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resistance respectively. Furthermore, by studying oviposition behaviour, I found that during these small-scale behavioural
decisions, associational effects are mainly governed by gustatory mediated selection and less by olfactory mediated
selection. The oviposition assay eliminated potential misinterpretations of resource quality along the different steps of
search behaviour, hence the results suggested that associational effects rely on distinctive selection behaviour between
resource types rather than on sensory constraints.

In the second part of this thesis I determined whether natal experiences can be used by insects as sensory shortcuts to
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Moreover, I found that the natal origin was a better predictor for the adult host preference, rather than for larval performance.
This suggests that, aside from the actual quality of the host resources, locating any suitable host might be even more limiting
for the female’s fitness.

Keywords: Associational effects, Natal experiences, Olfaction, Oviposition.

Stockholm 2017
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-141762

ISBN 978-91-7649-784-5
ISBN 978-91-7649-785-2

Department of Ecology, Environment and Plant
Sciences

Stockholm University, 106 91 Stockholm



 

 

Searching for food in complex environments 
Integrating processes at multiple spatial scales 

Thomas Alexander Verschut 



 

© Thomas A. Verschut, Stockholm University 2017 
Cover illustration: Thomas A. Verschut 
 
ISBN Print 978-91-7649-784-5 
ISBN PDF  978-91-7649-785-2 
 
Printed in Sweden by US-AB, Stockholm 2017 
Distributor: Department of Ecology, Environment and Plant Sciences 
Stockholm University, Stockholm - Sweden  



 



 



 

Abstract 

Resources are often unevenly distributed through the environment, resulting 
in a challenging task for insects to locate food, mates and oviposition sites. 
Consequently, there is an ongoing need to unravel how insects rely on behav-
ioural and sensory traits while searching for resources in heterogeneous envi-
ronments. In the first part of this thesis, I addressed this issue by studying how 
neighbouring resources can affect the likelihood of insects finding their pre-
ferred host resources. These effects of neighbouring resources are commonly 
referred to as associational effects, and are expected to result from limitations 
in the sensory physiology of insects. Such limitations constrain the insect’s 
ability to correctly evaluate resource quality at the different steps involved in 
insect search behaviour. Furthermore, I determined whether the physiological 
state of an insect, and sensory experiences made during larval stages, can af-
fect host search behaviour in heterogeneous environments. 
 
By comparing the behaviour of Drosophila melanogaster in environments 
with single and multiple resources, I found that the presence of neighbouring 
recourses increased the selection rates for attractive resources, while it de-
creased the selection rates for less attractive resources. These effects are re-
ferred to as associational susceptibility and associational resistance respec-
tively. Furthermore, by studying oviposition behaviour, I found that during 
these small-scale behavioural decisions, associational effects are mainly gov-
erned by gustatory mediated selection and less by olfactory mediated selec-
tion. The oviposition assay eliminated potential misinterpretations of resource 
quality along the different steps of search behaviour, hence the results sug-
gested that associational effects rely on distinctive selection behaviour be-
tween resource types rather than on sensory constraints. 
 
In the second part of this thesis I determined whether natal experiences can be 
used by insects as sensory shortcuts to find host resources, and whether this 
leads to better larval performance on those selected host resources. For this 
purpose, I studied the interactions between the larval parasitoid Asecodes lu-
cens and the oligophagous leaf beetle Galerucella sagittariae. The results 
showed that the relationship between oviposition preference and larval perfor-
mance, of both insect species, depends on an interactive effect between the 
insects’ natal origin and the quality of the different host resources. Moreover, 
I found that the natal origin was a better predictor for the adult host preference, 
rather than for larval performance. This suggests that, aside from the actual 
quality of the host resources, locating any suitable host might be even more 
limiting for the female’s fitness.  



 

Sammanfattning 

En utmaning för insekter i naturliga miljöer är att hitta viktiga resurser, såsom 
föda eller partner, eftersom dessa resurser ofta är ojämnt fördelade i land-
skapet. För att förstå de mekanismer som möjliggör för insekter att möta denna 
utmaning behöver vi förstå de beteenden och sinnesintryck som används för 
att hitta resurser i komplexa miljöer. I första delen av min avhandling har jag 
studerat hur komplexitet i form av alternativa resurser påverkar sannolikheten 
att en insekt finner sin prefererade resurs. Effekter av alternativa resurser i 
grannskapet benämns ofta associativa effekter, och beror på begränsningar i 
insekters sinnesfysiologi. Dylika begränsningar påverkar insekters förmåga 
att utvärdera kvaliteten på resurserna i ett område. Eftersom den förmågan är 
en fundamental aspekt av en insekts sökprocess så beslutade jag mig för att 
studera hur en individs fysiologiska tillstånd och tidigare erfarenheter under 
larvstadiet påverkar sökbeteendet i heterogena miljöer. 
 
Genom att jämföra beteendet hos fruktflugan Drosophila melanogaster mel-
lan miljöer med en eller flera resurser fann jag att förekomsten av alternativa 
lågkvalitativa resurser ökade sannolikheten att välja en högt prefererad resurs, 
medan förekomsten av en högkvalitativ resurs minskade sannolikheten att 
välja en lågt prefererad resurs. Dessa effekter kallas associativ känslighet och 
associativ resistens. Genom att studera äggläggningsbeteendet fann jag att as-
sociativa effekter beror på selektion på smak, snarare än selektion på lukt, i 
samband med småskaliga beslut. I experiment tog vi bort möjligheten för in-
sekterna att misstolka resurskvaliteten och då uppkom inga associativa effek-
ter, vilket visar på att dessa uppkommer som en konsekvens av ett distinkt val 
snarare än som en konsekvens av begränsningar i sinnesfysiologin. 
 
I del två av avhandling studerade jag om insekter använder erfarenheter i ti-
diga levnadsstadier för att underlätta lokalisering av sin värd, och om detta 
leder till en bättre tillväxt och överlevnad hos larverna. Jag studerade samspe-
let mellan larvparasitoiden Asecodes lucens och dess värd, den oligofaga skal-
baggen Galerucella sagittariae. Resultaten visar att förhållandet mellan värd-
val och avkommans tillväxt hos båda arterna beror på ett samspel mellan in-
sektens tidigare värd och kvaliteten hos de olika värdarterna. Jag fann också 
att insektens ursprung, dvs identiteten på dess tidigare värd, förklarade en stor 
del av variationen i den vuxna insektens preferens, för båda arterna, men bara 
en liten del av variationen i avkommans tillväxt och överlevnad. Resultaten 
indikerar att det är viktigare för honans fitness att hitta någon möjlig värd än 
att värden nödvändigtvis är av den bästa kvaliteten för avkomman. 
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Introduction 

One of the main goals of community ecology is to examine processes under-
lying species distribution patterns [1-3]. While processes at local and regional 
scales were traditionally assumed to affect the distribution of species inde-
pendently [4-6], a hand-full of trait-based theories have popularized the idea 
that these patterns are simultaneously influenced by processes occurring at 
different spatial scales [7-10]. While these approaches have helped silencing 
the much criticized lack of general principles in community ecology [11, 12], 
there is still a need for a mechanistic understanding of how behavioural traits 
can generate responses to environmental heterogeneity. During the last dec-
ades, the remarkable diversity of morphological and physiological traits found 
among insect taxa has offered ecologists an intriguing system to study the 
mechanisms underlying community composition [13, 14]. However, the im-
mediate drawback of this high diversity is that it has been difficult to connect 
the observed species distribution patterns to general principles among taxa. A 
way to unravel these patterns, would be by studying how specific traits are 
involved in the responses of insects to environmental heterogeneity [13, 15]. 
Although several studies have been able to link dispersal capacities [15, 16], 
host specialization [17, 18], and sensory modalities [19, 20], to species distri-
bution patterns, these studies have concurrently shown that we are still far 
from a holistic understanding of how insects respond to environmental heter-
ogeneity.  
 
It is well recognized that environmental heterogeneity is a major constraint on 
the ability of many insects species to find food, mates and oviposition sites 
[21, 22]. To find suitable resources, insects usually follow a multi-step pro-
cess, in which they have to locate suitable habitat patches, then needs to dis-
tinguish hosts from non-hosts within the patch, and finally needs to select the 
most suitable resource among the potential hosts [23-25]. The sensory infor-
mation used to locate a suitable habitat patch is often not of high enough res-
olution to distinguish between the different resources within the habitat patch. 
It is expected that insects solve this problem by integrating multiple sources 
of sensory information while evaluating resource quality at each step of the 
search behaviour process. The first steps of search behaviour are often referred 
to as pre-alighting behaviour, during which insects mainly use long-range sen-
sory information, such as olfactory and visual cues. The final steps of insect 
search behaviour are referred to as post-alighting selection behaviour, during 
which the insects use additional short-range sensory information, like mecha-
nosensory or gustatory cues, to evaluate the suitability of the resource [19, 
26].  
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The most commonly used sources of pre-alighting sensory information are 
visual and olfactory cues. The distribution of different light receptors through-
out the compound eyes allows insects to use structures in the environment for 
long distance orientation [27], while also maintaining the ability to observe 
relatively detailed structures at shorter distances [28-30]. Visual cues often 
provide a more stable source of information than olfactory cues, which instead 
consist of small volatile molecules that are easily affected by the conditions 
of the surrounding environment [31-33]. Although most insect species have 
relatively sensitive sensory receptors [14, 27], locating suitable host resources 
can still remain a challenging task. The complexity of insect search behaviour 
is probably best illustrated by a description of how insects use odorants to 
locate potential resources. Odour plumes usually travel downwind in filamen-
tous plumes where biologically meaningful volatiles are intertwined with 
puffs of air containing no odours [34]. The probability that an insect can locate 
the odour source emitting the volatiles is often affected by the meandering 
plume pattern, caused by obstructions in the habitat and the interference of the 
wind direction [34, 35]. The zigzagging upwind flight pattern found in moths, 
is example of how insect have adopted strategic upwind flight patterns to en-
large the probability of keeping track of the odour plume [32-34].  
 
After successfully following the odour plume to the odour source, the insect 
will evaluate the structure of the resource [36, 37], and the presence of specific 
olfactory and gustatory cues before actually selecting it [38-41]. This process 
illustrates the importance of insects being able to separate host from non-host 
related sensory information while searching for resources. However, limita-
tions of the sensory physiology can cause insects to misinterpret the resource 
quality at the different search behaviour steps. Through these misinterpreta-
tions, neighbouring resources might affect the probability that the insect se-
lects the most suitable host resource within a patch [42-45]. This interference 
of neighbouring resources is commonly referred to as associational effects. 
Unfortunately, the intrinsic limitations of testing sensory misinterpretations of 
resource quality, at the different steps of search behaviour, has made it diffi-
cult for ecologists to empirically test the actual mechanisms underlying asso-
ciational effects [46, 47]. However, a mechanism that can potentially help in-
sects to deal with environmental heterogeneity, are experiences made in the 
natal habitat. These experiences can serve as sensory shortcuts to locate suit-
able resources based upon sensory experiences made during the larval stage 
[48, 49]. Ultimately the oviposition site picked by a female insect can provide 
the larval stage with information that primes host choice during their adult life 
stages [48, 49]. In the papers supporting this thesis, we firstly studied how 
associational effects between alternative resources can affect insect search be-
haviour, and secondly, how insects can use physiological and sensory adapta-
tions to deal with the multitude of sensory information experienced while 
searching for resources.  
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Aim of the thesis  

The main purpose of this thesis was to unravel how behavioural and sensory 
traits underlie insect search behaviour in heterogeneous environments, and 
how insects use physiological and sensory adaptations to deal with the envi-
ronmental heterogeneity experienced during search behaviour. In the first part 
of this thesis, we used the common fruit fly Drosophila melanogaster Meigen 
(Diptera: Drosophilidae) to study how interactions between sensory traits and 
environmental heterogeneity can generate associational effect between re-
sources. More specifically, we firstly addressed how resource density and re-
source frequency, which are two major components of environmental hetero-
geneity, can result in predictable patterns of associational effects (Paper I). 
Afterwards, we studied whether mating induced behavioural changes can lead 
to differences in resource selection rates, and thereby modulate the strength of 
associational effects (Paper II). Finally, we used fruit flies with sensory defi-
ciencies to investigate the importance of specific sensory modalities in gener-
ating associational effects during oviposition site selection (Paper III).  
 
In the second part of this thesis we aimed to determine whether sensory expe-
riences made during larval stages can serve as sensory shortcuts to locate host 
resources during the adult stages. We used a naturally occurring species inter-
action, involving the larval parasitoid Asecodes lucens Nees (Hymenoptera: 
Eulophidae), attacking the leaf beetle Galerucella sagittariae Gyllenhaal 
(Coleoptera: Chrysomelidae) to determine the consequences of natal origin on 
resource selection behaviour in heterogeneous environments. Although G. 
sagittariae lays eggs on several distantly related wetland plant species, the 
larvae suffer comparable parasitism rates by A. lucens on all host plant species. 
As unrelated plants are often characterized by distinct chemical profiles, we 
tried to unravel how the beetle and the parasitoid integrate sensory information 
to select between the different host resources. Therefore, we collected insects 
originating from two distinct natal hosts, and determined if natal experiences 
can serve as sensory shortcuts to select resources from their natal habitat. Sub-
sequently, we determined whether this resource preference leads to better lar-
val performance on the selected host resources (Paper IV).  
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Associational effects 

A potential mechanism that can influence species distribution patterns in het-
erogeneous environments are associational effects. These effects occur when 
a neighbouring resource decreases or increases the probability that an insect 
will select a particular resource within a patch [42, 47]. Associational effects 
are best illustrated by imagining a patch consisting of host plant species, grow-
ing alongside other non-host plant species. When, for example, the odours 
emitted by neighbouring non-host plants reduce the attraction rate of the host 
plants, this may lead to an underestimation of host plant density by the insect, 
causing the non-host plants to provide associational resistance to the host 
plant. On the other hand, highly attractive odours of non-host plants might 
lead to an overestimation of host plant density, by which a larger number of 
insects will distribute themselves along the available host plants, leading to 
associational susceptibility [43, 50, 51]. A variety of behavioural mechanisms 
have been hypothesized to generate different patterns of associational effects 
between resources [52-56]. However, the intrinsic limitations of testing these 
different hypotheses under natural conditions, has made it difficult for ecol-
ogists to reach a consensus on when to expect associational resistance or as-
sociational susceptibility [46, 47]. 
 
One of the main hypothesis for associational effects proposes that these effects 
are a consequence of limitations in the sensory physiology of insects, which 
constrain the insects’ ability to evaluate resource quality at different levels of 
host search behaviour [52-54]. As explained earlier, search behaviour can be 
divided into several behavioural steps occurring along different spatial scales, 
making it likely that the resolution of sensory information used to locate a 
resource patch might not be sufficient to distinguish between the quality of the 
individual resources within the patch [47, 53]. This illustrates the importance 
of understanding how an insect uses its sensory system to interpret the avail-
able information along each step of the search behaviour process [42-45]. Dur-
ing the last decade, several studies have helped to popularize the idea that we 
can use resource perception, or resource attraction rates, to determine when to 
expect associational resistance or associational susceptibility [46, 47, 57]. 
 
The work presented in the first part of this thesis aimed to further develop the 
idea that we can use resource perception to predict associational effects, using 
the common fruit fly Drosophila melanogaster Meigen (Diptera: Droso-
philidae) as a model organism. One of the benefits of using fruit flies as a 
model organism is the detailed understanding of the organization of their sen-
sory system [58, 59], which has made it possible to identify which sensory 
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information is involved in behavioural responses [60-63]. For example, vari-
ous studies have demonstrated that mating affects the sensitivity of female 
fruit flies towards specific olfactory cues associated with microorganisms in-
dicating nutrient rich oviposition sites [64-66]. Therefore, the detailed under-
standing of the sensory biology of fruit flies makes them a particularly useful 
model organism to study how sensory mechanisms can be responsible for gen-
erating associational effects. More specifically, the aims for this part of the 
thesis were to determine how resource density and resource frequency within 
a patch can generate associational effects (Paper I), how mating induced 
changes in resource selection behaviour can modulate associational effects 
(Paper II), and how specific sensory modalities generate associational effects 
during oviposition (Paper III). 

Resource density and resource frequency 
The experiments presented in Paper I were designed to determine how re-
source density and resource frequency, as components of environmental het-
erogeneity, can generate associational effects between two resources. We built 
a wind tunnel assay in which we firstly determined the ability of fruit flies to 
discriminate between odour sources emitting different vinegar concentrations. 
Subsequently, we determined the effects of resource density and frequency on 
search behaviour in complex environments by combining two odour sources 
into various patch arrangements. Finally, we interpreted the search behaviour 
patterns found in our experiments to determine the role of resource density 
and frequency in generating associational effects. The starting point for this 
study was the hypothesis that qualitative differences in long-range resource 
perception could lead to associational susceptibility for one resource type and 
associational resistance for the other resource type in heterogeneous patches 
[46]. To validate this hypothesis, we exposed individual fruit flies in a wind 
tunnel to four concentrations of balsamic vinegar, and found the strongest 
qualitative differences in attraction rates between 1% vinegar (high attraction 
rate) and 0.1% vinegar (low attraction rate). 
 
Afterwards we combine these two vinegar concentrations in patches consist-
ing of four odour point sources releasing either of the two vinegar concentra-
tions. We tested two homogeneous resource patches which only contained 
odour sources of 0.1% or 1% vinegar, and three heterogeneous resource 
patches consisting of different frequencies of the two vinegar concentrations. 
Moreover, we used the cumulative concentration of the four vinegar odour 
sources within the patch as a substitute for resource density. We exposed the 
fruit flies in a wind tunnel to odour plumes of these different patch arrange-
ments and they would first have to navigate upwind through the mixed odour 
plume, before they would be able to select a specific odour source in closer 
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proximity of the release points. By using the cumulative concentration of all 
vinegar odour sources within the patch as a substitute for resource density, we 
found that the attraction to the patches was constrained by an optimum vinegar 
concentration after which the attraction rate decreased again (Figure 1). Gen-
erally, it is expected that higher densities of odour sources cause higher attrac-
tion rates, as the strength of an odour plume is intrinsically linked to the num-
ber of odour sources within a patch [67]. However, acetic acid, which is one 
of the key odour compounds in vinegar, has been shown to be of importance 
in long-range attraction, but has also been found to be involved in short-range 
aversion [60, 63]. This makes it likely that the plateau observed in the attrac-
tion rates to resource density was caused by an ambivalent response to acetic 
acid.  

 
Figure 1. The landing rates of Drosophila melanogaster on the patches with the different 
vinegar concentrations ± 95% confidence intervals. The vinegar concentrations are given 
on a log scale and represent total resource density in the patch. Figure taken from [68]. 

 
When we analysed the relative selection rates per individual odour release 
points we translated the selection rates for the odour sources into associational 
effects. This analysis showed that the attraction rate of 0.1% vinegar decreased 
with the decreasing frequency of 0.1% vinegar in the patch (Figure 2). This 
result represents associational resistance for 0.1% vinegar, as the attraction 
rate of 0.1% vinegar release points was lowered when both vinegar concen-
trations were mixed in heterogeneous patches. On the other hand, the attrac-
tion rate of 1% vinegar increased with the decreasing frequency of 1% vinegar 
in the patch. This represents associational susceptibility as the attraction rate 
of 1% vinegar is higher in the heterogeneous patches. In other words, our re-
sults illustrate that 1% vinegar became more susceptible, and 0.1% less  
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susceptible, to be selected by the fruit flies in mixed patches than in patches 
releasing only one of the vinegar concentrations. The outcome of this study 
suggests that the combination of associational susceptibility and associational 
resistance actually occurred because the fruit flies used the more attractive 
vinegar concentration during long-range attraction towards the patch, and for 
short-range resource selection within the patch. Consequently, when an insect 
maintains a preference for the more attractive resource within the patch this 
can lead to a predictable outcome in which the more attractive resource re-
ceives a higher number of insects, and experiences associational susceptibil-
ity, and the less attractive resource thereby experiences associational re-
sistance. 

 
 
Figure 2. The attraction rates of 0.1% vinegar (dashed line - light brown points) and 1% vin-
egar (solid line - dark brown points). On the x-axis, the frequency of 1% vinegar odour sources 
in the patch is given. The regression lines are given with their 95% confidence interval and 
the values of selecting (1.00) or not selecting (0.00) an odour source are jittered vertically and 
horizontally to visualize the binomial data. Figure replotted in inverted direction opposed to 
the original figure in [68]. 

Mating induced behavioural changes 
It is well established that mating affects the sensitivity of female fruit flies 
towards specific sensory cues associated with oviposition sites [64-66]. There-
fore, in paper II we aimed to determine whether the behavioural patterns found 
in the previous study could be modulated by the physiological state of the 
insect. In the following experiments we exposed unmated and mated female 
fruit flies to apple and banana odour sources in the same wind tunnel assay as 
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described in the previous study. We used fruit odours, rather than the vinegar 
concentrations used in the previous study, to provide the fruit flies with odours 
that could derive from actual oviposition sites. As in the previous study, we 
first tested the qualitative differences of apple and banana in single odour 
source experiments, and found that banana is more attractive than apple to 
both unmated and mated fruit flies.  
 
However, when we exposed the fruit flies to apple and banana odours in mixed 
resource patches, we found strong differences in the behaviour of unmated 
versus mated fruit flies. More specifically, the unmated fruit flies maintained 
a preference for banana, which resulted in higher attraction rates for banana 
with the decreasing frequency of banana in the patch. On the other hand, the 
attraction rate of apple odour sources decreased when both resources were 
offered at the same time. These results represent associational susceptibility 
for banana and associational resistance for apple respectively. In contrast to 
the behaviour of the unmated fruit flies, we found that the mated fruit flies did 
not maintain a preference for either resource. Consequently, the resource se-
lection rates were not affected by either the identity of the odour source or by 
the frequency of the two odour sources in the patch. However, as the mated 
fruit flies did show long-range attraction to the different patches, we believe 
that the contrast between these two resources might not have been apparent 
for the mated fruit flies during short-range resource selection. Moreover, the 
lack of resource preference by the mated fruit flies actually eliminated the in-
teractions between the two resources and caused no associational effects be-
tween apple and banana. 

 
 
Figure 3. The attraction rates of (a) unmated and (b) mated female fruit flies to apple odour sources (solid 
lines - red points) and banana odour sources (dashed lines - yellow points). The x-axis represents the 
frequency of apple and banana odour sources in the patches. The predicted linear regression lines are 
given with their 95% confidence interval. The values of selecting (1.00) or not selecting (0.00) and odour 
source are jittered vertically and horizontally for visualization. Figure adapted from [69]. 
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As mentioned before, the starting point of our experiments was the hypothesis 
that qualitative differences in long-range resource perception could lead to as-
sociational susceptibility for one resource type and associational resistance for 
the other resource type in heterogeneous patches [46]. By working with the 
unmated and mated fruit flies we had the opportunity to compare how associ-
ational effects are generated based on the degree to which the insects distin-
guish between resources. While it is likely that the mated females used the 
fruit odours as long-range attractants, they did not detect the necessary short-
range differences between apple and banana to select for either of the re-
sources, which resulted in a loss of associational effects. Consequently, both 
paper I and paper II exemplified the importance of insects maintaining a re-
source preference, during both long-range and short-range resource selection, 
for the occurrence of associational effects.  

Sensory modalities used during oviposition  
As our previous study suggested that losing the ability to detect short-range 
differences between apple and banana eliminated the occurrence of associa-
tional effects, we wanted to determine which other sources of short-range sen-
sory information could instead generate associational effects. Therefore, in 
paper III we developed an oviposition assay, representing the same environ-
mental heterogeneity as tested in the wind tunnel assays, and compared the 
oviposition behaviour of wild type flies, with that of fruit flies with olfactory 
and gustatory deficiencies. We specifically selected olfactory and gustatory 
deficiencies as these sensory modalities have previously been shown to be of 
importance for fruit flies during post-alighting resource selection [38-41]. 
 
Insect olfactory receptors (ORs) function as a heteromeric complex formed by 
ligand-binding odorant receptors and a chaperon co-receptor (Orco) that com-
pletes the signal transduction cascade [70, 71]. Moreover, the olfactory recep-
tors are complemented by a second family of odorant receptors, the ionotropic 
glutamate-like receptors (IRs), of which several are dependent on either of the 
two broadly expressed co-receptors IR8a and IR25a [72, 73]. In our experi-
ments, we included Orco2, IR8a1 and IR25a2 mutant strains to determine the 
importance of olfaction in generating associational effects during post-alight-
ing resource selection. Due to the ubiquitous expression of Orco in all sensory 
neurons housing olfactory receptors [71], Orco2 mutants can be assumed to 
have stronger sensory deficiencies than the IR8a1 and IR25a2 mutant flies, 
which respectively only lack dedicated ionotropic co-receptors for the detec-
tion of certain carboxylic acids and amines respectively [72, 73].  
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Most of the insect gustatory receptors are housed in sensilla on the labellum, 
anterior wing margins, leg tarsi and the ovipositor of the female [74, 75]. To 
determine the degree to which gustatory cues are involved in generating asso-
ciational effects we studied the behaviour of four different Pox-neuro (Poxn) 
mutant strains, differing in the functional reduction of their sensory capacities. 
The Poxn mutation turns all poly-innervated gustatory bristles into mono-in-
nervated mechanosensory bristles, eliminating the function of all direct-con-
tact gustatory sensilla in these mutant strains [76-79]. 

 
Figure 4. The top of the figure represents the oviposition assay used to compare the oviposition be-
haviour of wild type flies (w1118) with that of fruit flies with olfactory deficiencies (Orco2) and gustatory 
deficiencies (PoxnΔM22-B5). The illustration gives an example of a patch consisting of two apple (red) 
and two banana (yellow) oviposition discs. These graphs show the eggs distribution and the linear 
regression lines with their 95% confidence intervals for apple and banana oviposition substrates. The 
points representing egg distribution are jittered vertically and horizontally for visualization purposes.  

 
In our oviposition experiment we found that wild type fruit flies strongly pre-
fer to oviposit on apple rather than on banana substrates, and that the overall 
oviposition rate is positively affected by the increasing frequency of banana 
in the patch (Figure 4). When translating these results into associational effects 
we can say that the increasing oviposition rate on apple with the decreasing 
frequency of this resource in the patch signifies associational susceptibility. 
On the other hand, the decreasing oviposition rate on banana with the decreas-
ing frequency of banana in the patch signifies associational resistance. Out of 
the three olfactory mutants, we only found that the oviposition behaviour of 
the Orco2 flies differed from the wild type flies. This difference mainly oc-
curred because the oviposition rate of the Orco2 flies on apple increased less 
with the decreasing frequency of this resource than the oviposition rate on 
banana, suggesting that the strength of associational effects between apple and 
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banana was weaker in the experiments with Orco2 flies compared to the wild 
type flies. We found the strongest change in associational effects in the exper-
iments with the Poxn mutants, which lack the ability to interpret gustatory cues 
by direct contact with the substrate. The oviposition behaviour of these flies 
only showed small differences between the apple and banana substrates and 
only a weak effect of resource frequency (Figure 4). Therefore, these results 
suggest that neither of the resources experienced any associational effects in 
the experiments with the Poxn mutant flies. In conclusion, these results show 
that the occurrence of associational effects mainly relied on the use of non-
volatile chemical cues, and less on the use of volatile cues, during oviposition 
resource selection. 

Conclusion 
One of the main hypothesis on the occurrence of associational effects is that 
these effects typically occur due to limitations in the sensory physiology of 
insects, which constrain their ability to evaluate resource quality at different 
levels of host search behaviour [52-54]. As the fruit flies gave us the possibil-
ity to observe these hierarchical decisions within relatively small experimental 
setups, they served as a perfect model organism to test how resource hetero-
geneity leads to associational effects. Our experiments presented, to our 
knowledge, some of the first evidence showing that sensory constraints in 
evaluating resource quality is not necessarily a mechanism generating associ-
ational effects. Instead, our results show that these effects can also be gener-
ated through preferences for specific resources. The work presented in the first 
two studies suggests that similar effects may arise whenever the insect distinc-
tively selects between different resources during long-range and short-range 
pre-alighting search behaviour. This effect is perhaps best illustrated by the 
results we found for mated fruit flies, which used the fruit odours for long-
range attraction, but did not discriminate between the two odour sources dur-
ing short-range resource selection. As a result, these fruit flies did not generate 
any associational effects between the two odour sources. Furthermore, during 
post-alighting resource selection, which we tested in the oviposition experi-
ments, we found that sensory deficiencies result in different behavioural pat-
terns compared to those found for the wild type fruit flies. The sensory defi-
ciencies either modulated the strength of associational effects between the two 
resources, or when the insect could not distinguish between the two resources, 
entirely eliminated the occurrence of associational effects.  
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Host preference and larval performance 

The oviposition preference and larval performance relationship is an evolu-
tionary mechanism that has been suggested to restrict the host use of generalist 
insects. The hypothesis for this relationship states that females maximize their 
fitness by preferably selecting host species with the highest quality for prog-
eny development [80-82]. Although numerous empirical studies have sup-
ported this relationship [83-85], a comparable number of studies have failed 
to provide compelling evidence [85-87]. Consequently, the extent to which 
host use is constrained by this relationship remains open for debate. Recent 
studies have led to the idea that the lack of such a relationship cannot be ex-
plained by absence of an interaction between female preference and host plant 
suitability [85], but is most likely the result of additional physiological and 
environmental factors [88-90]. However, one of the physiological factors that 
could possibly strengthen the interaction between host preference and host 
suitability are natal experiences, through which sensory experiences made 
during the larval stage serve as sensory shortcuts to locate suitable resources 
during adult stages [48]. Ultimately this effect means that the oviposition site 
picked by an insect will provide the larval stage with sensory experiences that 
prime the host plant choice during their adult life stages [91, 92]. 
 
On the other hand, a factor that could simultaneously weaken the oviposition 
preference and larval performance relationship is the pressure of natural ene-
mies. For example, it is likely that enhanced larval development also increases 
the likelihood that natural enemies, like larval parasitoids, will attack these 
high-quality prey larvae [93, 94]. Larval parasitoids are a diverse group of 
natural enemies of which the progeny develops within larvae of other arthro-
pod species and unconditionally causes the death of the host [95, 96]. Consid-
ering that larval parasitoids are obligated to develop within the body of a sin-
gle host, they strongly benefit from large and fast growing hosts [96-98]. A 
consequence of this close interaction is that there is often a correlation be-
tween the sensory information used by both species during host search behav-
iour [99, 100]. Therefore, the transfer of sensory information along the differ-
ent trophic levels might serve as an additional factor influencing the relation-
ship between oviposition preference and larval performance [24]. The exper-
iments presented in this part of the thesis were designed to determine whether 
sensory experiences made by the herbivore and larval parasitoid, during the 
larval stages, can affect host search behaviour during the adult stages.  
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We used a tritrophic system consisting of the larval parasitoid Asecodes lucens 
Nees (Hymenoptera: Eulophidae), attacking the leaf beetle Galerucella sagit-
tariae Gyllenhaal (Coleoptera: Chrysomelidae), which is commonly found on 
two unrelated host plants; Potentilla palustris (L.) Scop. (Rosaceae) and Ly-
simachia thyrsiflora (L.) (Primulaceae). It has been observed that the beetle 
larvae suffer comparable parasitism rates on both host plant species. As unre-
lated plants often have quite distinct chemical profiles, we tried to unravel 
how the beetle and the parasitoid integrate sensory information to select be-
tween the different host resources. Both of the host plant species are com-
monly found along marshy riversides and in wetlands in central Sweden, and 
the adult beetles overwinter in the soil litter layer of these habitats. Around 
mid-May the host plant growing season starts, and the overwintering adults 
will lay egg batches on the underside of the leaves until the beginning of July. 
The larvae hatch approximately after two weeks and feed upon the leaves until 
they pupate about three weeks later. In this period both larvae and adults can 
be found to feed upon the same host plants, but by the end of July all adults 
are of the new generation [101, 102]. During the early developmental stages, 
the larvae run the risk of being attacked by the parasitoid, which lays several 
eggs in the body of the larvae, and later transforms the infected larvae in hard-
ened black mummies. The parasitoids normally overwinter as pupae within 
the mummified host larvae [103, 104], but for unknown reasons a considerable 
number of adult parasitoids already hatch at the end of the season in which the 
brood was laid [101, 105]. 
 

 
Figure 5. Conceptual diagram illustrating the tri-
trophic system. We collected Galerucella sagittar-
iae and Asecodes lucens from Potentilla palustris 
and Lysimachia thyrsiflora dominated locations. 
We used these insects to study different behavioural 
components, like the olfactory preferences and an-
tennal responses of the beetle to odours of both host 
plants (grey odour plumes). Afterwards, we studied 
the oviposition preference for either of the host 
plants by the beetles, and measured the perfor-
mance of the larvae on both host plants. Finally, we 
studied the olfactory preferences of the parasitoids 
and measured the performance of the parasitoid lar-
vae on host larvae from both host plants. Figure 
adapted from [101]. 
 

Potentilla palustris Lysimachia thyrsiflora
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Natal origin in tritrophic interactions 
We first collected both insect species at natural populations dominated by ei-
ther Lysimachia or Potentilla host plants, and determined whether sensory ex-
periences made during the larval stages affected their preference for a specific 
host species. In these experiments we released adult insects individually into 
small olfactometers where they could exclusively select their preferred host 
based upon the odours directly deriving from the host plants, or from beetle 
larvae on the host plants respectively. In the next experiment, we aimed to 
explain the observed behavioural responses by identifying the volatile organic 
compounds emitted by the host plants, and performed chromatographic-elec-
troantennographic detection to identify which of the released volatiles caused 
antennal responses in the beetles. Finally, we determined whether the natal 
origin of both insect species affected the performance of their larvae on either 
of the two alternative hosts. To answer this question, we performed cage ex-
periments in which the beetles could oviposit on their preferred host plant spe-
cies. Once the oviposition cycle was finished, we collected egg batches and 
monitored the development of the larvae. For the parasitoids we collected late 
instar beetle larvae from various field locations and maintained them until pu-
pation. We used the parasitoids that emerged from the mummified larvae to 
quantify larval performance by determining the sex ratios and by measuring 
the length of the hind tibia of each individual. 
 
Our experiments showed that the relationship between oviposition preference 
and larval performance, of both insect species, is influenced by an interaction 
between natal origin and the quality of the different host resources. However, 
the proposed interactions resulted in differences among the natal origins and 
insect species. Only the natal Lysimachia beetles maintained an olfactory and 
oviposition preference for their natal host plant, while also having higher lar-
val performance on the natal host plant. The natal Potentilla females, on the 
other hand, showed no preference for their natal host plant and also had low-
ered larval performance on the natal host plant (Figure 6). However, while the 
larval growth rates of both natal Lysimachia and natal Potentilla beetles were 
higher on their natal host plant, the final pupal weights were always higher on 
L. thyrsiflora than on P. palustris, indicating a developmental advantage for 
larvae on this host plant (Figure 7). 
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Figure 6. Behavioural responses by (a) natal Potentilla and natal Lysimachia  
beetles and by (b) natal Potentilla and natal Lysimachia parasitoids to odour profiles 
deriving from the two alternative hosts. Figure adapted from [101]. 

 
For the parasitoids, we found strong effects of natal origin on the preference 
towards odours deriving from their natal host larvae (Figure 6). Despite the 
fact that we did not find any evidence that the length of the mummified larvae, 
or the brood size of the parasitoids, differed between both natal origins, we 
did find a slight fitness advantage for those parasitoids hatching from natal 
Lysimachia larvae. Firstly, the sex ratio from broods originating from Lysim-
achia larvae was strongly biased towards females compared to broods origi-
nating from Potentilla larvae. Secondly, the hind tibia length of the parasitoids 
originating from Lysimachia larvae were longer, and indicated larger body 
sizes of the adult parasitoids (Figure 7). Various studies have shown that par-
asitoids often allocate more female than male offspring to larger hosts as fe-
male offspring is more valuable in terms of reproductive output [106, 107]. 
Moreover, as larger body size often correlates with the survival for larval par-
asitoids [96-98], the results of two reproductive fitness measures suggest an 
advantage for female parasitoids to lay their eggs in natal Lysimachia larvae 
rather than in natal Potentilla larvae. 

 
Figure 7. Larval performance illustrated by (a) the pupal weight of natal Potentilla beetles and 
natal Lysimachia beetles on both host plants and (b) hind tibia length for female and male Asecodes 
lucens hatching from Galerucella larvae from Potentilla palustris and Lysimachia thyrsiflora. 
Figure adapted from [101]. 
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Conclusion 
We only found a positive relationship between oviposition preference and lar-
val performance for natal Lysimachia beetles and not for the natal Potentilla 
beetles or for the parasitoids. Moreover, the natal origin was often a better 
predictor for adult host preference than for larval performance, which suggests 
that locating any host might be more limiting for the females than the actual 
quality of the selected host resource. The outcome of our experiments exem-
plified the complexity of these relationships in natural systems, and suggests 
the importance of additional factors influencing the interaction between re-
source quality and larval performance. This is especially shown by the para-
sitoids for which the natal origin strongly affected their observed behavioural 
responses, but did not strengthen the relationship with larval performance.  
 
Our results can be placed in a broader evolutionary perspective by comparing 
them with other tritrophic systems. As an example, various leaf beetle species 
have been found to use host plants with high levels of defence chemicals, 
when these plants also provide lower parasitism pressure [108-110]. Although 
our study was not specifically designed to tests this possibility, our results give 
us the opportunity to contemplate about the effects of natal origin on host 
search behaviour of our species in heterogeneous environments. For example, 
the strongly biased host selection behaviour of the parasitoids for host larvae 
of their natal origin would make it beneficial for the beetles to actually use 
multiple host plant species. If we assume that natal Lysimachia parasitoids 
maintained a strongly biased host selection over multiple generations, this 
high parasitism pressure may have caused the beetles to start using lower qual-
ity alternatives instead [108-111]. This hypothesis could explain why the dif-
ference in larval performance was not strong enough to prevent natal Poten-
tilla beetles from using lower quality host plants, and why they also responded 
to odours from L. thyrsiflora.  
 
Overall, our results show that by incorporating information on host preference 
and larval performance while studying tritrophic systems, we can improve our 
understanding of the observed host search behaviour. Moreover, the results 
show that interactions between the different trophic levels can serve as possi-
ble explanations why insects adapt to lower quality resources. Studying such 
interactions can improve our understanding of the evolutionary consequences 
of species interactions [81], and help understand potential host race formation 
or sympatric speciation [112-114]. 
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Concluding remarks  

The work presented in this thesis aimed to unravel the importance of behav-
ioural and sensory traits in insect search behaviour. Before concluding this 
thesis, I would like to thank Peter Hambäck and Peter Anderson for their guid-
ance and supervision in developing the scientific backbone of this thesis. I 
believe that we have managed to incorporate ideas originating from different 
scientific areas into appealing experimental studies. I would also like thank 
everybody who has contributed as co-author, or with ideas and support in  
developing this thesis.  
 
The experiments presented in this thesis relied on the groundwork laid by 
chemical and molecular research to identify how insects integrate complex 
sensory information while searching for resources [115, 116]. Our studies 
showed that resource preference can lead to predictable patterns of associa-
tional effects between resources. Consequently, resource preference can have 
strong effects on the distribution of insects among different resources in het-
erogeneous environments. Moreover, our results also showed that the relation-
ship between oviposition preference and larval performance depends on inter-
actions between sensory experiences and the quality of potential host re-
sources. Overall, the work presented in this thesis can be seen as an advocacy 
for future studies to recognize the importance of behavioural and sensory traits 
in the responses of insects to environmental heterogeneity.  
 
Recent developments in trait-based ecology have shown how plant traits can 
be used as predictors of community assembly [117, 118], and have increased 
the interest of other research areas in using trait-based approaches [119, 120]. 
With the advances made in chemical and molecular research, behavioural 
ecologists now have the opportunity to identify basic behavioural and sensory 
traits, and should use this opportunity to reach a consensus on how these traits 
may underlie community assembly processes. For example, if we can deter-
mine whether associational effects result from an interaction between the con-
sumer organisms and their focal resources, or from multiple interactions with 
different resources within a patch, we can fully disentangle the mechanisms 
underlying these effects. This exemplifies the need of combining behavioural 
experiments, with chemical analysis to determine which sensory information, 
or which changes in the use of sensory information, can serve as predictable 
signals of resource use in heterogeneous environments. Eventually, such 
knowledge can be used to achieve a better understanding of the evolutionary 
ecology of insect-host interactions, and help the development of biological 
control strategies exploiting insect host search behaviour.  
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