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Abstract Plants respond to grazing by herbivorous insects by emitting a range of volatile
organic compounds, which attract parasitoids to their insect hosts. However, a positive
outcome for the host plant is a necessary precondition for making the attraction beneficial
or even adaptive. Parasitoids benefit plants by killing herbivorous insects, thus reducing
future herbivore pressure, but also by curtailing the feeding intensity of the still living, par-
asitised host. In this study, the effect of parasitism on food consumption of the Sth instar
larvae of the autumnal moth (Epirrita autumnata) was examined under laboratory con-
ditions. Daily food consumption, as well as the duration of the 5th instar, was measured
for both parasitised and non-parasitised larvae. The results showed that parasitism by the
solitary endoparasitoid Zele deceptor not only reduced leaf consumption significantly but
also hastened the onset of pupation in autumnal moth larvae. On the basis of the results,
an empirical model was derived to assess the affects on the scale of the whole tree. The
model suggests that parasitoids might protect the tree from total defoliation at least at
intermediate larval densities. Consequently, a potential for plant—parasitoid chemical sig-
nalling appears to exist, which seems to benefit the mountain birch (Betula pubescens ssp.
czerepanovii) by reducing the overall intensity of herbivore defoliation due to parasitism

by this hymenopteran parasitoid.
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INTRODUCTION

Leaf consumption by herbivores induces a chemical reaction and release of inducible
volatile organic compounds (VOCs) by the host plant (Turlings et al., 1990; De Moraes
et al., 1998; Turlings & Wickers, 2004; Heil, 2008). VOCs can be utilised by predators
and parasitoids as cues in host detection (e.g. Camors & Payne, 1972; Price et al., 1980;
Nealis, 1986; Turlings et al., 1990; De Moraes et al., 1998; Halitschke ef al., 2008) and,

consequently, they contribute to the reduction of herbivore pressure on the host plant
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(van Loon et al., 2000; Kessler & Baldwin, 2001; Heil, 2008). This phenomenon,
which describes the complex inter-specific interactions between herbivore-damaged
plants, herbivores and natural enemies, is known as ‘crying for help’ (Turlings et al.,
1990). Such a complex interaction between plants and natural enemies is, however,
only likely if natural enemies sufficiently reduce herbivory to the extent that plant
fitness increases despite the potential cost of chemical signalling (van der Meijden &
Klinkhamer, 2000; Fritzsche-Hoballah & Turlings, 2001; Hoballah et al., 2004).

Although predators may be expected to decrease herbivore numbers immediately,
the impact of parasitoids cannot be anticipated to be as straightforward. In many sys-
tems where parasitoids are able to considerably reduce the population size of their
hosts (Bylund, 1995; Ferguson & Stiling, 1996; Miinster-Swendsen, 2002; Tanhuan-
péi et al., 2002), this impact will take effect only in the next generation of the herbi-
vore and thus cannot be of immediate advantage to a plant that is ‘crying for help’.
Koinobiont parasitoids can, however, alter the physiology and behaviour, e.g. the de-
velopmental time and food consumption, of their still living and mobile hosts (Vinson
& Iwantsch, 1980; Harvey et al., 1994; Elzinga et al., 2003; Brodeur & Boivin, 2004).
Regarding herbivore food consumption, parasitoids can cause both stimulative, as well
as restrictive effects, which seem to be related to their particular life history traits. Gre-
garious species, i.e. where several parasitoid larvae develop within/upon one host, are
likely to increase the food consumption of their hosts (Slansky, 1986; Alleyne & Beck-
age, 1997; Smallegange et al., 2008), whereas solitary species (one parasitoid larva per
host) usually have the opposite effect (Guillot & Vinson, 1973; Rohlfs & Mack, 1983;
Senthamizhselvan & Muthukrishnan, 1989; Kumar & Ballal, 1992; Harvey, 1996; Bae
& Kim, 2004). A few studies have already shown that parasitoid-induced diminished
food consumption in herbivorous insects has led to increased plant fitness (van Loon
et al., 2000; Fritzsche-Hoballah & Turlings, 2001; Smallegange et al., 2008).

In northern Fennoscandia, in the tritrophic system consisting of mountain birches
[Betula pubescens ssp. czerepanovii (Orlova) Hiamet-ahti (Fagales: Betulaceae)],
autumnal moths [Epirrita autumnata (Borkhausen) (Lepidoptera: Geometridae)] and
their hymenopteran parasitoids, mountain birches occasionally suffer from elevated
herbivore pressure. This is caused by the high amplitude and cyclic population fluc-
tuations of autumnal moths, which can lead to severe large-scale forest defoliations
(Tenow, 1972; Lehtonen, 1987; Haukioja et al., 1988; Klemola et al., 2002). During
the density increase of the autumnal moth, predators are unable to effectively track the
rapid changes in herbivore densities (Enemar et al., 1984; Ruohomaéki er al., 2000).
However, in both the peak and decline phases of the moth cycle, there are at least
15 hymenopteran parasitoid species present in high numbers, which attack either the

egg, larval or pupal stages of E. autumnata (Tenow, 1972; Ruohoméki, 1994; Bylund,
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1995; Tanhuanpia et al., 2002; Klemola et al., 2007, 2008a,b). Of all parasitoids
present, the proportion of solitary species is high (Klemola et al., 2007, 2008a). Thus,
particularly solitary parasitoids could be the primary enemies of herbivores attracted
to the VOCs produced by mountain birches after herbivore damage.

Indeed, damage due to autumnal moth feeding triggers the octadecanoid pathway
and the production of VOCs in the mountain birch (Kaitaniemi et al., 1998; Riipi et al.,
2002; Haukioja, 2005; Mintyld et al., 2008a). As a further indication of the potential
interactions between mountain birches and the natural enemies of the insect herbi-
vores, mountain birches defoliated by sawflies and autumnal moths have been shown
to attract passerine birds (Méntyla et al., 2004, 2008a), while the defoliation of silver
birches Betula pendula by autumnal moths seems to attract tits (Mintyli et al., 2008b).
However, neither the attractiveness of mountain birch VOCs to parasitoids, nor the ef-
fects of parasitoids on autumnal moth food consumption have been previously studied.
To eventually reveal more complex tritrophic interactions between mountain birches,
autumnal moths and their parasitoids, it is first necessary to elucidate the interactions
between two trophic levels.

In this experiment, we examined whether parasitism by the solitary koinobiont
parasitoid Zele deceptor Wesmael (Hymenoptera: Braconidae) affects feeding in the
final 5th instar of autumnal moth larvae, when most of the food consumption occurs.
Daily food intake and the duration of the 5th instar were measured in both parasitised
and non-parasitised larvae. We predicted that parasitised larvae would show reduced
food consumption compared to non-parasitised animals. In addition, we evaluated the
net effect of a potential change in larval food intake on a whole mountain birch tree,

using an empirical mathematical model.

MATERIALS AND METHODS

The study species

The autumnal moth is a medium-sized (wingspan ca 3—4 cm), cryptic, forest dwelling
moth, whose adults eclose from mid-August onwards, the males actively seeking their
less mobile mates. Females lay eggs on tree trunks, branches and shoots, where the
eggs overwinter. The foliage-feeding larvae hatch in the spring. In northern Fennoscan-
dia, the larvae experience five instars from late May to early July, and pupate in the
soil.

The hymenopteran wasp Zele deceptor is a late larval endoparasitoid (attacking
the 4th and 5th instar larvae), whose own larvae emerge from a prepupal stage of the

autumnal moth and create their own white cocoon beside the perished host. The adult
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parasitoid is approximately 11 mm long, and females possess an ovipositor measuring

2 mm in length.

Rearing of autumnal moth larvae

The experiment was conducted in the summer of 2006 at the Kevo Subarctic Research
Station (69°45’° N, 27°01° E), 80 m above sea level, in the Utsjoki municipality of
northernmost Finland. Autumnal moth adults, collected as larvae from mountain birch
forests in northern Norway and Finland, but not more than 100 km from Kevo, were
either mated with each other or with adults of a laboratory strain from the autumn of
2005 and the eggs were stored. We raised a total of 280 larvae from seven broods.
Neonate larvae were reared individually in transparent plastic vials of 48 ml and raised
in outdoor conditions until most had reached the 4th instar, when they were transferred
indoors. The larvae were supplied with fresh birch leaves at intervals of about 3 days.

Four of the seven broods were chosen according to the overall condition of the
larvae and the number of 4th instar larvae of sufficient size. Six individuals from each
of the four broods were randomly chosen as control larvae, with 12 chosen for exposure
to parasitoids, giving a total of 24 control larvae and 48 exposed larvae. A higher
number of larvae were used in the latter group because a 100% parasitism rate was not

expected.

Rearing of parasitoids

Zele deceptor parasitoids were raised from parasitised autumnal moth larvae collected
the previous year either from Norway or the Utsjoki area. Through the winter, Z. de-
ceptor cocoons were kept in transparent plastic vials (48 ml), half-filled with moist
Sphagnum moss, in an outdoor storage with slightly warmer than ambient temperature
conditions. In late spring, parasitoid cocoons were transferred indoors. Before the ex-
periment, all adult parasitoids that emerged were kept at 15°C in 200 ml transparent
plastic vials, each containing a small birch twig and a strip of blotting paper soaked in
a 30% honey-water solution for nourishment. Due to the paucity of female parasitoids,
only four individuals were used in the experiment. However, no statistically significant
differences in leaf consumption were found between the larvae parasitised by different

females (data not shown).

Parasitism

Exposure to parasitism was conducted in four plastic containers (18 x 18 x 10 cm),
each supplied with a strip of blotting paper soaked in a 30% honey-water solution. In

each container, female parasitoids were allowed to mate with one randomly chosen
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male for 1 day, after which, parasitoids were returned to the 200 ml vials. Thereafter,
12 4th instar autumnal moth larvae were placed in the containers in their 48 ml rearing
vials but with the lids removed. Fresh birch leaves were provided as food both within
the vials and on the bottom of the container. Finally, one female parasitoid was again
released into each container to allow it to parasitise the subjected larvae for a period of
24 h.

During parasitism exposures, all containers, including the control larvae in their
rearing vials were kept at 15°C. After exposure, larvae were removed from the con-
tainers and placed again in individual vials of 48 ml. At this point, the individual infor-
mation of brood affiliation was lost for those larvae subjected to parasitism, because
almost all larvae had moved out of their individual vials. All 72 experimental larvae in
their vials were then placed in one 10 x 10 grid by randomly choosing a control larva
and then a couple of larvae exposed to female parasitoids.

After rearing the larvae at room temperature for 24 h, 24 larvae had begun to
moult to their 5th and final instar. All moulting larvae were placed without any food
in the corresponding identical positions in another grid at 5°C in a growth chamber
to synchronise the start of the 5th instar. The remaining 48 larvae started moulting
the following day and were placed at 5°C as soon as the moult was observed. When
all larvae had started moulting, they were relocated to the growth chamber at 15°C to
hasten moulting. After 36 h, the larvae were transferred to room temperature to enable
the start of the 5th instar. We began the controlled feeding experiment approximately

6 h later, when all larvae had reached the final instar.

Feeding experiment

The feeding experiment was carried out over 10 days. Vials were cleaned and two
new birch leaves were supplied daily. Prior to feeding, the leaf fresh weight (mg)
was measured using a digital scale. The leaves were then photographed and placed
in water-filled 1 ml plastic tubes. The leaf petioles were kept in place in the water
with Parafilm. The tubes were placed inside the individual rearing vials. The following
day, leaf remnants were weighed and photographed again. By repeating this procedure
daily, feeding during the whole 5th larval instar was recorded for each larva. All birch
leaves used during one day were taken from one large branch to minimise the variation
in food quality.

On the first day of the experiment, all larvae were kept at 15°C for 24 h, but due
to low feeding activity, the temperature was raised to 20°C from the 2nd day onwards.
Larval leaf consumption was measured using two methods. Firstly, the difference in
leaf area before and after 24 h of feeding was measured (in square millimetres) from

photographs using the threshold colour-based method (macro: Threshold_colour, Lan-
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dini 2007) within the image analysis program WCIF ImageJ 1.37a (Rasband, 1997-
2004). Secondly, the leaf mass consumed (mg) was calculated (adjusted by water evap-
oration of control leaves), which gave qualitatively very similar results to the leaf area
measurements. However, as the leaf mass results were less accurate for small amounts
of leaf consumption (Ammunét, 2007) and to avoid data redundancy, only the results
of the areal measurements are presented here.

After 10 days, all experimental larvae had finished feeding. When a larva had en-
tered the prepupal stage, its vial was cleaned and half-filled with moist Sphagnum
moss, in which larvae would also pupate under natural conditions. Parasitised individ-
uals were easily identified from their parasitoid cocoon approximately 10 days from
the prepupal phase. Four of the parasitoids were unable to pupate properly and were
identified from the remnants of the parasitoid larvae. Because not all subjected larvae
were parasitised, two new groups were established. The group of larvae subjected to
parasitism but not parasitised is hereafter referred to as ‘exposed’, while those that
were successfully parasitised comprise the group ‘parasitised’.

The overall parasitism rate was 62.5% (30 parasitised out of 48). Two control and
one subjected larva died during the study, thus the final number of non-parasitised
larvae (17 exposed and 22 control larvae) was 39. Larvae that died during the study

were omitted from the statistical analyses.

Mathematical modelling

A simple, empirical mathematical model was constructed (Eq. 1) to extrapolate the

results to the scale of the whole tree.

_ yla(1—x)+bx]
f(%ﬂ-W

The model describes which proportion of leaves is eaten at different combinations

ey

of larval densities and parasitism rates, where y is larval density and x the parasitism
rate. Larval density is given as the number of larvae per 300 leaves, because a range
from O to 300 larvae per 100 short shoots (each typically with three leaves) has al-
ready been measured (Tenow et al., 2004; T. Klemola et al., unpublished data). The
parasitism rate ranges from 0 to 100 (Bylund, 1995; Klemola et al., 2008a). For 5th
instar larvae of the autumnal moth, the value a is the total amount of leaves consumed
by a non-parasitised larva, while b is the total amount of leaves eaten by a parasitised
individual. It is assumed that all parasitoids are solitary and have the same effect on

the consumption of larvae as Z. deceptor in this experiment.
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Statistical analysis

All statistical analyses were conducted with SAS 9.1 statistical software. The effects
of parasitism on leaf consumption were analysed with a general linear model with
a repeated measures design (the MIXED procedure), using the restricted maximum-
likelihood method. The treatments (parasitised, exposed and control), experiment days
and their interaction were included as fixed effects. Pairwise comparisons between the
daily leaf consumption of the different treatments were calculated using Tukey’s test to
minimise the probability of Type I errors. Degrees of freedom were counted with the
Kenward-Rogers method, which is highly suitable for a conducted model (Kowalchuk
et al., 2004). Experiment day was taken into account as a repeated effect where an
individual larva was the subject effect. However, only the first 5 days of the study were
included in the analyses of daily leaf consumption, because afterwards many larvae
had already entered the prepupal stage and thus the number of still feeding larvae
decreased sharply.

Model selection, based on Akaike information criteria and Akaike weights, was
applied regarding the variance-covariance structure of the repeated effect (Wolfinger,
1993; Little et al., 1996; Burnham & Anderson, 2002). Based on the results of model
selection, the heterogeneous first-order autoregressive (ARH1) model was chosen.

The differences between treatments based on total leaf consumption during the
whole 5th instar were analysed with a general linear model (the GLM procedure). The
total consumption value for each larva was calculated by summing daily consumption
values. The total number of leaves consumed daily was calculated by dividing the total
area consumed by the average size of the leaves each day.

The effects of parasitism on the duration of the 5th instar were analysed using the
exact likelihood ratio chi-squared test (the FREQ procedure); asymptotic tests might
not be accurate due to the small sample size.

The effect of larval sex on total leaf consumption was analysed with a general
linear model (the GLM procedure). As moth sex was determined from the pupa and
the effect of brood was also included in the model, this analysis was made for the

control larvae only.

RESULTS

The amount of leaf area consumed during the experiment varied significantly between
the three treatments (control, exposed, parasitised) (Treatment: F3 106 = 73.20,P <
0.0001; Treatment x Experiment day: Fg 175 = 5.97,P < 0.0001). Parasitised larvae
consumed significantly less leaves than exposed or control larvae on the 3rd day and
onwards (Fig. 1, Table 1). On the 1st day of the experiment, leaf consumption did not



Oecologia (2009) 159(3): 539-547

differ between treatments, while on the 2nd day parasitised and exposed treatments
showed no significant differences (Fig. 1, Table 1).
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Fig. 1 Leaf area consumed per day by autumnal moth larvae during the first 5 days of the feeding ex-
periment in the three treatment groups (control, exposed and parasitised). Least squares means with 95%
confidence intervals are presented from the statistical model described in the text.

Table 1 A posteriori pairwise comparisons of leaf consumption between the three treatments (control,
exposed, parasitised) for the first 5 days of the feeding experiment. z- and P-values of Tukey’s test are
given for each comparison.

Treatment comparison Day t P

0.50 0.6156
1.75 0.0842
4.80 < 0.0001
7.01 < 0.0001
526 < 0.0001
0.68 0.5017
4.59 < 0.0001

Parasitised versus exposed 1
2
3
4
5
1
2
3 774 <0.0001
4
5
1
2
3
4

Parasitised versus control

10.06 < 0.0001

7.70 < 0.0001

0.13 0.9009

2.34 0.0222

221 0.0302

2.15 0.0348

5 1.75 0.0846

Control versus exposed

The respective mean values are plotted in Fig. 1.

The overall leaf consumption during the Sth instar was smallest for parasitised

larvae (pairwise comparison with Tukey adjustment: P < 0.0001 for both parasitised
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versus control and parasitised versus exposed larvae, Fig. 2). No significant difference
was observed between control and exposed larvae (P = 0.95, Fig. 2). When converted
to leaves eaten, both control (least squares mean + 95% CL: 3.14 4 0.39) and exposed
(3.07 £ 0.33) larvae ate on average one leaf more than parasitised (1.94 + 0.13) larvae
during the 5th instar.
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Fig. 2 Total leaf area consumed by autumnal moth larvae during the 5th instar in the three treatment
groups (control, exposed and parasitised). Least squares means with 95% confidence intervals are pre-
sented. The number of larvae in each group is indicated above the symbols.

Of the total amount of leaves eaten, values of 3.1 and 1.9 leaves for parameters a
and b, respectively, were retrieved from the mathematical model, according to which
an increase in parasitism rate prevents complete defoliation at intermediate larval den-
sities, but has no effect at the highest densities, when the trees are totally defoliated,
irrespective of the parasitism rate (Fig. 3).

The duration of the 5th instar was shorter for parasitised than either control or ex-
posed larvae (ng =40.85,P < 0.0001), with parasitised larvae commencing pupation
approximately 1 day before either of the other groups. In addition, 90% of the para-
sitised larvae had already entered the prepupal stage on the 7th day of the experiment,
compared to only 40% and 30% of the exposed and control larvae, respectively (Fig. 4)

The sex of the control larvae affected the total amount of leaf consumed (F7 15 =
29.02,P < 0.0001). In total, females consumed a larger leaf area than males, with a
mean difference of 743.9 mm? or approximately 79% of one leaf. This was expected
because females (also as pupae) are typically heavier than males (e.g. Tammaru et al.,
2000).

The brood of the control larvae did not have a significant effect on total leaf con-
sumption (Brood: F3 15 = 0.80,P = 0.51; Brood x Sex: F3 15 = 0.62,P = 0.55). Thus,
there were probably no genetic differences that could have affected leaf consumption.

Accordingly, that the initial information on brood identity had been lost during the sub-



Oecologia (2009) 159(3): 539-

547

Defoliation %

[ 1< 20[C120-40 1 40-60 71 60-80 [ 80-100 M 100

300

250

200

150

Larval density

100

50

0 - T T T
0.0 0.2 0.4 0.6

Parasitism rate

Fig. 3 Model-based result of leaf defoliation at different larval densities (no. of larvae per 100 short
shoots) and larval parasitism rate. The numbers illustrate the areas of combinations of larval densities
and parasitism rates that can be observed in the successive stages of the hypothetical moth cycle: 1
moth density still on the lowest level or just about to increase, parasitism rates low; 2 moth density still
increasing or has just reached the outbreak level, parasitism rates still low; 3 moth density still at outbreak
levels or just starting to decrease, parasitism rates high; 4 moth density still decreasing or just reaching
the lowest level, parasitism rates still high. The order and the direction of the hypothetical moth cycle are

illustrated with arrows.
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Fig. 4 Timing of pupation of 5th instar autumnal moth larvae. The plot shows the cumulative proportion
of larvae that pupated in each treatment group (control, exposed and parasitised) during the last 5 days of

the experiment.
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jection to parasitoids for both exposed and parasitised larvae probably did not affect

the main results of the experiment.

DISCUSSION

Our experimental results reveal that parasitised autumnal moth larvae consumed signif-
icantly fewer leaves than those free of parasitoids: parasitism reduced the overall leaf
consumption of a 5th instar larva by approximately one mountain birch leaf. Further-
more, parasitism clearly reduced the duration of the 5th instar of the autumnal moth.
When these results are extrapolated to larval densities and parasitism rates observed in
the field, the results of our mathematical model showed that an increase in parasitism
rate lessens leaf damage at low larval densities and prevents the tree from being totally
defoliated at intermediate larval densities, but is no longer effective during the highest
larval densities recorded during autumnal moth outbreaks (Fig. 3).

Previous studies under laboratory conditions showed that non-parasitised autum-
nal moth larvae consume two to three birch leaves during their development (Haukioja
& Niemeld, 1974). In nature, feeding damages more leaves, because larvae do not con-
sume leaves entirely but frequently move to a different leaf after a few bites (personal
observation). As most of the consumption of the autumnal moth during its lifespan
takes place during the relatively short period of the final instar (Haukioja & Niemeli,
1974), parasitised larvae would also seem to suffer significantly reduced life-time con-
sumption. Hence, the results of our model can be extended rather well to represent the
whole larval lifespan.

In post-peak and decline phases of the autumnal moth cycle, the overall larval par-
asitism rates are noticeably high, occasionally approaching 100%, of which a major
proportion (>90%) can be caused by solitary parasitoids (Bylund, 1995; Tanhuanpéi
et al., 2002; Klemola et al., 2007, 2008a; K. Ruohomiki and T. Klemola, unpublished
data). According to our model, the reduction in food consumption owing to parasitoids
may be enough to reduce the defoliation during the decline phase when the parasitism
rate is high, but seems to be ineffective at the peak phase when larvae can cause to-
tal defoliation. This has also been observed in nature, where mountain birch forests
have been totally defoliated and the effect of parasitism can be seen only after a delay
(Tenow, 1972; Bylund, 1995; Klemola et al., 2004). However, only some autumnal
moth populations reach outbreak levels in northern Fennoscandia (e.g. Klemola et al.,
2007), further underpinning the ecological significance of reduced leaf damage due to
larval parasitism.

Even a slight defoliation has been observed to provoke reduced shoot survivorship

and reproduction of the mountain birch (Tuomi et al., 1989; Ruohomaiki et al., 1997).
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Therefore, the observed reduction of defoliation by parasitism can truly have a positive
effect on fitness-related traits, although lifespan fitness is very difficult to determine in
the long-lived mountain birch. The reduction of herbivory to a level low enough to
be beneficial for the plant is an important prerequisite for making potential chemical
signalling adaptive between the first and third trophic levels (Dicke & van Loon, 2000;
van der Meijden & Klinkhamer, 2000). Thus, it seems that this condition can be met
in the system studied, as shown previously in other species (van Loon et al., 2000;
Fritzsche-Hoballah & Turlings, 2001; Smallegange et al., 2008).

In contrast to parasitoids, larval predators (mainly birds and some invertebrate gen-
eralists) seem to be limited more by factors other than autumnal moth density. As a
consequence, they are often unable to effectively respond to the number of larvae at
the peak phase of the moth population cycle (Enemar ef al., 1984; Ruohomiki et al.,
2000), which makes parasitoids the more important participants in the tritrophic inter-
action between mountain birches, autumnal moths and their natural enemies.

In addition to the reduced consumption observed in parasitised larvae, some de-
crease in daily consumption was also noted in the exposed group. This might be due to
the fact that exposed and parasitised larvae were kept in the same container with con-
specifics during the subjection to parasitoids. Living in groups has been observed to af-
fect the size of the autumnal moth and thus probably also leaf consumption (Tammaru
et al., 2000; Ruohomiki et al., 2003), even if experienced only for a short period of
time. Thus, a slight crowding effect may show in both the parasitised and the exposed
groups. However, this did not interfere with our main results, as the most meaningful
comparison was seen between parasitised and exposed larvae, which had an identical
rearing history but differed only in their fate of being parasitised or not. Furthermore,
the total leaf consumption of the exposed larvae did not differ from control larvae.

In addition to the positive effects for the host plant, parasitoids themselves may
also benefit from the reduced food consumption and feeding time of their herbivore
host. The 5th instar autumnal moth larva provides more resources than needed for the
development of Z. deceptor larva (personal observation). When the host is not wholly
consumed, accelerating its development time should be favoured by the parasitoid,
thereby decreasing the risk of feeding on decaying and infective tissue (Godfray, 1994,
but see Slansky, 1986; Harvey, 1996; van der Meijden & Klinkhamer, 2000). Secondly,
the parasitoid has to cope with potentially toxic allelochemicals originating from the
host plant (Slansky, 1986; Haukioja et al., 1988; Haukioja, 2003). Finally, as long as
the parasitoid is still inside a living larva upon the tree, it faces many risks including
predation as well as hyper- and superparasitism (Abrams & Rowe, 1996; Harvey &
Strand, 2002). As shown by Tanhuanpii et al. (1999), pupal parasitism and predation

rates are often relatively low, and thus it might be safer for the parasitoid to descend
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to the ground and pupate in the soil as soon as possible (Tanhuanpdi et al., 1999;
Tammaru et al., 2001).

Being beneficial for both the parasitoid and the host plant, it seems that the ob-
served reduction in the food consumption of parasitised autumnal moth larvae could
mediate a multitrophic interaction between mountain birches and parasitoids in the
system studied. Parasitoids seem to be capable of reducing herbivore pressure by de-
creasing the herbivore population density not only in the next generation, but also
by reducing immediate leaf consumption at low and intermediate larval densities. Al-
though the effects of only a single solitary endoparasitoid on leaf consumption of Epir-
rita autumnata larvae were studied, we propose that the results of our study can, with
certain precautions, be extrapolated to other solitary parasitoid species of the autumnal
moth, many of which have also been observed to decrease the food intake of their host
(Guillot & Vinson, 1973; Senthamizhselvan & Muthukrishnan, 1989; Harvey, 1996).
Nevertheless, the combined effects of all 10—15 solitary and at least 1 gregarious para-
sitoid species should be analysed to investigate more specifically the consequences of
parasitoid host manipulation for the host plant.

In conclusion, parasitism by Z. deceptor significantly reduced the amount and du-
ration of feeding of autumnal moth larvae, which is in accordance with previous studies
in other systems (Vinson & Iwantsch, 1980; Rohlfs & Mack, 1983; Senthamizhselvan
& Muthukrishnan, 1989; Bae & Kim, 2004). The fact that both host plant and para-
sitoid seem to benefit from this effect might be the basis for a chemical communica-
tion between the two trophic levels, e.g. via VOCs. Thus, analysing the attractiveness
of herbivore-induced VOC emissions to parasitoids will be the next step in further

revealing multitrophic interactions within this system.
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