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types, e.g. odour and visual) and hierarchical (including multiple foraging steps).
Search templates are plastic and updated by experience to match the dynamic
foraging environment over time.
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1 | INTRODUCTION

Plant-associated insects search for food and oviposition sites in
complex environments in which these resources are interspersed
among non-resources (Rusch et al., 2016; Webster & Cardé, 2017).
Pollinators, herbivores, their natural enemies and higher-order car-
nivores do not forage randomly, but are attracted to olfactory, visual
and acoustic stimuli that have a high probability to be associated
with the occurrence of the desired resource. Hence, these insects
have an expectation on the appearance of the resource they search
for. The subset of stimuli a foraging insect is focusing on and that
is likely correlated with the occurrence of a particular resource (i.e.
food or oviposition site), has been referred to as a search template
and includes the innate and learned preferences for certain stimuli
that may be fine-tuned or broadened with additional foraging expe-
rience (Aartsma et al., 2019).

Search-template-based foraging can be found across trophic
levels of plant-associated insects and strong evidence comes from
studies that focus on odour-guided foraging. Plant-associated in-
sects from functional groups across trophic levels use plant volatiles
as an important source of information: Herbivores are attracted by
volatiles emitted by their host plants (Bruce et al., 2005; Bruce &
Pickett, 2011; Visser et al., 1992) and pollinators use flower scent
to detect flowers (Raguso, 2008; Rusch et al., 2016; Schiestl, 2015).
Predators, parasitoids and hyperparasitoids use herbivore-induced
plant volatiles (HIPVs) to detect plants infested with their host
or prey insects (Poelman et al., 2022; Turlings & Erb, 2018; Vet &
Dicke, 1992). Although the use of plant volatiles as an important
source of information is well established across trophic levels, it
is less clear how foragers deal with the high variability of volatile
cues. In this review, we discuss the problem of high cue variability in
olfactory-based foraging. We propose that foragers may use search
templates which are broad enough to cover the variability of cues
to optimize foraging under complex environments but have to face
discrimination problems if cues from resources and non-resources
are highly similar. Such perception errors in turn can be reduced via
multimodal integration, hierarchical cue use and learning. Although
we discuss problems and strategies in the context of volatile-based
foraging, they apply to the use of other cues (e.g. visual) also. We
mostly include examples of volatile-based foraging, but when suit-
able examples are lacking or when discussing multimodal integra-
tion and hierarchical cue use, studies on foraging based on other
cues, such as visual, are also included. We integrate knowledge of
foraging insects from multiple functional groups—from herbivores
and pollinators to predators, parasitoids and hyperparasitoids—to
reveal the ubiquity of variability and perception error problems and
the use of common strategies to solve these problems. Syntheses
across functional groups allows for the identification of knowledge
gaps for specific groups and formulation of clear predictions to
fill those gaps based on knowledge of other specific groups. This
will not only guide future research on search-template-based for-
aging for specific insect groups, but also encourage researchers to
directly compare different functional groups to further refine our

understanding of the evolution of foraging behaviour in complex
multi-species communities.

In this review, we focus on the behavioural ecology of foraging:
we compare the foraging behaviour of multiple functional groups
from an ecological perspective. Such ecological synthesis is essential
for a complete understanding of the evolution of foraging behaviour
under complex ecological conditions. We are very well aware of the
sensory and neurobiological processes underpinning search tem-
plates and we refer to recent reviews on odour perception and neu-
ral processing (Clifford & Riffell, 2013; Haverkamp et al., 2018; Ho &
Riffell, 2016; Kanwal & Parker, 2022; Martinetal.,2011; Renou, 2014;
Zhao & McBride, 2020), odourscapes (Conchou et al., 2019), multi-
sensory integration (Kinoshita et al., 2017; Leonard & Masek, 2014)
and the evolution of olfaction (Hansson & Stensmyr, 2011) that ex-
tensively covered these topics, which will hence not be discussed
here. In addition, by comparing the foraging behaviour of multiple
functional groups we take a broader comparative approach com-
pared with other recent reviews that focus on herbivores (Carrasco
etal., 2015; Silva & Clarke, 2020), pollinators (Rusch et al., 2016) and

specialist herbivore-parasitoid systems (Aartsma et al., 2019).

2 | OLFACTORY SEARCH-TEMPLATE
COMPLEXITY: OCCURRENCE, CAUSES AND
STRATEGIES

2.1 | Complexity as the rule in odour-guided
foraging

Most odour-guided foraging insects use a complex blend of vola-
tiles, and only few foragers use single volatile compounds under
natural conditions. For example, female flies from the genus
Botanophila use a single volatile compound to find their endo-
phytic fungi host (Schiestl et al., 2006). The minute pirate bug
Elatophilus hebraicus uses one compound of a two-compound
pheromone blend to find its scale insect prey (Mendel et al., 1995).
In other cases, one volatile compound is the dominant cue used
in foraging, but other compounds are needed to successfully
complete foraging, for example, by inducing host acceptance or
guide host location. Research on fruit flies (Dekker et al., 2006;
Dweck et al., 2013; Joseph et al., 2009; Linz et al.,, 2013) and
oil-collecting bees (Schiffler et al., 2015) nicely illustrate this. In
general, however, the search template of foragers consists of a
blend of multiple compounds. Herbivores often use between 3
and 10 compounds during foraging (Bruce & Pickett, 2011), and
pollinators between two and nine (Huber et al., 2005; Kobayashi
et al., 2012; Riffell et al., 2009; Schéffler et al., 2015). For carni-
vores, the sparse information available so far suggests that these
insects can use blends of between 3 and 15 compounds (Morawo
& Fadamiro, 2016; Zuk & Kolluru, 1998). Importantly, the function
of compounds is highly context-dependent: Foragers respond dif-
ferently if compounds from a blend are presented individually and
often respond more strongly to blends compared with individual
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compounds (Bruce & Pickett, 2011; Mumm & Dicke, 2010; Zito
et al., 2019). For example, when 10 volatile compounds of faba
bean (Vicia faba) that are individually repellent to black bean
aphids (Aphis fabae) are combined in a blend, the mixture becomes
attractive (Webster, Bruce, et al., 2010). In contrast, many species
of euglossine bees can be attracted by individual volatile com-
pounds of orchids pollinated by euglossine bees, but the complete
blends of plants often only attract one or a few species (Dodson
et al., 1969; Williams & Dodson, 1972). Focussing research activ-
ity on single compounds can grossly under- or overestimate the
actual number of compounds used when presented in a blend
(Morawo et al., 2016; Morawo & Fadamiro, 2016). Taken together,
most plant-associated foragers include volatile blends consisting
of more than two compounds in their search template to find their

resource of interest.

2.2 | Diet breadth and resource rarity modify
search template strategies

Resources provide different cues, and therefore, the cue diversity
that a forager has to deal with is partially dependent on diet breadth
and resource rarity. We assume that insects generally use one search
template for each resource type, such as oviposition site or food,
which incorporate those stimuli that allow recognition of potential
resources and to distinguish them from non-resources. Generalists
may use a limited number of very general stimuli such as green leaf
volatiles or common floral volatiles that are shared not only by many
potential resources but also by some non-resources (narrow search
template) (Knudsen et al., 2006; McCormick, 2016). Alternatively,
generalists may respond to a large number of specific stimuli from
different resources (broad search template) or may be attracted
to a larger range of compound ratios as compared to specialists.
Please note that both the narrow and the broad search template
of generalists would result in the recognition of a large number of
resources. The search template of specialists may contain mostly
stimuli that are specifically linked to their resource potentially in
combination with more general stimuli. Hence, their search template
can be narrow or broad depending on the number of stimuli used.
Herbivores specialized on Brassicaceae and their natural enemies
for example are usually attracted by specific breakdown products
of glucosinolates (Bruce, 2014). Oligolectic (specialized) bees likely
use a combination of general and specific floral scent compounds to
find their host flowers, while polylectic (generalized) bees focus on
a broader range of general compounds (Brandt et al., 2017; Polidori
et al., 2020). The degree of specialization of an insect may thus not
necessarily provide much information about the absolute number
of stimuli incorporated into the search template, neither about the
width of the search template (narrow/broad).

Resource rarity is another key factor likely to shape search-
template-based foraging. This applies especially to high-order natu-
ral enemies such as obligate hyperparasitoids. In fact, their primary
parasitoid hosts are scarcer (and thus likely harder to locate) than
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herbivore hosts of primary parasitoids. Parasitoid host larvae do
not feed on plants and often are even hidden within the herbivore
body (Poelman et al., 2022). Hyperparasitoids have to deal with large
stimuli diversity due to the fact that: (1) the same herbivore spe-
cies may be attacked by several parasitoid host species and (2) the
same parasitoid host may develop on/in different herbivore species
(Cusumano et al., 2019; Poelman et al., 2022). Because of all these
challenges, hyperparasitoids are expected to adopt flexible search
templates that make the best use of all available information to lo-
cate and recognize the host resource, but little is known about their
search template complexity. Taken together, although diet breadth
and resource rarity influence the cue diversity foraging insects are
exposed to, these factors do not necessarily predict the complexity

of the search template.

2.3 | Complex search templates counter
blend overlap

Many plant species overlap in the volatile compounds that consti-
tute the emitted blend and the same compounds can be emitted by
plants that provide suitable and non-suitable resources (Knudsen
et al.,, 2006; Pichersky & Gershenzon, 2002; Schiestl, 2010).
Such blend overlap negatively influences foraging: Flower visit-
ing hawkmoths have reduced foraging efficiency when flowers of
their Datura wrightii hosts are surrounded by creosote bush (Larrea
tridentata), which emit similar volatile compounds as D. wrightii
(Jardine et al., 2010; Riffell et al., 2014). Still, quantitative blend
composition is often unique for plant species (Levin et al., 2001;
Schoonhoven et al., 2005; Wright et al., 2005). Third-trophic level
carnivores use quantitative differences in HIPV blends to distin-
guish between different herbivore species attacking the plant
(Danner et al., 2018; Dicke & Hilker, 2003; Hare, 2011). Therefore,
foragers can incorporate quantitative blend characteristics in
their search templates to solve blend overlap between resources
and non-resources. Indeed, herbivores only respond to volatile
compounds emitted by their host plants if these are presented
in ‘correct’ combinations and ratios (Bruce et al., 2005; Bruce
& Pickett, 2011; Webster, Bruce, et al., 2010; Webster, Gezan,
et al., 2010). Their search template thus contains the composition
of certain attractive volatile blends, while blends that do not match
with the properties of the search template are not perceived as at-
tractive. This strategy allows herbivores to ignore volatile blends
emitted by non-host plants even if the non-host blends contain
the same or similar compounds as the host plant blend. For pollina-
tors and carnivores, it is less well explored how such quantitative
blend characteristics are incorporated into the search template,
but studies on quantitative variation in blend composition suggest
they matter (Leonhardt et al., 2014; Wright et al., 2005, 2008). For
example, herbivore attack in Brassica plants has been shown to
change volatile emission quantitatively but not qualitatively, and
these quantitative changes influence both pollinator and parasi-
toid foraging (Rusman, Poelman, et al., 2019; Schiestl et al., 2014).
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Fourth-trophic level hyperparasitoids discriminate between quan-
titatively different HIPV blends induced by parasitized and non-
parasitized caterpillars (Poelman et al., 2022). These examples
indicate that already small changes in the composition of a volatile
blend can result in changes in the behaviour of pollinators and car-
nivores. Therefore, it seems highly likely that the volatile search
template of all functional groups contains a strong quantitative

component.

2.4 | Search template strategies to detect highly
variable cues

Although quantitative cues can help foragers distinguish resources
with qualitative blend overlap, such cues can be highly variable.
Plant volatile blends, for example, vary considerably between indi-
viduals of the same species (Delle-Vedove et al., 2017; Hare, 2011).
Individual variation can be caused by genotypic differences
(Degen et al., 2004; Gols et al., 2011), plant ontogeny (Desurmont
et al., 2015; Hare, 2010; Schuman et al., 2016) or phenotypic dif-
ferences caused by abiotic or biotic factors (Mumm & Dicke, 2010;
Possell & Loreto, 2013; Rusman, Lucas-Barbosa, et al., 2019). Volatile
emission from plants follows certain diurnal rhythms (Fenske &
Imaizumi, 2016; Schuman et al., 2016). Changes in weather condi-
tions affect information availability in seconds to minutes under field
conditions (Aartsma et al., 2017), while blend composition changes
with increasing distance to the odour source (Cai et al., 2022). Thus,
variation in information availability to any foraging insect under nat-
ural conditions is inevitable.

To incorporate cue variability and to match search templates
with resource-associated cues emitted under various biotic and
abiotic conditions, we expect foragers to use a combination of two
strategies: (1) broad multi-component search templates and (2)
stimulus generalization (Figure 1). We suggest that volatile search
templates consist of several components (Figure 1). The core com-
ponents are compounds which are ubiquitous for most host plants,
and some of them need to be present to make a blend attractive
(Bruce & Pickett, 2011; Reinhard et al., 2010). Redundancy in some
core components of the search template allows for the identifi-
cation of attractive blends even if some compounds are missing
or present at an unusual ratio (Bruce & Pickett, 2011; Reinhard
et al., 2010). Optional components may further increase the at-
tractiveness of a blend and their absence or presence determines
the rank of blends in the preference hierarchy, as evident from
polyphagous insects and parasitoids with polyphagous hosts
(Carrasco et al., 2015; Geervliet et al., 1996; Janz, 2008; Thompson
& Pellmyr, 1991). Optional components may also be used by spe-
cialists to evaluate the quality of the resource, as suggested by data
available for polylectic and oligolectic bees (Brandt et al., 2017;
Milet-Pinheiro et al., 2013).

In order to match their search templates with the variable cues as-

sociated with resources, insects use stimulus generalization. Stimulus

generalization is achieved by evaluating the similarity of the perceived
stimuli and the search template, and requires a gradual decrease in
responses with decreasing similarities between the perceived stim-
uli and the search template (Giurfa & Menzel, 2013). Redundancy in
the core components of a volatile search template, additional optional
components that modulate the attractiveness of a blend and stimulus
generalization allow insects from functional groups across trophic lev-
els to identify resource-associated blends despite the high variability
of volatile cues (Figure 1). However, as discussed in detail below, prob-

lems may arise while employing these strategies.

3 | PERCEPTION ERRORS CAUSE
CONFUSION AND MISSED OPPORTUNITIES

3.1 | Confusion in herbivores: Utilization of
non-resources can have detrimental effects

Search-template-based foraging and stimulus generalization can
cause perception errors (Cunningham, 2012), meaning that resources
are perceived as non-resources or that non-resources are perceived
as resources. When non-resources are perceived as resources,
search templates are too unspecific, which can ‘confuse’ and mis-
guide foraging insects. A search template is too unspecific when the
subset of stimuli included lead to the recognition of a non-resource
as resource. Note that this applies for the recognition of each in-
dividual (non)-resource and is independent of diet breadth and the
absolute number of stimuli. Research on confusion in herbivores fo-
cussed on the attempt of herbivores to utilize non-resources, with
obvious detrimental fitness consequences. This research started
with observations that a surprising amount of herbivore species ovi-
posit on non-host plants/genotypes on which all offspring die (Fox
& Lalonde, 1993; Janz, 2008; Larsson & Ekbom, 1995; Steward &
Boggs, 2020). In agreement with search-template-based foraging,
this behaviour was among others explained with the ‘confusion
hypothesis’ (Fox & Lalonde, 1993). According to this hypothesis,
adjusting the search template to exclude all non-resources will in-
evitably also exclude some resources when non-resource and re-
source cues are relatively similar, that is this leads to a too specific
search template (Cunningham, 2012). When the fitness benefit of
a too unspecific search template is larger than the fitness benefit
of a too specific search template, the more unspecific search tem-
plate will be retained, despite including lethal non-resources. This
has been shown for gall-forming cecidomyiids and is suggested to
be common among other herbivores such as certain lepidopterans
and flies, scale insects and aphids (Larsson & Ekbom, 1995). If non-
resources are common and preferred, this can result in an ‘evolution-
ary trap’ when foragers experience reduced survival or reproduction
(Schlaepfer et al., 2002; Steward, 2019; Steward & Boggs, 2020). A
classic example of an evolutionary trap is the invasive garlic mus-
tard (Alliaria petiolata), which is accepted for oviposition by pierid
butterflies but is a lethal host for their caterpillars (Steward, 2019;
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FIGURE 1 Visualization of the search template containing core components (CC, solid contour lines) and optional components

(OC, rough dashed contour lines). Compounds not included in the search template are indicated by C and fine dashed contour lines. Numbers
correspond to different compounds. Colour corresponds to hypothetical chemical classes. Merged compound tiles correspond to relative
abundances. Incorrect ratios make hosts less or not attractive. The most attractive host A emits CC1 and CC3 in the correct ratio and the
optional compound OC1 makes it more attractive than host B. Host C is less attractive than A and B because it emits CC3 in incorrect

ratios. The blue host D is more attractive than the orange host E due to generalization: C1 is a similar chemical class as CC4, while C2 is

not included in the search template, neither shares a chemical class with any of the compounds included in the search template. lllustration
credits: Yavanna Aartsma, Dani Lucas-Barbosa, Paula Peeters—Pollinator Link, Quint Rusman.

Steward & Boggs, 2020). Thus, too unspecific search templates in-
duce confusion which reduces foraging efficiency and can result in
the attempted utilization of non-resources with detrimental effects
on fitness.

3.2 | Confusion in pollinators and parasitoids:
Reduced foraging efficiency in environments
containing non-resources

In addition to non-resource utilization by confused herbivores, for-
agers should also be considered ‘confused’ when they experience a
reduction in foraging efficiency from the presence of non-hosts with-
out actual attempts to utilize the non-host as resource (Croijmans
et al., 2022; de Rijk et al., 2016; Goulson, 2000; Vosteen et al., 2019).
Confusion resulting from perceiving non-resources as resources can
influence any foraging step and is not limited to host acceptance.
Therefore, we consider foraging insects confused when the forager
experiences reduced searching efficiency and/or tries to utilize a non-
resource because of search-template-based foraging. Indeed, research
on pollinators and parasitoids has shown that the perception of non-
resources as resources can lead to a reduction in foraging efficiency.

In an environment dominated by multiple non-host species with yel-
low flowers, bumblebees foraging on hosts with yellow flowers have
reduced foraging efficiency compared with bumblebees foraging on
hosts with purple flowers (Goulson, 2000). Naive Cotesia glomerata
parasitoids are equally attracted to plants infested by their caterpil-
lar hosts as to plants infested with non-host caterpillars. In the pres-
ence of non-host-infested plants, parasitoids need more time to find
a host-infested plant and occasionally oviposit in non-hosts (Vosteen
et al., 2019, 2020). Perception errors that cause confusion and re-
duced foraging efficiency are expected to be most likely if cues from
resources and non-resources are highly similar. Parasitoids associated
with caterpillar hosts more often chose a non-host-infested plant if
the non-hosts are caterpillars compared to aphids (de Rijk et al., 2016).
This is likely because different feeding guilds induce distinct HIPV
blends, while herbivores from the same feeding guild induce blends
that are more similar to each other (Danner et al., 2018). To distinguish
such highly similar blends induced by host and non-host caterpillars,
parasitoids would need to increase the specificity of their search tem-
plate, with the risk of becoming too specific to deal with cue variability.
The fitness costs/benefits of having a too specific or too unspecific
search template will determine the evolution of the accuracy of search
templates.
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Results show that confusion occurs across functional groups,
despite a research focus on different foraging steps in herbivores as
compared to pollinators and parasitoids. Future work should reduce
this asymmetry by clarifying the incidence of confusion in early for-
aging steps of herbivores and the extent to which it reduces foraging
efficiency, while non-host utilization in pollinators and parasitoids
has received little attention so far (but see de Bruijn et al., 2022;
Vosteen et al., 2019, 2020).

3.3 | Benefits of confusion

Although confusion was found to be detrimental by reducing forag-
ing efficiency and failed attempts to utilize non-hosts, confusion can
also provide benefits when it leads to the successful utilization of
non-hosts (Barron, 2001). Exposure of the crucifer specialist Plutella
xylostella to non-host plant volatiles during oviposition or larval de-
velopment on a host plant can lead to subsequent oviposition on the
non-host plant (Zhang et al., 2007), which can be incorporated into
the diet if suitable for larval development. Bumblebees that were
more prone to make errors during foraging by visiting non-rewarding
flowers, also discover new high-rewarding flowers more quickly
(Evans & Raine, 2014). Such ‘minoring’ behaviour, visiting specific
flowers at low frequency, reduces foraging behaviour in stable en-
vironments but can be beneficial when foraging conditions change
over time (Evans & Raine, 2014; Keasar et al., 2013). Taken together,
confusion-driven utilization of non-hosts can be instrumental to
host range expansions and successful foraging across functional
groups in ever-changing environments.

3.4 | Too specific search templates can lead to
missed opportunities

Perceiving a suitable resource as a non-resource would result from
employing a too specific search template. A search template is
too specific when the subset of stimuli included are not sufficient
to recognize all suitable resources. Note that this applies for the
recognition of each individual resource and is independent of diet
breadth and the absolute number of stimuli. Too specific search
templates are nicely illustrated by restrictions on host plant ranges
driven by adult choice behaviour rather than larvae feeding com-
patibility, and can be found across functional groups, that is in her-
bivores (Janz, 2008; Thompson, 1988), bees (Williams, 2003) and
carnivores (Noriyuki & Osawa, 2012). Too specific search templates
consequently yield missed opportunities, which can have severe
fitness consequences if resources are scarce. For example, special-
ized aphids reject a non-host plant after brief probing, and rather
die than trying to establish phloem feeding (Caillaud & Via, 2000;
Powell et al., 2006; Schwarzkopf et al., 2013). Larvae of specialist
Osmia californica bees develop normally or even better on pollen
from novel non-natural host plants compared to pollen from the
normal host (Williams, 2003). However, adult bees often do not

accept to collect such novel pollen, thereby producing no offspring
in environments with only novel pollen (Williams, 2003). Missed
opportunities are likely to occur if the search template of an in-
sect is too specific so that it does not cover large parts of the cue
variability caused by changing biotic and abiotic conditions. This
is exemplified by the disruptive effect of herbivory on flowering
plants on pollinator foraging (Kessler & Halitschke, 2009; Moreira
etal., 2019; Rusman, Lucas-Barbosa, et al., 2019), and co-occurrence
of host and non-host herbivores on parasitoid foraging (Croijmans
et al., 2022; de Rijk et al., 2013; Hu et al., 2020; McCormick, 2016).
Thus, perceiving suitable resources as non-resources resulting
from a too specific search template is a missed opportunity that
can lead to severe fitness consequences across functional groups
and even extinction under strong environmental change (Singer &
Parmesan, 2018).

Across functional groups, we identified perception errors result-
ing from too specific or unspecific search templates, with potential
severe fitness consequences for the forager. If a too specific or too
unspecific search template result in a severe fitness reduction (e.g. in
the case of an evolutionary trap), this would lead to strong selection
pressures to develop a ‘better’ search template. However, insects that
are not strict specialists that only use one species as a resource need
to make compromises in their search template to incorporate a max-
imum number of potential resources, while excluding non-recourses,
which restricts the ways in which a search template can evolve
(Cunningham, 2012). Additionally, the search template needs to be
broad enough to incorporate cue variability. There is thus no ‘perfect’
search template that allows the entire avoidance of perception errors.
Such imperfect search templates and accompanying perception er-
rors are prone to exploitation by both natural and farming systems.

4 | EXPLOITATION OF PERCEPTION
ERRORS OF FORAGING INSECTS BY
NATURE AND HUMANS

A number of systems evolved to exploit perception errors caused
by search-template-based foraging of insects. The most well-
known are deceptive orchids. About one-third of all 25.000
orchid species is deceptive (Nilsson, 1992). These plants at-
tract pollinators with the promise of food or sex but offer none.
Food-deceptive orchids can exploit search templates of pollina-
tors in two different ways: via Batesian mimicry (model mimics)
or via generalized food deception (non-model mimics) (Jersadkova
et al., 2006; Nilsson, 1992). Model mimic orchids have flower traits
that closely match the search templates of pollinators fine-tuned
to their host plants (Anderson et al., 2005; Johnson, 2000). The
success of foragers to exclude these non-rewarding flowers by
experience mostly depends on the similarity of the model and
mimic as well as relative abundances of mimics and model plants
(Anderson et al., 2005; Jersdkova et al.,, 2012; Schiestl, 2005).
Non-model mimics provide more general signals, often produce

conspicuous floral displays and match flower phenology with the
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emergence of new or hibernating insects (Jersakova et al., 2006;
Nilsson, 1992). Because these orchids exploit the generalization
ability of foraging insects, insects quickly learn to avoid them
(Gumbert & Kunze, 2001; Schiestl, 2005). Interestingly, it seems
that non-model mimic orchids reduce avoidance learning via two
mechanisms: unimodal signals and high signal variability. Indeed,
non-model mimic orchids are often unimodal and only provide
visual signals because: (1) providing both visual and odour signals
enhances the discrimination ability of the forager, (2) scent signals
are learned faster and provide better discrimination of the mimic
(Kunze & Gumbert, 2001). Non-model mimic orchids often display
highly intraspecific variation in floral signals (Gigord et al., 2001,
Juillet & Scopece, 2010; Moya & Ackerman, 1993; Schiestl, 2005).
Such variation might delay or inhibit avoidance learning and mod-
ify pollinator behaviour rather than leading to complete avoidance
(Juillet & Scopece, 2010; Schiestl, 2005). Complete avoidance
of food-deceptive orchids by naive insects could be achieved
by adapting a highly specific innate search template for choos-
ing which plants to visit but at the risk of becoming too specific.
Alternatively, foragers could add an additional foraging step to
check for plant reward status before deciding to visit the flowers
of a chosen plant (see section below on hierarchical cue use).
Perception errors of foraging insects are also exploited by humans
to optimize farming systems. Push and pull systems are a prime ex-
ample (Cook et al., 2007; Pickett et al., 2014). Such systems can use
dead-end trap crops to deal with herbivores: plants highly attractive to
adults but not or poorly suitable for larval development are grown in
the vicinity of the crop that should be protected (Shelton & Badenes-
Perez, 2006; Shelton & Nault, 2004). A successful example is Napier
grass (Pennisetum purpureum). This trap crop is used in push-pull pro-
grammes to protect maize and sorghum crops in sub-Saharan Africa
(Cook et al., 2007). Stemborer pests oviposit heavily in this species de-
spite the strong mortality experienced by the developing larvae. Other
companion plants can be used to attract parasitoid wasps of the stem-
borer pests (Sobhy et al., 2022; Thomas et al., 2023). Due to the con-
stitutive emission of plant volatiles generally included in HIPV blends,
parasitoid wasps are attracted to such companion plants even in the
absence of hosts, but there is always the risk that parasitoids would
learn to avoid such unreliable cues (Poelman et al., 2023). Examples
of other suggested but not widely used dead-end trap crops are yel-
low rocket (Barbarea vulgaris) and early yellow rocket (B. verna) against
the Diamondback moth (Plutella xylostella) (Badenes-Perez et al., 2014;
Shelton & Nault, 2004), and radish (Raphanus sativus) against pollen
beetles (Meligethes spp.) (Veromann et al., 2014). For crops with various
pest insects, the ideal dead-end trap crop would be effective for mul-
tiple species. This can be realized by exploiting overlap in search tem-
plates, as has been shown for diamondback moths and cabbage root
flies (Delia radicum) in the yellow rocket-cabbage system (Siekmann &
Hommes, 2007). The generalization ability of foraging insects is ex-
ploited in several farming systems. For example, providing crop mimic
odours within beehives can improve crop pollination by biasing honey-
bee foraging on the crop (Farina et al., 2023), even when potential bet-
ter resources are available. The exogenous application of few natural
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or synthetic compounds can enhance the attraction of natural enemies
of pest insects (Thomas et al., 2023), even when pest abundance is low
or absent. Future challenges to optimize farming systems by manipu-
lating foraging behaviour include dealing with multiple herbivores and
attracting/repelling pollinators and higher trophic levels (predators,
parasitoids and hyperparasitoids).

4.1 | Human disturbance can cause
perception errors

In addition to the intentional exploitation of perception errors of
foraging insects, large-scale human disturbances like climate change
and air pollution can influence insect foraging behaviour by forcing
perception errors. Note that effects of large-scale human distur-
bances like climate change and air pollution can be more extreme
than perception errors: Detection of both resources and non-
resources can be disrupted altogether (Fuentes et al., 2013; Langford
et al., 2023; Vanderplanck et al., 2021). The most likely perception
error forced by human disturbance is the perception of a resource as
non-resource. Drought, elevated temperatures and concentrations
of CO,, volatile reactive oxygen species (ROS) like ozone (O,) and
NO,, and other volatile pollutants can induce changes in the volatile
blends emitted by resources either by changing the active/passive
emission by the resource or by altering the composition of the blend
in the air (Blande et al., 2014; Farré-Armengol et al., 2016; Jiirgens
& Bischoff, 2017; Kuppler & Kotowska, 2021). When such variation
falls outside the search template or essential compounds disappear
from the blend, resources will be perceived as non-resource. Indeed,
such perception errors have been shown for herbivores (Duque
et al., 2019), natural enemies (Boullis et al., 2015; McCormick, 2016)
and pollinators (Chan et al., 2024; Otieno et al., 2023). Interestingly,
even human-disturbance-induced cue variation can quickly be incor-
porated into the search template by multimodal cue use and learning.
For example, ozone-altered floral scent of Nicotiana alata is unat-
tractive for foraging Manduca sexta moths (Cook et al., 2020). When
moths find flowers with ozone-altered floral scent based on visual
cues, however, they learn to associate the ozone-altered floral scent
with a nectar reward, and the ozone-altered blend becomes attrac-
tive. Learning in bumblebees offsets reduced foraging efficiency of
ozone-altered volatile blends (Saunier et al., 2023). Concerning how-
ever is the fact that some large-scale human disturbances such as el-
evated ozone levels can impair learning (Leonard, Pettit, et al., 2019;
Leonard, Vergoz, et al., 2019) or lead to higher generalization, which
could result in more perception errors when non-resources are per-
ceived as resources (Demares et al., 2022). Hence, understanding
forager perception errors forced by human disturbances will help
predict their ecological consequences.

Although perception errors of foraging insects are prone to
exploitation by various organisms and may increase under rapid
environmental change, foragers themselves evolved ways to avoid
such exploitation and increase in perception errors as a conse-

quence of rapid environmental change. In the following sections,
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we discuss strategies foraging insects may use to mitigate prob-
lems associated with too specific or unspecific search templates
and highlight important knowledge gaps associated with specific

functional groups.

5 | MULTIMODAL AND HIERARCHICAL
CUE-USE HELP TO CONFIRM FORAGING
INFORMATION

5.1 | Multimodal integration is mainly studied in
pollinators

Volatiles provide information about the presence of a potential
resource already from a distance and are usually considered as
long-range cues. Since perception errors cannot be prevented
at this stage of foraging, insects need to confirm the information
contained in the volatile blend. If different modalities of long-
range cues are available, insects may use multimodal integration
to confirm information from long-range cues. Multimodal cue
use has been most extensively studied in pollinators (Junker &
Parachnowitsch, 2015; Kinoshita et al., 2017; Leonard et al., 2012;
Leonard & Masek, 2014). Multimodal integration helps pollinators
to: (1) recognize resources in the case of cue similarities between
hosts and non-hosts; (2) recognize host plants more successfully
or quickly, compared to using unimodal cues; (3) assess differ-
ent aspects of host plant selection at the same time, for exam-
ple host plant/flower identity and quality (e.g. reward provision);
and (4) cope with cue variability (Leonard et al., 2012). Multimodal
integration thereby is important to confirm information from
long-range cues and optimize foraging, as extensively shown for
pollinators (Burger et al., 2010; Gegear & Laverty, 2005; Klahre
et al., 2011; Riffell & Alarcén, 2013). Multimodal integration is not
unique for pollinators, and it can also be found in herbivores and
higher trophic levels. Herbivores such as butterflies (Janz, 2008),
bark beetles (Campbell & Borden, 2006a, 2006b, 2009), cab-
bage root flies (Nottingham, 1988), apple maggot flies (Aluja &
Prokopy, 1993; Prokopy & Owens, 1983) and several parasitoid
species (Jang et al., 2000; Morehead & Feener, 2000) integrate
visual and volatile cues to discriminate between hosts and non-
hosts. For apple maggot flies, it has also been shown that multi-
modal cue use leads to faster recognition of host fruits and help
the forager cope with cue variability: odour cues are important
when visual cues are poor but less so when visual cues are strong
(Aluja & Prokopy, 1993). Thus, the functional hypotheses of the
benefits of multimodal integration outlined above for pollinators
likely apply across functional groups. Still, we need more studies
to clarify the overall use of multimodal integration for predators,
parasitoids and higher-order carnivores such as hyperparasitoids.
Moreover, future studies should specifically test which of the
functional hypotheses of the benefits of multimodal integration

apply to herbivores and higher trophic levels.

5.2 | Evidence for hierarchical cue use comes
mostly from studies on herbivores and carnivores

Most foragers are expected to employ hierarchical cue use in addi-
tion to, or in the absence of, multimodal long-range cues. Foragers
that employ hierarchical cue use follow several hierarchical forag-
ing steps and use different cue modalities (volatile, visual, gustatory
or tactile) or their multimodal combination to confirm their decision
at each foraging step. More than three decades ago, hierarchical
cue use was extensively studied for specialist herbivores such as
cabbage root flies and apple maggot flies (Aluja & Prokopy, 1993;
Nottingham, 1988) and several Lepidopteran species (Janz, 2008).
More recently, this strategy has been suggested to be important
for polyphagous herbivores as well with the ‘sequential cues hy-
pothesis’, which argues that polyphagous herbivores use different
cues sequentially in host location (Silva & Clarke, 2020). Due to the
cryptic behaviour of herbivores and the resultant assumption that
multimodal long-range cues are not available, research on preda-
tory insects and (hyper)parasitoids has mostly focussed on hierar-
chical foraging (Aartsma et al., 2019; Vinson, 1998). For example,
the parasitoid C. glomerata leaves an attractive smelling plant in-
fested by non-host caterpillars already after a brief inspection
when host-related cues such as host-frass are missing (Bukovinszky
et al., 2012). Non-host encounters on the contrary do not induce
patch-leaving behaviour, probably because hosts and non-hosts
often co-occur on the same plant (Bukovinszky et al., 2012; Vosteen
et al., 2020). Hyperparasitoids use differences in the HIPV blends
induced by parasitized and non-parasitized caterpillars (Cusumano
et al., 2019; Poelman et al., 2012). Once landed on a plant, they
confirm their foraging decision by detecting contact chemicals as-
sociated with silk, frass and walking traces left by the parasitized
herbivores (AC personal observation). Although less well investi-
gated, pollinators also employ hierarchical cue use during foraging.
After choosing a plant, bumblebee and honeybees assess flowers
for characteristics like damage (Goulson et al., 2007) and reward
status using odour and/or visual cues of nectar and pollen (Dobson
& Bergstrom, 2000; Lunau, 2000). Interestingly, bees can skip this
step by learning reliable cues: particular odour or colour cues as-
sociated with high reward levels (Knauer & Schiestl, 2015; Wright
& Schiestl, 2009). In this way, two foraging steps (‘selecting a plant’
and ‘assessing reward levels’) are integrated as one, which could in-
crease foraging efficiency (Amaya-Marquez et al., 2008; Gegear &
Laverty, 2005; Griter & Ratnieks, 2011; Spiesman et al., 2017). It is
very likely that just as for herbivores and carnivores, hierarchical cue
use is widespread among pollinators for several reasons: (1) most
flowers share common flower volatile compounds that could be used
as general volatile cues (Knudsen et al., 2006; Silva & Clarke, 2020),
(2) most pollinators use both visual and odour cues, but these cues
are perceived at different distances from the plant/flower (Hempel
de lbarra et al.,, 2014; Riffell et al., 2014), (3) pollinators choose
among plants and subsequently among individual flowers which dif-

fer in cue provision/intensity due to, among others, size differences.
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For example, honeybees can use leaf volatiles to find suitable host the innate preference hierarchy of different resource-related cues
plants and switch to floral volatiles to find suitable flowers (Beker (Geervliet et al., 1998) or omit whole steps and their related cues
et al., 1989). Hence, it is very likely that hierarchical cue use is wide- (Dobson, 1987; Dobson & Bergstréom, 2000; Nicholls & Hempel

spread across functional groups. However, this has not received de Ibarra, 2017). For example, learning of reliable cues by bum-
much attention so far for pollinators and higher-order carnivores blebees leads to temporary specialization on one or few cues that
such as hyperparasitoids. correlate with flower reward levels and merges two foraging steps:

host plant recognition and floral reward assessment (Knauer &
Schiestl, 2015; Wright & Schiestl, 2009). Learning can also change
6 | LEARNING RESULTS IN BROADENING the importance of different cues in the multimodal search image
OR FINE-TUNING OF SEARCH TEMPLATES (Dobson, 1987; Détterl et al., 2011). Positive experience can rein-

force the reliability of certain cues which subsequently move up in

During foraging, insects acquire information about the envi- the cue ranking. Such alteration of reliable cue ranking has conse-
ronment, and we argue that they use this information to adapt qguences for which modality information is favoured over others.
their search template to the current environmental conditions In contrast to fine-tuning, associative learning can also result in
(Figure 2). Positive experience with a resource can result in a broadening of the search template if novel cues are incorporated
general sensitization towards resource-related cues (Reinhard into the search template after a positive experience (Chittka &
et al., 2010; Vosteen et al., 2019; Wright et al., 2008) or in as- Raine, 2006; Wright & Schiestl, 2009). For example, experienced
sociative learning of those cues experienced prior or during individuals of some species of oligolectic solitary bees use more
this resource experience (Haverkamp & Smid, 2020; Jones & volatile compounds to find flowers of the same plant species com-
Agrawal, 2017). Associative learning can lead to fine-tuning of pared with naive individuals (Burger et al., 2012; Milet-Pinheiro
the search template by temporary specialization on the experi- et al., 2013). A potential explanation why experience broadens the
enced cues. For hierarchical search templates, learning can shift search template could be that these learned compounds provide

Learned search template
Step 1 Step 2

Blend |A|B C
Colour

Positive experience with red

Blend |A[B| |D C

Blend
Colour

Fine-tuning of C

search template | .

Broadening of Colour
Innate search template search template Blend D shows similarities with A and/or B
Step 1 Step 2 Alter
Blend [A|B C relative importance _ Blend |A|B C
multimodal cues ™ Colour
Colour
%H

Pre- and early e Positive experience with blend A and blue
adult experience &QOQ
<& Skip Blend |A[B Step 1<: Step 2
Blend | A foraging step Colour Resource
Colours Positive experience after step 1
Nata[-habitat prefere-nce in.du.ction Focus on Blend ) '§ /
Hopkins’ host-selection principle - —> x|
reliable cues Colour Ermisionof D
Positive experience with blend D
Blend D correlates with resource
Non-reward Blend | A C

5

learning Colour

Negative experience with blend B

FIGURE 2 Different mechanisms by which learning can alter the search template of foraging insects. For simplicity, we only depict

two trait modalities and two foraging steps. The modality in bold is preferred over the non-bold modality. The hypothetical innate search
template consists of two foraging steps, after which the resource is successfully located. In Step 1, blend A and/or B are used in combination
with yellow and/or blue colour. In Step 2, blend C is used. Experience can broaden or fine-tune the innate search template. Broadening
happens by adding novel cues while retaining the innate cues or generalize the innate cues so novel cues that resemble the innate cues are
also incorporated into the template. Fine-tuning happens by specializing on particular cues (innate or new), omitting one of the foraging
steps, or a combination of both (reliable cues). Dropping a cue due to a negative experience also result in fine-tuning. In addition, experience
can alter the relative importance of cues or cue modalities during foraging. The innate search template is shaped partly by pre- and early
adult experience. lllustration credits: Yavanna Aartsma, Jitte Groothuis, Dani Lucas-Barbosa, Daan Mertens, Paula Peeters—Pollinator Link,
Quint Rusman.
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additional information for example about the reward level of the
respective flower. Thus, associative learning can result in fine-
tuning or broadening of the search template.

Associative learning through experience has been studied in-
tensively across insects from different trophic levels, showing
that insects have evolved a tailor-made memory to optimally deal
with the specific ecologies of their foraging environments (Jones &
Agrawal, 2017; Smid & Vet, 2016). Learning to select a balanced diet
over an unbalanced one, for example increased the growth rate of
grasshoppers in a predictable environment compared with grasshop-
pers in a non-predictable environment, demonstrating the adaptive
value of learning reliable cues (Dukas & Bernays, 2000). The ability
to learn is found in a large number of insect species (Dukas, 2008;
Smid & Vet, 2016), even though learning is expected to be only adap-
tive in environments with a high between-generations predictability
and a low within-generation predictability (Stephens, 1991, 1993). It
has been suggested that ability to learn is an emergent property of
all nervous systems and that learning would be absent only in cases
when it is clearly maladaptive (Hollis & Guillette, 2015). Selection
against learning may occur when foraging insects experience strong
limitations on egg laying rate or total reproductive output, or high
mortality rates (Dukas & Duan, 2000). It is important to keep in mind
that the benefit of learning can depend on the foraging situation.
For example, if the learned behaviour does not match the current
environmental conditions, learning can result in decreased foraging
efficiency (de Bruijn et al., 2018; de Bruijn, Vosteen, et al., 2021;
Internicola et al., 2009). In a study by de Bruijn et al. (2018), the para-
sitoid wasp C. glomerata was allowed to forage in either a ‘congruent’
environment (i.e. a patch with hosts on the conditioned plant species
and non-hosts on the unconditioned plant species) and a ‘conflicting’
environment (i.e. a patch with non-hosts on the conditioned plant
species and hosts on the non-conditioned plant species). It was found
that wasps foraged less efficiently when released in a conflicting en-
vironment compared with unconditioned individuals and wasps that
were released in a congruent environment (de Bruijn et al., 2018).
Similar adverse effects of learning were found in bumblebees
(Internicola et al., 2009). Therefore, in dynamic environments we
expect learning to be a continuous process during the lifetime of
an organism and search templates proficiently flexible. Honeybees
and bumblebees encounter different resource plants over the grow-
ing season. To increase foraging efficiency, these bees temporarily
specialize on one of these plants. To keep their search templates
matched with the dynamic foraging environment, they often visit
alternative plants (Chittka et al., 1997; Griiter et al., 2011; Griter &
Ratnieks, 2011). Alternative plants are chosen by generalization of the
learned search template (Bhagavan & Smith, 1997; Gumbert, 2000;
Internicola et al., 2009; Lichtenberg et al., 2020), or by using the
innate search template (Gumbert, 2000; Lichtenberg et al., 2020).
Indeed, learning can further alter responses to unconditioned stim-
uli (Lichtenberg et al., 2020; Sobhy et al., 2019; Takemoto, 2016;
Takemoto & Yoshimura, 2020). This may be the result of sensiti-

zation towards general resource-associated cues or of stimulus

generalization (Bhagavan & Smith, 1997; Ghirlanda & Enquist, 2003;
Gumbert, 2000; Internicola et al., 2009). Generalization of learned
olfactory stimuli can occur at compound level, that is compounds
that are structurally similar to the conditioned compound are also
perceived as attractive (Meiners et al., 2002), or at blend level, that
is compounds from a conditioned blend are also attractive when
perceived alone or as part of a different blend (Meiners et al., 2002;
Milet-Pinheiro et al., 2013; Reinhard et al., 2010; Sobhy et al., 2019),
orin ‘incorrect’ ratios (Wright et al., 2008).

The association of stimuli with the absence of rewards (non-
reward learning) (Kandori & Yamaki, 2012; Papini, 2003) may
further help foraging insects in fine-tuning their search tem-
plate. Memory extinction and habituation are important mech-
anisms to update search templates in a changing environment
(Haverkamp & Smid, 2020). Several studies document fading of
positive-conditioned responses after repeated non-rewarding ex-
periences with the previously conditioned stimulus, indicating the
formation of extinction memory that suppresses the expression of
conditioned behaviour (Chittka, 1998; de Bruijn, Vet, et al., 2021;
Eisenhardt, 2014; lizuka & Takasu, 1998; Papaj et al., 1994; Takasu
& Lewis, 2003). Interestingly, memory suppression can be short,
after which the conditioned response recovers (de Bruijn, Vet,
et al., 2021; Papaj et al., 1994). This likely has to do with the op-
timization of learning during hierarchical cue use: short-term sup-
pression of the conditioned response could be adaptive if certain
foraging steps are temporarily less reliable than others and the
current lack of resource does not predict future opportunities (de
Bruijn, Vet, et al., 2021; Papaj et al., 1994). Changes in innate pref-
erences after non-reward learning have been found in pollinators
and a predatory bug (Ardanuy et al., 2016; Jones & Agrawal, 2017
Kandori & Yamaki, 2012), but not in parasitoids (Costa et al., 2010;
Desurmont et al., 2018; Wardle & Borden, 1989). Repeated encoun-
ters with resource-related cues in the absence of the resource can
result in habituation as it was shown for stink bug parasitoids that
spend less time on examining stink bug footprints after repeated
encounters of these footprints in the absence of hosts (Abram
et al., 2017). Similarly, previous experience with attractive non-
resources can decrease the time insects spend on examining the
same type of non-resources in subsequent encounters, as it was
shown for aphids (Mathews, 2018), pollinators (Townsend-Mehler
& Dyer, 2012) and parasitoids, and can result in increased foraging
efficiency in simple environments (Vosteen et al., 2019). This reduc-
tion in time spent on examining non-resources might be the result
of habituation or increased discrimination abilities. Interestingly,
oviposition in non-host caterpillars had the opposite effect and in-
creased the motivation of the parasitoid C. glomerata to forage on
a non-host-infested leaf but did not result in associative learning of
the presented odour (de Bruijn et al., 2022; Vosteen et al., 2019).

Taken together, learning (positive, aversion, non-reward and gen-
eralization) in insects from functional groups across trophic levels
keep the search template constantly adapted to dynamic foraging

environments.
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6.1 Natal habitat preference induction might
contribute to the adult search template

There is evidence that stimuli from the larval environment
may be incorporated into the search template of adult insects.
Considering all functional groups, a broad definition of this phe-
nomenon is called natal habitat preference induction (NHPI)
(Davis & Stamps, 2004). For herbivorous insects, the same prin-
ciple has been termed Hopkins' host-selection principle (HHSP)
(Barron, 2001; Jones & Agrawal, 2017). If polyphagous herbi-
vores developed on high-quality food (host plant or artificial
diet), they may show as adults a strong preference for volatile
cues presented together with this food source. If they developed
on poor quality food, they may either avoid the respective vola-
tile cues as adults or show no change in preference (Anderson &
Anton, 2014; Lhomme et al., 2018; Webster et al., 2013). A num-
ber of studies finding no evidence for the HHSP triggered an ex-
tensive debate on the generality of the hypothesis for herbivores
(Barron, 2001; Janz et al., 2009). Despite this, we may expect
NHPI to occur in insects from other functional groups that are in
direct contact with the plant such as ectoparasitoids, predators
and two groups of pollinators: those with larvae that develop on
the plant such as butterflies, moths and hoverflies, and those that
use plant material in the construction of their brood cells such
as leafcutter bees (Brunet & Syed, 2017; Kantsa et al., 2019) and
stingless bees (Leonhardt, 2017; Leonhardt et al., 2011). Indeed,
Lepidoptera often flower forage on their larval host plants
(Altermatt & Pearse, 2011), and hawkmoths have been shown to
use leaf volatiles during flower foraging (Karpati et al., 2013). On
the contrary, larvae of many (bee) pollinators and endoparasitoids
are not in direct contact with the plant and plant-emitted vola-
tiles. Still preferences of adults for the plant species on which it
developed are found (Dobson, 1987; Dobson et al., 2012; Fors
et al., 2018; Sheehan & Shelton, 1989). For bee pollinators, this is
likely due to volatiles emitted by the food stored in the natal cell
(Linsley, 1978) or the colony (Ramirez et al., 2016). Nectar and pol-
len often emit volatiles which are plant species specific (Dobson &
Bergstrom, 2000). Exposure of larvae, preimaginal stages or adults
upon emergence of these volatiles could lead to olfactory learning
(Dobson et al., 2012). For parasitoids, this preference is only ex-
pressed if adults had contact with their cocoons or mummies while
they emerged. It is assumed that traces of herbivore-induced plant
volatiles which are adsorbed by the cocoons or mummies are
learned during adult emergence in a process referred to as ‘emer-
gence conditioning’ or ‘early adult learning’ (Emden et al., 2008;
Giunti et al., 2016; Storeck et al., 2000; Turlings et al., 1993).
Interestingly, learning of volatile cues can also occur in the last lar-
val instar of the aphid parasitoid Aphidius ervi and persists through
metamorphosis (Gutiérrez-lbanez et al., 2007). Thus, NHPI poten-
tially occurs across functional groups.

We expect NHPI to be more important for generalist insects
than specialists. For generalist insects, NHPI can be a reliable
cue indicating the species/types of locally abundant resources.
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A second factor that may influence if NHPI provides a fitness
benefit to the insect is the similarity between the environments
in which the larvae developed and in which the adults are forag-
ing. Species that hibernate may search for oviposition sites in an
entirely different environment than the one in which the larvae
developed and NHPI would provide no benefit (Janz et al., 2009).
NHPI may be most suited to cope with differences in the seasonal
availability of resources if subsequent generations are more likely
to encounter the same resources compared with generations de-
veloping early and late in the season (Anderson & Anton, 2014). If
the short phenology of their resources forces insects to switch re-
source with every generation, as it is the case for Pieris brassicae, a
preference for the natal habitat would be maladaptive. Females of
this butterfly species indeed avoid ovipositing on their natal plant
species when given a choice, while no effect of rearing history
was found in its parasitoid C. glomerata (Fei et al., 2016). Similarly,
the innate search template of Andrena bicolor, a bivoltine species
which generations forage on different host plants, did not dif-
fer between generations (Milet-Pinheiro et al., 2016). The innate
search template of this species is broad enough to include all host
plants, while generations clearly differ in host plant use. Specialist
foragers are expected to make less use of NHPI because important
host-related cues should be present in the innate search template.
However, it might help them to optimize their search template
with respect to intraspecific variation in host-related volatile emis-
sion, which is common across plant and insect hosts (Delle-Vedove
et al., 2017; Groot et al., 2009; Hare, 2011). Taken together, given
the right conditions, that is predictability of the oviposition envi-
ronment from the (quality of the) larval environment, preimaginal
conditioning contributes to search templates across trophic levels
even before the adults start to forage.

To the best of our knowledge, we are not aware of any studies that
investigated the effects of learning of volatile cues in higher-order
carnivores such as hyperparasitoids. Nonetheless, it is likely that neg-
ative and positive rewarding experiences affect the subsequent for-
aging decisions of these top carnivores in response to volatile cues.
Primary and secondary hyperparasitoids such as Baryscapus galacto-
pus and Lysibia nana have longer lifespan compared with their parasit-
oid host C. glomerata (Harvey & Witjes, 2005; Lee & Heimpel, 2008)
(A. Cusumano, personal observation), so there is a larger time window
for potential learning opportunities to occur. On the contrary, the im-
portance of learning will depend on host encounter rate which may
be low in the field given the foraging constraints typical of fourth-

trophic-level organisms (Cusumano et al., 2020).

7 | CONCLUSIONS

Search-template-based foraging is a widely shared feature among
functional groups across trophic levels of plant-associated insects.
To identify resources among non-resources and to cope with cue
variability, search templates consist of multiple cues and foragers
use stimulus generalization. To avoid and reduce perception errors,
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insects employ multimodal and/or hierarchical search templates.
These complex search templates are plastic, and constantly ex-
panded or simplified by learning to match the ever-changing forag-
ing environment.

The ideal foraging strategy in complex dynamic environments
for plant-associated insects would favour employing combined hi-
erarchical and multimodal plastic search templates for all functional
groups across trophic levels. Unfortunately, information on cue
use and foraging strategies is highly asymmetric among functional
groups. For herbivores and predators, most information on foraging
shows the use of volatiles and hierarchical-foraging strategies, while
it is well established that pollinators use both visual and odour cues
integrated into multimodal strategies. It is very likely however that
predators, parasitoids and higher-order carnivores such as hyper-
parasitoids also employ multimodal strategies (Aartsma et al., 2019).
Unfortunately, little is known about the use of visual cues for these
insects. Similar, most pollinators likely employ hierarchical foraging
(Dobson & Bergstrém, 2000; Lunau, 2000), but knowledge is lim-
ited. For hyperparasitoids, we have very limited information on for-
aging behaviour overall as the ecology of such top carnivores is often
overlooked despite being common components of plant-based food
webs (Poelman et al., 2022). We suggest closing these knowledge
gaps by studying multimodal foraging in herbivores and predators,
hierarchical foraging in pollinators, and both strategies in hyperpar-
asitoids. By consulting the literature of different functional groups
of plant-associated insects, such study can advance rapidly through
borrowing, testing and adjusting already formulated hypotheses and
theories. For example, the functional hypotheses developed to ex-
plain multimodal cue use in pollinators (Leonard et al., 2012; Leonard
& Masek, 2014) very likely apply for herbivores as well (Aartsma
et al., 2019). Comparing search templates across functional groups
will give new insights into the evolution of foraging behaviour across
complex ecological communities. Moreover, it will help to predict
the ecological consequences of human-made habitat alterations
such as habitat destruction, fragmentation and climate change. Can
foraging, and thereby the links between species in complex ecologi-
cal communities, be maintained under strong, large-scale alterations
of the environment? Information on foraging strategies employed
by plant-associated insects can also be applied to optimize cropping
systems. With knowledge of foraging strategies employed by func-
tional groups across trophic levels of plant-associated insects, insect-
delivered ecosystem services such as pollination and biological pest

control can be optimized in cropping systems (Thomas et al., 2023).
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GLOSSARY

Stimuli: Any change in the external or internal environment of an
organism that provokes a physiological or behavioural response in
the organism.

Cue: Stimulus that provides information to a forager but has not
evolved for the benefit of the sender (Schiestl 2017). We also use this
term when an explicit benefit for the sender has not been shown, is
irrelevant, or when discussing foragers that include both mutualists
(pollinators, natural enemies) and antagonists (herbivores); stimuli
used by antagonists usually do not provide a benefit to the sender.
Signal: Stimulus that provides information to a forager that has
evolved for the benefit of the sender or both the sender and receiver
(Schiestl 2017).

Host: The organism from which a forager obtains its nutrition or
shelter. We use forager instead of parasite used in more classic defi-
nitions (Levin et al. 2009) to include plants used by pollinators.
Search template: A subset of stimuli used by foragers that is likely
correlated with the incidence of a particular resource (Aartsma
et al. 2019). The width of the search template is determined by the
number of components included: narrow search templates contain
relatively few components, while broad search templates contain
relatively many components. Search templates can be too unspecific
(non-resources are perceived as resources) or too specific (resources
perceived as non-resources).

Perception error: Forager perceives resources as non-resources, or
non-resources as resources.

Confusion: Forager perceives non-resources as resources as a re-
sult of a too unspecific search template. This can result in 1) the
attempted utilization of a non-resource, 2) a reduction in foraging
efficiency on a resource due to the presence of a non-resource with-
out actual attempts to utilize the non-resource.

Cue modalities: Different types of cues classically grouped into ol-
factory, visual, tactile, auditory, and gustatory cues. More recently,
temperature, humidity, and electric field have been added (Clarke
et al. 2017).

Multimodal cue use/integration: Processes by which information ar-
riving from individual sensory modalities interact and influence pro-
cessing of other sensory modalities, including how these sensory
inputs are combined together to yield a unified perceptual experi-
ence of multisensory events (Talsma et al. 2010).

Hierarchical cue use: Foragers follow several ordered foraging steps
and use cues from the same or different cue modalities or their mul-
timodal combination to confirm their decisions at each foraging step.
Note that the foraging steps are not fixed but vary depending on
forager genetic makeup and experience as well as environmental
conditions (Vinson 1998).
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Qualitative volatile blend characteristics: Characteristics of a vola-
tile blend related to the identity and presence/absence of specific
compounds.

Quantitative volatile blend characteristics: Characteristics of a volatile
blend related to the amounts and relative abundances of compounds.
Oligolectic: Bees regarded as pollen specialists that collect pollen
from plants of a single family, genus or species.

Polylectic: Bees regarded as pollen generalists that collect pollen
from plants of multiple families.

Learning: Adaptive change in individual behaviour as the result of
experience (Thorpe 1956).

Habituation: Decreasing response to a stimulus after repeated
exposure.

Reliable cue: Cue associated with an item of interest such as re-
source quantity and/or quality, that provide reliable information to
the receiver.

Natal habitat preference induction: Experience of the natal habitat
shapes the habitat/resource preferences of individuals (Davis &
Stamps 2004).
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