

visited visited (out of 14)
FP 13 | NH oviposition | Binary Whether a foraging parasitoid oviposited in a non-
host
FP 14 | NH ovipositions | Count The number of times a parasitoid oviposited in the
non-host

* Foraging parameters FP 6, FP 7, FP 9 and FP 10 were based on an average time per individual
parasitoid.
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Statistics

R version 3.5.0 (R Development Core Team 2018) was used for analyses. We used
several types of models, which included parasitoid experience as a fixed factor, and
when possible, a nested random factor to account for day variation in the different
tents (day nested within tent). Separate models were made for the two foraging
situations because parasitoid behaviour was clearly context-dependent (see results).
Binary data (FP 1, 2, 13) were analysed using generalized linear mixed-effect models
(glmer models, Ime4 package, Bates et al. (2014)). Data on unconditioned parasitoids
(neutral) were only used in these binary response models because the number of
parasitoids that responded was too low to analyse the other parameters (see below).
Time to host (FP 3) and time until first landing (FP 4), were analysed using survival
analysis with Cox’s Proportional Hazard models with frailty (survival package,
Therneau & Lumley,(2015)). Data was censored when parasitoids did not reach the
host (FP 3) or when they were not seen landing on an infested plant (FP 4) within 5
hours. Linear mixed-effect models were used to analyse continuous data on foraging
time (FP 5, both with and without unsuccessful parasitoids), NH plant visit residence
time (FP 6), NH plant residence time (FP 7), total NH plant residence time (FP 8)
and inter- (FP 9) and intra-patch (FP 10) times (nlme package, Pinheiro et al. (2014)).
Data was log transformed when residuals were not normally distributed. Count data
on NH plant visits (FP 11) was analysed using a glmer model with a Poisson
distribution and NH plants visited (FP 12) was analysed with a glmer model with a
negative binomial distribution to correct for overdispersion. Data on NH
ovipositions (FP 14) was zero-inflated and therefore analysed with a zero-inflated
model with a negative binomial distribution.

Results

As expected, the two reciprocal foraging situations caused parasitoids to forage in
different ways. In foraging situation 1, with the 14 S. arvensis non-host-infested
plants and the one B. nigra host-infested plant, only 23% of the released parasitoids
were observed to start foraging on the infested plants (FP 1). In foraging situation 2,
with the 14 B. nigra non-host-infested plants and the one S. arvensis host-infested
plant, we observed 42% of parasitoids foraging.
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Parasitoid response (FP 1), was not significantly influenced by parasitoid experience,
although the proportion of unconditioned foraging females (neutral) was lowest in
both foraging situations. In foraging situation 1, 22% of parasitoids given conflicting
information started to forage, 31% with congruent information and only 16% of
neutral parasitoids (X* = 2.240, p = 0.326). In foraging situation 2, 53% of parasitoids
given conflicting information started to forage, 41% with congruent information and
only 32% of neutral parasitoids (X* = 3.203, p = 0.202). Of those parasitoids that
started foraging, approximately 50-60% of parasitoids found the host (FP 2), except
in foraging situation 1, where 80% (4 out of 5) of neutral parasitoids found the host.
In both foraging situations, the proportion of parasitoids that found the host was not
influenced by parasitoid experience (FP 2, Foraging situation 1: X* = 0.109, p =
0.947; Foraging situation 2: X* = 1.151, p = 0.563).

In foraging situation 1, we observed clear differences in foraging behaviour of
parasitoids given conflicting and congruent information (Fig. 2 and 3), although
parasitoids given conflicting or congruent information did not differ in how long it
took them to find the host on B. nigra (FP 3, Fig. 2A). Parasitoids given congruent
information started foraging significantly later (FP 4, Fig. 2C) and their time spent
foraging was less than a third of that of parasitoids given conflicting information (FP
5, Fig. 3A). Foraging time was also significantly lower for parasitoids given
congruent information, when individuals that did not find the host were excluded
(FP 5, F = 178.278, p = 0.006). Interestingly, parasitoids given conflicting
information spent more than 5 times longer on the non-host infested S. arvensis
plants than parasitoids with congruent information (FP 8, Fig. 3B). They visited
twice the number of non-host plants (FP 11, Fig. 3C) and made 3 times more visits
to non-host plants (FP 12, Fig. 3D). However, NH plant visit residence time (FP 6,
F=0.135, p = 0.724) and NH plant residence time (FP 7, F=2.332, p=0.171) did
not differ between parasitoids with conflicting and congruent information. On non-
host infested plants, parasitoids with conflicting information were 5 time more likely
to oviposit in the non-host (FP 13, Fig. 3E) and they oviposited significantly more
often (FP 14, Fig. 3F) than parasitoids given congruent information. The two groups
did not differ with respect to inter-patch time (FP 9, F=0.079, p = 0.790) and intra-
patch time (FP 10, F=0.151, p=0.711).
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Figure 2. Survival plots of the fraction of C. glomerata parasitoids with congruent and conflicting
memory that have not found the host within 5 hours (FP 3) in foraging situation 1 (A) and foraging

situation 2 (B), and the fraction of parasitoids that have not been seen, i.e. have not landed on an infested
plant (FP 4) in foraging situation 1 (C) and foraging situation 2 (D). These parasitoids foraged in a

semi-field set-up with P. brassicae (host) and M. brassicae (non-host) infested plants. P-values are

based on Cox’s Proportional Hazard models with frailty and show whether the survival curves of
parasitoids with conflicting and congruent memory are significantly different.
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Figure 3. The foraging behaviour of C. glomerata parasitoids with conflicting and congruent memory
on and around host- and non-host infested plants. Various behavioural parameters were measured in
foraging situation 1 (A-F) and foraging situation 2 (G-L). Panels show how long parasitoids foraged
(FP 5, A/G), how much time they spent in total on the non-host (NH) plants (FP 8, B/H), how many
visits parasitoids made to NH plants (FP 11, D/J), how many NH plants were visited (FP 12, C/I), the
percentage of parasitoids that oviposited in the non-host (FP 13, E/K) and the number of ovipositions
in the non-host (FP 14, F/L). Average values are shown with error bars representing the s.e., except for
panels E and K, which show overall percentages. Numbers of parasitoids per treatment are indicated
inside bars. P-values show whether the behavioural parameter was significantly different between
parasitoids with conflicting and congruent memory.

In foraging situation 2 (Fig. 2 and 3), parasitoids given conflicting and congruent
information took equally long to find the host on the infested S. arvensis plant (FP
3, Fig. 2B). Both groups started foraging around the same time (FP 4, Fig. 2D) and
did not differ in their foraging time (FP 5, Fig. 3G). Parasitoid experience did not
influence the number of NH plant visits (FP 11, Fig. 3J) and number of NH plants
visited (FP 12, Fig. 3I), nor did it influence NH plant visit residence time (FP 6, F' =
2.204, p=0.153), NH plant residence time (FP 7, F'=1.268, p = 0.273) and total NH
plant residence time (FP 8, Fig. 3H). Furthermore, the two groups also did not differ
in inter-patch time (FP 9, F = 0.420, p = 0.526) and intra-patch time (FP 10, F =
0.529, p = 0.476). Parasitoids given conflicting information were, however, twice as
likely to oviposit in the non-host than parasitoids given congruent information (FP
13, Fig. 3K), but the number of ovipositions did not differ (FP 14, Fig. 3L) and was
high in both groups.

Discussion

The multi-camera system provided us with a wealth of information on the foraging
behaviour of Cotesia glomerata in relation to information reliability in a complex
natural environment. For the first time, we show that persistent unreliable memory
can affect foraging behaviour of a parasitoid under field conditions, confirming our
laboratory findings (de Bruijn et al., 2018b). Furthermore, we found that the effect
of persistent unreliable memory can depend on the foraging situation, i.e. the plant
species containing hosts and non-hosts, and that persistent unreliable memory can
stimulate non-host oviposition on the conditioned host plant species. In foraging
situation 1, where a single Brassica nigra plant was infested with Pieris brassicae
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host caterpillars and 14 Sinapis arvensis plants were infested with Mamestra
brassicae non-host caterpillars, parasitoids with persistent unreliable memory (i.e.
persistent memory containing unreliable information) spent more time foraging on
the non-host plants. These parasitoids encountered a foraging situation that
conflicted with their memory, which led to a higher number of non-host plants
visited and more non-host plant visits compared to parasitoids with persistent reliable
memory, which encountered a congruent foraging situation. Furthermore, 5 times as
many parasitoids with persistent unreliable memory oviposited in the non-host, and
each parasitoid also oviposited more often in these non-hosts, than parasitoids with
persistent reliable memory. Persistent memory, formed by three spaced host
oviposition experiences on S. arvensis plants, thus proved costly to C. glomerata in
terms of time and eggs spent when foraging in an environment where only non-host
caterpillars were present on these S. arvensis plants. In the reciprocal foraging
situation (2), we did not observe time-related effects of persistent unreliable memory,
but we did observe that parasitoids with persistent unreliable memory were more
prone to oviposit in the non-hosts, as in foraging situation 1. The lack of time-related
costs suggests that some aspects of persistent unreliable memory depend on the plant
species on which C. glomerata forms such memory.

Despite the clear effects of memory reliability on foraging behaviour in our trials, it
remains difficult to interpret how foraging efficiency is influenced. When foraging
efficiency is defined as the time needed to find a suitable host (from parasitoid
release to host found), our results suggest that information reliability does not affect
foraging efficiency because parasitoids with conflicting or congruent information
did not differ in this respect. However, our multi-camera system revealed clearly that
memory reliability had a significant impact on how parasitoids spent their time
during foraging. Parasitoids given persistent reliable memory started foraging later
on the non-host plants compared to parasitoids given persistent unreliable memory.
Even with our advanced multi-camera set-up, we have no information on how these
parasitoids spent their time until they were first observed and we do not know
whether they were investing time in finding hosts until then. This illustrates the
challenge of distinguishing between different parasitoid behaviours, of which host
searching behaviour is only one, and makes it difficult to define when such
behaviours start and stop, especially under natural conditions. In laboratory studies,
initially unresponsive parasitoids are generally excluded when they do not start
foraging within 5 minutes (Geervliet et al., 1998b; de Bruijn et al., 2018b), but
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discrimination between actively foraging and initially inactive female parasitoids
was not possible in our field set-up. Nevertheless, parasitoids with persistent reliable
memory were less active on and around non-host infested plants and were less likely
to oviposit in M. brassicae than parasitoids with persistent unreliable memory.
Furthermore, if time between release and first landing is excluded, clear effects of
information reliability on foraging efficiency are observed because parasitoids with
persistent unreliable memory spent more time foraging until the host was found.

Plant species, in particular the plant species infested with non-host caterpillars,
played an important role when considering the effect of information reliability on
parasitoid foraging behaviour, underlining the context-dependency of our findings.
In foraging situation 1, it appears that parasitoids with persistent reliable memory,
which were conditioned on B. nigra plants, were initially not very attracted to, or
even ignored, the non-host infested S. arvensis plants because the volatiles of these
plants did not match with what they had learned. On the other hand, parasitoids given
persistent unreliable memory (conditioned on S. arvensis) were directly attracted to
the non-host infested S. arvensis plants because they had associated host presence
with S. arvensis volatiles. In foraging situation 2, however, parasitoids of both
groups were attracted to the non-host infested B. nigra plants, indicating that the
volatiles of these plants were highly attractive to C. glomerata, irrespective of
information reliability. We suggest that in this situation the effect of information
reliability may be overruled by the high attractiveness, or detectability, of volatiles
emitted by B. nigra plants infested with non-host caterpillars. This corroborates
previous findings with C. glomerata. These parasitoids are known to perceive plant
species and cultivars differentially (Geervliet et al., 1996; Poelman et al., 2009),
which may be reflected by higher attractiveness or detectability of non-host infested
B. nigra and in more time spent or more visits made to these plants in comparison to
non-host infested S. arvensis plants (de Bruijn et al., 2018b). It is also possible that
the preparedness of parasitoids to learn the volatiles of the two plant species differs
(Dunlap and Stephens, 2016). The association formed with B. nigra might have led
to a stronger behavioural response to this plant species compared to the association
formed with S. arvensis. Further experiments with different plant species should
reveal whether information reliability is costly in most situations, in terms of
foraging time spent on non-host infested plants, or whether our findings are an
exception.
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Our experiment, and particularly the use of multiple video cameras, revealed that
persistent unreliable memory increased the tendency of C. glomerate to oviposit in
the non-host M. brassicae. Parasitoids given persistent unreliable memory were 2-5
times more likely to oviposit in the non-host in both foraging situations and
parasitoids did so significantly more often in foraging situation 1. Although
acceptance of this non-host by C. glomerata has been described in several laboratory
studies (Bukovinszky et al., 2012; de Bruijn et al., 2018b; Vosteen et al., 2019), this
is the first study that clearly shows that associative learning, by means of spaced
ovipositional conditioning on a plant, influences the frequency of this seemingly
maladaptive behaviour. We were not able to assess the impact of multiple non-host
ovipositions on subsequent foraging behaviour and fitness of C. glomerata, since our
trial ended after five hours. However, based on our findings, we predict that
persistent unreliable memory may reduce fitness due to the high number of non-host
ovipositions, leading to lower egg loads and energy spent during foraging on plants
infested with non-hosts as well as associated risks of predation. Alternatively,
subsequent foraging behaviour may be altered by frequent non-host ovipositions,
possibly leading to avoidance of these plants. Ultimately, the outcome will depend
on plant and caterpillar species composition and distribution in the wider
environment, requiring even more complex long-term experiments and more
sophisticated tracking of insect behaviour.

Indeed, the application of our multi-camera set-up should be seen as a first step in
the development of more advanced methods to track insect movement in the field.
The use of cameras, computers and imaging analysis for quantitative studies on
insect behaviour has become more popular in recent years and new techniques are
being developed rapidly (Reza et al., 2013; Spitzen et al., 2013; Cholé et al., 2015;
Zhou et al., 2015; Jiang et al., 2016; de Bruijn et al., 2018a; Gernat et al., 2018;
Manoukis and Collier, 2019). The system we used could be further improved by
including technologies such as QR code tags and smart cameras that can
automatically detect these tags (Gernat et al., 2018), and advanced tracking software
that can recognize and track insects despite environmental disturbances, such as
wind. Ideally, future technological developments will lead to methods that allow for
continuous tracking of insect behaviour in the field, with detailed recordings of their
interactions with various organisms in their environment and automated extraction
of data from video files. For example, in the present experiment, this could have
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revealed how parasitoids spent their time until they were first observed on a non-
host infested plant.

Overall, we conclude that our approach provided detailed insights in the foraging
behaviour of C. glomerata in relation to information reliability in a natural foraging
situation. We demonstrated that persistent memory, containing unreliable
information, can affect the foraging behaviour of C. glomerata and that these effects
can be context-specific, since volatiles of highly attractive plant species can overrule
the effect of information reliability. Furthermore, parasitoid attraction to the non-
host-infested plants and subsequent non-host acceptance behaviour after associative
learning is specific to the conditioned host plant species and not a general effect of
learning. These findings might have implications for biological control. Many
parasitoid species are successfully applied as natural enemies of pest insects, and it
has recently been suggested that associative learning prior to parasitoid release may
enhance the efficiency of biological control (Giunti et al., 2015; Kruidhof et al.,
2019). Future research should focus on testing the effects of information reliability
on foraging behaviour of other parasitoid species, further elucidating the influence
of plant species, i.e. the context-dependency of our observations, and on further
development of more advanced tracking methods, to increase our understanding on
how learning shapes insect foraging behaviour.
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Abstract

Insects can alter their foraging behaviour through associative learning, where an
encounter with a host or food resource is associated with nearby environmental cues
(e.g. plant volatiles), which can improve subsequent foraging efficiency. However,
when these associated volatiles are encountered again, the expected food or host
resource is not always present. Such an unrewarding experience, termed an
extinction experience, can temporarily or permanently change an insect’s response
to the associated cues. However, little is known about this process in an ecological
context and how it shapes foraging behaviour. In this study, we tested whether
different types of ecologically relevant extinction experiences would temporarily
alter the conditioned host plant preference of the parasitoid wasp Cotesia glomerata,
when these parasitoids had learned to associate herbivore-infested plant volatiles
with a host oviposition. This was indeed the case when a single extinction experience
with host traces was given, while the conditioned behaviour remained unaffected
with non-host traces or an oviposition in a non-host in the presence of host traces.
Furthermore, by conditioning parasitoids on two different, yet closely related, host
plant species, we discovered that the effects of an extinction experience can be host
plant species-specific. Our results show that the lack of an oviposition, after
contacting host traces, led to the temporary alteration of the conditioned host plant
preference in C. glomerata and that effects of extinction experiences can depend on
the host plant species used. These results provide novel insights on how different
types of extinction experiences, related to hosts and non-hosts, lead to changes in
parasitoid foraging behaviour in an ecological context and illustrate the context-
dependency of parasitoid foraging behaviour.

Keywords: associative learning, Cotesia glomerata, ecology, memory formation,
non-host, Mamestra brassicae
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Introduction

Foraging for resources, such as food and hosts, in a complex environment is a
demanding task for insects. Natural environments are highly complex and variable
in both time and space, which has led to the evolution of behavioural adaptations to
optimize foraging efficiency (Raine et al., 2006; Hilker and McNeil, 2008). One such
adaptation is associative learning, where an encounter with a host or food resource
is associated with the perception of nearby environmental cues, such as the volatiles
and colours of a plant on which the resource is found. These kinds of rewarding
experiences can lead to the formation of an associative reward memory, which alters
foraging behaviour, and can improve foraging efficiency (Hoedjes et al., 2011).
Improved foraging efficiency through associative learning has been shown in various
studies, such as learning of landmarks associated with food presence in cockroaches
(Durier and Rivault, 2000), food odour learning in fruit flies (Zrelec et al., 2013),
floral cue learning in bees (Raine and Chittka, 2008; Russell et al., 2015) and
learning of herbivore-induced plant volatiles (HIPVs) to find hosts in parasitoids
(Kruidhof et al., 2015). Due to the high complexity and variability of natural
environments, associative learning is likely to be common, yet the reliability of the
obtained information, i.e. it correctly predicting resource presence, is also likely to
be highly variable. Despite the wealth of studies on associative learning, little is
known about how variation in information reliability shapes foraging behaviour in
insects.

The reliability of an associative reward memory is re-evaluated upon subsequent
encounters with the associated cues during foraging. When, after some time, the
animal perceives and responds to the associated cues again, and subsequently
encounters the expected resources, the learned association will be reinforced,
strengthening the reward memory and enhancing the future response to the
associated cues (Smid et al., 2007; Lee, 2008). However, insects may also be led to
patches containing only resource traces or even unsuitable resources. For example,
after associating yellow with nectar presence, bees may be attracted to yellow
flowers that no longer contain nectar (Eisenhardt, 2012), or parasitoids may be
attracted to non-host infested plants, when non-host induced plant volatiles resemble
the volatiles associated with host presence (Bukovinszky et al., 2012; de Bruijn et
al., 2018b; Vosteen et al., 2019). When expected resources are not encountered upon
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responding to associated cues, the insect gets an extinction experience, i.e. the insect
learns that the associated cues do not always reliably predict resource presence.

An extinction experience can change an animal’s response to the associated cues (its
conditioned behaviour), depending on the strength of the reward memory, and the
strength and timing of the extinction experience, as shown in vertebrates (Lee, 2008;
Exton-McGuinness et al., 2015) and insects, such as fruit flies (Lagasse et al., 2009)
and bees (Eisenhardt, 2012; Eisenhardt et al., 2013). Strong reward memories can be
formed by multiple learning experiences spaced in time and/or with resources of high
value (e.g. visiting multiple yellow flowers with high quality nectar). These
memories tend to be less susceptible to an extinction experience than weaker
memories formed with few experiences and/or lower quality rewards (Eisenhardt,
2012; Eisenhardt et al., 2013; Exton-McGuinness et al., 2015).

Insects can form memories that differ in their persistence to account for differences
and changes in cue reliability and reward value (Margulies et al., 2005; Hoedjes et
al., 2011; Eisenhardt, 2012). This allows for long-term storage of information on
highly reliable cues or valuable rewards and short-term storage of cues that have not
(yet) proven their reliability or rewards with a low value. As described in Eisenhardt
et al. (2006; 2012), memory is first formed as a short-term memory (STM) trace,
which disappears within minutes to hours and is relatively sensitive to disturbances
such as an extinction experience. STM can then be replaced by more persistent
memory traces, such as mid-term memory (MTM) and long-term memory (LTM),
which take minutes to hours to consolidate, but last for hours to days and are
relatively less sensitive to an extinction experience. The speed of MTM and LTM
consolidation can be highly specific to the parasitoid species and the learning
experience, which in turn can be host species-specific and potentially plant species-
specific (Hoedjes et al., 2011; Kruidhof et al., 2012; Hoedjes et al., 2014). These
memory dynamics, and the ease with which these associations are formed, are part
of a parasitoid’s preparedness to learn and is shaped in such a way that it is adaptive
in respect to the parasitoid’s ecology (Smid and Vet, 2016).

Clearly, the effect of an extinction experience can depend on the timing between the
initial conditioning and the extinction experience, because it depends on the
sensitivity of the memory trace that is present when the extinction experience is
given. Together, the reward memory and the extinction experience either cause no
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behavioural alterations, temporary alterations or permanent alterations (Ecker, 2015;
Exton-McGuinness et al., 2015). In case of a strong reward memory or a weak
extinction experience, the conditioned behaviour is unlikely to change, while the
opposite can permanently alter the conditioned behaviour. Temporary alterations are
an intermediate scenario, where the behaviour is altered through the formation of an
extinction memory. This extinction memory undergoes the same formation process
as the reward memory (as described above), but tends to decay faster, resulting in a
spontaneous recovery of the response to the associated cues (Stollhoff et al., 2005).

To date, little is known about these processes in an ecologically relevant context,
with foraging insects. Often, synthetic cues and artificial rewards, or punishments,
are used to study how extinction experiences shape insect foraging behaviour. For
example, in Lagasse et al. (2009), the synthetic volatiles 3-octanol and 4-
methylcyclohexanol were used in combination with mechanical shock in fruit flies
to study the effect of extinction experiences (Lagasse et al., 2009) and synthetic
volatiles and/or artificial food rewards have often been used in studies with
honeybees and parasitoids (Kaiser et al., 2003; Eisenhardt et al., 2013). It is
questionable whether insect foraging behaviour is affected in the same way when
natural environmental cues and rewards are used, because synthetic cues and
artificial rewards lack natural variation and are not meaningful in an ecological
context.

Parasitoid wasps are ideal organisms to study how extinction experiences shape
foraging behaviour in an ecological context. They are well known to use
environmental cues to forage for their inconspicuous hosts and especially use cues
related to the food of their hosts (Vet et al., 1991). The use of herbivore-induced
plant volatiles (HIPVs) by parasitoids has been extensively studied, also in respect
to associative learning and memory formation (Kaiser et al., 2003; Bleeker et al.,
2006; Costa et al., 2010; Hoedjes et al., 2011; Kruidhof et al., 2015; Smid and Vet,
2016; de Bruijn et al., 2018b; Vosteen et al., 2019). Furthermore, parasitoid host
searching behaviour is under strong selection pressure, since it is directly related to
offspring production and therefore to fitness. This has led to an extensive
evolutionary history with various host and host plant-related cues, which has shaped
the parasitoid’s preparedness to learn (Vet et al., 1990; Smid and Vet, 2016).We
expect that it may also affect their response to extinction experiences. Due to the
high fitness value of oviposition-related memories, such memories might be more
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resistant to extinction experiences than memories related to food or mechanical
shock. Extinction experiences are then likely to only lead to temporary alterations of
the foraging behaviour, or even no changes at all.

In nature, parasitoids may encounter different types of extinction experiences.
Herbivore-induced plant volatiles previously associated with a host oviposition
might lead them to plants with non-hosts, or traces of a host or non-host that is no
longer present. We expect that an extinction experience with host traces does not
lead to changes in behaviour, because host traces are tightly connected with host
presence, and contact with host traces can lead to the formation of a reward memory
(Hoedjes et al., 2011). Instead of representing an extinction experience, encountering
host traces may therefore rather strengthen the reward memory. It may confirm the
correctness of the association between HIPVs and hosts, regardless of the absence
of the hosts themselves. In contrast, we expect that an extinction experience with
non-hosts and their traces will lead to the formation of extinction memory, especially
when an associative reward memory is still in the sensitive STM phase. Encountering
non-host traces clearly indicates that the learned information does not reliably predict
host presence, thus representing a stronger extinction experience. To test these
hypotheses, we used Cotesia glomerata, a larval endoparasitoid of caterpillars of the
large cabbage white Pieris brassicae (Laing and Levin, 1982). Cotesia glomerata
has an innate response to HIPVs of certain host plants, but its preference can be
altered through associative learning of HIPVs of other plant species (Geervliet et al.,
1996; Geervliet et al., 1998b), which can result in the formation of LTM (Smid et
al., 2007). Here, we exposed C. glomerata to different types of extinction
experiences 10 minutes after conditioning, when an STM memory trace is present
but LTM is not consolidated yet (van den Berg et al., 2011), to test for the
disappearance and spontancous recovery of the conditioned host plant preference.
Furthermore, we tested whether these extinction experiences can lead to plant
species-specific results, by conditioning parasitoids on two different, yet closely
related, host plant species.
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Materials and methods

Insects

All insect colonies were reared at the Laboratory of Entomology, Wageningen
University. Insects were kept in a greenhouse with a photoperiod of L16:D8 (both
natural and artificial light), at 21 £ 1 °C and 50-70% relative humidity. Colonies
were re-established each year with individuals collected from cabbage fields around
Wageningen. Cotesia glomerata (Hymenoptera: Braconidae) was reared on first
instar caterpillars of Pieris brassicae (Lepidoptera: Pieridae). Both P. brassicae and
Mamestra brassicae caterpillars were reared on Brussels sprouts plants (Brassica
oleracea L. var. gemmifera cultivar Cyrus).

Newly formed C. glomerata cocoons were collected from the rearing and transferred
to mesh cages (30 x 30 x 30 cm, Bugdorm-1 Insect rearing cage, type DP1000,
Megaview Science, Taiwan) with water and honey, which were placed in a climate
chamber set at 21 + 1 °C, 50-70% relative humidity and a photoperiod of L16:DS.
Two-day-old females were collected from these cages and transferred to a clean cage
with water and honey. Females were used in experiments when they were 3-5 days
old.

Plant induction

We used black mustard (Brassica nigra) and red cabbage (Brassica oleracea var.
rubra (DC) cv. Langedijker bewaar) plants in experiments when they were four
weeks old. To induce emission of herbivore-induced plant volatiles, plants were
infested 24 hours before use with either 1* instar host caterpillars (P. brassicae) or
1*'instar non-host caterpillars (M. brassicae). Plants used to test host plant preference
were infested by placing a group of 20 host caterpillars on the third leaf of a black
mustard or red cabbage plant. Plants used for conditioning were infested with a group
of approximately 50 host caterpillars on each of the four youngest fully expanded
leaves. Black mustard and red cabbage leaves used during the extinction phase were
infested with either a group of 30 host caterpillars or 30 non-host caterpillars, placed
on the two youngest fully expanded leaves of a plant. The non-host caterpillars were
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placed in two clip cages, each with 15 non-host caterpillars, which were attached to
a single leaf.

Wind tunnel assay

Parasitoids were tested in a wind tunnel as described by Geervliet et al. (1994) and
depicted in Figure lc, at 24 + 1 °C with a relative humidity between 50-70% and a
wind speed of 10 cm/s. Two test plants, a host-induced black mustard and host-
induced red cabbage plant, were placed 70 cm upwind from the release point, 30 cm
from each other, and 10 cm from the walls of the wind tunnel.

Upon testing, a parasitoid was released in the centre of the glass release cylinder (30
cm long, 15 cm diameter). The parasitoid was given 5 minutes to depart from the
release cylinder and land on an induced plant. Once landed its choice was recorded
and it was removed from the wind tunnel. Parasitoids that directly flew to the wind
tunnel ceiling, upon departure from the release cylinder, were recaptured and
released once more. Parasitoids that did not land on an induced plant within 5
minutes were removed from the experiment. Test plants were used for a maximum
of 4 hours, except in the spontaneous recovery experiment (see below), where we
used a new set of plants for each time point, to minimize effects of decreased plant
volatile release over time.

Parasitoid conditioning

Unconditioned and conditioned host plant preferences

We first assessed preference of C. glomerata for black mustard and red cabbage
plants by testing unconditioned parasitoids, after which we tested conditioned
parasitoids. Conditioning was done as described in Bleeker et al. (2006) and depicted
in Figure 1a, by releasing a single unconditioned parasitoid on an infested leaf of
either a black mustard or red cabbage plant, and allowing it to oviposit in a 1% instar
host caterpillar once. After the oviposition both the parasitoid and the parasitized
caterpillar were removed from the leaf. The parasitoid was then contained in a glass
vial for 10 minutes, after which it was tested in the wind tunnel (Fig. 1c). Each day,
8-10 parasitoids were tested, either unconditioned, or black mustard and red cabbage
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conditioned parasitoids. Since unconditioned behaviour is known to be more
variable than conditioned behaviour, we performed more replicates with this group
to get an accurate estimate of the host plant preference.

Extinction

For the extinction experiment, parasitoids were individually conditioned with a
rewarding experience on either black mustard or red cabbage as described above
(Fig. 1a) and then placed in groups of four in a mesh cage (17.5 x 17.5 x 17.5 cm,
Bugdorm-41515 Insect Cage, type BD41515, Megaview Science, Taiwan) with
water and honey for 10 minutes. They were then each given a different extinction
experience on their conditioned plant in a Petri dish (94 x 16 mm, Greiner bio-one,
Germany) as depicted in Figure 1b. The four extinction treatments included: 1) host
traces (HT), where the parasitoid was exposed to host traces (frass and silk) on the
conditioned plant species for 15 minutes; 2) non-host traces (NHT), where the
parasitoid was exposed to non-host traces on their conditioned plant for 15 minutes;
3) non-host oviposition (NHO), which consisted of two steps, first the parasitoid was
given a single oviposition in a non-host caterpillar on a leaf with host traces. After
that, the parasitoid was placed in a clean Petri dish for 15 minutes; 4) a control (C),
where the parasitoid was directly placed in a clean Petri dish for 15 minutes.

Both the conditioning and the extinction were given on a leaf in a closed Petri dish
to limit emanation of HIPVs into the laboratory and to keep the leaves fresh for a
longer period. Leaves were detached from the plant just prior to their use. In the
conditioning phase, one leaf was used for each group of 4 parasitoids, after which it
was discarded. In the extinction phase, two leaves with host traces (treatments 1 and
3) and one with non-host traces (treatment 2) were used. Petri dishes were kept
closed at all times, except for a short moment when the parasitoid was introduced.
We placed a small (approximately 0.8 cm) wet cotton ball in clean Petri dishes in
treatments 3 and 4 to reduce the static properties of the Petri dish and elevate relative
humidity, to make conditions more comparable to Petri dishes with a leaf. After the
extinction experience, parasitoids were transferred to cages with water and honey for
10 minutes before testing. Four parasitoids of each of the 8 treatments (4 treatments
per plant species) were tested in the wind tunnel per day.
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Figure 1. Schematic representation of the experimental approach. The enlarged view, represented by a
looking glass, shows all components of the conditioning: the presence of the parasitoid, P. brassicae
host caterpillars (yellow with black head), M. brassicae non-host caterpillars (green with yellow head),
silk and frass as host traces (white strands and green dots) and feeding damage (gaps in the leaf surface).
a) Conditioning of the parasitoids on a host-infested leaf of either red cabbage or black mustard in a
Petri dish. b) The 4 different extinction treatments, given in a Petri dish on a leaf of their conditioned
plant 10 mins after conditioning: (1) experiencing host traces; (2) experiencing non-host traces (note
the difference in feeding pattern of the solitary-feeding non-hosts M. brassicae with the gregariously-
feeding hosts P. brassicae caterpillars); (3) oviposition in a non-host placed on a leaf with host traces;
(4) control treatment in a clean Petri dish. ¢) Testing memory retention in a wind tunnel. The wind
tunnel (right) is shown in a frontal view, with the host plants with host feeding damage placed upwind,
and the release cylinder with a parasitoid placed 70 cm downwind from the plants. Each parasitoid was
tested only once. The same set-up was used for measuring initial memory formation, the effect of the
four different memory extinction treatments and spontaneous recovery.

Spontaneous recovery

For the spontaneous recovery experiment, groups of 12 parasitoids were individually
given a rewarding experience on black mustard in a Petri dish, as described before
(Fig 1a). They were then kept in a cage for 10 minutes with water and honey, after
which 6 parasitoids were given an extinction experience with host traces on a black
mustard leaf in a Petri dish for 15 minutes, while the other 6 parasitoids were
assigned to the control treatment and given no extinction experience, as described
above in extinction treatments 1 and 4 (Fig. 1b). After 15 minutes, parasitoids were
transferred to clean cages with water and honey. We determined conditioned host
plant preference in a wind tunnel after 10 minutes, 1 hour or 4 hours, by randomly
assigning two parasitoids of each treatment to these three test times (Fig. 1c). This
procedure was repeated 3 times, resulting in 6 parasitoids per treatment per day.

Statistical analysis

All statistical analyses were done in R 3.5.0. The binomial data on host plant choice
was transformed to continuous data by expressing the binomial data of each
experimental day as the percentage of choice for the conditioned host plant, or black
mustard in case of unconditioned parasitoids, to form day values. For example, if
70% of parasitoids chose the conditioned host plant on an experimental day, then the
value 70 represented a single replicate. Host plant preferences (within treatments),
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were tested with a one-sample t-test in case of normally distributed data and
otherwise with a one-sample Wilcoxon signed rank test. In both cases the distribution
was compared to a no-preference situation (¢ = 50). Due to a lack of variation
(identical day values) after conditioning on red cabbage (Fig. 2), 0.000001 was added
to one of the day values to allow statistical analysis. Differences between treatments
in the experiments on conditioned preferences, extinction and spontaneous recovery,
were compared with one-way ANOVAs, after checking for normality and equal
variance. Post hoc pairwise comparisons were done with a Tukey’s test (Ismeans
package, Lenth (2016)), or a Dunnett’s test (DescTools package, Signorell (2016)).
A Tukey’s test was used in the spontaneous recovery experiment to check for
memory decay over time in the control group. Dunnett’s tests were used to compare
treatment groups to controls.

Host plant preference after conditioning

— 1007 *

FPercentage of parasitoids (%

100 7

BM UC RC
Conditioning

Figure 2. Host plant preference of unconditioned (UC), black mustard (BM) conditioned and red
cabbage (RC) conditioned parasitoids. A significant difference (p < 0.05) between conditioned and
unconditioned parasitoids is indicated with a line and an asterisk above/below the compared bars.
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Results

Unconditioned and conditioned host plant preferences

Unconditioned C. glomerata females had no preference for either black mustard or
red cabbage plants infested with host caterpillars (z = -0.295, p = 0.770). Both
conditioned groups, showed a significant shift in preference towards the conditioned
plants compared to the unconditioned parasitoids (Fig. 2, black mustard: p = 0.012,
red cabbage: p = 0.045).

The effect of different types of extinction experiences

We determined whether a conditioned preference for one plant species was
influenced by an extinction experience 10 minutes thereafter. Parasitoids
conditioned on black mustard lost their host plant preference after an extinction
experience with host traces (V'=22.5, p = 643), and the behaviour of these parasitoids
was significantly different from the control group (Fig. 3a, p = 0.032). The host plant
preference was maintained when parasitoid were given an extinction experience with
non-host traces (V' =28, p = 0.019) or a non-host oviposition (¢ = 2.756, p = 0.020)
and their behaviour was comparable to the control group (Fig. 3a, NHO: p = 0.949,
NHT: p =0.986).

In case of conditioning with red cabbage, none of the of extinction groups was
significantly different from the control group (Fig. 3b, NHT: p = 0.346, NHO: p =
0.749). The preference for the conditioned host plant was maintained after an
extinction experience with host traces (¢ = 3.429, p = 0.006), but it was lost after an
extinction experience with non-host traces (# = 0.510, p = 0.621) or a non-host
oviposition (¢ = 1.297, p = 0.224).

Spontaneous recovery

Parasitoids conditioned on black mustard maintained their preference for this plant
species up to 4 hours after conditioning (Fig. 4) and this preference did not wane in
this period (£ = 0.723, p = 0.496).
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a) Host plant preference after extinction with black mustard
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Figure 3. Host plant preference of Cotesia glomerata after an extinction experience following
conditioning on either black mustard (a) or red cabbage (b) (n =9 per treatment). Parasitoids were given
either no extinction experience (control, C), extinction with host traces (HT) or non-host traces (NHT)
for 15 minutes, or were given an oviposition in a non-host on a leaf with host traces, after which it was
rested for 15 minutes in a clean Petri dish (NHO). A significant difference (p < 0.05) between the
control (C) and any of the extinction groups is indicated with an asterisk above the bars. Asterisks
within bars indicate a significant preference (p < 0.05) for a host plant.
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When parasitoids received an extinction experience 10 minutes after conditioning,
the conditioned host plant preference was lost (t = 1.267, p = 0.241), and their
preference differed from the control group (¢ =2.400, p = 0.029). One hour after the
extinction experience, C. glomerata still showed no preference for the conditioned
black mustard plant (¢ = -0.258, p = 0.803), although behaviour of the control and
extinction groups did not differ significantly (= 1.904, p = 0.075). However, 4 hours
after the extinction experience, the conditioned preference for the black mustard host
plant returned (¢ = 3.553, p = 0.007), and behaviour was comparable to the control
group (¢ =-0.832, p = 0.418), showing spontaneous recovery.

Extinction and spontaneous recovery of the black mustard host plant preference

10 minutes 1 hour 4 hours

100{  p=0.029 p = 0.075 p=0.418

Host plant

[ ]Bm
[ re

Fercentage of parasitoids (%)

100+

Control Extinction Control Extinction Control Extinction
Extinction treatment

Figure 4. Spontaneous recovery of host plant preference of conditioned C. glomerata after extinction
with black mustard. Parasitoids were conditioned on black mustard and then given either no extinction
experience (Control) or a 15-minute extinction experience with host traces (Extinction) (n = 9 per
treatment). Host plant preference was then tested at different time points; 10 minutes, 1 hour and 4
hours after the extinction experience, to check for extinction and subsequently the spontaneous recovery
of the black mustard host plant preference. P-values above bars indicate a significant difference (p <
0.05) between control and extinction groups. Asterisks within bars indicate a within-group significant
preference (p < 0.05) for a host plant.
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Discussion

Parasitoids need to constantly adapt their behaviour to efficiently locate their hosts
in a temporally and spatially dynamic environment. They can store information on
local host presence and distribution in their memory (Hoedjes et al., 2011), but this
information needs to be re-evaluated upon each encounter of host-associated cues.
In this study, we showed that a conditioned host plant preference in Cotesia
glomerata can disappear following an extinction experience, and that this
conditioned preference can recover over time. Furthermore, we show that the
consequences of an extinction experience can both depend on the type of extinction
experience and on the host plant species.

Cotesia glomerata has the ability to learn to associate HIPVs with the presence of
its host Pieris brassicae after a single oviposition in this host (Geervliet et al., 1998b;
Bleeker et al., 2006; Smid et al., 2007), which we have also shown here with black
mustard and red cabbage. We subsequently tested how the resulting conditioned host
plant preference would be affected by different types of extinction experiences. We
hypothesised that an extinction experience with host traces would not lead to the
formation of extinction memory, because host traces may still be an indication of
host presence and can lead to the formation of a reward memory (Hoedjes et al.,
2011). However, parasitoids conditioned on black mustard lost their conditioned
preference for this host plant after an extinction experience with host traces for 15
minutes. The conditioned host plant preference spontaneously recovered within 4
hours, which indicates that the retrieval of the reward memory was temporarily
blocked by the formation of an extinction memory. Since associated HIPVs and host
traces both indicate host presence, parasitoids may have a strong expectation of a
host oviposition. Not meeting this expected reward within 15 minutes of host
searching may have initiated the formation of the extinction memory, suggesting that
alterations in the reliability of host-derived cues can trigger extinction memory
formation.

An extinction experience with non-host traces also had the opposite effect of what
we expected. We hypothesised that such an experience would trigger the formation
of an extinction memory, because encountering non-host traces undermines the
reliability of the association between the learned cues and the presence of hosts.
However, when parasitoids were given an extinction experience with non-host traces
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of Mamestra brassicae, the conditioned host plant preference did not change. These
findings are in line with those described above for host traces, when considering that
parasitoids likely have a relatively low expectation to find a host nearby non-host
traces. Indeed, non-host traces did not trigger the same excitatory behavioural
response in C. glomerata as host traces in this study. When the reward expectation
is low, a single 15-minute extinction experience is apparently not sufficient to trigger
the formation of extinction memory. In this case, the benefits of a change in
behaviour might not outweigh the costs of memory formation (Dukas, 1999).

An extinction experience on black mustard, with host traces followed by an
oviposition in a non-host, did not lead to a change in the conditioned host plant
preference. This suggests that the oviposition in the non-host may cancel out the
effect of the encountered host traces. Though speculative, the parasitoid’s strong
expectation of a host oviposition upon encountering host traces, may have been
fulfilled by the non-host oviposition. Either way, these results show that an
extinction experience with host-related cues is more likely to cause behavioural
alterations than a non-host-related extinction experience. This unchanging behaviour
after M. brassicae non-host encounters, has been observed before (Chapter 3 and 4),
where C. glomerata parasitoids did not stop visiting non-host infested plants, even
after ovipositing in non-hosts. The effect of multiple non-host encounters still
remains to be investigated, but both in humans and insects, the formation of an
extinction memory depends on the number of extinction experiences (Lagasse et al.,
2009; Eisenhardt et al., 2013; Exton-McGuinness et al., 2015).

Pieris brassicae caterpillars occur on various brassicaceous plant species in nature
(Bell and Muller, 1973; Carter, 1984), and we tested the effect of extinction
experience with two of them. Interestingly, we found a plant species-specific effect
of an extinction experience with host traces. Parasitoids conditioned on black
mustard lost their preference for this host plant after an extinction experience with
host traces, while parasitoids conditioned on red cabbage did not. This host plant-
specific effect suggest that these plant species may have different consolidation
speeds of the reward memory. Conditioning on red cabbage might have led to a faster
consolidating reward memory, that was in the MTM phase once the extinction
experience was given, hence its stronger resistance to extinction. Prepared learning
is known to be host species-specific in C. glomerata (Kruidhof et al., 2012), but these
results indicate that they are also plant species-specific.
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To our knowledge, this is the first study showing extinction and spontaneous
recovery of associated memory with herbivore-induced plant volatiles and a host
reward in a parasitoid wasp. Extinction and spontaneous recovery have been
demonstrated before in a parasitoid. In Papaj et al. (1994) the parasitoid Leptopilina
heterotoma was conditioned on a host-infested mushroom substrate and given an
extinction experience on a mushroom substrate without hosts 24 hours after
conditioning. The conditioned preference for the mushroom substrate disappeared,
and subsequently reappeared within 2 hours. We predicted that memories formed
through an association with a host oviposition would be more resistant to an
extinction experience than reward memories with synthetic cues and artificial
rewards (Kaiser et al., 2003; Lagasse et al., 2009; Eisenhardt et al., 2013), because
oviposition-related information can be highly valuable for parasitoid fitness.
However, a single extinction experience with an uninfested substrate (Papaj et al.,
1994) or host traces can be enough to temporarily suppress the retrieval of the reward
memory. This temporary suppression might be adaptive, when the lack of host
finding accurately predicts current circumstances, but not future opportunities (Papaj
etal., 1994). With the spontaneous recovery of the conditioned host plant preference,
parasitoids might still profit from this memory when environments continue to
change.

Overall, we conclude that in C. glomerata, an associative memory, formed with
HIPVs and a host reward, can be more sensitive to host-related extinction
experiences than non-host-related extinction experiences and that the effects of an
extinction experience can be plant species-specific. A parasitoid’s response to an
extinction experience seems to be shaped by its preparedness to learn, which is in
turn shaped by its evolutionary history with host and host plant-related cues. These
results, provide novel insights on how different types of extinction experiences,
related to hosts and non-hosts, lead to changes in parasitoid foraging behaviour in an
ecological context and further support the context-dependency of parasitoid foraging
behaviour.
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Abstract

Endoparasitoids share an intimate relationship with their host, because offspring can
only develop when they have the ability to overcome internal host defences. Though
parasitoids search for host that can support offspring development, they can also
encounter unsuitable species, so called non-hosts. Though these non-hosts are
generally ignored, parasitoid attacks on non-host species have been reported and
sometimes even result in egg deposition. To prevent a further waste of eggs,
parasitoids might alter their foraging behaviour, but little is known about whether
and how such a non-host oviposition can lead to alterations in parasitoid foraging
behaviour. In this study, we investigated the interaction between the endoparasitoid
Cotesia glomerata and the presumed non-host caterpillar Mamestra brassicae. In the
presence as well as in the absence of Pieris brassicae hosts, we observed C.
glomerata attacks on M. brassicae caterpillars. Eggs were deposited, but
encapsulated and killed, confirming that this is truly a non-host. Furthermore, a non-
host oviposition had little effect on the foraging behaviour of C. glomerata.
Parasitoids did not learn to avoid volatiles encountered during a non-host oviposition
and did not alter their behaviour in respect to non-host contacts and ovipositions. C.
glomerata did become more motivated to forage on a non-host infested leaf, but this
is a common phenomenon after a parasitoid’s first oviposition. We propose that egg
deposition in non-hosts might be due to a high egg load, which makes parasitoids
less selective on host quality when they have few reproductive opportunities. As
parasitoids continue to forage, they can gain more information about the overall
quality of hosts in their environment and may alter their host acceptance strategy
accordingly.

Key words: Parasitoid-host interactions, Mamestra brassicae, cabbage, herbivore-
induced plant volatiles, learning, egg deposition
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Introduction

Parasitoids lay one or more eggs in or on the body of another insect, where successful
development of their offspring ultimately leads to the death of the host (Godfray,
1994). Parasitoids that deposit eggs inside the host body, i.e. endoparasitoids, share
a very intimate relationship with their hosts (Price, 1980). Their host range is
generally limited, since they need to overcome internal host defences for successful
offspring development (Strand and Obrycki, 1996; Vinson, 1998).

Overcoming host defences may be especially challenging for so-called koinobiont
parasitoids that allow their host to continue development after parasitism (Askew
and Shaw, 1986), allowing it to also mount a defensive response (Strand and
Obrycki, 1996; Kraaijeveld et al., 1998). Whether or not an insect species is a
suitable host for a certain parasitoid is partially determined by this defence response
to the parasitoid’s eggs. Species that are unsuitable as hosts, so-called non-hosts,
generally eliminate parasitoid offspring through encapsulation, a process in which
haemocytes form an envelope around the offspring, eventually killing them through
asphyxiation and the release of necrotizing substances (Strand and Obrycki, 1996;
Kraaijeveld et al., 1998). Encapsulation is a very general defence response that is
present in most arthropods and related invertebrates (Salazar-Jaramillo et al., 2014).
Parasitoids, in turn, can overcome this physiological defence by depositing eggs in
locations inaccessible by haemocytes, through molecular mimicry, or by injecting
toxins and other substances that temporarily or permanently suppress the host’s
immune system (Strand and Pech, 1995; Strand and Obrycki, 1996; Kraaijeveld et
al., 1998).

Parasitoids predominantly attack hosts that share similar life-history traits and that
often occur in the same habitat (Strand and Obrycki, 1996). In a natural environment,
these habitats typically consist of a multitude of plant species, harbouring a wide
array of herbivorous insects, where it is common that multiple herbivore species feed
simultaneously on the same plant individual and even on the same leaf (Vos et al.,
2001; Dicke et al., 2009). This can lead to plants that contain a mix of suitable hosts
and non-hosts. Godfray (1994) suggested that such non-hosts are generally ignored
by parasitoids when co-occurring with a suitable host species and may only be
accepted for oviposition when parasitoids are given no other choice. However,
various parasitoid species, such as Cotesia glomerata, Aphidius ervi and Praon
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pequodorum, were recently reported to frequently attack (presumed) non-hosts, both
in the presence and absence of a suitable host species (Meisner et al., 2007,
Bukovinszky et al., 2012; Chabaane et al., 2015; de Bruijn et al., 2018b).

Non-hosts can influence parasitoid host searching behaviour during the entire host
searching process (Vinson, 1998; de Rijk et al., 2013). Many parasitoids use
herbivore-induced plant volatiles (HIPVs) to locate their herbivorous hosts from a
distance, because insects are generally inconspicuous and hard to detect (Vet and
Dicke, 1992). Although HIPVs can provide information on the identity of the
herbivore feeding on a plant, parasitoids cannot always distinguish between volatiles
induced by host and non-host insects. For example, Cotesia flavipes does not
discriminate between HIPVs of sugarcane infested with the suitable host Diatraea
saccharalis or a non-host Spodoptera frugiperda, though both species commonly
occur in sugarcane crops (Pefaflor et al., 2017). After arriving on a plant, parasitoids
generally assess the proximity of a suitable host species through contact with host
frass, silk, honeydew and saliva (Strand and Obrycki, 1996), which can trigger
arrestment and probing behaviour (Vinson, 1976). However, the parasitoid Cofesia
kariyai also showed arrestment behaviour when contacting traces of
Acantholeucania loreyi, which is known as a non-host (Takabayashi et al., 1995).
During the final foraging stage, i.e. when a parasitoid stings the host, the female
decides whether or not to deposit eggs and how many eggs are laid (Hays and
Vinson, 1971; Vinson, 1975; Vinson, 1976; Vinson, 1998). This process of host
acceptance is triggered by the presence of certain cues and the absence of deterrents
in the host (Vinson, 1998). However, these cues do not always reliably indicate host
suitability, since various studies report egg deposition in insects known as non-hosts
(Arthur et al., 1969; Arthur et al., 1972; Takasu and Lewis, 2003; Bukovinszky et
al., 2012; Chabaane et al., 2015). For example, the ichneumonid parasitoid ltoplectis
conquisitor readily attacks and deposits eggs in various Lepidoptera species,
including non-host species (Arthur et al., 1969).

Although depositing eggs in a non-host may be maladaptive behaviour, it may allow
parasitoids to gain information on their current environment, resulting in changes in
subsequent foraging behaviour. Indeed, parasitoids can learn to associate a host
oviposition with various environmental cues, such as the HIPVs of the plant on
which the host was feeding (Vet et al., 1995; Blecker et al., 2006; Hoedjes et al.,
2011; Takemoto et al., 2011). After this learning experience, the association is stored
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as memory that alters foraging behaviour and can improve foraging efficiency (Papaj
and Vet, 1990; Hare et al., 1997; Kruidhof et al., 2015). In contrast to the effects of
a host oviposition on parasitoid foraging behaviour, little is known about the
influence of a non-host oviposition.

Here, we address non-host oviposition and its effects on foraging behaviour, using
the parasitoid Cotesia glomerata and the caterpillar Mamestra brassicae, a presumed
non-host species. C. glomerata has been used in many studies on tri-trophic
interactions and parasitoid learning, and M. brassicae has frequently been used as a
non-host (Geervliet et al., 1996; Bukovinszky et al., 2012; de Bruijn et al., 2018b;
Vosteen et al., 2019). Interestingly, C. glomerata was previously found to distinguish
between HIPVs induced by the suitable host P. brassicae and the non-host
Spodoptera littoralis (Chabaane et al., 2015), but is strongly attracted to HIPVs of
plants infested with M. brassicae (Geervliet et al., 1996; de Rijk et al., 2013; Vosteen
et al., 2019) and has been observed to attack and even deposit eggs this species
(Bukovinszky et al., 2012; de Bruijn et al., 2018b). Based on these observations, we
further investigated the relationship between C. glomerata and M. brassicae. More
specifically, we tested the hypotheses that (1) C. glomerata deposits eggs upon
attacking M. brassicae caterpillars, but these eggs do not survive; (2) C. glomerata
can learn to avoid volatiles associated with an oviposition in the non-host M.
brassicae; and (3) such an oviposition experience subsequently alters C. glomerata’s
foraging behaviour in the presence and absence of suitable hosts near M. brassicae
non-hosts.

Materials and methods

Insects

For experiments, 1% instar Pieris brassicae (Lepidoptera: Pieridae) host caterpillars,
1* instar Mamestra brassicae (Lepidoptera: Noctuidae) non-host caterpillars and
Cotesia glomerata (Hymenoptera: Braconidae) females of 3-5 days old were used.
Brussels sprouts plants (Brassica oleracea var. gemmifera cultivar Cyrus) were used
to rear both caterpillar species and for all experiments. Insects were reared at the
Laboratory of Entomology, Wageningen University, in a greenhouse with a L16:D8
photoperiod (both natural and artificial light), at 21 + 1 °C and 50-70% relative
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humidity. Each year, insect colonies were re-established with individuals collected
from cabbage fields near Wageningen.

Cotesia glomerata females were obtained by transferring cocoons from the
laboratory colony to a mesh cage (30 x 30 x 30 cm, Bugdorm-1 Insect rearing cage,
type DP1000, Megaview Science, Taiwan) with water and honey, and placing it in a
climate cabinet at 21 £ 1 °C and 50-70% relative humidity. Females of 2 days old
were selected from these cages and transferred to a new cage with water and honey,
until use in experiments.

Egg deposition and survival

To test the first hypothesis, we determined whether C. glomerata deposits eggs in
the presumed non-host M. brassicae, further referred to as Mamestra, and whether
these eggs could survive, by dissecting parasitized Mamestra caterpillars. To
stimulate parasitoids to oviposit in these non-host, we prepared B. oleracea leaves
with fresh host traces, i.e. frass, silk and feeding damage of P. brassicae caterpillars
further referred to as Pieris caterpillars. A 5-week-old B. oleracea plant was infested
with approximately 200 first instar Pieris caterpillars, which were spread over 4
leaves in groups of approximately 50 caterpillars. After 24 hours, these infested
leaves were detached from the plant and Pieris caterpillars were removed from the
leaves. First instar Mamestra caterpillars were offered on these leaves with fresh
traces of the Pieris host, to stimulate oviposition behaviour. A single female
parasitoid was released on the leaf with non-hosts and allowed to oviposit in 4
Mamestra caterpillars. Caterpillars were collected directly after a parasitoid was
observed to oviposit in it for at least 2 seconds. Attacks that lasted less than 2 seconds
were not considered successful and these caterpillars were discarded. Ten groups of
25 parasitized caterpillars were transferred to plastic boxes (13 x 17 x 6.5 cm), where
they were provided with 4 fully expanded leaves of 8-week-old B. oleracea plants.
Holes were punctured in the plastic lid for ventilation and a layer of absorbent paper
was placed under the lid to absorb moisture that condensed on the lid. The plastic
boxes were placed in a climate cabinet at 21 £ 1 °C and 50-70% relative humidity.
After 0, 24, 48, 72 and 96 hours, 30 caterpillars were randomly selected from these
boxes and dissected in a drop of water to count parasitoid eggs. Dissections were
done with a small pair of tweezers and an insect pin in a glass Petri dish, using a
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stereomicroscope with backlight illumination. Since encapsulated eggs were
assumed to not survive, we only quantified unencapsulated eggs.

Associative learning with a host or non-host oviposition

For the second hypothesis, we assessed whether an oviposition in the Pieris host
caterpillar or Mamestra non-host caterpillar leads to the formation and retention of
associative memory 24 hours after the experience, by testing if the parasitoid
develops a preference for volatile cues offered during egg deposition. Parasitoids
were conditioned using synthetic odours and tested in the high-throughput individual
T-maze system with video recording and tracking software, as described in de Bruijn
et al. (2018a). In short, parasitoids were given an associative learning experience
with a classical conditioning procedure, where they could learn to associated a single
Pieris host oviposition experience with either a 4% vanilla or 4% coffee odour extract
(Nielsen-Massay Vanillas Intl., Leeuwarden, the Netherlands). These extracts were
presented as a globular sphere of odorized agarose (A9539-500 g, Sigma) on a micro
pestle (SIAL501Z2Z0, Sigma-Aldrich), on which Pieris frass and silk were applied.
A single parasitoid was collected in a glass vial and brought into contact with the
Pieris traces to trigger oviposition behaviour, upon which either a Pieris or Mamestra
caterpillar was offered on the tip of a fine paint brush to let the parasitoid oviposit.
After an oviposition, parasitoids were placed in a small cage (17.5x 17.5x 17.5 cm,
Bugdorm-41515 Insect Cage, type BD41515, Megaview Science, Taiwan) with
water any honey until testing. Four treatments were used; parasitoids oviposited in
either Mamestra or Pieris, on either vanilla or coffee scented agarose. Per treatment,
90 parasitoids were conditioned. This procedure, with a single oviposition in Pieris,
is known to result in the formation of associative memory, resulting in a clear
preference for the conditioned odour that is maintained for at least 24 hours (de
Bruijn et al., 2018a).

Testing for memory retention was done in the high-throughput individual T-maze,
consisting of 36 two-choice arenas, offering 2% vanilla-scented agarose on one side
and 1% coffee-scented agarose on the other side. Per treatment, 9 parasitoids were
individually released in each of these 36 two-choice arenas, 24 hours after
conditioning, and their behaviour was recorded for 10 minutes. From this recording,
we extracted first choice, i.e. whether a parasitoid first walked into the vanilla- or the
coffee-scented agarose zone. In each two-choice arena, a vanilla conditioned
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parasitoid and a coffee conditioned parasitoid were tested in two subsequent runs on
the same day. Since the ability to retain this information could in theory depend on
the number of deposited eggs, we dissected a subset of the Pieris and Mamestra
caterpillars. Twenty caterpillars of each species, 10 per conditioning odour, were
dissected within 24 hours after the oviposition, to determine the number of parasitoid

eggs.

The effect of non-host oviposition experience and host presence on parasitoid
foraging behaviour

For the third hypothesis, we tested how C. glomerata foraged around host and non-
host caterpillars after a non-host oviposition experience in Mamestra (Fig. 1).
Parasitoids were either kept unconditioned or were given one Mamestra oviposition
experience, hereafter called a Mamestra experience. This Mamestra experience was
given by letting a female parasitoid oviposit once in a Mamestra non-host caterpillar
on a B. oleracea leaf with host traces in a Petri dish (Fig. 1a). We expected that such
an experience would allow the parasitoid to learn to avoid interacting with these non-
hosts on the infested leaf. Leaves with host traces were prepared as described above
for the egg deposition and survival experiment. Since short-term and long-term
effects of a non-host oviposition experience might affect subsequent foraging
behaviour differentially, parasitoids were tested either within an hour after the
oviposition experience, or on the following day.

Parasitoid foraging behaviour was tested in a round glass Petri dish (20 cm diameter,
5 cm high) with a B. oleracea leaf that was infested 24h before, with either 10
Mamestra caterpillars for a no-choice situation, or 5 Mamestra and 5 Pieris
caterpillars for a choice situation (Fig. 1b). We infested leaves by placing groups of
5 caterpillars in a clip cage, of which two were attached to a fully expanded leaf of
a 5-week-old B. oleracea plant. Just prior to testing, the infested leaf was detached
from the plant, its petiole was wrapped in moist cotton wool, and it was placed
upside-down in the glass Petri dish. We made sure that 10 caterpillars were present
on the leaf and replaced missing caterpillars if needed.
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a) Parasitoid conditioning:
A single non-host oviposition
experience on a leaf with host
feeding damage and frass

Or

No conditioning

Petri dish
l 10 minutes or 24 hours after conditioning: l

b) Testing non-host interaction on infested leaves:
non-hosts

Large petri dish

non-hosts
In a Choice situation In a No-choice situation

Figure 1. Overview of the experimental procedure to test how Cotesia glomerata parasitoids foraged
around Pieris brassicae host and Mamestra brassicae non-host caterpillars after a non-host oviposition
experience in a 1% instar M. brassicae caterpillar. Parasitoids were conditioned in a Petri dish where
they were either allowed to oviposit once in a M. brassicae non-host on a leaf with feeding damage and
frass of the host P. brassicae, i.e. given a Mamestra experience, or they were kept unconditioned (panel
a). Parasitoid foraging behaviour was subsequently tested on a detached Brassica oleracea leaf as
depicted in panel b. These leaves were infested 24 hours prior with either 5 host caterpillars and 5 non-
hosts caterpillars, representing a choice situation, or with 10 non-hosts, representing a no choice
situation. See text for a more detailed description.
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A single parasitoid was then released inside the Petri dish, at the centre of the lid. A
hand-held computer (Workabout Pro 3, Zebra Technologies Corp., Illinois, USA)
with behaviour recording software (The Observer XT 10, Noldus Information
Technology B. V., Wageningen, The Netherlands) was used to record parasitoid
foraging behaviour during an observation period of 10 minutes. With this software,
we assessed whether a parasitoid responded, i.e. whether it started foraging by
contacting the infested leaf, and whether it contacted and subsequently oviposited in
the offered host and non-host caterpillars. After 10 minutes, the parasitoid was
removed, and caterpillars were replaced if any ovipositions had occurred. A single
leaf was re-used 3 times before being discarded, once for each of the 3 corresponding
treatments. The order of these treatments was randomized and each of the 6
treatments was replicated 24 times.

Statistics

All analyses were done in R version 3.5.0. Egg survival over time, i.e. the number
of eggs at different time points, was tested with a zero-inflated generalized linear
model with a negative binomial distribution, using R package pscl (Jackman et al.,
2007). In the experiment on associative learning, Performance Index (PI) scores of
binomial first choice data were used as indices of memory retention as described in
de Bruijn et al. (2018a). PI scores were assigned by combining the first choice of a
vanilla and a coffee conditioned parasitoid that were tested in the same two-choice
arena, in two subsequent runs. If both parasitoids chose the odour on which they
were conditioned, a PI of 100 was assigned, one correct choice resulted in a PI of 0,
and if neither parasitoid made a choice for their conditioned odour, a PI of -100 was
assigned. If one or both parasitoids did not make a choice within 10 minutes, no PI
was formed for this particular pair and the data of the two-choice arena was
discarded. One-sample Wilcoxon signed rank tests were used to test if the PI scores
of parasitoids that oviposited in Mamestra, and those that oviposited in Pieris,
significantly deviated from 0 (#=0), to evaluate the null hypothesis of no memory
retention. The number of eggs deposited in Mamestra and Pieris was compared with
a Mann-Whitney test. In this test, parasitoids of the two conditioning odours were
grouped, since conditioning odour did not affect the number of eggs deposited
(Mann-Whitney test, W= 153, p = 0.207).
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The effects of oviposition experience and host presence on foraging behaviour were
assessed in full factorial generalized linear models with binomial distributions.
Separate models were used for each response variable: parasitoid response (the
number of parasitoids that started foraging out of total number of parasitoids tested),
caterpillar contact (the number of parasitoids that contacted a caterpillar out of those
that started foraging) and oviposition (the number of parasitoids that accepted a
caterpillar for oviposition out of those that contacted a caterpillar). Experience
(Mamestra experience vs. unconditioned) and time after non-host oviposition (10
minutes vs. 24 hours) could not be included in the same models, because
unconditioned parasitoids had no time after non-host oviposition, resulting in an
incomplete factorial design. We therefore first pooled data of all experienced
parasitoids to compare them with unconditioned parasitoids in a first set of overall
models. In these models, foraging behaviour was analysed in the two foraging
situations by testing the effects of situation (choice vs. no-choice) and experience
(Mamestra experience vs. unconditioned) as fixed factors on the three foraging
parameters. Caterpillar species-specific foraging behaviour (contact and oviposition)
was analysed in the choice situation with caterpillar species and experience as fixed
factors. Paired data were used in this case, with parasitoid identity as a random factor,
since each parasitoid could contact and accept both caterpillar species for
oviposition. Mamestra-specific behaviour was further analysed by testing the effects
of situation and experience on caterpillar oviposition (because of unequal numbers
of Mamestra caterpillars in the two foraging situations the effects on caterpillar
contact could not be tested).

In the second set of time models, the effect of time after non-host oviposition was
tested in each of the three types of models described above, using only data of
parasitoids with Mamestra experience and replacing experience by time after
oviposition (10 minutes vs. 24 hours) as a fixed factor. For all models, a least-square
means post-hoc comparison with a Bonferroni error correction was used to test for
pairwise differences between groups (Lenth, 2016).
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Results

Egg deposition and survival in M. brassicae

After C. glomerata stung Mamestra (M. brassicae), 90% of the caterpillars contained
parasitoid eggs. The number of eggs decreased rapidly during the first 72 hours and
after 96 hours there were no unencapsulated egg left (Fig. 2). This shows that M.
brassicae has the ability to encapsulate and kill all deposited eggs and is indeed an
unsuitable species for offspring development of C. glomerata, i.e. a non-host.

20 1

P < 0.001

15 1

O T T L]
0 24 48 72 96

Time since oviposition (hours)

Figure 2. Egg survival of Cotesia glomerata in 1% instar Mamestra brassicae caterpillars at different
time points after oviposition. The P-value is based on a negative binomial zero-inflated GLM and
indicates a significant difference in egg numbers over time. Per time point 30 caterpillars were dissected
and error bars depict the standard error of the mean.

Associative learning with a host or non-host oviposition
An oviposition in a Pieris host caterpillar (P. brassicae) resulted in significant

memory retention, as demonstrated by a clear preference of C. glomerata for the
conditioned odour (V' = 360, p < 0.001, Fig. 3). In contrast to our expectation,
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oviposition in the non-host Mamestra did not result in memory retention after 24
hours (V'=388.5, p =0.322) and parasitoids were neither attracted, nor repulsed, by
the odours. Furthermore, memory retention did not depend on the number of
deposited eggs, since egg numbers in Pieris and Mamestra caterpillars did not differ
(W=141, p=0.112). In Pieris 95% of the caterpillars contained parasitoid eggs and
21.4 + 2.0 eggs were laid. Oviposition in Mamestra led to egg deposition in 90% of
the caterpillars, with 18.4 £ 1.8 eggs per oviposition.
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Oviposition experience
Figure 3. Memory retention 24 hour after associative learning with an oviposition in either P. brassicae

(Pieris) or M. brassicae (Mamestra). Sample sizes (n) and significant memory retention (*) are depicted
within the bars.

The effect of non-host oviposition experience and host presence on parasitoid
foraging behaviour

Parasitoid response, i.e. the percentage of females that started foraging on the
infested leaf, depended on whether they had been given prior non-host oviposition
experience and on the situation in which they foraged (Interaction X° = 4.514, p =
0.034, Fig. 4A and supplementary table 1). Parasitoids with a Mamestra experience
were more motivated to search the infested leaf in the no-choice situation than
unconditioned parasitoids, but this was not the case in the choice situation. The
percentage of parasitoids contacting a caterpillar (either Pieris or Mamestra) was
significantly higher when hosts were present (X° = 23.768, p < 0.001), but was not
influenced by experience (X’ = 0.447, p = 0.504), nor by the interaction (X° = 1.031,
p = 0.310). The same results were found for oviposition: a higher percentage of

119




Chapter 6

parasitoids accepted a caterpillar for oviposition in the choice situation (X* =27.180,
p < 0.001), while experience (X° = 0.375, p = 0.540) and the interaction term (X° =
1.053, p = 0.305) had no significant effect.

Parasitoid foraging behaviour was caterpillar species-specific (Supplementary table
2). In the choice situation, parasitoids were more likely to contact Pieris caterpillars
than Mamestra caterpillars (X° = 14.966, p < 0.001, Fig. 4B). With respect to
parasitoid experience, parasitoids with Mamestra experience were just as likely to
contact a caterpillar as unconditioned parasitoids, but this effect was marginally
insignificant (X> = 3.336, p = 0.068). Contact with a Pieris caterpillar led to
oviposition in 96-100% of the parasitoids, while significantly fewer, yet still 50-
71%, of the parasitoids accepted Mamestra non-hosts for oviposition (X* =27.43, p
<0.001, Fig. 4C). We observed this effect in both experience groups, but it was less
clear for unconditioned parasitoids, because only a few unconditioned parasitoids
contacted Mamestra. Analysis of Mamestra-specific behaviour (supplementary table
3), showed that up to 71% of the parasitoids oviposited in Mamestra (Fig. 4D) and
that more parasitoids oviposited in the non-host in the choice situation than in the
no-choice situation (X* = 3.859, p = 0.049). Time after Mamestra experience (10
minutes or 24 hours) did not significantly influence any of the foraging parameters.
In this second set of models, the effects of foraging situation and caterpillar species
on the three foraging parameters were similar as in the first set of models described
above. Furthermore, the interactions with time after Mamestra experience were
never significant (Supplementary tables 4-6). Parasitoids with a Mamestra
oviposition were highly responsive to the infested leaf, both after 10 minutes (91%
in the choice situation, 96% in the no-choice situation) and after 24 hours (87% in
the choice situation, 92% in the no choice situation).
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Figure 4. Parasitoid behaviour on a caterpillar infested Brassica oleracea leaf. The percentage of
parasitoids with either no experience (Unconditioned, white) or a Mamestra oviposition experience
(Mamestra experience, grey) that, (A) started foraging on the infested leaf with Mamestra caterpillars
(no-choice situation) or with both Mamestra and Pieris caterpillars (choice situation), (B) made contact
with either the Mamestra or Pieris caterpillars and (C) subsequently oviposited within these caterpillar
species in the choice situation, and (D) oviposited in Mamestra in the choice and no-choice foraging
situations. Different letters per panel indicate significant differences between groups (p <0.05), n values
with the bars represent the sample size.
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Discussion

In this study, we investigated the interaction between the endoparasitoid Cotesia
glomerata and the presumed non-host Mamestra brassicae. The hypothesis that C.
glomerata deposits eggs upon attacking M. brassicae caterpillars and that these
deposited eggs are killed by M. brassicae was sustained. C. glomerata generally
deposited eggs when attacking M. brassicae and clutch sizes were comparable to
those in the host Pieris brassicae. Furthermore, we show that M. brassicae has the
ability to kill eggs deposited by C. glomerata. Even though M. brassicae is clearly
unsuitable for parasitoid development, up to 71% of parasitoids oviposited in this
non-host. We could not sustain our other two hypotheses, since C. glomerata showed
little to no change in its foraging behaviour after a non-host oviposition. Parasitoids
did not learn to avoid volatiles encountered during a non-host oviposition and they
did not alter their behaviour with respect to non-host contact and oviposition.
However, after a non-host oviposition, parasitoids did become more motivated to
forage on an infested leaf with only non-hosts. This increased motivation to forage
after an oviposition in the non-host lasted for at least 24 hours. Apparently, a single
oviposition in an unsuitable host species is not stored in memory as an adverse event,
even though it leads to a waste of eggs.

To test the first hypothesis, we determined whether C. glomerata deposits eggs in
the presumed non-host M. brassicae and whether these eggs could survive. Before
our study, the status of M. brassicae as a non-host was unsure due to observations of
oviposition behaviour and egg deposition by C. glomerata (Bukovinszky et al., 2012;
de Bruijn et al., 2018b). Here, we confirm that M. brassicae is truly a non-host for
C. glomerata. Despite egg deposition by 90% of parasitoids, M. brassicae was able
to encapsulate and kill deposited eggs. Surprisingly, clutch sizes of C. glomerata in
the non-host M. brassicae were comparable to those in the host P. brassicae. These
observations conflict with the general idea that parasitoids do not deposit eggs in
non-host species or that they adjust their egg numbers (Vinson, 1975; Vinson, 1976).
Egg deposition in non-hosts has, however, been shown in other studies as well
(Arthur et al., 1969; Takasu and Lewis, 2003; Bukovinszky et al., 2012; Chabaane
et al., 2015). Our findings corroborate those of Chabaane et al. (2015), who found
that C. glomerata deposits similar clutch sizes in the non-host S. littoralis and the
host P. brassicae, but conflict with observations of Bukovinszky et al. (2012), who
found that C. glomerata deposits a smaller clutch in the non-host M. brassicae than
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in the host P. rapae. Since Bukovinszky et al. (2012) did not specify after how much
time caterpillars were dissected, it is possible that most of the deposited eggs were
already killed by M. brassicae.

In the second hypothesis, we predicted that a non-host oviposition would be an
aversive experience, allowing parasitoids to learn to avoid this situation during
subsequent foraging, but our findings do not support this hypothesis. We observed
no memory retention for the conditioned odour 24 hours after a non-host oviposition,
while an oviposition in the host P. brassicae did result in memory retention, due to
its high reward value (Kruidhof et al., 2012). The absence of associative learning
after conditioning with a non-host oviposition, in combination with vanilla odour
and host frass, has also been found in the parasitoid Microplitis croceipes (Takasu
and Lewis, 2003). Although a single oviposition experience in M. brassicae did not
lead to behavioural changes in C. glomerata, it is possible that multiple experiences
spaced in time will. Repeated ovipositions in hosts are known to lead to more
persistent memory (Hoedjes et al., 2011), but further research should confirm if this
is also the case with non-host ovipositions.

Interestingly, our study and the study of Takasu & Lewis (2003) show that
parasitoids do detect that non-hosts are unsuitable when ovipositing in them , since
in both cases egg are deposited, but no memory is formed. Triggers for egg release
and memory formation are apparently different. Triggers for egg deposition are
generally amino acids and sugars found in the haemolymph (Arthur et al., 1969;
Arthur et al., 1972). Triggers for memory formation are also expected to be present
in the haemolymph (Takasu and Lewis, 2003), but the compounds causing this
trigger are still unknown and requires more research. Furthermore, results from this
study, one of our previous studies (chapter 5) and those of Takasu & Lewis (2003),
indicate that associative learning with host frass can be suppressed by a non-host
oviposition. Exposure to host frass alone leads to memory retention after 24 hours in
C. glomerata (Geervliet et al., 1998b), but we found no memory retention when this
exposure was followed by a non-host oviposition. The same was found by Takasu &
Lewis (2003), where the flight response of M. croceipes to a conditioned odour was
reduced when exposure to frass was followed by a non-host oviposition.

In the third hypothesis, we expected C. glomerata to alter its foraging behaviour after
a non-host oviposition, both in the presence and absence of suitable hosts near M.
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brassicae non-hosts. However, our results show very little support for this
hypothesis. C. glomerata did not alter its behaviour in respect to non-host contact
and oviposition. However, C. glomerata females were more motivated to forage on
an infested leaf with non-hosts than unconditioned females, both 10 minutes and 24
hours after a non-host oviposition experience. This increased motivation is most
likely a general phenomenon caused by a parasitoid’s first oviposition and unrelated
to the caterpillar species. Exposure to hosts and/or their traces can increase the
motivational state of parasitoids (Papaj and Prokopy, 1989; McAuslane et al., 1991;
Takasu and Lewis, 2003; Bleeker et al., 2006). Our results also show that a high
proportion of C. glomerata parasitoids oviposited in M. brassicae in the presence of
P. brassicae, even though Godfray (1994) suggested that oviposition in non-hosts
would only occur in the absence of suitable hosts. Non-host oviposition was even
higher in presence of hosts than in the absence of hosts, corroborating recent studies
that also showed frequent non-host acceptance in the presence of a suitable host
(Meisner et al., 2007; Bukovinszky et al., 2012; Chabaane et al., 2015). Nevertheless,
the non-host oviposition behaviour we observe is also not specific to situations were
hosts and non-hosts co-occur, since 38% of the parasitoids attacked the non-host in
the absence of hosts.

Based on our observations, we cannot yet answer the question why parasitoids
oviposit in non-hosts and whether this behaviour is specific for C. glomerata. We
propose that egg deposition in a non-host species could be associated with high egg
loads. Parasitoids tend to adapt their oviposition strategy according to the trade-off
between current and future reproductive opportunities, where a high egg load
indicates few reproductive opportunities and can lead to the acceptance of hosts of
lower quality, such as already parasitized hosts, and even non-hosts (Godfray, 1994;
Heimpel and Casas, 2008). The waste of resources might outweigh the costs of
retaining and maintaining high numbers of eggs in such cases. C. glomerata is known
to have a very high fecundity, it emerges with 500-800 eggs, continues to produce
eggs throughout its lifetime and when females are not allowed to oviposit, they can
hold up to 2,000 eggs within 2-11 days (Le Masurier, 1991). In our experiment, but
also in the studies of Takasu et al. (2003) and Chabaane et al. (2015), well-fed mated
parasitoid females of several days old were used, which likely had a high egg load
and may therefore have been very willing to deposit some eggs, even in a non-host.
Future research should elucidate whether non-hosts are also accepted when
parasitoids have a low egg load and whether this phenomenon occurs in parasitoid
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species that have a lower fecundity. If egg deposition in M. brassicae is simply
because C. glomerata becomes less selective due to an accumulation of eggs, this
may also explain why a single non-host oviposition did not result in memory
retention in C. glomerata and why it had little effect on its foraging behaviour. With
the trade-offs described above, the benefits gained by (long-term) storage of this
information might not outweigh the costs of wasting time and eggs, since
information storage is known to be a costly process (Dukas, 1999). An alternative,
or additional, explanation might be that the observed interactions between C.
glomerata and M. brassicae represent only a snap-shot in coevolutionary time, and
hence the evolutionary arms-race, between the two species. Although we can only
speculate, it is possible that M. brassicae was perhaps once a suitable host, but has
evolved the ability to defend itself against C. glomerata. Vice versa, it is also
possible that non-host oviposition behaviour in C. glomerata can lead to an
expansion of its host range over evolutionary time when the parasitoid evolves the
ability to overcome host defence.

Parasitoid foraging behaviour is known to be highly context-dependent (Heimpel
and Casas, 2008) and is shaped by what parasitoids encounter within their habitat
(Vet et al., 1995). Although many parasitoid species are known to be specifically
attracted to plants on which suitable host species occur (Vet et al., 1995; Geervliet
et al., 1996), these plants are often also used by non-hosts (Vos et al., 2001; Dicke
et al., 2009), making non-host encounters inevitable events in nature. Acceptance of
these non-hosts might largely depend on the quality of alternative host species in the
environment and the expectation of current and future reproductive opportunities
(Godfray, 1994). Egg deposition in non-hosts might then be due to a high egg load,
which makes parasitoids less selective on host quality when they have few
reproductive opportunities. Though this leads to a waste of eggs, parasitoids are
expected to alter their host acceptance strategy as they gain information about overall
host quality from their environment.
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Supplementary information

Model overviews of the effect of non-host oviposition experience and host presence on
foraging behaviour.

Table 1. Statistical overview of the first set of overall glm models, with the binary response variables
response, caterpillar contact and caterpillar oviposition, the fixed factors situation (choice and no-
choice) and experience (non-host oviposition experience, unconditioned) and an interaction between
these two fixed factors.

Response variable Fixed factors X2-value | P-value
Response Situation*Experience | 4.514 0.034
Situation 0.647 0.421
Experience 2.554 0.110
Caterpillar contact Situation*Experience | 1.031 0.310
Situation 23.768 | <0.001
Experience 0.447 0.504
Caterpillar acceptance | Situation*Experience | 1.053 0.305
Situation 27.180 | <0.001
Experience 0.375 0.540

Table 2. Statistical overview of the first set of caterpillar species-specific glmer models with the binary
response variables caterpillar contact and caterpillar oviposition, the fixed factors caterpillar species
(Mamestra or Pieris) and experience (non-host oviposition experience, unconditioned), an interaction
between these two factors and parasitoid ID as random factor.

Response variable Fixed factors X2-value | P-value

Caterpillar contact Caterpillar species * Experience | 0.057 0.811
Caterpillar species 14.966 | <0.001
Experience 3.336 0.068

Caterpillar acceptance | Caterpillar species * Experience | 0.670 0.413
Caterpillar species 27.430 | <0.001
Experience 0 1
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Table 3. Statistical overview of the first set of models, the Mamestra-specific glm model with the binary
response variable Mamestra acceptance, the fixed factors situation (choice and no-choice) and
experience (non-host oviposition experience, unconditioned), an interaction between these two factors.
Only caterpillar acceptance was included, since there was an unequal number of caterpillars to contact
in the two foraging situations.

Response variable Fixed factors X2-value | P-value

Caterpillar acceptance | Situation*Experience | 0.426 0.514
Situation 3.859 0.049
Experience 0.392 0.531

Table 4. Statistical overview of the second set of overall glm models, with the binary response variables
response, caterpillar contact and caterpillar oviposition, the fixed factors situation (choice and no-
choice) and test timing after the non-host oviposition experience (NH experience timing, 10 minutes,
24 hours) and an interaction between these two fixed factors.

Response variable Fixed factors/interaction X2-value | P-value
Response Situation * NH experience timing | 0.032 0.858
Situation 0.653 0.419
NH experience timing 0.552 0.458
Caterpillar contact Situation * NH experience timing | 0.198 0.657
Situation 20.374 <0.001
NH experience timing 0.007 0.934
Caterpillar acceptance | Situation * NH experience timing | 0.321 0.571
Situation 23.318 <0.001
NH experience timing 0.835 0.361
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Table 5. Statistical overview of the second set of caterpillar species-specific glmer models, with the
binary response variables caterpillar contact and caterpillar oviposition, the fixed factors caterpillar
species (Mamestra or Pieris) and test timing after the non-host oviposition experience (NH experience
timing, 10 minutes, 24 hours), an interaction between these two factors and parasitoid ID as random

factor.

Response variable Fixed factors/interaction X?-value | P-value

Caterpillar contact Caterpillar species * NH experience | 0.102 0.749
timing
Caterpillar species 10.926 <0.001
NH experience timing 0.001 0.974

Caterpillar acceptance | Caterpillar species * NH experience | 0.675 0.411
timing
Caterpillar species 20.103 <0.001
NH experience timing 0.039 0.844

Table 6. Statistical overview of the second set of models, the Mamestra-specific glm model, with the
binary response variable Mamestra acceptance, the fixed factors situation (choice and no-choice) and
test timing after the non-host oviposition experience (NH experience timing, 10 minutes, 24 hours) and
an interaction between these two factors. Only caterpillar acceptance was included, since there was an
unequal number of caterpillars to contact in the two foraging situations.

Response variable Fixed factors/interaction X2-value | P-value

Caterpillar acceptance | Situation * NH experience timing | 1.494 0.222
Situation 4.067 0.044
NH experience timing 0.140 0.708
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General discussion

Parasitoid wasps lay their eggs in or on other organisms, which thereafter function
as a host for the developing offspring (Godfray, 1994). To reproduce, parasitoid
females have to find their inconspicuous hosts in complex habitats with diverse plant
and herbivore communities that vary in time and space (Vet et al., 1995; Wajnberg,
2006; Dicke et al., 2009). Parasitoid foraging behaviour for hosts is under strong
selection pressure, since it is directly linked to offspring production, and therefore to
fitness. This makes them ideal organisms in studies on foraging theory (van Baalen
and Hemerik, 2008; Thiel and Hoffmeister, 2009). Foraging in dynamic
environments requires complex decisions, where parasitoids acquire, process, store
and use information related to the availability and distribution of hosts in their
current environment to increase their host encounter rate (Turlings et al., 1993; Vet
et al., 1995). Such information can consist of olfactory, visual and tactile cues that
originate from the host itself, or, in the case of herbivorous hosts, from the plant on
which the host feeds. Host-derived cues, such as frass, silk, honeydew and other
body secretions, are generally reliable indicators of host presence, but they are
detectable only in the direct vicinity of the host. Therefore, parasitoids commonly
rely on environmental cues that indirectly indicate host presence, such as herbivore-
induced plant volatiles (HIPVs) (Vet et al., 1995).

HIPVs are less reliable in predicting host presence, but parasitoids can verify their
reliability when encountering these HIPV producing plants in the local environment.
Parasitoids can associate HIPVs with an oviposition in a host and store this
information as an associative memory, which can improve a parasitoid’s foraging
efficiency (Papaj and Vet, 1990; Vet et al., 1995; Hare et al., 1997; Kruidhof et al.,
2015). These memories can vary in their temporal stability, i.e. their persistence.
Short-term memory is formed directly after an experience, but fades quickly. More
persistent, i.e. longer lasting, memory forms, such as long-term memory, can be
formed when the value (e.g. host quality) or the encounter frequency of the
experience is high (Hoedjes et al., 2011; Smid and Vet, 2016). Such memories allow
parasitoids to continuously adjust their behaviour according to their experiences in
the local environment. The ease with which a certain association is formed and the
temporal dynamics of the formed memory, depend on an insect’s preparedness to
learn (Smid and Vet, 2016). This prepared learning, is shaped in such a way that it
is adaptive in respect to the parasitoid’s ecology.
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Associated HIPVs may, however, no longer reliably predict host presence, when
they lead parasitoids to plants where hosts have developed into a stage that is
unsuitable for parasitism, hosts have left the plant or where non-host instead of host
herbivores are present (Meisner et al., 2007; de Rijk et al., 2013; Pefaflor et al.,
2017). Such unrewarding experiences are called extinction experiences and indicate
that previously obtained information has become unreliable, which can have fitness
consequences when parasitoids waste time on these plants (Vos et al., 2001).
Furthermore, parasitoids may change their behaviour after such extinction
experiences, by temporarily or permanently altering their response to the associated
environmental cues, to maintain their foraging efficiency.

In this thesis, I developed and used advanced observation set-ups and methods to
study how unreliable associative memory, and interactions with Mamestra brassicae
non-hosts, shaped the foraging behaviour of the parasitoid Cotesia glomerata. 1
formulated and tested the following hypotheses:

1) Unreliable associative memory reduces parasitoid foraging efficiency

2) Non-host-related extinction experiences alter a parasitoid’s response to associated
cues

3) Parasitoids change their foraging behaviour after a non-host oviposition

The validity of these hypotheses was experimentally tested in previous chapters and
in this final chapter, I integrate the results from these studies to discuss how
parasitoid foraging behaviour is shaped by information-reliability and non-host
interactions. I will start by presenting an overview of measuring parasitoid foraging
behaviour in the laboratory and how this can be extended to field studies. Next, I
discuss the hypotheses introduced above, the context-dependency of parasitoid
foraging behaviour and how parasitoid learning can benefit biological control efforts.
Finally, I summarize the main conclusions of my thesis and present possible future
research perspectives.

Measuring parasitoid foraging behaviour

Parasitoid foraging behaviour is complex and measuring it for quantitative analysis
is challenging due to their small size and high mobility. Although various methods
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exist to measure parasitoid foraging behaviour in the laboratory, most of them can
measure only one or a few behavioural parameters due to constraints on time and
design (Bitterman et al., 1983; Geervliet et al., 1994; Wickers, 1994; Huigens et al.,
2009; Hoedjes et al., 2012). For example, a wind tunnel can be used to observe how
parasitoids forage on and around plants, but every behaviour a parasitoid displays
has to be manually recorded. Due to time constraints, it is impossible to record every
detail of the foraging behaviour and therefore only specific behaviours are recorded.
In field studies this is even more challenging, because individuals are difficult to
locate and track in more complex and spacious environments. Therefore, behaviour
is generally only measured with endpoint parameters, such as host parasitism levels
(Kruidhofetal., 2015; De Rijk et al., 2018). Such measurements provide little insight
into what happens during the foraging process, and how parasitoids interact with
their environment. More advanced methods, with cameras, computers and various
software applications, have been developed in recent years that allow for the
measurement of detailed insect foraging behaviour in the laboratory and field
(Manoukis and Collier, 2019). Manual event recorders of animal behaviours exist
already for a long time (Celhoffer et al., 1977), but have become more advanced in
recent years. With The Observer® XT (Zimmerman et al., 2009) for example, various
individual behaviours of an insect can easily be scored, collected and processed
(Chapter 3). Furthermore, automated video tracking software, such as Buritrack
(Colomb et al., 2012), Ethovision® XT (Noldus et al., 2001) and idTracker (Pérez-
Escudero et al., 2014), allows for behavioural phenotyping. These software
applications can be used in combination with a video set-up, such as the high-
throughput individual T-maze that I developed (Chapter 2), and allow for extraction
of a wide range of behavioural parameters from video files. Furthermore, with the
high-throughput individual T-maze, the behaviour of 36 individual parasitoids, each
in their own T-maze, can be recorded and tracked in a standardized high-throughput,
labour-efficient and cost-effective way. I developed and used this set-up for memory
retention testing in the parasitoids C. glomerata and Nasonia vitripennis (Chapters
2 and 6).

In the field, the development of advanced insect tracking methods with video set-ups
has only just begun. Recently, video set-ups were developed for 3D tracking of
individual swarming mosquitoes in the field (Manoukis et al., 2014), in-flight
behaviour of mosquitoes during house entry (Spitzen et al., 2016) and in this thesis
I developed a multi-camera field set-up (Chapter 4). This set-up allowed me to
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observe foraging behaviour of individual parasitoids on host and non-host infested
plants under field conditions. With the video recordings from these cameras, I could
measure how long it took for parasitoids to find the infested plants, how they spent
their time on these plants and how they interacted with non-hosts. With this set-up,
I showed that detailed individual behaviours should be measured to prevent an
underestimation of the effect of unreliable associative memory on parasitoid
foraging behaviour. I also showed that these individual foraging parameters are more
difficult to define under field conditions, since parasitoids tend to alternate between
different kinds of behaviours while they are foraging. For example, host searching
behaviour may be alternated with resting, cleaning or predator avoidance behaviours.
Furthermore, since the multi-camera set-up only allowed for the observation of
parasitoid foraging behaviour on host and non-host infested plants, it is unknown
how parasitoids spent their time elsewhere and whether the behaviour during this
time was related to host foraging behaviour. These observation ‘gaps’ underline a
need for continuous tracking of individual parasitoids in the field, requiring
continuous video monitoring and/or telemetry of individual parasitoids, which is not
yet feasible for small flying insects (Daniel Kissling et al., 2014).

Unreliable associative memory reduces parasitoid foraging efficiency

As described above, parasitoids can improve their foraging efficiency through
associative learning (Papaj and Vet, 1990; Vet et al., 1995; Hare et al., 1997;
Kruidhof et al., 2015). However, there are situations where associated HIPVs may
not reliably predict host presence and lead parasitoids to plants infested with non-
hosts instead of hosts (Meisner et al., 2007; de Rijk et al., 2013; Pefiaflor et al., 2017).
Indeed, HIPVs produced by non-host infested plants can attract females of Cotesia
glomerata, also after forming associative memory with a host oviposition on this
plant species (Geervliet et al., 1996; Geervliet et al., 1998b; Vosteen et al., 2019).
Furthermore, associative learning of these HIPVs can increase the attractiveness of
these volatiles and can subsequently increase the time parasitoids spend on and
around plants infested with herbivores in which they cannot reproduce (Chapters 3
and 4). I demonstrated that persistent, unreliable associative memory, formed
through 3 host ovipositions on a host plant species, had a negative effect on
parasitoid foraging efficiency when tested under laboratory conditions (Chapter 3).
Cotesia glomerata females with persistent unreliable memory took longer to find the
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hosts, when non-hosts were present on the plant species they had previously
associated with host presence. This confirmed the validity of my first hypothesis,
that unreliable associative memory can reduce a parasitoid’s foraging efficiency,
primarily when this memory is highly persistent. However, the effects of such
unreliable memories were more nuanced in the semi-field experiment (Chapter 4).
Here, C. glomerata females with persistent unreliable memory started foraging on
the non-host infested plants earlier, spent more time on and around these plants,
visited more non-host infested plants, visited them more often and were more prone
to oviposit in the non-host Mamestra brassicae, than parasitoids with reliable
memory. In contrast to my expectation, however, parasitoids with unreliable memory
found the host equally fast. Since the time to find a host is commonly used as a proxy
for foraging efficiency, I could not conclude that persistent unreliable memory
altered C. glomerata’s foraging efficiency. Nevertheless, persistent unreliable
memory did alter C. glomerata’s foraging behaviour and may still lead to negative
fitness effects over the parasitoid’s lifetime when they continue to waste time and
eggs on non-host infested plants. Furthermore, both studies clearly demonstrated that
associative memory does not always influence foraging behaviour favourably.

Non-host-related extinction experiences alter a parasitoid’s response to
associated cues

Given these costs of unreliable memory, I expected that parasitoids would alter their
foraging behaviour after encountering plants with non-hosts. In C. glomerata, this
altered behaviour, i.e. ceasing to respond to the associated HIPVs, could prevent time
and eggs spent on plants infested with the non-host M. brassicae. In bees and fruit
flies, the lack of an expected reward after encountering associated environmental
cues, i.e. extinction experience, is known to cause either temporary or permanent
behavioural alterations, or no behavioural alterations (Lagasse et al., 2009;
Eisenhardt et al., 2013). In Chapter 5, I investigated whether and how different types
of ecologically relevant extinction experiences would alter the conditioned host plant
preference of Cotesia glomerata females, after they had learned to associate HIPVs
with a host oviposition. In contrast to my expectation, these experiments showed that
non-host-related extinction experiences did not change host searching behaviour,
while a host-related extinction experience could. Cotesia glomerata did not alter its
foraging behaviour after two types of non-host-related extinction experiences, i.e.

137




Chapter 7

contacting non-host traces for 15 minutes or an oviposition in this non-host after
contacting host traces. Interestingly, the lack of a behavioural change after this
second type of non-host extinction experience, suggests that either the short exposure
to host traces and the non-host oviposition were insufficient to trigger a behavioural
change, or that the non-host oviposition fulfilled the expectation of an oviposition,
hence preventing the change in behaviour. A single non-host-related extinction
experience might not be worth the investment in a change of behaviour (Dukas,
1999). Multiple non-host-related extinction experiences may, however, still cause
behavioural changes, because a higher frequency of extinction experiences can have
a stronger effect on the conditioned behaviour (Lagasse et al., 2009; Ecker, 2015).
In contrast, a 15-minute extinction experience with host traces did alter the
behaviour, though it was host plant species-specific. When parasitoids were
conditioned on, and given a 15-minute extinction experience with, the host plant
Brassica nigra, this extinction experience led to a temporary disappearance of the
conditioned host plant preference. However, this preference re-appeared within 4
hours. These temporal dynamics may be beneficial when the lack of host finding
accurately predicts current circumstances, but not future opportunities (Papaj et al.,
1994). Together, these results indicate that a parasitoid’s response to an extinction
experience is influenced by its preparedness to learn these herbivore and plant cues
(Smid and Vet, 2016).

Parasitoids change their foraging behaviour after a non-host oviposition

Parasitoids forage in habitats that contain a multitude of plant species, which can
harbour a wide array of herbivorous insects (Vos et al., 2001; Dicke et al., 2009).
Parasitoids are attracted by HIPVs of specific host plant species that may be induced
by feeding of different herbivore species, including suitable and unsuitable species
for parasitoid reproduction. Interactions with non-hosts can occur when parasitoids
are attracted by HIPVs of non-host infested host plant species or when hosts and
non-hosts feed simultaneously on the same plant (Bukovinszky et al., 2012; de Rijk
et al., 2013). Both situations commonly occur in nature (Vos et al., 2001; de Rijk et
al., 2013). Associative learning can improve the ability of parasitoids to discriminate
between plant infested with host or non-hosts, but this is not always the case
(Bukovinszky et al., 2012; de Rijk et al., 2013). Even after associative learning, C.
glomerata is still attracted to HIPVs of non-host infested plants (Vosteen et al.,
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2019), and surprisingly I found that this can also lead to a higher tendency to oviposit
in the non-host M. brassicae caterpillars (Chapters 3 and 4). This non-host
oviposition behaviour seems counter intuitive, because the eggs deposited by C.
glomerata cannot successfully develop (Chapter 6). Non-host encounters with M.
brassicae are thought to be a likely scenario in nature, since these non-hosts
commonly feed on the same host plant species as C. glomerata’s hosts (Popova,
1994; Vos et al., 2001; Metspalu et al., 2013; Penaflor et al., 2017). This is why I
expected, that even when C. glomerata females would encounter and oviposit in this
non-host, they would subsequently change their behaviour, to prevent a further waste
of time and eggs (Chapters 3 and 4). However, C. glomerata females with and
without a M. brassicae oviposition experience continued to contact and oviposit in
M. brassicae caterpillars (Chapters 3, 4 and 6). Furthermore, C. glomerata did not
learn to avoid odours they encountered while ovipositing in the non-host and co-
occurrence of non-host M. brassicae and host P. brassicae caterpillars could make
them even more likely to oviposit in this non-host (Chapter 6). The only change in
behaviour [ observed, was that C. glomerata became more motivated to forage on an
infested leaf with non-hosts after a non-host oviposition, which is most likely a
general effect of a parasitoid’s first oviposition. It is possible that in C. glomerata, a
parasitoid with a high potential fecundity (Le Masurier, 1991), the waste of eggs
does not outweigh the costs of retaining and maintaining high numbers of eggs.
Acceptance of non-hosts might largely depend on the quality of alternative host
species in the environment and the expectation of current and future reproductive
opportunities (Godfray, 1994).

The context-dependency of parasitoid foraging behaviour

Evolutionary questions on behavioural strategies that increase foraging efficiency,
must be addressed in ecological context because an animal’s behaviour is directly
linked to its ecology and the habitat it operates in (Gordon, 2011). When
environments, and the insect and plant community within them, are spatially and
temporally variable, parasitoid foraging behaviour is also expected to show spatial
and temporal variation, to allow continuous adaptation to local conditions (Vet et al.,
1991; Vet et al., 1995; Smid and Vet, 2016). This environmental variation makes
parasitoid foraging behaviour highly context-dependent (Heimpel and Casas, 2008).
This context-dependency was a reappearing topic in most of the chapters of this
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thesis and made it challenging to draw general conclusions on how parasitoid
foraging behaviour is shaped by information reliability. However, 1 agree with
Gordon et al. (2011) that by studying which aspects drive this context-dependency,
we can gain insight in how foraging behaviour is shaped.

Parasitoids operate in a multitrophic system. The foraging strategy of a parasitoid
depends on the herbivore and plant community, the parasitoid’s internal state and the
prevailing abiotic conditions (Lewis et al., 1998; Randlkofer et al., 2010). Some of
these aspects have very general effects, such as the parasitoid’s internal state and
abiotic conditions. A parasitoid’s degree of hunger and thirst, their age, mating
status, egg load, disease and prior experience, are all known to affect their foraging
behaviour (Prokopy and Lewis, 1993; Geervliet et al., 1998b; Lewis et al., 1998). A
hungry parasitoid for example, will forage for food rather than hosts (Lewis and
Takasu, 1990). Likewise, prevailing weather conditions, e.g. strong winds, rain and
extreme temperatures, can limit foraging time in parasitoids (Steinberg et al., 1992;
Fournier et al., 2005). The other aspects, i.e. the herbivore and plant species of the
community, affect foraging behaviour in a less straightforward way, because, at the
species level, they have co-evolved with each other. Parasitoid species are highly
diverse (Forbes et al., 2018), since each species has its own life history and
associated foraging strategy (Vet et al., 1995), which has evolved through
interactions with various plant and herbivore species that naturally occur in a
parasitoid’s habitat. Parasitoids have evolved to use HIPVs, as a solution to find their
inconspicuous herbivorous hosts, which are selected to minimise direct information
transfer to their natural enemies (Vet et al., 1991). However, these volatiles vary
considerably within and between plant species (Aartsma et al., 2019) and can be
difficult to detect by the parasitoid, especially in environments with background
vegetation consisting of non-host plants that may mask HIPVs from host plants
(Randlkofer et al., 2010). Indeed, different plant species can produce considerably
different HIPV blends when attacked by the same herbivore species (Bukovinszky
et al., 2005; Gols et al., 2009). In contrast, HIPV blends induced by different
herbivore species feeding on the same plant species may be so similar that parasitoids
are unable to discriminate between host and non-host infested plants (Geervliet et
al., 1996; Vos et al., 2001; Tamo et al., 2006; Randlkofer et al., 2010; Aartsma et al.,
2019). Discrimination between host and non-host infested plants is especially
difficult when both herbivore species are from the same feeding guild (de Rijk et al.,
2013). In order to subsequently find and identify host species on these plants,
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parasitoids show a herbivore species-specific response to herbivore-related cues on
the plant, e.g. faeces, silk, honeydew, and other body secretions. When non-hosts are
encountered, they are generally not accepted for oviposition, since these species do
not support the development of their offspring (Kraaijeveld et al., 1998). However,
non-host oviposition behaviour has been observed before, both in the laboratory and
the field (Takabayashi et al., 1995; Takasu and Lewis, 2003; Bukovinszky et al.,
2012; Chabaane et al., 2015), and it can be stimulated through contact with host
traces (Chapters 5, 6) or prior host oviposition experience on the same plant species
on which non-hosts are encountered (Chapters 3-6).

Studies on associative learning in insects are now starting to consider this context-
dependency, by formulating a species-specific preparedness to learn (Hoedjes et al.,
2011; Smid and Vet, 2016). As mentioned before, an insect’s preparedness to learn
consists of the ease with which a certain association is formed and how this
information is stored in memory. Associative learning with different host species can
for example lead to memories that differ in their persistence (Kruidhof et al., 2012).
In this thesis, I show that host plant species is also an important part of a parasitoid’s
preparedness to learn. Plant species affected associative learning and the
consequences of unreliable memory (Chapter 4) and extinction experiences (Chapter
5). When C. glomerata females foraged around Brassica nigra and Sinapis arvensis
plants, the high attractiveness of B. nigra plants could overrule the effects of
unreliable memory (Chapter 3 and 4). Furthermore, an associative memory was
differently affected by an extinction experience, when C. glomerata was conditioned
on either B. nigra or Brassica oleracea var. rubra plants (Chapter 5). This also shows
that a parasitoid’s preparedness to learn influences how it responds to subsequent
experiences.

Another context-dependent aspect, is the complexity of the foraging situation. Most
of what we know about parasitoid foraging behaviour is based on simplified foraging
situations in laboratory studies. These simple foraging situations, however, do not
represent the complexity and dynamics of natural habitats in which the behaviour
has evolved. To advance our understanding of parasitoid foraging behaviour,
laboratory knowledge on foraging needs to verified in the field (Heimpel and Casas,
2008). However, field testing is laborious and there are few methods to study
foraging behaviour in the field (Chapter 4). Despite these challenges, the verification
of foraging theories in the field has received more attention in the past decade, where
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results indeed show that parasitoid foraging behaviour is often context-dependent
(Bukovinszky et al., 2012; Chabaane et al., 2015; Kruidhof et al., 2015; De Rijk et
al., 2018). A combination of laboratory and field studies, however, remains ideal.
Laboratory studies can inform us about the abilities of a parasitoid, while field
studies show how they use these abilities in a natural environment. Laboratory
testing, with methods such as the high-throughput individual T-maze (Chapter 2),
allows for fast screening of abilities (e.g. associative learning) of multiple parasitoid
species. More ecologically relevant laboratory set-ups can give an indication on how
they can use these abilities while foraging (Chapter 3). And field studies can verify
how these abilities influence parasitoid foraging behaviour, foraging efficiency
(Chapter 4) and ultimately fitness, in complex habitats where this behaviour has
evolved.

Parasitoid learning and its implications for biological control

Learning can improve an insect’s foraging efficiency (Papaj and Vet, 1990; Hare et
al., 1997; Durier and Rivault, 2000; Chittka and Muller, 2009; Kruidhof et al., 2015),
which is why implementation of learning in biological control is receiving more
attention lately (Giunti et al., 2015; Kruidhof et al., 2019; Little et al., 2019). It could
make biological control agents, such as parasitoids, more effective in suppressing
pest populations. Parasitoids need to initiate host searching behaviour, locate host
infested plants and find and accept the host on this plant. During each of these stages,
learning may improve the parasitoid’s host foraging behaviour. Learning can
enhance a parasitoid’s response to HIPVs, its ability to locate host infested plants,
its ability to locate the host on these plants, and its host acceptance for egg deposition
(Kruidhof et al., 2019). In theory, this means that after learning to associate volatiles
of the target crop with presence of the target pest (host), released parasitoids will be
retained in the crop, they will more actively search for the pest, and they will be
better at finding pest-infested crop plants.

Ample studies have shown these retaining and activating effects of associative
learning in parasitoids, though they are often not explicitly stated, because they are
not of primary interest. In wind tunnel studies, prior experience on an infested host
plant can cause 30-40% increases in parasitoids that display odour guided foraging
behaviour (Fukushima et al., 2001; de Bruijn et al., 2018b). Other studies have
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demonstrated that parasitoids can be conditioned to respond to HIPVs of host
infested plant species that are innately not attractive (Metspalu et al., 2003; Smid et
al., 2007) and that prior oviposition experience can increase host acceptance
(Kerguelen and Cardé¢, 1996). However, in this thesis I show that persistent memory
can also increase non-host acceptance when non-hosts are feeding on a plant species
that was previously associated with host presence (Chapter 3 and 4). This indicates,
that associative learning prior to parasitoid release might increase non-target effects.
However, I expect these effects to be specific to the associated target crop, parasitoid
species-specific, context-dependent and to only occur after spaced conditioning,
since a single oviposition experience and contact with host traces did not make C.
glomerata more willing to oviposit in the non-host M. brassicae (Chapter 3). Such
non-target effect should be considered when implementing learning in biological
control, but I expect them to be rare and unlikely to cause undesired effects.

Interestingly, even when conditioned C. glomerata parasitoids interacted with traces
of the non-host M. brassicae or oviposited in them, they did not alter their foraging
behaviour. In other words, these extinction experiences did not alter their
conditioned host plant preference (Chapters 5 and 6). This indicates that associative
memories could be quite resistant to extinction experiences when parasitoids forage
in crops with both host and non-host herbivores in the crop. These non-host
ovipositions can lead to a waste of eggs (Chapter 6), but this may not be a problem
for parasitoids with high egg loads, such as C. glomerata and Aphidius colemani.
Furthermore, it may still have a negative impact on the non-host due to non-
reproductive effects, such as an increased mortality risk or reduced reproduction due
to immune defence costs after encapsulation of eggs (Abram et al., 2019). Cotesia
glomerata is not a common biological control agent, but my findings show that
further research on the costs and benefits of the incorporation of parasitoid
conditioning in biological control is needed. In order to improve the efficacy of
biological control agents, Kruidhof et al. (2019), Giunti et al. (2015) and Little et al.
(2019) all specify a relatively similar research approach. As a first step, parasitoid
should be screened for their preparedness to learn to associate the HIPV's emitted by
the target crop with a pest-related reward (e.g. host traces or a host oviposition). This
could be done efficiently with methods such as the high-throughput individual T-
maze (Chapter 2). It may also be possible to improve learning capability through
selection lines and incorporation of conditioning before parasitoid release.
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Furthermore, biological control methods could be further optimized by studying
parasitoids foraging behaviour in crops, in greenhouses and agricultural fields.

General conclusions and future perspectives

Natural environments consist of insect and plant communities that are often spatially
and temporally variable. This has led to the development of behavioural traits, such
as associative learning, that allow insects, such as parasitoids, to improve their
foraging efficiency, through a temporal specialisation to local conditions. Since
environments continue to change, this associative memory can become unreliable
and can lead parasitoids to plants that contain non-hosts instead of hosts. In this
thesis, I developed methods to study how associative learning, unreliable memory,
extinction experiences and non-host interactions, shape the foraging behaviour of the
parasitoid Cotesia glomerata. 1 developed and tested three hypotheses that were
discussed in the above subsections and based on my findings, I conclude that
unreliable associative memory can have a negative effect on the foraging behaviour
of C. glomerata and that interactions with the non-host M. brassicae, and extinction
experiences with this non-host, have little to no effect on the foraging behaviour of
C. glomerata. Furthermore, throughout my thesis, the context-dependency of
parasitoid foraging behaviour was an important aspect and I showed that the host
plant species influences the effects of associative learning and extinction
experiences. This highlights how important it is to consider a parasitoid’s
preparedness to learn, when testing parasitoid foraging behaviour in an ecological
context, but also when considering the implementation of learning in biological
control. I propose to verify and extend my research with other species of parasitoids,
hosts, non-hosts and (host) plants, to better understand how these contexts influenced
parasitoid foraging behaviour and the effects of unreliable memory, extinction
experiences and non-host interactions.

In this thesis, I developed new methods to study parasitoid foraging behaviour in
relation to associative learning. With these methods, it is possible to test various
behaviours of a much wider range of parasitoid species and their use could even be
extended to include a wide diversity of insect species and research fields. The high-
throughput individual T-maze could be used to test an insect’s response to various
host, non-host and host plant-related cues, which could be highly beneficial for
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biological control practices, but also to further develop our understanding of insect
foraging behaviour. Furthermore, a multi-camera system (Chapter 4) could elucidate
how insects move around and interact with various components in their habitat, such
as food, hosts, prey and mates. These observations could be used to test and improve
various assumptions of foraging models and provide new insights on how insects
spend their time foraging. For example, such an approach could reveal which rules
determine insects’ patch residence times and which factors (e.g. experience, non-
hosts) influence this time allocation.

Overall, this thesis contributed to the general understanding of parasitoid foraging
behaviour. It provides new methods to test insect foraging behaviour in the
laboratory and in the field, and the first insights into the effects of unreliable memory
and extinction experiences on parasitoid foraging in an ecological context, with hosts
and their associated host plant species.
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Natural environments consist of complex plant and insect communities that are
spatially and temporally dynamic. Foraging for resources under such conditions
requires complex decision-making and has led to the evolution of behavioural traits
that allow insects to use information on local conditions and adjust their behaviour
accordingly. These behavioural adjustments can be achieved for example through
associative learning, where an encounter with a resource (e.g. food or host) is
associated with nearby environmental cues (e.g. volatiles). The resulting associative
memory can improve the insect’s capacity to locate these resources, i.e. improve its
foraging efficiency, which is expected to ultimately increase fitness. The link
between foraging behaviour and fitness is particularly strong in parasitoid wasps,
because finding a suitable host is required for the production of offspring.

Parasitoids deposit their eggs in or on other organisms (generally insects), where
successful offspring development results in the death of the host. Since this intimate
relationship is lethal for the host, they have evolved mechanisms to kill parasitoid
eggs and have become inconspicuous. Host-derived cues (e.g. frass) thus have a
limited detection range, and to find their hosts parasitoids therefore primarily rely on
indirect long-range cues, such as herbivore-induced plant volatiles (HIPVs).
Parasitoids are expected to be genetically adapted to respond to such plant cues when
they reliably predict host presence over many generations. However, due to temporal
and spatial variation of host presence in the current environment, this information
might not always be sufficient to successfully find hosts. In these situations,
parasitoids may improve their host foraging efficiency, by associating plant species-
specific cues (e.g. HIPVs) with a host encounter, thereby forming associative
memory. This allows parasitoids to learn about the local availability and distribution
of host species on particular host plant species. Nevertheless, these associative
memories do not always reliably predict host presence and could lead parasitoids to
plants where hosts have left the plant or where non-host instead of host herbivores
are present. Such unrewarding experiences indicate that previously obtained
information has become unreliable and this may lead to behavioural changes to
maintain foraging efficiency.

In this thesis, I studied how unreliable associative memory, and the interactions with
non-hosts, shaped the foraging behaviour of parasitoids. I developed advanced
observation methods to study parasitoid foraging behaviour and used them to test the
following hypotheses: 1) Unreliable associative memory reduces parasitoid foraging
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efficiency, 2) Non-host-related extinction experiences alter a parasitoid’s response
to associated cues, 3) Parasitoids change their foraging behaviour after a non-host
oviposition. As a study system, I used the parasitoid species Cotesia glomerata
(Hymenoptera: Braconidae) and Nasonia vitripennis (Hymenoptera: Pteromalidae),
C. glomerata’s host Pieris brassicae (Lepidoptera: Pieridae), the non-host Mamestra
brassicae (Lepidoptera: Noctuidae), N. vitripennis’s host Calliphora vomitoria
(Diptera: Calliphoridae), and various brassicaceous host plant species.

Parasitoid foraging behaviour is complex and measuring this trait for quantitative
analysis is challenging and often labour-intensive. In Chapter 2, I developed the
high-throughput individual T-maze, an automated insect tracking system, with
which I tested for memory retention in C. glomerata and N. vitripennis after
associative learning with artificial odours and a host reward. With this system, I
recorded and subsequently tracked the movement and choice behaviour of 36
individual parasitoids simultaneously. These experiments showed that various
behavioural parameters can be used to demonstrate memory retention in both
parasitoid species.

While such studies inform us on the abilities of parasitoids to learn, they are not
representative for parasitoid foraging behaviour in nature. A parasitoid’s foraging
behaviour is linked with its life history traits, its ecology and the habitat it operates
in. Foraging behaviour has evolved in this ecological context and should therefore
be studied under representative, preferably field, conditions. In subsequent chapters,
I incorporated this ecological context by conditioning C. glomerata on host-infested
brassicaceous plants. In Chapter 3, I tested whether memories, containing unreliable
information, affected the foraging efficiency for hosts in Cotesia glomerata
(hypothesis 1). Parasitoids were given different kinds of learning experiences, after
which they were allowed to forage in a wind tunnel set-up with host and non-host
infested plants. Here, either the host or non-host infested plant species corresponded
with the associated host plant species and therefore parasitoids had either reliable or
unreliable memory. Since C. glomerata does not distinguish between HIPVs induced
by P. brassicae caterpillars (host) and M. brassicae caterpillars (non-host),
parasitoids were also attracted to the non-host infested plants. In this situation,
parasitoids with highly persistent unreliable memory, formed by 3 ovipositions
spaced in time, foraged very differently than those with persistent reliable memory.
Parasitoids with persistent unreliable memory showed a high tendency to oviposit in
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non-hosts, spent more time on non-host infested plants and subsequently took longer
to find the host-infested plant. These results thus supported my first hypothesis, that
unreliable memory can have negative effect on parasitoid foraging efficiency. In
Chapter 4, I extended verification of this hypothesis to the field, where parasitoids
with persistent reliable and unreliable memory foraged up to 5 hours in a 12 x 12
meter tent with non-host infested plants and a host-infested plant. I developed a
multi-camera system that allowed me to trace in detail how these parasitoids spent
their time on and around these plants. This approach showed that the effects of
persistent unreliable memory were more nuanced under field conditions than in the
laboratory. The effects were host plant species-specific and although parasitoids with
unreliable memory spent more time on the non-host infested plants, they did not take
longer to find the host. Parasitoids with unreliable memory were, however, more
likely to oviposit in the non-host, irrespective of the host plant species. Unreliable
memory thus clearly resulted in a waste of time and eggs, but it remains difficult to
draw a firm conclusion on its effect on C. glomerata’s foraging efficiency.

In bees and fruit flies, the lack of an expected reward after encountering associated
environmental cues, i.e. extinction experience, is known to cause either temporary
or permanent behavioural alterations, or no behavioural alterations. These effects
have been studied extensively in bees and fruit flies, but primarily with synthetic
cues and artificial rewards. Because such cues lack natural variation and are not
meaningful in an ecological context, it is questionable whether insect foraging
behaviour is affected in the same way when natural environmental cues and rewards
are used. In Chapter 5, I therefore tested whether and how C. glomerata altered its
foraging behaviour after extinction experiences with host traces, non-host traces and
host traces in combination with a non-host oviposition. Parasitoids were first given
a single oviposition experience on a host plant to form an associative memory, and
were then given one of these three extinction experiences. The conditioned host plant
preference did not disappear after the non-host-related extinction experiences, thus
not supporting my second hypothesis. However, an extinction experience with host
traces did result in the disappearance of the conditioned host plant preference. The
conditioned host plant preference recovered spontaneously within 4 hours after an
extinction experience with host traces. This may be explained by the high potential
fitness benefit of an associative memory with a host oviposition, and the fact that
females were given only a single extinction experience. Interestingly, by
conditioning parasitoids on two different, yet closely related, host plant species, 1
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discovered that the effects of an extinction experience with host traces was host plant
species-specific. Overall, these results indicate that a parasitoid’s response to an
extinction experience is adaptive in the context of its specific ecology and its
evolutionary history with host and host plant-related cues.

In a natural environment, it is common that multiple herbivore species feed
simultaneously on the same plant species, plant individual and even on the same leaf.
For a parasitoid, this means that non-host encounters will be common because
individual plants may be shared by hosts and non-hosts. Parasitoids are expected to
ignore non-hosts, but there are various reports on oviposition in non-hosts. In
previous chapters, I frequently observed that C. glomerata attacked and potentially
deposited eggs in the caterpillars of the presumed non-host M. brassicae, even under
field conditions. In Chapter 6, I confirmed that C. glomerata deposited eggs in M.
brassicae, but that the caterpillar had the ability to kill the parasitoid eggs. Although
egg deposition in a non-host may be maladaptive behaviour, it may allow parasitoids
to gain information on their current environment, resulting in changes in subsequent
foraging behaviour. This theory, i.e. my third hypothesis, was tested in Chapter 5. I
showed that C. glomerata did not alter its foraging behaviour after a non-host
oviposition in M. brassicae. In other words, females did not learn to avoid odours
they encountered during the non-host oviposition and they continued to oviposit in
non-host caterpillars. Furthermore, the presence of hosts stimulated C. glomerata to
oviposit in non-hosts. The cost of egg deposition in non-hosts might depend on the
parasitoid’s egg load, the quality of alternative host species in the environment and
a female’s expectation of her current and future reproductive opportunities. Because
C. glomerata has a high egg load, the cost of non-host acceptance may be relatively
low, especially when few future reproductive opportunities are expected.

This thesis contributed to our understanding of parasitoid foraging behaviour and
how it is shaped by associative learning, information-reliability, extinction
experiences and interactions with non-hosts. In Chapter 7, the general discussion, I
present and overview on measuring parasitoid foraging behaviour in the laboratory
and the field, whether my findings support the three hypotheses I developed, the
context-dependency of my results and how parasitoid learning can contribute to
biological control of pest insects. Measuring parasitoid foraging behaviour is
complex and labour-intensive, especially in the field. The development of the high-
throughput individual T-maze and the multi-camera field set-up provided new
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opportunities to observe and measure detailed behaviours of individual parasitoids
in a time-efficient manner. With these set-ups, I addressed my hypotheses
experimentally and conclude that unreliable memory can indeed have a negative
effect on parasitoid foraging behaviour, but that non-host interactions and non-host-
related extinction experiences do not necessarily lead to a change in parasitoid
foraging behaviour. Furthermore, my thesis showed that parasitoid foraging
behaviour can be host plant species-specific and that it is thus very important to
realize that parasitoid foraging behaviour is context-dependent. I discussed this
context-dependency and highlighted the need for the validation of my hypotheses
with other species of parasitoids, hosts, non-hosts and (host) plants. Furthermore, 1
discussed the implementation of parasitoid learning in biological control to enhance
its efficiency. Increased non-host acceptance behaviour after associative learning
suggests that associative learning may actually lead to potential non-target effects.
However, based on my findings, these effects are likely to be specific to the
associated target crop, parasitoid species-specific, context-dependent and only to
occur after spaced conditioning. By gaining more insight on how associative
learning, information reliability, extinction experiences and non-host interactions
shape parasitoid foraging behaviour, our current understanding of parasitoid
foraging behaviour and foraging models can be improved, which in turn can lead to
the development of more effective biological control methods.
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