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Inbreeding can profoundly affect the interactions of plants with herbivores as
well as with the natural enemies of the herbivores. We studied how plant
inbreeding affects herbivore oviposition preference, and whether inbreeding
of both plants and herbivores alters the probability of predation or parasitism
of herbivore eggs. In a laboratory preference test with the specialist herbivore
moth Abrostola asclepiadis and inbred and outbred Vincetoxicum hirundinaria
plants, we discovered that herbivores preferred to oviposit on outbred
plants. A field experiment with inbred and outbred plants that bore inbred
or outbred herbivore eggs revealed that the eggs of the outbred herbivores
were more likely to be lost by predation, parasitism or plant hypersensitive
responses than inbred eggs. This difference did not lead to differences in
the realized fecundity as the number of hatched larvae did not differ between
inbred and outbred herbivores. Thus, the strength of inbreeding depression
in herbivores decreases when their natural enemies are involved. Plant
inbreeding did not alter the attraction of natural enemies of the eggs. We con-
clude that inbreeding can significantly alter the interactions of plants and
herbivores at different life-history stages, and that some of these alterations
are mediated by the natural enemies of the herbivores.

1. Introduction

Inbreeding resulting from self-fertilization or mating between related individuals
causes inbreeding depression, i.e. reduction in performance owing to inbreeding
[1,2]. Inbreeding of both plants and herbivores can considerably alter interactions
between them [3]. In plants, inbreeding modifies many resistance traits such
as concentrations of secondary compounds [4,5], structural defences [6] and
emissions of volatile compounds [7]. Consequently, inbreeding depression in
plants is stronger under herbivory, and inbred plant individuals commonly
experience greater herbivore damage compared with outbred individuals
[3,8-10]. In herbivores, inbreeding reduces for example performance, fecundity
and egg hatching rate [5,11]. The strength of inbreeding depression in the per-
formance of herbivore larvae depends on the inbreeding of the host plant, and
similarly, herbivore inbreeding can modify the strength of inbreeding depression
in host plant resistance [5].

Plants and herbivorous insects interact in many ways prior to the life-history
stage when the insect feeds on the plants. The traits that are central in the non-
feeding life-history stages of the interaction, such as the eggs and in some species
the adults, can be equally important for the antagonistic interaction as those in the
feeding stage [12]. These traits can also be modified by inbreeding [13], and thereby
further complicate the effects of inbreeding on plant—herbivore interactions. Plant
quality and chemical cues direct the oviposition of adult insects [14-16] and they
can alter plant apparency or attractiveness to the herbivore and lead to avoidance
of egg deposition [17]. Theory predicts that female insects deposit their eggs on a
site that maximizes the performance of the offspring [18—20], although this does
not always hold true in practice [21-23]. Accordingly, inbred plants, which were
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of higher quality to the larvae, were favoured over outbred
plants for oviposition by the adult hawk moths (Manduca
sexta) [13]. Once the eggs have been laid, plants can react against
the eggs directly by hypersensitive and toxic responses and
indirectly by releasing volatile chemical compounds or indu-
cing changes in leaf surface chemicals that attract natural
enemies of the insect eggs [17,24,25]. Because plant inbreeding
can modify emission of volatile compounds, it can also alter
the interactions of plants with the natural enemies of herbivores
[7,26]. So far, these studies have focused on the effects of
inbreeding only in the host plant. In order to fully understand
how inbreeding affects species and their interactions with one
another, we should broaden the scope and investigate how
simultaneous inbreeding in plants and herbivores affects inter-
actions with the third trophic level, i.e. the natural enemies of
the herbivore, and how these natural enemies alter the effects
of inbreeding in plants and herbivores.

We studied whether inbreeding of the host plant
Vincetoxicum hirundinaria affects the oviposition preference
of the specialist herbivore Abrostola asclepiadis and whether
inbreeding of either the host plant or the herbivore affects
the survival of the herbivore eggs to larval stage. We know
that A. asclepiadis and V. hirundinaria suffer from inbreeding
depression in larval performance and resistance, respectively
[5,9]. Here, we turn our focus to the effects of inbreeding on
different life-history stages of the herbivore (adult, egg) and
additional plant traits (apparency, indirect defences) in
order to more thoroughly understand the effects of inbreed-
ing at various stages of the plant—herbivore interaction. We
specifically studied: (i) Does plant inbreeding affect ovipos-
ition preference? (ii) Does plant or herbivore inbreeding
affect the rate of egg parasitism? (iii) Does plant or herbivore
inbreeding affect the rate of eggs lost to predation by other
insects, or to plant hypersensitive responses?

We predict that inbred plants are favoured over outbred
plants by herbivore females for oviposition because they are
less toxic and better-quality food for the developing larvae
[5,27]. We also predict that outbred plants attract parasitoids
and predators more efficiently because they are suspected to
emit more volatile compounds than the inbred plants [7,13].
Lastly, we expect that parasitoids and predators favour
outbred herbivore eggs because they are of higher quality
than inbred eggs.

2. Material and methods
(a) Study species

Vincetoxicum hirundinaria Med. (=Cynanchum vincetoxicum (L.)
Pers.) (Apocynaceae) is a perennial plant native to Europe and
western Asia. It grows on calcareous substrate in rocky open
habitats and along forest margins. It has a mixed mating system
and in the study area, the SW archipelago of Finland, populations
vary in their level of inbreeding measured as Fig [28].

The leaves of V. hirundinaria are consumed by the larvae of a
specialist moth A. asclepiadis Schiff. (Noctuidae). The adult
female oviposits single eggs, and egg clutches containing up to
20 eggs under the leaves of V. hirundinaria at the end of June
and beginning of July [29]. The larvae hatch approximately
10 days later and complete development after five instars in
approximately five to six weeks. The larvae have significant
negative effects on the fitness and population growth of their
host plants [30], and during local outbreaks, they defoliate the
majority of plants in individual populations of V. hirundinaria

(AM. 2007, personal observation). During the past decade, we
have observed strong fluctuations in population sizes of the her-
bivores based on estimates of damage in the plants (from close to
0-60% of leaf damage within populations). Therefore, the level
of inbreeding likely varies among years and populations, being
most common when population sizes are small. V. hirundinaria
is considered to be toxic to mammals and generalist insect herbi-
vores because of its high concentrations of secondary metabolite
compounds [27]. In the study area, the eggs of A. aspclepiadis are
commonly parasitized by egg parasitoids from the genera
Telenomus sp. and Trichogramma sp. [29]. The percentage of parasi-
tized eggs in the field ranges from 2% to 68% among populations
(AK. 2011, unpublished data). In addition to parasitoids, the eggs
are predated by ants (Formicidae), spiders (Aranae) and larvae of
net-winged insects (Neuroptera; A K. personal observation).

(b) Plant and herbivore material
We obtained inbred and outbred plants by hand pollinating
10 maternal plants from one population in 2007 (Naantali,
60°27'56" N, 22°01'10" E). In each individual plant, we self-
pollinated five flowers with pollen from a different flower of
the same plant and cross-pollinated five flowers with pollen
from another randomly chosen individual to obtain inbred and
outbred plants, respectively. We allowed the seeds to germinate
in the greenhouse in the following year (2008) and, once the seed-
lings started growing, they were transplanted into larger pots
(0.91) with standard potting soil (Kekkila) in 2009 (for a more
detailed description of the pollination procedure, see [9]). For
the experiment, we chose six inbred and six outbred seedlings
that were of similar size from each of the 10 maternal families.
To obtain herbivores for the experiment, we collected eggs of
A. asclepiadis from six populations in 2012. These populations
were all allopatric to the plant population used here, because
we wanted to avoid any potential confounding effects of local
adaptation of plants and herbivores to one another. We reared
the larvae hatching from the eggs individually in plastic vials
until pupation. The pupae overwintered at +6°C until June of
2013, when we moved them into room temperature (+21°C) to
emerge. Once the adults started to emerge at the end of June, we
immediately transferred them to the experiment. We conducted
the two successive experiments in Lammasluoto (60°14'03” N,
21°56'49"" E), a site that harbours a large V. hirundinaria population
and is allopatric to all herbivores and plants used in this study.

(c) Oviposition preference

To study the preference of the herbivores in their oviposition, we
set up full-sib (n = 21) and random within-population (n = 21)
herbivore pairs by crossing a male and a female from the same
egg clutch (adults from the same egg clutch were considered to
be siblings) or two random individuals from different egg
clutches from the same population, respectively. We established
these two types of pairs in order to obtain inbred and outbred
eggs for the second experiment (see below). We placed the herbi-
vores in a cylindrical mesh cage (base diameter 35 cm, height 43 cm)
with one inbred and one outbred V. hirundinaria plant that originated
from the same maternal family. The two plants within each cage did
not differ in size (paired t-test: number of shoots, t-value = —0.61,
p = 0.5439, d.f. = 41; height, t-value = —1.11, p = 0.2713, d.f. = 41;
number of leaves in the tallest shoot, t-value = —1.41, p = 0.1141,
d.f. = 41). The plants lay on opposite sides of the spherical cage, leav-
ing approximately 23 cm between the plants. We released one pair
(see above) of A. asclepiadis in each cage where they were allowed
to mate and oviposit without restriction. We recorded the number
of eggs on the plants daily and once one of the plants acquired
more than 10 eggs we terminated the preference test (on average
after 3—4 days) by removing that plant from the pairing cage.
To obtain similar numbers of eggs on both plants, the other
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(non-preferred) plant was left in the pairing cage for as long as
needed for 10 or more eggs to be laid on the leaves. The number of
eggs was limited after acquiring 10 eggs in order to control for the
number of eggs per plant and to have freshly laid eggs to offer to
the predators and parasitoids in the subsequent experiment (see
below). The preference test was conducted in a laboratory with
ambient light and temperature during late June and early July.

(d) Natural enemies and plant hypersensitive responses
Using the plants and eggs obtained from the preference test (see
above), we studied how inbreeding of plants and herbivores
affect the interactions with the natural enemies of the herbivores
and overall survival of the eggs. The leaves with eggs on them
were marked with pieces of green straw, and the number of
eggs on each leaf was recorded in order to keep track of the
eggs that became detached. We placed the inbred and outbred
plants bearing either inbred or outbred eggs on their leaves in
the field where the eggs were available for naturally occurring
predators and parasitoids. The average number of eggs per
plant did not significantly differ between treatments (results
of glmm with Poisson distribution: herbivore cross F =2.34,
p=0.130; plant cross F=0.67, p=0.416; interaction F = 0.46,
p = 0.501; numerator d.f. =1, denominator d.f. = 77.87 for all).
We placed the plants in blocks of four individuals (plants separ-
ated by ca 50 cm) with all the combinations of plant and
herbivore inbreeding (inbred and outbred plants, inbred and
outbred herbivore eggs). Altogether, there were 22 blocks that
were randomly placed to areas where V. hirundinaria occurs natu-
rally at the site. We monitored the eggs daily or every other day
and recorded the number of eggs that were detached, parasi-
tized, perforated or hatched. Here, an egg can be detached due
to predation by ants or due to active hypersensitive responses of
the plant (A.K. 2013, personal observation). On some leaves, we
observed the formation of necrotic tissue under the egg as an indi-
cation of a hypersensitive response preceding the detachment of
the egg. We classified eggs as perforated if they were empty and
had visible signs of the egg surface being broken when studied
under a microscope. We assumed that perforation was always
caused by predation. Parasitized eggs were identified based on
their black colour. Unhatched eggs attached to the plant that
were not parasitized or perforated were classified as sterile.

(e) Statistical analysis

We analysed the oviposition preference of the herbivore with a
repeated measures analysis (proc mixed) with the number of
eggs on the inbred and on the outbred plant on the final day,
i.e. the day that one or both of the plants were removed from
the pairing net, as the within-response variable. We square-root-
transformed the number of eggs in order to improve the normality
of the data. Plant cross, herbivore cross and their interaction were
included as explanatory variables. We specified the covariance
structure as compound symmetry based on comparison of
Akaike information criterion (AIC) values. We inspected the nor-
mality and equality of variances of the residuals by visual
examination and Levene’s test, respectively.

To examine whether the probability of herbivore eggs getting
parasitized, detached or perforated was affected by plant or her-
bivore inbreeding we used the events/trials syntax for binomial
data. We conducted separate analyses for the number of eggs
parasitized, detached and perforated. In a fourth analysis, we
used the total number of eggs lost, and thus not contributing
to herbivore fitness (i.e. parasitized, detached or perforated; here-
after, lost) divided by the number of all eggs as the response
variable. The ‘lost” category was included because, for the herbi-
vore fitness, it does not matter how the eggs are destroyed: its
fitness is equally reduced by all the different activities measured.
We included herbivore cross, plant cross and their interaction as

explanatory variables. Total number of eggs was included as a n

covariate to control for any effects of egg number on parasitism
and predation, as plants with more eggs may have been more
attractive to the natural enemies. Plant individual was specified
as a subject in the repeated statement in order to assume inde-
pendence across the subjects, i.e. consider different plants as
independent observations instead of each egg. We used general-
ized linear models (proc genmod) with logit link function. We
included scale = deviance option in the model to correct for
the minor overdispersion of the data when necessary.

We analysed the effects of plant and herbivore inbreeding on the
proportion of sterile eggs and the number of fertile eggs. Proportion
of sterile eggs was analysed using events/trials syntax for binomial
data in generalized linear models (logit link function) with number
of sterile eggs divided by number of all eggs as response variable
and herbivore cross, plant cross and their interaction as explanatory
variables. To analyse the realized fecundity of the herbivores follow-
ing predation and parasitism, we constructed a generalized linear
model with the number of fertile eggs as the response variable
and herbivore cross, plant cross and their interaction as explanatory
variables. We used Poisson distribution and log link function. Plant
individual was specified as a subject in the repeated statement for
both analyses. All analyses were conducted with SAS 9.4 (SAS
Enterprise Guide 6.1/SAS 9.4 Cary, NC).

3. Results

The herbivores preferred to oviposit on the outbred over the
inbred plants (table 1 and figure 1). At the end of the experiment,
the outbred plants had on average 20.38 + 2.48 eggs, whereas
the inbred plants had 13.07 + 2.24 eggs (mean + s.e.). Plant or
herbivore inbreeding did not affect the probability of eggs get-
ting parasitized or perforated (table 1 and figure 2). However,
on the outbred plants, the outbred eggs were more likely to be
detached than the inbred eggs (proportion of detached outbred
eggs = 0.440, inbred eggs = 0.235; Tukey’s test p = 0.0178; table
1 and figure 2). When we analysed perforation, parasitism and
detachment of the eggs together, the outbred eggs were more
likely to be lost (proportion of lost outbred eggs = 0.506,
inbred eggs = 0.367; table 1 and figure 2). The proportion of
sterile eggs was higher in the inbred eggs (proportion of sterile
outbred eggs = 0.375, inbred eggs = 0.567; table 1 and figure 2).
Altogether, the realized fecundity of the herbivores was very
low: only 10% of the eggs laid produced a viable larva. The aver-
age number of hatched eggs per moth pair was not statistically
significantly higher in outbred (3.33 + 1.31 eggs) compared
with inbred herbivore eggs (1.37 + 1.01), although there was a
tendency to that direction (table 1 and figure 2). Plant cross
did not affect herbivore fecundity.

4. Discussion

We discovered that the herbivores deposited more eggs on
outbred compared with inbred plants. For a specialist moth, a
vigorous outbred host plant may appear to be a more suitable
egg deposition site compared with an inbred plant [31]. How-
ever, the preference was unexpected given that A. asclepiadis
larvae reach higher biomasses on inbred plants [5,9]. Other
species of Lepidoptera have previously been found to oviposit
on plants on which the performance of their offspring is not
maximized [21-23]. We know the chemical signals used by her-
bivores for host recognition upon contact with the host at
oviposition [12,15,17] are likely to be stronger in the outbred
V. hirundinaria plants based on their higher concentrations of
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Table 1. The effect of plant and herbivore inbreeding on herbivore A. asclepiadis oviposition preference and herbivore egg survival on its host plant V. hirundinaria. ‘Lost’ refers to parasitized, detached and perforated eggs combined.

Italicized values denote p-values of <<0.05. d.f. = numerator, denominator d.f. for F-values for oviposition.
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Figure 1. Oviposition preference of the herbivore A. asclepiadis in an experiment
with inbred and outbred V. hirundinaria host plants. The average (-s.e.) number
of eggs laid per plant in the two breeding treatments. Statistically significant
difference in herbivore preference is indicated by asterisk *p << 0.05.

some foliar phenolic compounds compared with the inbred
plants [5]. Therefore, the outbred plants are chemically more
apparent to the female herbivores relative to the inbred plants,
which, in turn, may result in the observed discrepancy between
preference and performance of the herbivore. Contrary to our
results, Kariyat ef al. [13] discovered that adult hawk moth (M.
sexta) females prefer to oviposit on inbred plants, which are
also of higher quality to the larvae. Then again, similar to our
results, higher apparency of outbred plants relative to inbred
plants in terms of plant size or vigour resulted in higher rates
of infestation by weevils (Trichobaris soror) in Datura stramonium
[32] and insect-borne pathogens (Erwinia tracheiphila) in wild
gourd (Cucurbita pepo ssp. texana) [33]. Finally, herbivore ovipos-
ition preference can also have implications for the performance
of the host plant and the evolution of self-fertilization. Inbreed-
ing depression in plants is commonly stronger when
herbivores are present [3], and likewise, V. hirundinaria also exhi-
bits inbreeding depression in resistance [5,9]. If the higher egg
deposition on outbred than inbred plants also leads to greater
damage and reduced fitness on the outbred plants, herbivore
preference in oviposition can potentially modify the negative
effects of inbreeding in plants. However, more work on this
topic is required before definitive conclusions can be made.
Outbred herbivore eggs were lost more frequently than
inbred eggs. In addition, detachment of the outbred eggs
on outbred plants (owing to predation or plant hypersensi-
tive responses) was more likely than that of the inbred
eggs. The eggs from the outbred herbivore pairings may
have been more viable than the inbred eggs [11] and, there-
fore, of higher quality to the enemies and more susceptible
to be lost to predation and parasitism, although parasitism
and predation alone were not significant. It seems that the
higher probability of destruction of outbred herbivore eggs
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Figure 2. Proportions of the herbivore A. asclepiadis eggs that hatched,
became parasitized, detached or perforated, or were sterile on inbred and
outbred V. hirundinaria host plants. Lost refers to parasitized, detached
and perforated eggs combined.

by predation, parasitism and plant hypersensitive responses
evens out the inbreeding depression in herbivore fecundity,
as the number of fertile eggs (i.e. eggs that produced a
larva) did not differ statistically significantly at the end of
the experiment between inbred and outbred herbivore
crosses. It is likely that without the natural enemies and
plant hypersensitive responses, inbreeding depression in
egg hatching rate would have been stronger judging by the
relatively higher proportion of sterile inbred eggs. However,
we have to note that there were no control eggs that were pro-
tected from predation altogether. It is also possible that a
higher proportion of the inbred eggs were sterile from the
beginning of the experiment, which may mean that if the
embryo was dead early on in the development, these eggs
were not suitable for the natural enemies and perhaps did
not elicit hypersensitive responses in the plant. In fact, if we
consider only hatched and lost eggs (excluding sterile eggs),
the percentages of eggs lost are very similar in the two treat-
ments, with 85% and 81% for the inbred and outbred eggs,
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