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Abstract

Segregation of genetic variation into species is traditionally viewed as the prin-
cipal unit of evolution while intraspecific hybridization was regarded as a mistake
in nature. Nevertheless, intraspecific hybridization is common between many plant
species and recent studies have suggested that hybridization may be beneficial to in-
dividuals. hybridization is also of interest as it influence species that are interacting
with the hybridising species, for example herbivores that need to decide whether or
not to forage on hybrids between host plants and non-host plants.

To understand how herbivores are influenced by hybridization, and how herbivory
influences hybrid plants, I have studied the inheritance of plant resistance characters,
foraging preference and performance of herbivores (leaf beetles and voles) and the
degree of herbivore damage on pure and hybrid willows. The studied willow species,
Saliz caprea, S. repens and §. aurita differ in secondary metabolite composition.

The results show that both studied groups of secondary metabolites, phenolic glu-
cosides and condensed tannins, are additively inherited in hybrids between S. repens
and S. caprea, while condensed tannins are equal in S. caprea, S. aurita and hybrids
between the two parental species (Paper I and II). There is no common response
of the studied herbivore community. Instead, it seems that specialist herbivores
either discriminate against hybrids and non-host parental species or do not separate
between hybrids and host parental species. In contrast, generalists usually show
either intermediate preference for hybrids, or do not discriminate between hybrids
and parental species. One generalist species shows a preference that indicates a
breakdown in resistance (Paper II, III, and IV). When adding together the effects
of all herbivores, it appears that herbivores inflict more damage to hybrids than
parental species (Thesis, paper II and VI).
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Abstract
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Doctoral disseration.

ISSN 1401-6230, ISBN

91-576-6343-2.

Segregation of genetic variation into species is traditionally viewed as the princi-
pal unit of evolution while intraspecific hybridization was regarded as a mistake in
nature. Nevertheless, intraspecific hybridization is common between many plant
species and recent studies have suggested that hybridization may be beneficial to
individuals. hybridization is also of interest as it influence species that are interact-
ing with the hybridising species, for example herbivores that need to decide whether
or not to forage on hybrids between host plants and non-host plants.

To understand how herbivores are influenced by hybridization, and how herbivory
influences hybrid plants, I have studied the inheritance of plant resistance characters,
foraging preference and performance of herbivores (leaf beetles and voles) and the
degree of herbivore damage on pure and hybrid willows. The studied willow species,
Saliz caprea, S. repens and §. aurita differ in secondary metabolite composition.

The results show that both studied groups of secondary metabolites, phenolic glu-
cosides and condensed tannins, are additively inherited in hybrids between S. repens
and S. caprea, while condensed tannins are equal in S. caprea, S. aurita and hybrids
between the two parental species (Paper I and II). There is no common response
of the studied herbivore community. Instead, it seems that specialist herbivores
either discriminate against hybrids and non-host parental species or do not separate
between hybrids and host parental species. In contrast, generalists usually show
either intermediate preference for hybrids, or do not discriminate between hybrids
and parental species. One generalist species shows a preference that indicates a
breakdown in resistance (Paper II, III, and IV). When adding together the effects
of all herbivores, it appears that herbivores inflict more damage to hybrids than
parental species (Thesis, paper II and VI).
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Introduction

” The segregation of the total genetic variability of nature into discrete pack-
ages, so called species, which are separated from each other by reproductive
barriers, prevents the production of too great a number of disharmonious in-
compatible gene combinations. This is the basic biological meaning of species
and this is the reason why there are discontinuities between sympatric species.
We do know that genotypes are extremely complex epigenetic systems. There
are severe limits to the amount of genetic variability that can be accommo-
dated in a single gene pool without producing too many incompatible gene
combinations.” (Mayr, 1969, p. 316).

Ernst Mayr’s also explains that the biological species concept is a ”a con-
crete phenomenon of nature” although he admits that in reality hybridization
occurs frequently between seemingly good sympatric species (Mayr, 1996).
Recently, it has been suggested that hybridization plays an important role
in speciation (Barton & Hewitt, 1985; Hewitt, 1988), maintenance of small
populations, (Grant & Grant, 1992) and development of species through in-
trogression of new traits (Anderson, 1949; Keim et al., 1989; Fritz, 1999;
Hochwender, Fritz & Orians, 2001).

Some researchers who study hybrids and herbivore resistance question the
traditional view of hybridization as an event that decreases fitness. These
researchers view hybridization as a process that increases genetic diversity
and thus may influence adaptation (Hochwender, Fritz & Orians, 2001).

However, plant hybridization is an important process also for herbivores
that utalize the hybridising taxa. Irrespective of how one views hybridiza-
tion; a process that increases genetic diversity, a process that acts adaptively
through introgression of traits, or a random event that should be regarded
as a mistake of nature; hybridization introduces variability that herbivores
need to handle to be able to make good foraging decisions. Plant hybrids
may show combinations of plant traits or even novel traits due to the recom-
bination of genes; this makes the choice about foraging and host plants even
more complex for the herbivore (Arnold, 1997; Fritz, 1999). hybridization may
cause variability in host recognition characters, herbivore defence characters,
and nutrition levels independently and thus may introduce a novel decision
situation for herbivores.

One of the major difficulties for herbivorous animals is to satisfy their en-
ergetic and nutritional demands, mainly because of the low nutrient content
of plants, the complex bounding of energy in plant tissue, and the many poi-
sonous chemicals present in plant tissue (Lawton & McNeil, 1979). The value
of plants as food for herbivores varies between plant species but also between
plant individuals due to plant responses to biotic and abiotic factors medi-
ating changes in primary metabolites, secondary metabolites and other plant
traits (Lawton & McNeil, 1979). Nitrogen through amino acids are important
for the growth of animals and plant nitrogen content thus often directs the
development rate and foraging of herbivores (Raubenheimer & Simpson, 1999;
Wait, Jones & Coleman, 1998; Schoonhoven, Jermy & van Loon, 1998). An



increase in plant available nitrogen may lead to an increase in nitrogen content
of plant tissues, increasing availabilty to herbivores, but may instead also in-
crease plant growth and thus not lead to changes in herbivore nitrogen intake
rate (Wait, Jones & Coleman, 1998). It is assumed that herbivores usually
have a negative effect on plants causing an evolution of anti herbivore traits
(Ehrlich & Raven, 1964; Fraenkel, 1959; Wink, 1999). Appart from primary
metabolites, herbivore foraging is also influenced by secondary metabolites,
morphological traits, for example leaf hairs and spines, and phenology of the
plant (Larsson, 2002). Plant secondary metabolites are very diverse, more
than 100000 individual compounds have been isolated and characterized and
many of the compounds are specific to species, taxa or families of plants,
while others are more generally occurring (Wink, 1999). The role of many
secondary plant compounds are currently unknown but many substances are
assumed to act as a defense against herbivores and pathogenes (Ehrlich &
Raven, 1964; Fraenkel, 1959; Wink, 1999; Larsson, 2002). However, it has
also been questioned if herbivory is the reason behind the evolution of plant
secondary metabolites (Jeremy, 1984; Beart, Lilley & Haslam, 1985). The
origin of the evolution of secondary metabolites has instead been suggested to
be for example to act as carbon sinks or to protect plants against ultraviolet
radiation (Close & McArthur, 2002; Wink, 1999). Still there are numerous
studies showing that secondary metabolites act as protection against natural
enemies (Kennedy & Barbour, 1992; Wink, 1999), suggesting that at least
the expression of some secondary substances has evolved as a response to her-
bivory. In addition, the apparent quality of a plant as food differs between
herbivore species due to the specific adaptation to plant characters (Jaenike,
1990). Adaptation to specific plants and thus reduced diet variability (spe-
cialization) is one strategy for herbivores to overcome the problems with using
plants as food (Fry, 1990; Jaenike, 1990). Herbivores have developed systems
to recognize the plants that they are adapted to and to avoid plants that are
poisonous or unsuitable as food (Bernays & Chapman, 1994; Bernays, 1998,
2001). But also herbivores that are not very specialized evaluate the food
plants and if given a choice, select food that gives the highest gain (Singer
et al., 1992; Stephens & Krebs, 1986).

Recently, several studies have examined the effects of hybridization on plant
resistance to herbivores (Strauss, 1994; Fritz, 1999; Orians, 2000). Different
studies show different results and all possible patterns have been reported.
Sometimes F1 hybrid resistance is intermediate between parental species,
equal to one of the parental species, or superior respective inferior to the
parental species (Fritz, Nichols-Orians & Brunsfeld, 1994; Fritz, 1999). A
pattern where F1 and/or F2 hybrids are more susceptible to herbivores than
the parental species corresponds to the traditional view that hybrids have a
lower fitness than pure species. This view is based on the logic that speciation
is adaptive and that a mix of species leads to a loss of the adapted characters
with a decrease in fitness as a result (Whitham, 1989; Mayr, 1996). However,
studies and experiments of hybrid resistance to herbivores and pathogens do
not confirm this view for all combinations of hybrids and herbivores. This
may be due to several reasons. Most of the early studies of hybrid plant
susceptibility and resistance to herbivores were performed with natural hy-



brids and thus make it difficult to distinguish between environmental and
genetic explanations for differences between pure and hybrid zones (Messina,
Richards & McArthur, 1996; Fritz, Roche & Brunsfeld, 1998). One way to
limit environmental influences is to conduct experiments with hybrid plants
and pure species in the laboratory or in a common garden (Messina, Richards
& McArthur, 1996). As a consequence, experimental studies are stressed
(Strauss, 1994).

It is significant that both pure species and hybrids may be influenced dif-
ferently by environmental conditions; for example, taxa that are most sus-
ceptible under dry conditions are not necessarily the most susceptible under
wet conditions (Graham, McArthur & Freeman, 2001). Because herbivores
sometimes cause an induction of plant defences, (Karban & Baldwin, 1997)
different herbivores that feed on pure and hybrid plants could cause differences
in susceptibility to other herbivores that are not influenced by hybridization,
making the results hard to understand. Therefore, it is important to study if
parental species and hybrids respond differently to herbivores.

Resistance is the effect of several different processes such as host selection
of the individual herbivore, foraging effort by the herbivore, and population
dynamics of the herbivore population (Larsson, 2002). In addition, the effect
of herbivores on plant fitness is determined by the influence of the whole
herbivore community that feeds on a plant together with the plants ability to
tolerate damage. It is therefore not possible, to draw any conclusions about
fitness effects of the plants from herbivores based only on observations of single
herbivore species preference without considering other important conditions.

To understand how plant hybridization influences herbivores and plant-
herbivore interactions, we need to consider how plant characters are inher-
ited in hybrids and how herbivores respond to these changes. The following
questions will be addressed in this thesis:

1. What is the inheritance pattern of secondary metabolites such as phe-
nolic glucosides and condensed tannins in hybrids between S. caprea
and S. repens (paper II and paper II)?

2. What is the preference pattern of leaf beetles and voles for S. caprea, S.
repens, and hybrids (paper II, paper III, paper IV)?

3. Does growth and survival of Phratora vitellinae larvae differ between S.
repens, S. caprea, and F1 hybrids previously damaged and undamaged
by mammalian herbivores (paper V)?

4. Does the total amount of herbivore leaf damage differ between S. caprea,
S. repens, and F1, F2, and backcross hybrids (paper I)?

5. Can the interspecific variation in herbivore responses to hybrid plants be
explained by differences in their adaptations to secondary metabolites
(paper VI and thesis)?



Material and methods

Willow hybrids

Willows hybridize frequently. For example, Saliz caprea (L., sallow, Sali-
caceae), S. aurita (L.), and S. repens (L., creeping willow) hybridize in north-
ern parts of coastal Sweden (Lid & Tande Lid, 1979). Willows are intensively
used by many different herbivores (Tahvanainen, Julkunen-Tiitto & Kettunen,
1985; Tahvanainen et al., 1985). The most abundant secondary chemicals in
willows are phenolics, mainly flavonoids, tannins and simple phenolic gluco-
sides (Julkunen-Tiitto, 1989). Willows may broadly be divided in two main
groups characterised by their secondary metabolites. One group consists of
species that contains high levels of condensed tannins but only low levels of
phenolic glucosides, such as S. caprea and S. aurita. In contrast, the other
group consists of species that contains several phenolic glucosides in high
concentrations, such as S. repens and S. myrsinifolia (Julkunen-Tiitto, 1986,
1989). The phenolics in willows are assumed to play an important role for
herbivore and pathogen resistance but may also be important for bud and leaf
development and UV absorption (Julkunen-Tiitto, 1989). Numerous studies
have shown that phenolic glucosides can influence selection of herbivores on
willows (Tahvanainen, Julkunen-Tiitto & Kettunen, 1985; Tahvanainen et al.,
1985; Kelly & Curry, 1991; Pasteels & Rowell-Rahier, 1992; Kolehmainen
et al., 1995). My main emphasis is thus on these groups of substances and
their role as herbivore resistance characters.

To control the origin of the plant material, I used controlled crosses by
hand-pollinating naturally growing pure willows. The crossings were per-
formed during 1995, 1997, and 1999. During the crossing in 1997, F2 and
backcross hybrids were produced by crossing F1 hybrids from 1995 with either
F1 hybrids from 1995 or with pure naturally growing willows. For detailed
descriptions of the techniques used for hand-pollinating see Hjéltén (1997)
and paper II-V.

After the seedling stage, the plants were grown in pots in a greenhouse or
in an experimental field. For most of the studies (question 1, 2, and 3), the
plants were grown in pots on an experimental field close to the Swedish Uni-
versity of Agricultural Sciences in Umed (63°44' N, 20°18’ E) for 2-3 months.
These plants received water when needed either using water sprinklers (plant
material planted 1996 and 1997) or using CNL (compensated non-leakage)
watering systems (plant material from 1999 used in paper III).

The plants used for the insect performance studies (planted 1999) were
only grown in the greenhouse. To study the interaction between mammalian
herbivores and leaf beetles, winter dormant shoots were cut to simulate vole
damage during the winter. Moose damage was simulated by leaf stripping on
elongating spring shoots.

For the vole experiment and field study (question 2), the plants from the
crossing made in 1995 and 1997 were replanted during 1999 in two experi-
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mental fields, one at the Forest Research Institute of Sweden (”Skogforsk”)
in Sdvar 25 km north of Umed and one in Pengsjo 30 km west of Umea.

Insect herbivores

Generalist and specialist leaf beetles (Coleoptera: Chrysomelidae) are among
the most important insect herbivores that feed on willows (Koch, 1992; Jolivet
& Hawkeswood, 1995). Leaf beetles were also the most abundant herbivores
on the experimental plants, but I have also observed lepidoptera larvae, hy-
menoptera larvae, and galls from galling sawflies. The leaf beetle species
that were used in this study can be divided into species that use willows
with low concentrations of phenolic glucosides in the leaves, Lochmaea caprea
(L. all insect nomenclature from Gustavsson, 2002), Crepidodera fulvicornis
(Fabr.), Phratora vulgatissima (L.), P. polaris (Suff.), Galerucella lineola
(Fabr.), Gonioctena viminalis (L.) and Plagiodera versicolora (Laich.), and
species that are adapted to higher concentrations of phenolic glucosides, P.
vitellinae (L.), Chrysomela populi (L.) and Gonioctena linnaeana (Schrank).

Analysis of leaf chemistry, question 1

To analyse secondary chemicals in the leaves, we randomly collected between
20 (S. caprea) and 150 (S. repens) leaves from each plant. The leaves were air-
dried at room temperature (18-22C) in cardboard boxes (Julkunen-Tiitto &
Sorsa, 2001) and ground in a plant mill to fine powder. A sub-sample (150mg)
was homogenised and extracted using methanol. Low-molecular weight phe-
nolics of the extracts were analysed using Hewlett-Packard HPLC apparatus.
From each sample, we quantified all detected phenolic glucosides. Individual
compounds were identified by comparing their UV-vis spectra and retention
times to those of known compounds. We also detected two unknown com-
pounds whose spectra very closely resembled those of the known phenolic
glucosides. Polymeric condensed tannins were measured with the Butanol-
HCI -assay (Waterman & Mole, 1994).

Herbivore preference, question 2

To better understand the mechanisms behind the susceptibility of the hy-
brid plants and how individual herbivores respond to and are influenced by
hybridization, I studied foraging preference of several leaf beetle species in
cafeteria experiments. Leaves from different taxa were removed from the
plant and placed in the same area. Leaf beetles were collected from the lo-
cal populations on different willows species in the neighbourhood of Umea.
In the cafeteria experiments in 1995, whole leaves were used and during the
experiments in 1997 a standardised leaf disk was cut from the leaf. During
2000, the leaves were covered by a transparent acryalate board with holes of
a standardised size (100 mm?) to avoid cutting the leaves. In the first two
experiments, the amount eaten was measured after 16 hours and in the exper-
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iment in 2000 measurements were taken after 2, 4, 6, and 8 hours; preference
was calculated using Rodger’s index (Krebs, 1999).

Willows are also preferred food for several mammalian herbivores such as
moose, hares, and voles (Tahvanainen et al., 1985). During two periods,
voles damaged my experimental willows. I counted the number of individual
plants in each plant category that had foraging damage from voles. To further
examine vole preference between hybrids (F1, F2, and backcross hybrids), I
performed cafeteria experiments with voles.

The bank voles, Clethrionomys glareolus, used for cafeteria experiments
were caught using a live-cage trap (Ugglan, ethical permit A 127 - 00 from
Umea research animal ethical committee) and were kept in cages (size 40, 25,
15 cm). The cafeteria experiment was performed with the willow shoots ran-
domly distributed in a U-formation. The willow shoots were cut from winter
dormant plants and then kept frozen before the experiment. The experiments
were performed under natural temperature conditions ranging from -2 to -15
C. The bark area eaten on each plant category was measured after two hours.

Insect performance experiment, question 3

Performance of insect larvae were studied on different willow taxa using first
instar P. vitellinae larvae collected (1st of July 2000) on S. myrsinifolia (L.).
Each larva was enclosed on a randomly chosen shoot, with a sufficient num-
ber of leaves to support its growth on each experimental plant growing in a
green house (13 blocks, 3 plant taxa, and 3 treatments per block, for a total
of 117 larvae). Larvae for each block were taken from the same shoot on the
plant, and thus probably originated from the same clutch of eggs. The larvae
were left to forage and develop on the plant for 46 days when the first bee-
tles were hatching from their pupae. At this point, I measured survival, the
developmental stage the larvae had attained, the area of leaf consumed, and
leaf density of the plants. When the experiments were terminated, no larvae
had eaten all of the enclosed leaves.

Total herbivory, question 4

The susceptibility of the experimental willows to leaf chewing insect herbi-
vores was determined from leaves that were collected for analyses of phenolic
glucosides and condensed tannins during 1999. Before drying, 10 random
leaves from each plant were put in a photocopier and the leaf area, the leaf
area consumed by leaf chewing herbivores, and the leaf area consumed by leaf
beetles were measured from the photocopies using a mm? measuring grid. It
was possible to separate foraging traces of leaf beetle larvae from the other
herbivores because as far as we know they are the only herbivores that do not
consume the leaf veins.
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Results and discussion

Most studies have only reported patterns of herbivore preference for hybrids
and few successful attempts have been made to explain the observed patterns.
The only clear conclusion from earlier studies is that different herbivores differ
in their response to plant hybrids (Whitham, Morrow & Potts, 1994; Fritz,
1999). This is not surprising since the response of herbivores depends on both
the inheritance, additive or dominant, of plant characters that affect herbivore
foraging behaviour, and the response of specific herbivores to these changes
(Orians, 2000). We should therefore not expect all herbivores to respond
equally to plant hybrids.

To explain and predict the patterns, we need to consider generalist and
specialist herbivores separately. Specialisation is an evolutionary process that
makes species evolve adaptations to certain plant resistance characters. The
host range of that herbivore is usually also narrowed to plant species that
share common characters such as the resistance character that the herbivore
is adapted to (Jaenike, 1990). The most specialised herbivores should be
expected to discriminate more against plants that show dissimilarities with
the specialists host plant while less specialised herbivores may include plants
that are rather different from their normal hosts. Specialists may use specific
plant characters, which are usually regarded as resistance characters such as
phenolics, as a feeding stimuli (Bernays, 1998, 2001).

Specialists more commonly react according to a threshold level of a cer-
tain plant character while generalists more commonly respond in proportion
to characters that influence the herbivores gain of the food (Jaenike, 1990).
This seems simple; however, because several different plant characters such as
primary and secondary metabolites need to be considered as well as potential
synergistic effects between resistance characters, it is difficult to predict.

Secondary chemistry, question 1

Both phenolic glucosides and condensed tannins are known to significantly
affect herbivores. Condensed tannins is a group of phenolic polymers generally
known to reduce protein uptake, whereas phenolic glucosides are phenolic
monomers, some of which are known to have toxic effects on animals (Lindroth
& Weisbrod, 1991). In most cases, phenolic glucosides act as repellents for
generalist herbivores (Kelly & Curry, 1991; Tahvanainen, Julkunen-Tiitto &
Kettunen, 1985). However, for some specialist insect herbivores, they can act
as positive cues that trigger oviposition and feeding (Kolehmainen et al., 1995;
Soetens et al., 1998; Roininen et al., 1999). Willows with low levels of phenolic
glucosides are usually considered palatable to both generalist and specialist
herbivores while willows with high concentrations of phenolic glucosides are
mainly used by herbivores that are adapted to these substances (Tahvanainen,
Julkunen-Tiitto & Kettunen, 1985; Kelly & Curry, 1991; Kolehmainen et al.,
1995; Roininen et al., 1999).
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Table 1: This table shows the results from experiments with F1, F2,
backcrosses (BCc, back-crossed to S. caprea and BCr to S. repens and
pure species (S. ¢ = S. caprea, S. r = S. repens). The column labeled test
shows the type of study (pref. = preference or chem. = chemical analyses).
The chemicals are abbreviated: CT = condensed tannins; PHG = phenolic
glucosides. The pattern is shown with stacked lines for each experiment;
a difference of two lines between stacks in the same experiment shows a
significant difference between categories and a difference of one line indicates
a non-significant trend.

Animal

or
Test substance S.c. BCc F1 F2 BCr S. r. Paper
chem.  CT = E = = = I
chem. PHG _ _==EE 1
pref. Vole _ . = = 1V
plant leaf = = = = I

damage chewers

Leaf chemistry results were very consistent (Table 1 and 2). Both con-
densed tannins and phenolic glucosides show a pattern resembling an additive
inheritance where hybrids are intermediate between the two extreme parental
species. S. caprea and hybrids backcrossed to S. caprea have the highest con-
centrations of condensed tannins (125 mg/g dry weight). The concentration
decreases through the F1 (75 mg/g) and F2 (55 mg/g), to the lowest concen-
tration in S. repens and backcrosses to S. repens (30 mg/g). The inheritance
pattern for phenolic glucosides are close to the opposite; S. repens have the
highest concentration (125 mg/g dry weight), then the hybrid backcrossed
to S. repens (80 mg/g), the F1 and F2 hybrids (50 mg/g), the hybrid back-
crossed to S. caprea (5 mg/g), and S. caprea which are very close to zero. Ad-
ditive inheritance of chemical resistance traits seems to be the most common
pattern (Orians, 2000; Orians & Fritz, 1995; Orians et al., 2000). However,
other patterns (including expression of novel compounds) have been reported
(reviewed by Orians, 2000).

In addition, there was a negative correlation between condensed tannins and
phenolic glucosides for all plant categories that have several individuals with
both substances (all categories except S. caprea and back-crosses against S.
caprea). These different chemical groups represent what is supposed to be
two different herbivore defence systems for different willow species. Thus,
these substances are not expressed independent but rather dependent of the
expression of the other substance. This could be either due to a resource
trade-off or that they are controlled from the same set of genes.
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Herbivore preference, question 2

It has proven difficult to predict the response of specific herbivores to hy-
brid plants; however, based on the results of the additive inheritance pat-
tern of phenolic glucosides and condensed tannins one may make predictions
for specialists and generalists leaf beetle preferences. One group of stud-
ied species, Ph. wvitellinae (Tahvanainen, Julkunen-Tiitto & Kettunen, 1985;
Kolehmainen et al., 1995), C. populi (Koch, 1992; Ikonen, 2002), and G.
linnaeana (Koch, 1992) are adapted to high concentrations of phenolic gluco-
sides in their food plants and are usually assumed to be rather specialised
(Tahvanainen, Julkunen-Tiitto & Kettunen, 1985). They are reported to
use a few willow species with different composition of phenolic glucosides,
and are not regarded as very specific, although more specific than other leaf
beetles on willows. Thus, I predicted them to prefer S. repens over the
F1 hybrid and the F1 hybrid over S. caprea. The other species used in-
clude L. caprea, G. lineola (Tahvanainen, Julkunen-Tiitto & Kettunen, 1985;
Kolehmainen et al., 1995), Pl. wversicolora (Tahvanainen, Julkunen-Tiitto &
Kettunen, 1985; Soetens, Rowell-Rahier & Pasteels, 1991), Ph. wulgatisima
(Kelly & Curry, 1991), and G. viminalis (Koch, 1992) wich are more generalis-
tic and avoid high concentrations of phenolic glucosides, especially salicylates
(Tahvanainen, Julkunen-Tiitto & Kettunen, 1985; Kolehmainen et al., 1995).
We should, therefore, expect them to prefer S. caprea over the F1 hybrid and
the F1 hybrid over S. repens.

Two of the specialist leaf beetles, Ph. wvitellinae and Ch. populi, prefer S.
repens, which chemically is most similar to their main host plants, S. myrsini-
folia and P. tremula (Table 2). Because these beetles do feed on willows with
high but also variable phenolic glucoside concentration and composition, I
predicted that they should show intermediate preference for the F1 hybrid.
Instead they discriminate against the F1 hybrid and prefer the phenolic glu-
coside rich parental species S. repens, and seemingly exhibited a threshold
response to the changes in phenolic glucosides in F1 hybrids, indicating that
they are more specialised than what I predicted. G. linnaeana, the other
tested leaf beetle that specialises on phenolic glucosides, did not show any
significant preference for any plant category (Table 2).

Two generalists, Ph. wvulgatisima and Pl. wersicolora, preferred S. caprea
and show intermediate preference for the F1 hybrid. In addition, L. caprea
resembles this pattern in two of my experiments but shows no preference in a
third experiment (Table 2). This is what was predicted for these generalistic
leaf beetles which suggests that they exhibit a dose dependent response to
changes in secondary chemistry. In the preference test with S. aurita, that is
chemically similar to S. caprea, L. caprea did not show any preference (Table
2). The reason for this is probably that both S. caprea and S. aurita are
hosts for L. caprea. The chemical analyses indicate that F1 hybrids are quite
similar to both parental species.

One generalist species, G. viminalis, preferred F1 hybrids compared to
parental species (Table 2 ). This is also indicated in the experiment with Cr.
fulvicornis (Table 2). A higher than expected preference for the F1 hybrid
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Table 2: Summary of experiments with F1 hybrids and pure species S.
caprea, S. repens and S. aurita(S. a). The animals are abbreviated, L. c.
= L. caprea, Cr. f. = Cr. fulvicornis, Ph. vi. = Ph. wvitellinae, Ch. p. = C.
populi, G. v. = G. viminalis, G. 1 = G. linnaeana, Pl. v. = Pl. versicolora,
Ph. vu. = Ph. wvulgatisima, the chemicals CT = condensed tannins, PHG =
phenolic glucosides and the diet breadth in the column diet as S for specialist
and G for generalist. 0 means that the plant category was not used by the
herbivore. For further explanation and abbreviations see Table 1.

Plant Diet Animal

Species breadth or Pattern
P1 P2 Test substance P1 F1 P2 Paper
S.c. S.r. chem. - CT E = =1
S.c. S.r. pref. S Ph. vi. — = 11
S.c. S.r. perf. S Ph. vi. =V
S.c. S.r. pref. S G. L o —= _ 1III
S.c. S.r. pref. S Ch. p. o o = II
S.c. S.r. pref. G Cr. f. ===1
S.c. S.r. pref. G L. c. E = =1
S.c. S.r. pref. G L.c. == =1
S.c. S.r. pref. G Pl v. = o III
S.c. S.r. pref. G Ph. vu. = =, 1III
S.c. S.r. pref. G G. v. _ = =11
S.c. S.a. chem. - CT =E=E=1
S.c. S.a. pref. G L. c. ===1
S.c. S.a. pref. G Cr. f. =E==1I

could be due to of the defence compounds of the parental species, phenolic glu-
cosides and condensed tannins, which are both at least partly potent against
the herbivores. However, the intermediate levels in the hybrid are too low to
provide significant protection. However, on hybrids between S. aurita and S.
caprea, Cr. fulvicornis preferred S. caprea while the F1 hybrid and S. aurita
were equally preferred (Table 2). This indicates that other plant characters
are important to Cr. fulvicornis preference.

Bank voles, C. glareolus, which are generalists, showed preference for S.
repens and a decreasing trend of use for pure S. repens to pure S. caprea (Table
1). This indicates a dose dependent response to the changes in secondary
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metabolites and shows that although voles are to be regarded as generalistic
herbivores and compared to most herbiovorous insects very generalistic, they
are still highly selective when offered a choice.

Larvae performance, question 3

To better understand the importance and consequences of herbivore prefer-
ence, we also need to consider performance of the herbivore and its offspring.
Generally, we should expect a good correlation between herbivore preference
and performance, but preference is not uncommonly more restricted than nec-
essary for performance (Fox & Lalonde, 1993). One reason for this may be
that a perfectly acceptable plant is similar to a unacceptable plant (Fox &
Lalonde, 1993; Bernays, 2001; Larsson & Ekbom, 1995).

The studies of Ph. witellinae larvae performance reveal similar results for
the foraging preference of adult Ph. vitellinae beetles; i.e. development rate
are significantly better on S. repens than on S. caprea and the F1 hybrid and
there is no difference between the F1 hybrid and S. caprea (Table 2). Simu-
lated browsing caused a decrease in development of Ph. vitellinae larvae on
damaged S. caprea and F1 hybrid plants compared to control plants, but this
trend was not found on S. repens. One reason for the differences between plant
categories could be differences in plant architecture (Honkanen & Haukioja,
1998; Aarssen, 1995). S. caprea is treeformed and thus has a rather high api-
cal dominance; S. repens has a creeping growth form and consequently low
apical dominance; and the hybrid is intermediate in growth form between the
parental species. However, for other leaf beetle species, weaker correlations
have been found between preference and performance on hybrid plants. Ori-
ans et al. (1997) found differences in preference and performance of three leaf
beetles species on S. eriocephala, S. sericea and hybrids.

Total herbivory, question 4

The effect of herbivores on hybrid fitness may not be predicted simply by
preference patterns of a few herbivore species. Instead, the combined effects
of all herbivores should be taken into account. Hybrids may receive more
herbivore damage because they are generally more preferred by herbivores and
because they are used by herbivores from both parental species (Whitham,
Morrow & Potts, 1994; Fritz, Nichols-Orians & Brunsfeld, 1994). This means
that a higher number of herbivore species use hybrids compared with the
parental species.

Observations of total damage from leaf chewing herbivores do not resemble
the patterns in leaf chemistry. Instead, F1 hybrids and pure species are equally
damaged while F2 and backcross hybrids are more susceptible to herbivores.
This could be the result of a disruption of co-adapted resistance mechanisms
in F2 and backcross hybrids. Similar results have been reported by studies on
mouse (Mus muscus) resistance against the pinworm (Aspiscularis tetraptera)
where F1 hybrids are resistant, but F2 and back-cross hybrids are less resistant
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(Moulia, 1999). These results indicate lower fitness of the advanced hybrids
then could lead to a barrier against introgression of characters between the
parental species.

Synthesis, question 5

Table 3: This table shows the results from previous experiments in willow
hybrid systems rewieved in paper VI (S. phylicifolia = S. p.). Herbivores

are marked into groups, Lb. = leaf beetles, Lgs. = leaf galling sawflies
subgenus Pontania and Phyllocolpa, Lf. = leaf folders, Lgm. = leaf galling
mite genus Iteomyia, Bgm. = Bud galling mite genus Dasineura, and with

latin names (some times abbreviations) in parenthesis. The original studies
are from Hjéltén (1997) marked A, Hjaltén (1998) marked B, Hjaltén, Ericson
& Roininen (2000) marked C and Hjaltén unpubl. marked D. For further
explanation and abreviations se Table 1 and 2.

Plant Diet Pattern

Species Test  Breadth Animal P F1 P Reference
S.c. S.p. pref. G Lb. (L. ¢) === A
S.c. S.p. pref. G Lb. (L. ¢) === A
S.c. S.p. dens. S Lgs.(P. pedunculi) === C
S.c. S.p. dems. S Lgs.(P. bridgmanii) === C
S.c. S.p. dens. S Lf. (Phyllocolpa. sp.) = = = C
S.c. S.r. dens. S Lgs. (P. pedunculi) === C
S.c. S.r. dens. S Lgs. (P. pedunculi) === D
S.c. S.r. dens. S Lgs. (P. bridgmanii) = = = B
S.c. S.r. dems. S Lgm. (I. capreae) === B
S.c. S.r. dens. G Bgm. (D. rosaria) === B
S.c. S.r. dens. G Lb. (Cr. ) === B
S.c. S.r. dens. - Lb larvae = B

In accordance with my predictions, 2 of the 5 studied specialist species
for the S. repens - S. caprea hybrid system showed preference for one of
the parental species and discriminated against the F1 hybrid (Ph. wvitellinae
and Ch. populi, Table 2 and 4). Two of the specialists (P. bridgmanii and I.
caprea, Table 3) did not discriminate between the F1 hybrid and the pure
host (5. caprea in both cases) and one species showed variable results between
different studies (P. pedunculi, Table 3 and 4). It seems that these species have
not developed enough specificity to discriminate the hybrid as different from
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the pure host species. This occurs either because there is no reduced fitness
connected to choosing the F1 hybrid, because there has not been enough time
to develop discrimination or because the cost for mistakenly rejecting the host
plant is greater than the cost of accepting the non-host F1 hybrid (Bernays,
1998, 2001; Fox & Lalonde, 1993; Larsson & Ekbom, 1995; Moorehead, Taper
& Case, 1993).

Table 4: This table shows the number of herbivore species that have shown
the different response patterns (Table 1, 2, 3). The species are divided into
specialists (Spec.) and generalists (Gen.) and the responses are divided
between the different hybrid systems that have been studied. For further
explanation and abbreviations se Table 1 and 2.

Pattern S.r*S.¢ S.p*S.c
S.a*S.c
Spec. Gen. | Spec. Gen.
==| - 3 - -
= = = 1 1 - -
= = é 2 - - ].
= = 2 - 2 -
= = = - 1 1 -
Variable 1 1 - 1
results

Three of the six studied species that are generalists show a response where
F1 hybrids were intermediate to the parental species (Table 4). This may
depend on the inheritance pattern of phenolics (paper IT and I) and if they are
responding in proportion to the concentration of either phenolic glucosides or
condensed tannins. As these species generally respond negatively to phenolic
glucosides, the former seems more likely. However, it is also possible that
their response depends on a combination of plant traits.

Adding together the results from preference tests for all the studied herbi-
vores, the results give some support to the observations of leaf damage. In
nine of the 12 studied cases, hybrids were less resistant than the most resis-
tant parental species and there were only three cases where the F1 hybrids
were as resistant as the most resistant parental species (Table 4). In addi-
tion, because hybrids are used by herbivores from both parents, herbivores
may potentially select against hybrids between S. repens and S. caprea. Sim-
ilar results have been found in other herbivore-hybrid plant systems as well.
Whitham, Morrow & Potts (1994) studied a hybrid zone between Eucalyptus
amygdalina and E. risdonii and found higher density and diversity of herbi-
vores and parasites on hybrids than on pure species. In addition, this study
identified backcrosses as more susceptible than F1 hybrids. However, to know
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that herbivores actually select against hybrids and thus potentially lead to the
evolution of reproductive barriers between these species, we need to consider
plant resistance and preference of herbivores as well as how herbivores affect
the plant’s fitness. hybridization occurs often in many plant families, which
suggest that the fitness disadvantages could be out-weighted by advantages.

Conclusions and future research

In hybrids between S. caprea and S. repens secondary metabolites, such as
condensed tannins, and phenolic glucosides follow an additive inheritance pat-
tern. There was no common response of the studied herbivore community to
hybrid plants. Instead, it seems that specialist herbivores either discriminate
against hybrids and non-host parental species or do not separate between hy-
brids and host parental species. Generalists usually show intermediate prefer-
ence for hybrids or no preference between hybrids and parental species. How-
ever, one species shows a preference that indicates a breakdown in resistance.
When adding together the effects of the herbivore community, it appears that
herbivores inflict more damage to hybrids than to parental species.

To further explore effects of hybridization on foraging behaviour in this
system, we need more detailed studies on the effect of hybridization on plant
traits. These studies should focus on secondary metabolites, primary metabo-
lites, and morphology and how these influence herbivore foraging decisions,
performance, and population dynamics. Furthermore, we need to determine
the relationship between plant resistance characters and plant fitness. To con-
nect observations from experiments to natural field conditions it is important
to determine the influence of environmental factors on hybrids and parental
species and hence experiments need to be performed as reciprocal transplant
experiments.

It is also important to study natural plant populations to examine the fre-
quency of hybridization and if there are any signs of introgression of traits
between the parental populations. This is preferably studied using molecular
population genetic analyses.
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