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1. INTRODUCTION

The evolution of terrestrial plants and herbivorous (phytophagous) insects are closely
associated. Terrestrial insects have been feeding on green plants for about 400 million
years (Labandeira 2007). During this period, insects have been the richest and the most
important group of herbivores (Schoonhoven et al. 2005). Nearly 50 % of all existing
insect species feed on living plants, and herbivory is common among multiple large
insect taxa, for instance among bugs (Heteroptera), butterflies and moths (Lepidoptera),
and flies (Diptera) (Schoonhoven et al. 2005). All terrestrial vascular plant species
have some herbivores feeding on them (Schoonhoven et al. 2005). Therefore, it is
obvious that the relationship between plants and insect herbivores is an essential part
of the organisation of biotic communities and has fundamental importance in whole
ecosystems.

Not only insect herbivores, but also the interactions between plants and herbivores are
highly diverse. Some herbivore species have evolved to be dietary generalists and others
specialists, and the object and degree of specialization may vary among populations
or individuals within a population (e.g. Fox & Morrow 1981, Funk & Bernays 2001,
Ueno et al. 2003, Singer 2008). In general, insect taxa that are specialized in their food
utilization are often more diverse than taxa including more generalist feeders, as the rate
of'evolution is higher among specialists (Whitlock 1996). Of course, the high diversity of
herbivores has not evolved independently, but is associated with simultaneous changes
in plant populations and species. In fact, a growing number of studies have demonstrated
that coevolution, i.e., the reciprocal evolutionary responses between interacting species,
is a major force that modifies the diversity of insects and plants (Thompson 1994, 2005).
Especially, when the coevolutionary processes between insects and their food plants are
spatially divergent, they have the potential to contribute significantly to the diversity of
insect herbivores (Thompson 1994).

Species interactions and their evolution are strongly influenced by the recent human
induced environmental changes including loss and fragmentation of habitats, and as a
consequence, biological diversity is rapidly declining in many ecosystems. The scale
of the impact of this accelerating process ranges from populations to communities, as
fragmentation may affect genetic variation at the population level, generate population
differentiation at the species level, or reduce the species diversity at the community level
(e.g. Saunders et al. 1991, Young et al. 1996, Fahrig 2003). Generally, the impacts of
habitat fragmentation on a single species have been widely studied, and for example,
migration rate, breeding system, and interactions with other species all influence the
potential of the species to overcome the negative effects of habitat fragmentation (e.g.
Dempster 1991). Moreover, the general loss of biodiversity in ecosystems due to habitat
fragmentation is undeniable (e.g. Saunders et al. 1991, Collinge 2000), but the effects of
fragmentation on specified species interactions that contribute to this large-scale process
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are less well understood. Therefore, understanding the influences of fragmentation
on plant-herbivore interactions may have extensive implications for conservation of
biological diversity.

In this thesis, the interaction between plants and herbivores will be mainly viewed
from the herbivore perspective. I focus on the heritable variation within herbivore
populations, differentiation among herbivore populations, food-plant specialization,
and adaptation of herbivores to novel food plants and local plant populations. Gradual
differentiation of populations and spatially divergent trajectories of adaptation and
food-plant specialization are regarded as key processes behind the enormous diversity
of herbivorous insects present today (Thompson 1994). Thus, studying these essential
aspects of the interaction between plants and herbivores may help us to better understand
the present interactions, estimate how they have evolved, and predict how they will be
modified in the future.

1.1. Genetic and phenotypic differentiation of populations

Usually species have spatially structured populations both at the genotypic and
phenotypic level. The genetic differentiation of populations may be expressed as
divergence in phenotypic traits and realised as differences in morphology, phenology,
or physiology (Mayr 1947, Linhart & Grant 1996). Several abiotic and biotic factors
influence the population genetics of herbivores, and population genetic structure may
reveal the history of populations and species. In the first place, genetic differentiation
among populations may be shaped by founder effects (Dlugosch & Parker 2008).
In general, mutations, spatially varying selection pressures, random genetic drift,
population bottlenecks, and inbreeding may all lead to genetic differentiation among
populations (e.g. Lande 1976, Frankham 2005). For instance, the adaptive divergence
of herbivore populations caused by spatially varying selection pressures may be
revealed by spatially varying fitness and life-history traits, and preference for certain
food-plant species (e.g. Sotka et al. 2003, Desurmont et al. 2012). Because differential
natural selection, random drift, and accumulation of mutations have had more time
to shape the genetic structure of populations that have persisted over longer times,
these populations are expected to be genetically more differentiated than young
populations (Lande 1976, Hartl & Clark 2007). Moreover, small populations may
be more differentiated than large ones, because they are more vulnerable to random
drift, population bottlenecks, and inbreeding (Frankham 2005). Even when mating
is random, mating between close relatives is more common in small populations
compared to larger populations (Frankham 2005).

On the other hand, gene flow reduces genetic differentiation among populations, and
thus, isolated populations may be more differentiated than populations with several
migrants from other populations importing novel genetic variation (Peterson & Denno
1998). As increased gene flow is thought to lead to decreased genetic and phenotypic
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differentiation among populations, strong gene flow has traditionally been thought to
reduce the possibility of adaptation of populations to local conditions (Gandon et al.
1996). Isolation by geographic distance is observed among many herbivore species
(Peterson & Denno 1998, Rich et al. 2008, Gayathri Samarasekera ef al. 2012). However,
isolation may also increase due to the presence of physically and biologically unsuitable
habitats for the species to survive or reproduce in (Lowe et al. 2004, Storfer et al. 2010).
The genetic differentiation and divergence in plant secondary chemistry among food-
plant populations can potentially cause differential natural selection among herbivore
populations that may lead to the genetic differentiation of populations (Gols et al. 2008,
Magalhaes et al. 2011). Furthermore, the genetic differentiation of herbivore populations
and their differentiation in food-plant utilization are related to each other, and may finally
lead to speciation (e.g. Waring et al. 1990, Stireman et al. 2005).

1.2. Heritable variation within populations

Studying the level of genetic variation within populations may help us both to reveal
the history and predict the future of populations and species. A sufficient level of
genetic variation is required for the viability of populations and species (Lowe et al.
2004). A multitude of factors affect the level of genetic variation within populations.
Initially, the size and origin of the founder population determines the level of genetic
variation (Dlugosch & Parker 2008). In general, small and isolated populations are
vulnerable to loss of within-population genetic variation. When the population size
decreases for instance because of unfavourable abiotic conditions, i.e., there is a
population bottleneck, genetic variation may be lost first due to chance and further
due to increased inbreeding and random genetic drift (Frankham 1996, Lowe et al.
2004, Frankham 2005). When the level of heterozygosity is reduced, the deleterious
recessive alleles normally present in a genome may be expressed potentially reducing
the fitness of individuals (Frankham 2005). Inbreeding and random drift affect the
whole genome, but in contrast, natural selection reduces genetic variation in fitness
related traits, and thus, the neutral loci are not affected in the absence of genetic linkage
(Willi et al. 2006). However, introduction of new genetic material via mutations and
gene flow may counteract these forces reducing genetic variation and ensure further
adaptive potential of small populations (Hartl & Clark 2007). If the mildly deleterious
mutations are not purged due to ineffective selection in small populations, they may be
fixed due to genetic drift and reduce reproductive fitness possibly leading to extinction
of the population (Frankham 2005).

The low level of genetic variation in the use of resources may prevent the evolution of
ecological specialization (Futuyma & Peterson 1985). For example, the lack of genetic
variation may prevent the adaptation of herbivores to novel or changed environments and
restrict their ability to feed on certain plant individuals, populations, or species (Futuyma
& Peterson 1985, Lande & Shannon 1996). Thus, variation in herbivore performance
on different food-plant species can be considered to indicate the ability of the herbivore
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population to adapt further in food-plant use (e.g. Futuyma et al. 1995, Keese 1998,
Mopper et al. 2000).

1.3. Evolution of species interactions

Spatial genetic differentiation is a starting point both for the differentiation of populations
at the phenotypic level and the spatially structured evolution of species interactions.
The adaptive divergence caused by varying selection pressures occurring in different
populations is a key in understanding how evolution eventually leads to speciation if the
gene flow is reduced (Mayr 1947, Futuyma & Peterson 1985, Thompson 1994, 2005).
For example, the degree of adaptation to local environmental conditions, and the level
of specialization on the available resources may vary among populations (Thompson
1994, 2005).

A major part of evolution is coevolution (Ehrlich & Raven 1964, Janzen 1980, Thompson
1994, 2005). Among-population variation in species interactions is a prerequisite
for variation in the coevolutionary process at larger spatial scales. According to the
Geographic mosaic theory of coevolution (Thompson 1994, 2005), selection is reciprocal
exclusively in coevolutionary hot spots, i.e., in those sites where the both interacting
species impose selection on each other. Interacting species may not occur in every
population, or the interaction between the species may not lead to evolutionary change
in both counterparts. These sites are called coevolutionary cold spots.

It is often difficult to study coevolution in an evolutionary relevant time scale
and show in practise that both counterparts in a species interaction are evolving
as a result of reciprocal selection (Janzen 1980, Gomulkiewicz et al. 2007, Laine
2009). Commonly, the inadequate time scale of studies is compensated by studying
coevolution at large spatial scales, i.e., by gathering snapshot data on traits that
are closely linked with the fitness of the interacting species, and that may thus
be important for the interaction (Gomulkiewicz et al. 2007, Laine 2009). Indeed,
coevolution may occur at many levels, but it may be a challenge to link reciprocal
evolutionary change at the population level to coevolution at a larger scale, i.e., the
evolutionary change of species across the whole distribution range (Thompson 1994,
2005). Despite the difficulties that scientists studying reciprocal change in species
interactions have to face, the body of evidence on coevolution is continuously
growing (Gomulkiewicz et al. 2007).

1.4. Plant-herbivore interactions

Plant-herbivore interactions usually show significant variation in space and time,
and thus, green plants and herbivores have regularly been used as model systems
in studying evolutionary change in species interactions (e.g. Ehrlich & Raven
1964, Berenbaum & Zangerl 1998, Pauw et al. 2009, Wise & Rausher 2013). Insect
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herbivores in particular have been used in several evolutionary studies due to their
high diversity, and the ease of rearing them due to their short generation time and
small body size. In spite of spatiotemporally variable population sizes of herbivores
due to biotic (e.g. spatially varying availability and quality of food, abundance of
predators and parasitoids) and abiotic factors (e.g. weather conditions), insects
feeding on plants have severe impacts on plant fitness in general (Schoonhoven ef al.
2005). Herbivores may reduce plant survival, growth, and fecundity (Crawley 1989,
Strauss 1991). Therefore, plants defend themselves against herbivores by a range of
adaptations that may reduce the damage. The resistance mechanisms vary greatly
among different plant species, and many plant secondary metabolites, structural
defences, and phenological adaptations may be used to repel herbivores or reduce the
digestibility of plant (Price et al. 1980, Bennett & Wallsgrove 1994, Nuiiez-Farfan
et al. 2007). On the other hand, after herbivore damage has occurred plants often
reduce the negative effects by tolerance mechanisms, i.e. improving their survival
and reproduction (Nufiez-Farfan ef al. 2007, Fornoni 2011). Regardless of the
versatile defence mechanisms used against herbivores, plants are usually consumed
by multiple herbivore species each having different fitness effects on their shared
food plant (Strauss 1991, Wise & Rausher 2013). Of course, not only do herbivores
affect plants, but also vice versa. For example, variation in plant nutritional quality
or secondary chemistry commonly affects herbivore populations through its effect
on herbivore survival, reproductive output, and risk of predation (e.g. Price et al.
1980, Larsson ef al. 2000, Lill et al. 2002).

1.4.1. Effect of variation in plant-herbivore interactions on herbivore population
genetics

In addition to the size and age of populations and the degree of isolation, many
biological characteristics of habitats also influence the population genetics of
herbivores. In general, plant-species composition together with secondary chemistry
and nutritive quality of food plants exert selection on herbivores and may affect their
population genetics (e.g. Agrawal et al. 2006). It is important to take the diet breadth of
herbivores into account, when evaluating the effects of plants on herbivores. In general,
generalist and specialist herbivores may differ in their levels and spatial distribution
of genetic variation (Nevo 1978, Peterson & Denno 1998, Kelley et al. 2000), and
the effect of plant-species composition and plant quality on population genetics may
also differ between generalist and specialist herbivores. Naturally, the occurrence
and nutritive quality of a single food-plant species control the fitness of a specialist
herbivore feeding on that food plant (e.g. Awmack & Leather 2002, Leimu & Syrjénen
2002, Colling & Matthies 2004). Correspondingly, the population size, population
genetic structure, and secondary chemistry of this food-plant species have potential to
influence the levels and spatial distribution of genetic variation of specialist herbivores
(e.g. McCauley 1991). Moreover, high plant-species diversity may negatively affect
herbivores using a single food-plant species due to the lower abundance of this food-
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plant species in the environment or due to more abundant and more efficient predators
(Tahvanainen & Root 1972, Bach 1980). In contrast, a generalist herbivore with an
extensive diet may not be strongly affected by the occurrence and nutritive quality
of single food-plant species. It seems logical to expect that within-population genetic
variation and population differentiation of an oligophagous herbivore feeding on few
food-plant species might be affected both by the occurrence, abundance, and quality
of its primary food-plant species, as well as by the diversity of alternative food-plant
species in the plant community. For instance, large variety of alternative food-plant
species may prevent population bottlenecks caused by shortage of food, and thus,
help to sustain a stable population size and further facilitate the maintenance of high
levels of within-population genetic variation of oligophagous herbivores. In spite of
the supposed significance of plant-species diversity on the population genetic structure
of herbivores, studies verifying this are still needed.

1.4.2. Food-plant specialization

Less than 10 % of herbivore species utilize plants from more than three plant families,
and the majority of herbivores specialize on few plant species belonging to a single
plant family (Schoonhoven et al. 2005). In general, food-plant specialization is a
spatiotemporally varying, dynamic process that may ultimately lead to speciation
(Thompson 1994). A change in the availability of a previous food-plant species in an
environment may lead to a shift in food-plant use. The degree of specialization may
vary among herbivore populations, and even individuals within the same population
may differ in their performance on different food plants and in food-plant preference
(e.g. Fox & Morrow 1981, Ueno et al. 2003, Schoonhoven et al. 2005, Singer 2008).
Furthermore, introduction of a novel food-plant species may lead to strong selection
for herbivore adaptation to this plant species. Adaptation to a novel food plays a key
role, for example, in the establishment of introduced species to new environments.
Adaptation of herbivores to novel food plants has been observed in a wide range of
insect herbivores, and in some cases the evolutionary response of a herbivore to a
novel food plant has been very rapid (Carroll e al. 1997, Agrawal 2000). For instance,
soapberry bugs (Jadera haematoloma) adapted morphologically to the goldenrain tree
(Koelreuteria elegans) in just few decades (Carroll et al. 1997). Rapid evolutionary
change has been documented also in herbivore preference for food plants (Wasserman
& Futuyma 1981) and in performance on different food plants (Gould 1979, Fry 1989).
Despite the importance of specialization and adaptation in ecology and evolution,
the rate of evolutionary change and the processes driving variation in food-plant
specialization are still largely unknown.

Multiple ecological and genetic factors affect food-plant specialization of herbivorous
insects (Fox & Morrow 1981, Bernays & Graham 1988, Futuyma et al. 1995, Forister
et al. 2007). According to the traditional view, being a specialist is beneficial in stable
conditions, where plant resources are abundant over space and time enabling herbivore



Introduction 13

adaptation to plant nutritional quality and secondary chemistry. Naturally, spatiotemporal
variation in food abundance may prevent specialization of a herbivore to a single food-
plant species and favour generalist herbivores (e.g. Futuyma 1976, Fox & Morrow 1981,
Fox & Caldwell 1994). Moreover, among-species variation in plant chemical compounds
may determine the preference, performance, and specialization of the herbivores to
different food-plant species (e.g. Rank 1992, Becerra 1997, Rasmann & Agrawal 2011).
In addition to the direct effects of plant chemicals on food-plant specialization, they
often have an effect via a third trophic level, as herbivores may use chemicals as defence
against their predators and parasitoids (Price et al. 1980). Insects might even prefer
nutritionally suboptimal food plants that provide them ‘enemy-free-space’ (Singer et al.
2004).

In addition to factors related to biotic interactions, genetic factors may also influence
the evolution of specialization in herbivores. Firstly, adaptation and specialization of
a herbivore to current and novel food-plant species may be constrained by insufficient
level of genetic variation for selection to act on (e.g. Futuyma et al. 1995, Forister et al.
2007). Secondly, trade-offs, i.e., negative genetic correlations in performance of the
herbivores between different food-plant species favour the evolution of specialization
(Fry 2003, Scheirs et al. 2005). A trade-off exists if a genotype performing well on
one food-plant species has relatively poor performance on other. Trade-offs may result
from antagonistic pleiotropy or linkage equilibrium of genes (Agosta & Klemens
2009). Most studies have found no evidence for trade-offs in herbivore performance
between different food plants (e.g. Fry 2003, Scheirs et al. 2005, Agosta & Klemens
2009). Asexual reproduction may promote the possibility of trade-offs in food-plant
use, as the majority of studies that have found evidence for them used asexually
reproducing herbivores, such as mites and aphids, as study organisms (e.g. Gould
1979, Fry 1990, Via 1991, Mackenzie 1996, Via & Hawthorne 2002). In addition,
only a very limited variety of specialized herbivores have been used in studies testing
the existence of trade-offs, and the results are contradictory (Via 1991, Thompson
1996, Keese 1998, Via & Hawthorne 2002, Forister et al. 2007, Garcia-Robledo &
Horvitz 2011).

1.4.3. Local adaptation

The abiotic and biotic environment experienced by organisms varies in space and
time (Thompson 2005), and natural selection produces adaptations to these different
environments, i.e., spatial variation in fitness-related traits. This often results in
local adaptation of populations (Kawecki & Ebert 2004, Hoeksema & Forde 2008).
Indeed, there is evidence of herbivore local adaptation both to regional climates
and local food-plant populations (e.g. Ayres & Scriber 1994, Mopper et al. 1995,
Abdala-Roberts & Marquis 2007). Herbivores are locally adapted to their food-plant
populations if their mean fitness is relatively higher on plants from their sympatric
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(i.e. home) population compared to those from allopatric (i.e. away) populations
(Kawecki & Ebert 2004).

Generation times and migration rates of interacting species are likely to influence
their local adaptation (Gandon ef al. 1996, Gandon & Michalakis 2002, Greischar &
Koskella 2007, Hoeksema & Forde 2008). In an interaction with a long-lived plant and
its herbivore, adaptation of the herbivore to sympatric food-plant populations is likely,
as the herbivore has a much shorter generation time and thus an adaptive advantage
compared to the plant (Hanks & Denno 1994, Hoeksema & Forde 2008, Garrido et
al. 2011). Furthermore, a herbivore is predicted to be locally adapted to its local food-
plant populations when it has strong negative effects on plant fitness (Gandon et al.
1996, Lively 1999). Herbivore local adaptation is also predicted if the migration rate
of the herbivore is higher than that of the food plant (Gandon et al. 1996, Greischar &
Koskella 2007, Hoeksema & Forde 2008, Garrido ef al. 2011). This is because gene flow
provides genetic variation for selection to act on. However, high levels of gene flow may
also homogenize populations and thus prevent local adaptation (Gandon et al. 1996).
In general, local adaptation is predicted to be more probable with growing divergence
among the populations (Becker et al. 2006, Hereford & Winn 2008, Hereford 2009).
Consequently, the difference in the degree of local adaptation among populations should
correlate positively with the geographic distance, genetic differentiation, and phenotypic
divergence among the populations (Hereford 2009). However, local adaptation may
occur even between connected populations or within continuous populations if the forces
of selection are strong enough to counteract gene flow among patches or populations
(Kawecki & Ebert 2004, Tack & Roslin 2010). Moreover, the occurrence and degree of
local adaptation in antagonistic interactions is predicted to vary both in time and space
due to the dynamic nature of the evolutionary process (Thompson 2005, 2009). At a
given point in time, populations of herbivores might show different degrees of local
adaptation, or even lack of local adaptation depending on the strength of the selection
imposed by the interacting food-plant species (Thompson et al. 2002, Ruhnke et al.
2006, Hoeksema & Forde 2008, Garrido et al. 2011). Lack of local adaptation may
result from no difference in fitness between sympatric and allopatric food plants, or
maladaptation, i.e., lower fitness in sympatry compared with allopatry (Ruhnke et al.
2006, Garrido et al. 2011). Maladaptation might either reflect the dynamic nature of
evolution of species interactions (Lively 1999, Thompson 2005, 2009, Laine 2009), or
indicate that there might be gene flow from populations adapted to different conditions
(Thompson et al. 2002). In accordance with these predictions, some studies demonstrate
local adaptation of herbivores in at least some of the populations (e.g. Hanks & Denno
1994, Mopper et al. 1995, Van Zandt & Mopper 1998, Ortegébn-Campos et al. 2009,
Garrido et al. 2011) while other studies provide no evidence on local adaptation (e.g.
Strauss 1997, Spitzer 2006).

Variation in local adaptation is predicted to be driven by differences in the traits that
are central for the interaction (Hoeksema & Forde 2008). In many plant species, there
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is considerable geographic variation in resistance against herbivores, and populations
of many herbivore species are known to be differentiated in their food-plant use (e.g.
Roininen et al. 1993, Sork et al. 1993, Carroll et al. 1997, Sotka et al. 2003). Plant
resistance exerts a strong selection pressure on insect herbivores, as plant chemicals
commonly affect the behaviour, growth, or mortality of the herbivores (Schoonhoven
et al. 2005). It has been demonstrated that between-species variation in plant defence
chemicals may affect adaptation of herbivores to different food-plant species (Del
Campo et al. 2003), and that plant resistance and herbivore adaptation to local plant
populations are associated (Garrido et al. 2011). However, the studies combining
variation in plant secondary chemistry and local adaptation of herbivores are needed
to understand the effects of specific secondary chemicals on the process of herbivore
local adaptation.

1.5. Aims of the study

The aim of this thesis was to address several fundamental questions on the evolution
of plant-herbivore interactions focusing on two herbivores that share a food-plant
species. Specifically, I aimed to study heritable variation within and differentiation
among herbivore populations, adaptation of herbivores to local food-plant populations
and to novel food-plant species, and the roles of selection, inbreeding, and random
processes in herbivore food-plant specialization (Table 1). These specific processes
determine the ecological and evolutionary outcomes of plant-herbivore interactions,
not separately but in combination with each other: for instance, heritable variation is a
prerequisite for herbivore’s ability to adapt to local food-plant populations and to novel
food-plant species, and the genetically differentiated herbivore populations are more
likely to show divergence in food-plant utilization compared to the populations with no
genetic differentiation. As the study system I used the folivore Abrostola asclepiadis
(Lepidoptera), seed predator Lygaeus equestris (Heteroptera), and their shared food
plant Vincetoxicum hirundinaria (Apocynaceae). I also used alternative or novel food-
plant species to examine food-plant adaptation and specialization of L. equestris. The
results of my thesis provide novel insights into the importance of the scale and level
of spatial variation for the evolution of plant-herbivore interactions. Furthermore, my
results add to our understanding of the mechanism and relevant timescale of adaptation
and specialization occurring in specialized plant-herbivore interactions in a spatial
framework.
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Table 1. Research questions, study species, and methods used in this study.

Research questions: Chapter

Heritable variation

in neutral markers I

in fitness-related traits 11, IIT
Population differentiation

in neutral markers I

in fitness-related traits IIL, IV
Food-plant specialization II-v
Adaptation to novel food plant i
Random processes v
Inbreeding v
Local adaptation v
Study species:
Herbivores

Heteropteran seed predator Lygaeus equestris -1V

Folivorous moth Abrostola asclepiadis A%
Food-plant species

Centaurea phrygia 1T

Crepis tectorum II

Helianthus annuus 111, IV

Tanacetum vulgare II

Verbascum thapsus I, I

Vincetoxicum hirundinaria I-v
Methods:
Data from the natural populations I
Laboratory experiments

Crossing experiments v

Multi-generation selection experiment I, IV

Split-brood feeding experiment IL, 01, V
Genetic analysis (AFLP) I
Analysis of plant secondary chemicals (HPLC) v

Statistical analysis -V
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2. MATERIALS AND METHODS

2.1. Study species

Vincetoxicum hirundinaria Med. (= Cynanchum vincetoxicum (L.) Pers.) (Apocynaceae,
former: Asclepiadaceae) (Figure 1) is a long-lived, perennial herb that prefers calcareous
substrates and grows typically on sunny exposed cliffs and slopes. Vincetoxicum
hirundinaria has a wide continental Eurasian distribution. The north-western limit of
the distribution is in Scandinavia, where V. hirundinaria inhabits the islands and coastal
areas of the Baltic Sea. In Scandinavia, V. hirundinaria flowers from the middle of June
until the beginning of August, and the flowers are pollinated mainly by large flies, moths,
and bees (Timonin & Savitsky 1997, L. Laukkanen & A. Muola pers. obs.). The pods,
containing approximately 20 wind-dispersed seeds, normally ripen at the end of August
and in September (Hamet-Ahti ez al. 1998, Leimu 2004).

Vincetoxicum hirundinaria

Lygaeus equestris Abrostola asclepiadis
Photographs: L. equestris / Kalle Rainio, V. hirundinaria /| Anne Muola, A. asclepiadis / Liisa Laukkanen

Figure 1. Study species. The perennial plant Vincetoxicum hirundinaria and herbivores feeding
on it. Both adults and larvae of the true bug Lygaeus equestris feed mainly on seeds of V.
hirundinaria. Larvae of the moth Abrostola asclepiadis is feeding on the leaves of V. hirundinaria.

Vincetoxicum hirundinaria is highly poisonous and contains several types of secondary
compounds, such as antofine and phenolic compounds (Staerk et al. 2000, Muola et
al. 2010b), which might explain the low number of herbivores feeding on it. Indeed,
mammals and many generalist insects avoid V. hirundinaria. Despite its toxicity, in my
study area three specialized herbivores, Lygaeus equestris L. (Heteroptera: Lygaeidae),
Abrostola asclepiadis Schiff. (Lepidoptera: Noctuidae), and Fuphranta connexa (Fabr.)
(Diptera) feed on V. hirundinaria.
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The aposematic seed predator L. equestris (Figure 1) is specialized to feed on the green
ovulae, developing seeds, and mature seeds of V. hirundinaria, but it can occasionally
also suck other parts, such as stems and leaves, of V. hirundinaria, and other plant species
(Solbreck & Kugelberg 1972, Kugelberg 1973ab, 1974). Especially in spring, when the seeds
of V. hirundinaria from previous year may be difficult to find, and during and after the severe
summer droughts, alternative food plants might be essential for the survival of L. equestris
(Solbreck & Kugelberg 1972). However, feeding on alternative food plants is known to
affect several life-history traits negatively such as mortality, adult biomass, and the number
of eggs laid (Kugelberg 1973ab), and thus, it may have both ecological and evolutionary
consequences. Moreover, in Finland and Sweden L. equestris is found just in V. hirundinaria
populations, and therefore, I consider L. equestris as an oligophagous herbivore. Lygaeus
equestris s relatively common in my study area (Leimu & Syrjanen 2002, Rintala & Rinne
2010), although its population sizes vary considerably among years and populations (Solbreck
& Sillén-Tullberg 1990ab). The usually univoltine L. equestris overwinters as an adult. The
female L. equestris lay eggs on the ground-layer vegetation in June and July. Adults of the
new generation generally appear from late-July onwards (Solbreck & Kugelberg 1972).

The folivorous noctuid moth A. asclepiadis (Figure 1) is a strict specialist of V. hirundinaria.
The female A. asclepiadis oviposit on the leaves of V. hirundinaria in June and July, and
the five larval instars are completed in approximately five to six weeks (Forare 1995).
Abrostola asclepiadis can be locally common, but its population sizes vary both spatially
and between years (Forare 1995, L. Laukkanen pers. obs.). Thus, damage levels caused by
feeding 4. asclepiadis larvae vary among years and among populations from no damage to
almost complete defoliation of the plants (Leimu & Lehtild 2006). Abrostola asclepiadis
can disperse up to 50 km under optimal conditions (Forare 1995).

In this study, I concentrated on the interactions of L. equestris and A. asclepiadis with
their food plant. However, there is also third herbivore, the tephritid fly E. connexa that is
specialized to V. hirundinaria. The female flies oviposit in the developing pods, and the
larvae live within the pods and consume the ripening seeds (Solbreck 2000). The larvae
are significant pre-dispersal seed predators of V. hirundinaria in my study populations.
In fact, in some years and some populations seed predation by E. connexa may destroy
almost all the seeds, and thus this herbivore may also have significant effects on other
herbivores, especially on L. equestris (Solbreck 2000, Leimu & Syrjénen 2002, Leimu
& Lehtild 2006, Solbreck & Ives 2007).

In the food-plant specialization experiments (chapters II-IV) I used Centaurea phrygia
L. (Asteraceae), Crepis tectorum L. (Asteraceae), Helianthus annuus L. (Asteraceae),
Tanacetum vulgare L. (Asteraceae), and Verbascum thapsus L. (Scrophulariaceae) as
alternative food-plant species for L. equestris. All of these species except H. annuus occur
naturally in my study area, and L. equestris feeds on them (L. Laukkanen, R. Leimu &
A. Muola pers. obs.). In addition, L. equestris is a common pest on extensively cultivated
H. annuus fields in Central and Southern Europe (Horvath et al. 2004). The other plant
species used in the experiments contain several, but different specific chemical compounds
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that may confer resistance to herbivores (e.g. Brewer & Ball 1981, Schearer 1984, Kisiel &
Kohlmiinzer 1989, Hussain et al. 2009). All species used in the study are listed in Table 1.

2.2. Study populations

I conducted my study in the south-western Finland and eastern Sweden. The naturally
fragmented archipelago with several islands provides an ideal opportunity for studying
spatial variation in species interactions, as well as population genetics of herbivores and
the factors affecting it. Moreover, the simple study system with only a couple of specialized
herbivores feeding on a shared food plant is optimal to study plant-herbivore interactions,
as only a few other herbivore species compete for food, or may have indirect effects on the
studied herbivore species, for example, via induced changes in the food-plant chemistry.
Spatial variation is essential in two of the chapters of my thesis: I examined spatial variation
in herbivore population genetics in chapter I, and in plant-herbivore interaction in chapter
V. In the three chapters [ used only one study site (II-IV). [ used a total of 23 study sites in
my experiments, 15 sites from Finland and eight sites from Sweden (Figure 2). The study
sites in Finland are mainly situated on separate islands of the Baltic Sea. The study sites in
Sweden are mainly on mainland, but I also included one mainland site from Finland and
two island sites from Sweden in one of the studies (chapter I).

Finland

b . 100 200 11 km
L I 1 ] | km i \/\/\\ N
Figure 2. A map showing the locations of the 23 studied herbivore populations. All 23 Lygaeus

equestris populations were used in paper I, and L. equestris population 2 in papers II-IV.
Abrostola asclepiadis populations 2, 4, and 14 were used in paper V.
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The archipelago forms a naturally fragmented landscape where several hundreds of
islands are of different sizes and ages, and are isolated to variable degree. The islands have
been established relatively recently, as the majority of Scandinavia was covered by ice
only 12,000 years ago (Lundqvist 1986). After the ice retreated, land uplifting gradually
exposed terrestrial habitats suitable for colonization by plants and insects. Therefore, in
my research area the populations of V. hirundinaria and herbivores feeding on it also
differ in age, size, and degree of isolation. There is plenty of previous information about
the physical characteristics of this environment, insect fauna, and species interactions
especially from the study sites located in Finland (e.g. Leimu & Lehtild 2006, Muola
et al. 2010b, Vesterinen 2010). In general, V. hirundinaria is relatively abundant in my
research area, and there are over 700 known populations just in Finland (von Numers &
van der Maarel 1998, von Numers pers. comm.). Population sizes of V. hirundinaria in this
area range from tens to thousands of individuals and distances between the populations
vary from less than one to tens of kilometres (Leimu 2004, Leimu & Mutikainen 2005).
The distances between my study populations vary from one to 598 kilometres. The study
populations in Finland form a transect from the mainland to the outer archipelago, and
the populations in Sweden a transect from North to South (Figure 2).

2.3. Population genetic variation and differentiation of a specialized seed
predator

Here, I examined how characteristics of vegetation and other geographic and ecological
factors relate to the genetic variation and differentiation of herbivore populations. I
studied genetic variation and differentiation of 23 populations of Lygaeus equestris in
southwestern Finland and in eastern Sweden (see Figure 2 and chapter I). I collected 628
L. equestris individuals for genetic analysis from 15 populations located in southwestern
Finland and from eight populations in eastern Sweden (Figure 2), 9 — 30 individuals from
each population. One Finnish and six Swedish populations are located on the coastal
mainland, and the rest of the populations are located on separate islands of the Baltic
Sea. I used amplified fragment length polymorphisms (AFLP) to assess the genetic
variability.

First, because L. equestris largely depends on its primary food plant V. hirundinaria
(Solbreck & Kugelberg 1972), and large plant populations may sustain larger and more
stable herbivore populations than smaller plant populations (Colling & Matthies 2004,
Sdber et al. 2009), I tested if genetic variation of L. equestris was higher within populations
that occurred on large V. hirundinaria populations. Second, while L. equestris may use
other plant species than V. hirundinaria as alternative food (Solbreck & Kugelberg
1972), and as a high number of alternative food-plant species may maintain stable L.
equestris populations, I tested if there was more within-population genetic variation in L.
equestris populations occurring in habitats with a high number of vascular plant species.
I also tested if genetic differentiation between the L. equestris populations was related
to the similarity of the vegetation in the habitats or to geographic distance between
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the populations. Furthermore, I tested if large islands had more genetically variable L.
equestris populations than small islands, as the size of the island may indirectly affect the
viability of the L. equestris populations for instance via more diverse habitats occurring
on large islands compared to smaller islands. Finally, as population size generally
influences the level of genetic variation (Hartl & Clark 2007), I also tested the impact of
population size on within-population genetic variation of L. equestris.

2.4. Food-plant specialization of a specialized seed predator

In chapters II-IV, I studied different aspects of food-plant specialization of the seed
predator L. equestris. The considerable variation in seed production of the primary food
plant, V. hirundinaria, may force L. equestris to feed occasionally on non-optimal food-
plant species. In study II, I conducted a split-brood experiment in laboratory using one
generation of L. equestris and four food-plant species. My aim was to study potential
costs of alternative food-plant use and especially investigate whether there are genetic
variation in food-plant utilization or trade-offs, i.e. negative genetic correlations in
herbivore performance between different food plants that may influence specialization.
I also conducted a multi-generation selection experiment with four food plant-species
to evaluate the effects of long-term selection due to food plant (chapters III and 1V),
inbreeding (IV), and genetic drift (IV) on performance of L. equestris on different food
plants. I further investigated the occurrence of trade-offs in performance between the
different food-plant species in this experiment, as the possibility to find trade-offs might
be higher in selection experiments compared to one-generation feeding trials (Fry 2003).
As selection diminishes genetic variation in fitness-related traits (Willi et al. 20006), 1
investigated whether there was genetic variation present after the selection. Lygaeus
equestris individuals (parental generation) for both the one-generation split-brood
experiment (IT), and multi-generation selection experiment (III and IV) were collected
from one natural population in the south-western archipelago of Finland (population 2
in Figure 2).

2.4.1. One-generation split-brood experiment

In order to study how feeding on alternative food-plant species affects life-history
characteristics of L. equestris and to especially investigate whether there are genetic
variation in food-plant utilization or trade-offs in herbivore performance between
different food plants, I conducted feeding trials in laboratory using one generation of L.
equestris and seeds of the four plant species, V. hirundinaria, Crepis tectorum, Tanacetum
vulgare and Verbascum thapsus (chapter II). Twenty L. equestris females and males
were randomly paired, and the larvae of the first offspring generation were assigned to
feed on seeds of the four plant species immediately after hatching. The larvae from each
egg cluster were divided among the four plant species to control for the effect of genetic
differences among the egg clusters. Since insect females and males may have different
nutritional requirements (Lee 2010), I studied whether food-plant species affected
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the sexes differently. I used mortality, developmental time from hatching to maturity,
and adult biomass (fresh weight of adults at the day of the last moult) as estimates of
performance of L. equestris (Eyles 1964, Kugelberg 1973b). See chapter II for details
about establishing and conducting the experiment.

2.4.2. Multi-generation selection experiment

Selection experiments provide a tool to manipulate natural selection in a controlled way
so that the evolutionary process behind adaptations possibly leading to specialization can
be better understood. In a selection experiment, a base population of study organisms
is subjected to a set of conditions, such as to different diets, and natural selection is
allowed to proceed for several generations. Samples are then extracted from each of the
selection lines, and the fitness traits of the study organisms are assayed across a range
of conditions, preferably reciprocally the ones used during selection period (Kassen
2002). In quasi-natural selection experiments the experimental set-up resembles natural
conditions, and the individuals’ contribution to the next generation is not influenced by
the researcher, but depends on the inherent quality and adaptation of the individuals to
their respective selective regimes (Fry 2003). The effects of selection can be separated
from random genetic drift by replicating the populations within the selection lines
(Kassen 2002, Fry 2003). The influence of inbreeding can be demonstrated by conducting
controlled crosses between the individuals from same replicate population, between the
replicate populations within a selection line, and between the selection lines (Kassen
2002, Fry 2003). Selection experiments have been widely used to examine food-plant
specialization of herbivorous insects (e.g. Gould 1979, Fry 1990, Agrawal 2000).

I conducted a multi-generation selection experiment (chapters III and IV) in the
laboratory using the seed predator L. equestris and four different food-plant species.
First, I examined if the selection for effective utilization of a certain food-plant species
leads to increased fitness and adaptation of L. equestris, and if such adaptation to one food
plant in turn affects the fitness on another food-plant species (III). Second, I evaluated
the effects of selection for food-plant utilization and random drift on between-population
differentiation, and whether inbreeding affected the outcome of this selection experiment
(IV). In the selection experiment I used the primary food plant V. hirundinaria, a
novel food plant, sunflower Helianthus annuus, and two alternative food-plant species
occurring in the distribution area of L. equestris in Finland, Centaurea phrygia and V.
thapsus.

The parental generation of L. equestris was fed with a mixture of V. hirundinaria, H.
annuus, C. phrygia and V. thapsus seeds, and allowed to breed randomly. The larvae from
each egg cluster (F1-generation) were first randomly subdivided into four groups to form
the four selection lines (V. hirundinaria, H. annuus, C. phrygia, and V. thapsus). Three
replicate populations were established within each selection line to separate the effects
of selection from random drift, so that altogether twelve populations were established
(see chapter III for experimental procedure). The C. phrygia selection line went extinct
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after few generations, and V. thapsus selection line already after the first generation. The
replicate populations in V. hirundinaria and H. annuus selection lines were reared in the
laboratory for 26 months (approximately 20 overlapping generations). Population sizes
and sex ratios were calculated after 22 months of selection for each of the six replicate
populations (three V. hirundinaria and three H. annuus populations) surviving till the
end of experiment (see Table 1 in chapter IIT).

Adaptation to the food-plant species, genetic variation and trade-offs in fitness after
selection. In this kind of selection experiment, increases in fitness during selection
may indicate either herbivore adaptation to the food plants, adaptation to laboratory
conditions, or both (e.g. Kingsolver 2007). However, differential changes in fitness
between the two selection lines would indicate adaptation of L. equestris to the food-
plant species, and especially to that species on which the increase in fitness is relatively
greater. | examined the fitness of L. equestris on V. hirundinaria and H. annuus before
and after the selection period to investigate whether L. equestris adapted to the novel food
plant (H. annuus) during the selection experiment (chapter III). Fitness of L. equestris
was estimated as lifetime reproductive success (the number of fertile eggs per female),
mortality, developmental time, and adult biomass.

In order to evaluate the reproductive success of L. equestris on V. hirundinaria and H.
annuus, females and males were picked randomly from the each replicate population in V.
hirundinaria and H. annuus selection lines before and after selection (F1-generation, i.e.
the generation used to establish the selection lines, and approximately 20" generation)
and paired randomly within the replicate populations. The numbers of fertile eggs were
then counted from these pairs. I conducted two feeding trials (before and after selection)
in which the larvae grew to adulthood to obtain data on mortality, developmental time,
and adult biomass of L. equestris on V. hirundinaria and H. annuus. The larvae were
fed on the seeds of the food plant of their original selection line. In the feeding trials I
used F1-generation and approximately 20" generation. See chapter III for details about
conducting the experiments.

In addition, I conducted an extensive split-brood experiment after approximately 20
generations of selection to investigate variation in the fitness of L. equestris between the
selection lines, among larval food plants, between sexes, and among replicate populations
and families. In this experiment, I used the larvae originating from two selection lines
that persisted until the end of the selection experiment (V. hirundinaria and H. annuus),
and three replicate populations per selection line. Plant species used in the feeding trials
were the same as those in the four original selection lines: V. hirundinaria, H. annuus,
C. phrygia, and V. thapsus. In this trial, significant effects of family would indicate the
genetic variation in the fitness and in food-plant utilization. Furthermore, I wanted to
investigate the occurrence of the negative genetic correlations especially, i.e. trade-offs
in mortality, developmental time, and adult biomass between the four food-plant species
separately within the two selection lines.
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Effects of selection, random drift, and inbreeding on food-plant specialization. As
a part of the multi-generation selection experiment [ evaluated the effects of long-

term selection for food-plant utilization, random genetic drift, and inbreeding on the
performance of L. equestris on different food plants (chapter IV). The differentiation
of replicate populations with initially identical genetic structure under similar selective
forces, i.e. within the same selection line, indicates that genetic drift outweighs the
effects of selection. Furthermore, small population size in replicate populations may
affect the outcome of selection experiments by increasing the chance that inbreeding
may reduce the adaptive potential of the replicate populations. If the populations suffer
from inbreeding, i.e. there is inbreeding depression, the performance of offspring
originating from crosses within a replicate population should be lower compared with
the performance of offspring from crosses between two replicate populations.

In this study, [ used individuals from approximately the twentieth experimental generation
of L. equestris from two selection lines, the primary food plant V. hirundinaria and
novel food plant H. annuus. Three replicate populations within both selection lines
were used in the crosses. Thus, I randomly picked 40 — 60 fifth instar larvae from each
replicate population. After reaching maturity the larvae were randomly assigned to three
different crossing treatments. In the “within-population crosses”, both the female and
the male originated from the same replicate population. In the “between-population
within the selection line crosses”, the female and the male originated from different
replicate populations within their respective selection line. The “between selection line
crosses” were conducted by pairing females and males from the different selection lines.
Since in the within-population crosses only a few pairs from one replicate population
in H. annuus selection line laid fertile eggs, this population was excluded from other
types of crosses. Further, one replicate population was randomly selected to be excluded
from the between-population and between selection line crosses from V. hirundinaria
selection line as well, to retain balanced data structure. Each mating pair was feeding
on the seeds of the food plant of the selection line of the female. Total number of fertile
eggs per female was used as a measure of the herbivore fitness. See chapter I1I for the
details of establishing the selection lines, and chapter IV for the rest of the experimental
procedure, number of replicates, and other details.

2.5. Local adaptation of a specialist folivore

The spatial variation in the associations of Vincetoxicum hirundinaria leaf chemistry,
levels of foliar damage by specialist folivorous moth, Abrostola asclepiadis, and plant
fitness vary among the populations and reflect a selection mosaic in my study area (sensu
Thompson 2005, Muola ef al. 2010b). The associations of plant chemical compounds
and damage by 4. asclepiadis range from negative to positive (Muola et al. 2010b).
Thus, a given chemical may be positively associated with the level of herbivore damage
in one population, indicating that the chemical compound functions as an attractant for
A. asclepiadis, and negatively in an another population suggesting a function of the
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particular chemical compound in herbivore resistance (Muola ef al. 2010b). I investigated
the influence of geographic variation in plant secondary chemistry of V. hirundinaria on
among-population variation in local adaptation of 4. asclepiadis. 1 conducted a feeding
trial using three populations located in the south-western archipelago of Finland (Anskir,
Jurmo and Lammasluoto; see Figure 2 and chapter V). In the reciprocal design, larvae
from each of the three sites were fed with plants originating from each of the three sites.
A significant interaction between plant population and herbivore population indicates
local adaptation of the herbivores if herbivore performance is higher on plants from the
sympatric plant population compared with that on plants from allopatric populations.
This is the home-away comparison presented by Kawecki and Ebert (2004).

Abrostola asclepiadis larvae from field-collected egg clusters were randomly assigned
to feed on a particular plant immediately after hatching. To control for the effect of
variation among plant individuals, larvae from the three populations were assigned to
feed on each plant individual. Furthermore, to control for the effect of genetic differences
among the egg clusters, the larvae from each egg cluster were divided among the three
plant populations. Pupal mass was used as a measure of herbivore performance together
with survival (Haukioja & Neuvonen 1985). Therefore, at the end of the larval period I
determined the sex of each individual and weighed the pupae. To examine if the variation
in local adaptation is driven by among-population variation in food-plant chemistry, I
collected leaf samples from all V. hirundinaria individuals used in the feeding trial to
analyze the contents of leaf compounds. Leaf secondary chemistry was analyzed with
high-performance liquid chromatography (HPLC, see Muola et al. 2010b). I focused on
phenolic compounds (flavonoids, chlorogenic acid, and catechin derivatives), since they
have several ecological and physiological functions in plants, and they are generally
assumed be important in plant-herbivore interactions (Feeny 1976, Bennett & Wallsgrove
1994, Treutter 2006). I also included lipophilic compounds in the study, as they form a
relatively diverse group of compounds including, for instance, chlorophylls, carotenoids,
and leaf surface compounds, and may have a potential role in resistance to herbivores
(Valkama et al. 2005). In addition, antofine, a phenanthroindolizidine alkaloid, was
included in study. This specific compound is known for its cytotoxic activity (Staerk et
al. 2000). The phenanthroindolizidine alkaloids are characteristic constituents in species
belonging to the subfamily Asclepiadoideae and to the genus Vincetoxicum (Sterk et al.
2000).

To examine if local adaptation was more pronounced between strongly diverged
populations, I tested for correlations of local adaptation with geographic distance, genetic
differentiation of food plant, and phenotypic divergence in plant secondary chemistry
among the plant populations. Here, I calculated values for local adaptation, i.e. the ratio
of pupal mass between herbivores grown on plants from their sympatric population and
herbivores grown on plants from allopatric population, reciprocally for each pair of
populations resulting in six datapoints on local adaptation. Values above one indicate
local adaptation of the herbivore to its sympatric food-plant population. The geographic
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distances among the populations varied between 15.6 km and 49.6 km. I used the F,
values presented by Leimu and Mutikainen (2005) as measures of genetic differentiation
among the V. hirundinaria populations. The V. hirundinaria populations are genetically
differentiated, which indicates restricted gene flow between the populations. This may
promote local adaptation of herbivores if gene flow of the herbivore is greater than
gene flow of the plant (Gandon et al. 1996, Lively 1999). To determine phenotypic
differentiation in plant secondary chemistry I calculated Euclidean distances among the
three populations using the two individual chemicals (chlorogenic acid, antofine) and
the three groups of chemicals analysed (lipophilic compounds, flavonoids, and catechin
derivatives).
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3. RESULTS AND DISCUSSION

3.1. Population genetic variation and differentiation of a specialized seed
predator

In the first chapter (I), I investigated how different geographic and ecological factors
explain the genetic structure of populations of the oligophagous seed predator Lygaeus
equestris. 1 found significant genetic differentiation among the 23 studied L. equestris
populations in south-western Finland and in eastern Sweden. In general, genetic
differentiation among the populations was rather low, but increased with the increasing
geographic distance between the populations. The somewhat low level of differentiation
observed among the L. equestris populations may be explained by high migration and
relatively short history of the populations in the area of the Baltic Sea (Lundqvist 1986).
In general, populations that have persisted over a long time are expected to be more
differentiated than younger populations (Hartl & Clark 2007). Genetic differentiation
between the L. equestris populations was not related to the similarity of vegetation
between the sites. Thus, my results are consistent with the recent view of Wang et al.
(2013), who stated that geographical isolation explains genetic differentiation more than
ecological isolation.

In addition to low, but significant genetic differentiation among L. equestris populations,
I found high level of genetic variation within the populations. It seems that sexual
reproduction and migration together sustain genetic variation. Furthermore, my results
suggest that both geographic and ecological factors affect the level of genetic variation.
Firstly, island size seems to matter, as the larger the island the higher was the level of
genetic variation within L. equestris populations. In my study area, large islands may
have more stable microclimates or more diverse habitats for feeding, ovipositioning, and
hibernation, and thus, L. equestris populations on large islands might be less susceptible
to population bottlenecks and extinction-recolonisation processes, both of which can
reduce within-population genetic variation (Saunders ef al. 1991, Hartl & Clark 2007).
In addition, island size seemed to modify the effect of population size of L. equestris
on within-population genetic variation. When a small population was located on a
small island, the level of within-population genetic variation was on the average low,
whereas small populations on larger islands seemed to maintain a higher level of genetic
variation. The reason for this may lie in the positive correlation between island size and
island age in my study area (L. Laukkanen unpubl. data), suggesting that L. equestris
populations on large islands are likely to be older than those on smaller islands. The
deleterious recessive alleles may have been purged in the small but older populations
on larger islands reducing the probability of extinction (Hartl & Clark 2007, Pekkala
et al. 2012). Thus, extinction-colonisation processes may lead to a reduced level of
within-population genetic variation especially in the small and young populations on
smaller islands. Secondly, the more species in the plant community the higher was the
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level of genetic variation within L. equestris population. The high number of potential
alternative food-plant species seems to maintain more stable L. equestris populations.
Unexpectedly, the level of within-population genetic variation was not influenced by
population size of primary food plant V. hirundinaria. This result may be a consequence
of the great spatiotemporal variation in V. hirundinaria seed production, or impact of
contemporary migration.

3.2. Food-plant specialization of a specialized seed predator

3.2.1. Genetic factors affecting food-plant specialization

I'studied two principal genetic factors that have been shown to affect herbivore specialization
to food: genetic variation in herbivore performance on different food plants for selection
to act on (e.g Futuyma ef al. 1995, Forister ef al. 2007) and the occurrence of trade-offs,
i.e. negative genetic correlations, in the performance of the herbivores between different
food-plant species. Both high and low levels of heritable variation have been found in the
use of alternative food-plant species by herbivores (Karowe 1990, Futuyma et al. 1995,
Thompson 1996, Keese 1998, Ueno et al. 2003, Garcia-Robledo & Horvitz 2011). The lack
of genetic variation in performance on different food-plant species may potentially affect the
evolution of diet breadth of insect herbivores (Futuyma ez al. 1995, Keese 1998). In the one-
generation experiment [ did not find significant genetic variation in fitness of L. equestris on
its primary food plant V. hirundinaria, and especially not on suboptimal, alternative food-
plant species (II). Thus, the low level of genetic variation may have constrained adaptation
of L. equestris especially to these low-quality food-plant species. As selection in general
diminishes genetic variation in fitness-related traits (Wasserman & Futuyma 1981, Willi
et al. 2006), | investigated whether there was significant genetic variation left in the food-
plant use after the selection (III). Surprisingly, I found that significant genetic variation
still existed after the selection experiment in mortality, larval developmental time, and
adult biomass regardless of the larval food plant. The simplest and most likely reason for
the contrasting results might be the different sizes of the parental generations used in these
two experiments (II and III). The number of individuals in parental generation was higher
in the selection experiment than in the one-generation experiment, and thus, more of the
within-population genetic variation that was present in natural population was captured.
Because I estimated genetic variation only after but not before the selection experiment, we
do not know if the level of genetic variation in fitness traits changed during the experiment.
However, preliminary results from microsatellite data suggest that the level of within-
population genetic variation decreased during the selection experiment: on average 38 %
of alleles were lost during the selection (L. Laukkanen unpubl. data).

Trade-offs may promote the evolution of specialization (Fry 2003, Scheirs et al. 2005). The
possibility to find trade-offs might be higher in selection experiments compared with one-
generation feeding trials (Fry 2003). However, I did not find any trade-offs in mortality,
developmental time, or adult biomass of L. equestris between the studied food-plant species
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neither in the one-generation study (chapter II), nor in the multi-generation selection
experiment (IIT). This suggests that fitness trade-offs do not constrain the use of alternative
food-plants of L. equestris. My results are thus in agreement with most previous studies
that have found no evidence for trade-offs in performance of insect herbivores on different
food plants (e.g. Thompson 1996, Keese 1998, Agosta & Klemens 2009). The significance
of trade-offs in specialization and coevolution has recently been much disputed, and the
lack of significant negative genetic correlations in food-plant use of insect herbivores
has been explained by numerous methodological problems and confounding genetic
factors (e.g. Rausher 1988, Scheirs et al. 2005). However, it is good to remember that the
mechanisms producing food-plant specialization might differ from those maintaining it.
Thus, the importance of trade-offs may change when the process of specialization proceeds
(Thompson 1996). Trade-offs might be essential in the early phases of the process, i.e.
when a generalist herbivore utilizes many food-plant species of equal importance. When
herbivore is specialized to feed on one, primary plant species, fitness reaches the maximum
value only on this food-plant species. If the availability of the primary food plant remains
high, the herbivore prefers this plant species regardless of the trade-offs in fitness between
the primary and alternative, suboptimal food plants. Due to selection, the alleles that
produce the best fitness on the primary food-plant species may be fixed and the trade-off
purged. Of course, food-plant specialization may also arise when trade-offs are not detected
or do not exist, for example, when the level of herbivore predation by natural enemies
differs between food-plant species (Rausher 1988, Fry 2003). Moreover, specialization
may evolve if feeding on different food plants is not equally common, for instance due to
differences in species abundance, and the correlation in herbivore fitness between different
food plants is positive, but less than one (Fry 1996). This is due to the accumulation of
harmful mutations that may create lower average fitness on the less frequently used food-
plant species (Fry 1996). However, | am not able to address this issue with the relatively
short-term selection experiment in which the herbivore fed only on a single food plant.
Nevertheless, in natural populations this mechanism may contribute to the specialization
of L. equestris on V. hirundinaria, as specialization seems to exist even though trade-offs
in food-plant use have not been found (II and III).

Instead of trade-offs, I found some significant, positive correlations in the performance
of the herbivores between the different food-plant species (II and III). A positive
correlation may indicate a generalist strategy in food-plant utilization, i.e. ““a master of all
trades” genotype that has high fitness on several host species (Ueno et al. 2003, Forister
et al. 2007, Garcia-Robledo & Horvitz 2011). Positive correlations in performance
between different food-plant species may further suggest the evolution of generalization
by inclusion of sets of plant species to the diet rather than by independent adaptation to
single plant species (Ueno et al. 2003, Forister et al. 2007).

Besides the level of heritable variation and trade-offs in performance on different food
plants, we also need to consider ecological factors, such as predator refuge and variation
in nutritional quality or secondary chemistry of the different food-plant species in order to
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understand the food-plant breadth of an herbivore. Spatiotemporal variation in availability
of the food is probably one major factor behind the evolution of food-plant utilization
in L. equestris. Seed production of V. hirundinaria varies highly geographically and
between years due to abiotic factors and seed predation by the specialist fly Euphranta
connexa (Solbreck & Sillén-Tullberg 1986ab, Agren et al. 2008). In some populations
and certain years nearly 100 % of seeds may be destroyed (Leimu & Lehtild 2006,
Solbreck & Ives 2007). Given this variation in food availability, strict specialization to
the primary food plant V. hirundinaria might not be an evolutionary feasible strategy for
L. equestris.

3.2.2. Selection for food-plant utilization and adaption to food-plant species

I examined if long-term selection for utilization of a certain food-plant species leads
to adaptation of a specialized herbivore (chapter III). In here, I assume that the higher
herbivore fitness is a consequence of an increased ability to utilize the food plant. My
results suggest adaptation of L. equestris to the novel food plant H. annuus: the relatively
greater increases in the number of eggs produced per female and in adult biomass on H.
annuus compared to those on V. hirundinaria suggest adaptation of this seed predator
to a novel food plant during approximately 20 generations of selection. Moreover, the
effect of larval food plant on developmental time differed between the two selection lines
after the selection. This suggests divergence of lines during the experiment in the ability
of L. equestris to utilize different food plants, which is in accordance with the idea of
emergence of differential evolutionary trajectories within the two selection lines. Multi-
generation selection experiments have demonstrated that rapid evolution is possible
in plant-herbivore interactions (Gould 1979, Wasserman & Futuyma 1981, Thompson
1998). For example, the fitness of spider mites differed between two selection lines
only after five generations of selection for food plant (Agrawal 2000), the reproductive
success of the cowpea weevil increased and oviposition preference changed as a response
to selection for diet in just 11 generations (Wasserman & Futuyma 1981), and a mite
population adapted to an alternative food plant in 50 generations indicated by reduced
mortality and increased reproductive success (Gould 1979).

Three of the four fitness traits studied changed significantly during the selection
experiment: the number of fertile eggs and adult biomass increased, and larval
developmental time decreased. As laboratory conditions often select for large size
and fast development of insects (e.g. Kingsolver 2007), a part of the change in fitness
in the H. annuus selection line may be due to adaptation to laboratory conditions.
Correspondingly, the change in fitness observed in the V. hirundinaria selection line may
also indicate further adaptation of the herbivores to this primary food plant, adaptation
to laboratory conditions, or both. It is highly probable that natural populations of L.
equestris were unable to survive without occasionally using alternative food-plant
species. Obviously, the natural population from where individuals were collected for
the selection experiment contained significant genetic variation in food-plant utilization,
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which then enabled adaptation of L. equestris to the primary and novel food plants when
only a single plant species was available.

3.2.3. Effects of random drift and inbreeding on food-plant specialization

In selection experiments, controlled crosses within and between the replicate populations
from same selection line reveal whether the replicate populations suffer from inbreeding.
In my study (chapter IV), the within-population crosses resulted to on average 45 % lower
number of fertile eggs per female than the between-population crosses within the selection
lines. Thus, although the mating within populations was random, inbreeding depression
decreased the number of viable eggs produced when the parents originated from the same
population. This indicates that individuals within each replicate population were likely to be
related to each other at least to some extent due to the relatively small population sizes and
isolation with no gene flow during the selection experiment. The higher female fitness in the
between-population crosses may also result from heterosis, i.e. from the positive effects of
hybridization of genetically different individuals. Heterosis increases genetic diversity within
populations and generates novel, viable phenotypes as a result of new allelic combinations
(Lynch 1991, Lynch & Walsh 1998, Whitlock 2000). Hybridization between genetically
differentiated populations can alleviate the genetic problems of small populations. The L.
equestris males choose the mating partner without preliminary courtship (Sillén-Tullberg
1981). My result suggests that in natural populations L. equestris would benefit from the
ability of the male to be able to select an unrelated female when given the choice.

When comparing the between-population within the selection line crosses and the crosses
between the selection lines, female fitness did not differ between the crosses indicating
that the differentiation between the selection lines was not significant enough to result in
reduced female fitness following the between-selection line crosses. If locally adaptive
combinations of genes are disrupted because of crossing individuals adapted to different
conditions, such crosses may lead to outbreeding depression expressed as reduction in
fitness (Frankham 2005, Frankham et al. 2011). In my experiments, it seems that there
was no outbreeding depression, and the level of heterosis did not depend on whether
outbreeding between populations happened within the selection line or between the
selection lines. Of course, the origin of the female and male may still have importance in
natural populations, for instance, if the male originates from a population that is strongly
differentiated from the population of female in terms of food-plant utilization. All
Scandinavian L. equestris populations depend on V. hirundinaria (Solbreck & Kugelberg
1972, Solbreck & Sillén-Tullberg 1990a, Rintala & Rinne 2010), but in other parts of
distribution area the primary food plants and the level of food-plant specialization may
vary more among populations (Solbreck et al. 1989).

In the multi-generation selection experiment, the three replicate populations within
each selection line were established particularly to separate the effects of selection from
random, stochastic processes, such as random genetic drift. Indeed, besides selection
for effective food-plant utilization, random processes seemed to influence the ability
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of L. equestris to use the food plants, as developmental time and adult biomass after
the selection differed significantly among the replicate populations within the two
selection lines (chapter III). Furthermore, in between-population crosses I found that
the amount of variation in the number of fertile eggs was bigger in replicate populations
in H. annuus selection line compared to populations in V. hirundinaria selection line
indicating that especially replicate populations feeding on the novel food plant H.
annuus were affected by random processes (IV). The populations feeding on the primary
food plant, V. hirundinaria, were larger than those feeding on H. annuus (see Table 1 in
chapter III), and thus, the relative importance of random genetic drift potentially driving
differentiation of populations should have been lower in V. hirundinaria selection line
(Frankham 2005, Pekkala et al. 2012). However, because the fitness increased in both
selection lines during the experiment (III), and because in the within-population crosses
female fitness did not differ between the replicate populations in either selection line, my
results suggest that the effect of selection was stronger than those of random processes.

According to the preliminary results from microsatellite data, the level of genetic
variation remained higher in the replicate populations of the V. hirundinaria selection
line compared with the H. annuus selection line: on average 23 % of alleles were lost in
V. hirundinaria selection line and 53 % of alleles in the H. annuus selection line during
approximately 20 generations of selection (L. Laukkanen unpubl. data). The loss of
alleles was quite similar within the replicate populations of the V. hirundinaria selection
line. In contrast, in the H. annuus selection line the loss was over 60 % in one of the
populations and about 50 % in the other two. Accordingly, the populations varied in size
especially in the H. annuus selection line (Table 1 in chapter III), and the loss of alleles
was highest in the smallest population. Presumably population sizes initially declined
due to the lower reproductive success when fed on the novel food and were likely to be
further reduced by inbreeding (Frankham 2005). Thus, due to the lower population sizes,
random drift and inbreeding presumably had stronger negative effects on the level of
neutral genetic variation within the replicate populations of the H. annuus selection line.
The negative effects of random drift and inbreeding may restrict the adaptive potential of
populations and, thus, affect their food-plant use and potential specialization (Berlocher
& Feder 2002, Pekkala et al. 2012).

3.3. Local adaptation of a specialist folivore

To investigate if the specialist folivorous moth, Abrostola asclepiadis, is adapted to
its sympatric Vincetoxicum hirundinaria populations, and if geographic variation in
secondary chemistry of V. hirundinaria influenced on among-population variation in
local adaptation, I conducted a reciprocal feeding trial in laboratory with both plants and
larvae from three sites (chapter V). I found significant quantitative variation in secondary
chemistry among the three plant populations studied. Plants from the Lammasluoto
population differed from the other two populations in their levels of flavonoids and
antofine. I also found among-population variation in herbivore local adaptation to the
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food-plant populations, when pupal mass was used as an indicator of herbivore fitness.
Abrostola asclepiadis larvae from the Anskir population performed significantly better
on their sympatric food-plant population compared with allopatric food-plant populations
suggesting local adaptation of the herbivores. Similar pattern, although not statistically
significant, was found for another herbivore population, Lammasluoto. Herbivores
from the third population, Jurmo, were not locally adapted to their sympatric food-plant
population, as their fitness seemed to be higher on plants from the allopatric Anskir
population. In accordance with my results, Kalske ef al. (2013) recently demonstrated
spatial variation in the existence and degree of local adaptation of both A. asclepiadis
and V. hirundinaria. However, my results on survival suggest lack of local adaptation,
since survival did not differ between larvae fed on sympatric and allopatric plants.

Lipophilic compounds and flavonoids seemed to modify the observed variation in
pupal mass of A. asclepiadis among the herbivore and plant populations as indicated
by statistically significant interactions between herbivore population, plant population,
and the total concentrations of these chemical compounds. The effects of lipophilic
compounds and flavonoids on pupal mass varied among A. asclepiadis populations and
also depended on the origin of the food plant. For example, I found that an increase in
total lipophilic compounds in plants from the sympatric food-plant population increased
the pupal mass of the herbivores from the locally adapted Anskér population. By contrast,
when fed on plants from the two allopatric populations the pupal mass of the herbivores
from Anskir was either negatively or only weakly influenced by the increased lipophilic
compounds. This result reflects the qualitative variation in lipophilic compounds observed
among plant populations by Muola et al. (2010b) and suggests that 4. asclepiadis from
the Anskir population tolerate or detoxify especially those lipophilic compounds that
their sympatric food plants contain. In addition to the effects of lipophilic compounds
and flavonoids, the effect of chlorogenic acid on herbivore pupal mass varied among the
A. asclepiadis populations regardless of the origin of food plant. To conclude, several
different secondary chemicals were related to herbivore pupal mass, but the effect varied
among herbivore populations and also depended on plant population.

Theoretical models on coevolving interactions between hosts and their natural enemies
predict that local adaptation of the enemy is more likely to occur if the enemy has
shorter generation time and higher migration rate than the host (e.g. Gandon et al. 1996,
Greischar & Koskella 2007). In my study system, A. asclepiadis has a considerably
shorter generation time than its food plant V. hirundinaria. Moreover, it seems probable
that A. asclepiadis has higher migration rates than V. hirundinaria, which fits the
predictions of the model of Gandon et al. (1996). Therefore, A. asclepiadis should, in
general, show local adaptation. Furthermore, local adaptation is also predicted to be
more likely among strongly differentiated populations located in clearly divergent
environments (Becker et al. 2006, Hereford & Winn 2008, Hereford 2009). In line with
these predictions, I found that the strength of local adaptation of 4. asclepiadis increased
with increasing geographic distances among the populations, genetic differentiation of V.
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hirundinaria, and phenotypic divergence in food-plant secondary chemistry (Figure 3).
However, when generalizing from my results one needs to take into account that [ only
studied three populations. On the other hand, given that I had only three populations, the
tested correlations were surprisingly strong.
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Figure 3. Correlations of local adaptation of Abrostola asclepiadis with (a) geographic distance,
(b) genetic differentiation of the food plant Vincetoxicum hirundinaria, and (c) phenotypic
divergence in plant secondary chemistry. The local adaptation was defined as the ratio of pupal
mass between herbivores grown on plants from their sympatric population and herbivores grown
on plants from allopatric population. Values above one indicate local adaptation of the herbivore
A. asclepiadis to its sympatric food-plant population.
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Although it is known that plant chemistry has the potential to influence the abundance
and performance of herbivores (Berenbaum & Zangerl 2006, Zangerl et al. 2008), the
selective factors that cause variation in local adaptation are not yet thoroughly explored.
My results suggest that variation in herbivore local adaptation may be driven by the
qualitative and quantitative among-population divergence in host-plant chemistry.
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4. CONCLUSIONS

My aim was to address several essential questions related to the evolution of plant-
herbivore interactions from the herbivore’s point of view. To begin with, my findings
provide valuable information about the role of geographic and ecological factors as
modifiers of the population genetic structure of insect herbivore. Several studies have
shown that the species diversity of herbivores increases with plant-species diversity and
plant genetic diversity (e.g. Crutsinger et al. 2006, Cook-Patton et al. 2011). However,
to my knowledge, my study is the first to suggest that plant-species diversity is related
to population genetics of a herbivore species: the more diverse plant community, the
higher level of within-population genetic variation of the specialized seed predator.
Whether the higher genetic variation of the seed predator is related to the damage the
predators induce on their host plants would be worth further studies. As the diversity of
food organisms is likely to affect predator genetic variation in other plant-herbivore and
predator-prey systems as well, I believe that my results have important implications for
studies of trophic interactions, habitat fragmentation, and landscape genetics.

Divergent reciprocal selection plays undoubtedly a central role in generating diversity in
nature. Food-plant specialization accelerates co-evolutionary arms race between a plant
and its herbivores, as specialist species evolve faster than generalist species (Whitlock
1996). Overall, spatially divergent food-plant specialization of herbivores and adaptation
to novel food plants may ultimately lead to speciation, and thus, they are considered
essential factors behind the enormous diversity of herbivorous insects (Berlocher & Feder
2002, Matsubayashi et al. 2011). My results on the relative importance of V. hirundinaria
and the alternative food plants for the fitness of L. equestris and on the factors that affect
specialization or utilization of alternative food-plant species are central for understanding
the evolution of relationship between L. equestris and V. hirundinaria. Furthermore,
such knowledge is necessary in order to understand the potential coevolution between
V. hirundinaria and the other herbivore species, because selection and evolutionary
changes due to one of the herbivores are likely to affect the other herbivores using the
same food resource. My results suggest that trade-offs, i.e. negative genetic correlations,
do not drive food-plant specialization of the L. equestris. The occurrence of trade-offs
is much disputed, but previously rarely studied using somewhat specialized herbivores
and multi-generational selection experiments (Wasserman & Futuyma 1981, Fry 2003).
One of the major findings of this thesis is that not just generalist herbivores, but even a
herbivore specialized on its primary food plant may still have potential to rapid evolution
on other food-plant species. Moreover, my results indicate that random processes, such
as genetic drift, should not be ignored when processes of resource specialization and
adaptation are studied, especially in small and fluctuating populations. However, the
relative roles of selection, random genetic drift, and inbreeding in rapid evolution,
resource specialization, and adaptation of herbivores to novel food are worth further
studies. As my results suggest that the inbreeding depression and mate choice of L.
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equestris males may have impacts on fitness, it would be interesting to test mate choice
of L. equestris: are males able to identify genetically related females, and is this ability
better in small populations compared to the larger populations, where the mating between
relatives is less probable?

Local adaptation is central for creating and maintaining spatial variation in antagonistic
interactions, such as plant-herbivore interactions (Thompson 1994, Kawecki & Ebert
2004, Laine 2009). Studies identifying the mechanisms that drive geographic variation
in local adaptation in spatially structured systems provide one tool to understand
the coevolutionary dynamics of interacting species (Thompson 2005, Laine 2009). I
demonstrated that the occurrence and degree of local adaptation of A. asclepiadis to
food plant may vary among populations and correlate with qualitative and quantitative
variation in plant chemistry among V. hirundinaria populations. These findings contribute
to our understanding of how spatial variation in specific defensive traits of the host may
drive local adaptation of a potentially coevolving antagonist.

Although in many study systems it is impossible to observe the coevolutionary process
in action, studies on these systems help us to recognize the factors modifying species
interactions (e.g. Zangerl et al. 2008, Laine 2009, Toju 2009, Garrido et al. 2011).
This knowledge is needed to further develop empirical and experimental approaches
to detect coevolutionary dynamics and to recognize natural systems that may currently
undergo coevolution. My study and previous studies from this study system have not
found anything that would exclude coevolution between Vincetoxicum hirundinaria and
the specialized herbivores. Lygaeus equestris and A. asclepiadis reduce together the
fitness of their shared host plant, and V. hirundinaria individuals vary in their quality as
food for 4. asclepiadis and L. equestris (Muola et al. 2010ab, R. Leimu unpubl. data).
The results from studies on local adaptation also support the view of coevolutionary
relationship between these species (see above, and Kalske ef al. 2013). Local adaptation
is traditionally seen as the first step towards coevolution, as local adaptation of one of
the interacting species to another species may affect traits that are central for the species
interaction, and might, thus, lead to local adaptation of the other species (Crémieux et
al. 2008).

In my studies, I used two herbivore species, Lygaeus equestris and Abrostola asclepiadis,
that seem to differ from each other in many ways. These two herbivores differ in their
feeding habit and in the type of damage they cause to their shared food plant, Vincetoxicum
hirundinaria. However, as both these herbivores have strong negative effects on fitness
of V. hirundinaria, and as the resistance of the plant against these herbivores appears
to vary among populations (Muola ef al. 2010b, R. Leimu unpubl. data), adaptation of
these herbivore species to local food-plant populations seems to be likely. Furthermore,
L. equestris and A. asclepiadis differ in the degree of interspecific resource competition
they experience. Besides 4. asclepiadis, there are no other folivores feeding on V.
hirundinaria in my study area, but seed predation by the tephritid fly Euphranta connexa
may be close to 100 % in some populations and certain years (Solbreck & Ives 2007),
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which is likely to influence L. equestris. Interspecific competition for the primary food
plant may affect food-plant specialization of herbivores in two ways: it may either force
the herbivore to specialize on alternative food-plant species, or expand the variety of
food plants used (Futuyma & Moreno 1988). Thus, competition may either increase or
decrease the level of specialization. The herbivore species studied here differ in their
degree of diet specialization: while 4. asclepiadis is a strict specialist, L. equestris is able
to utilize alternative food when the seeds of primary food plant are scarce. Thus, it seems
possible that L. equestris has responded to the competition of E. connexa by expanding
the diet breadth. The interactive effects of the herbivore species sharing V. hirundinaria
as their food plant on each other, and on the host plant, are clearly worth further studies
(Linhart & Grant 1996, Wise & Rausher 2013). As these herbivores are so different from
each other in many ways, and I have studied the questions related to evolution of plant-
herbivore interactions only using one herbivore species, it would be interesting to study
the same questions also using the other herbivore species as study organism.

I conducted part of my research on plant-herbivore interactions in a naturally fragmented
geographic mosaic, in which the size, age, and degree of isolation vary among the islands
and populations. The archipelago provides a unique framework for studying the spatial
variation in the evolution of plant-herbivore interactions. Ultimately, my studies add
to the knowledge on how the genetic diversity and species diversity are created and
maintained in a landscape via the evolution of interactions. As human activities, such
as climate change, deforestation, and habitat fragmentation, are rapidly changing the
biological landscapes and consequently altering evolutionary trajectories, it is becoming
increasingly important to understand the factors affecting the evolution of interactions
among species. Likewise, novel information about spatial variation and rapid evolution
of species interactions may have essential implications for conservation biology, and
applied ecology dealing with multitude of questions having great importance to human
society, such as management of introduced species and agricultural pests.
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