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Abstract: Besides beech, oak is one of the ecologically and economically most important deciduous tree
species in Central European forests. Due to progressive global warming, oaks are increasingly exposed to
biotic and abiotic stress factors. In addition to drought and heat, thermophilic herbivorous insects also
represent a challenge for the oak trees. During earlier investigations on Tortrix viridana in North Rhine-
Westphalia, differences in the infestation intensity of individual pedunculate oaks (Quercus robur) by
herbivorous insects, leads to a definition of tolerant (T-oaks, less infested) and susceptible (S-oaks, heavily
infested) oaks. Performance studies with T. viridana and Lymantria dispar were conducted to validate the
observations. Both herbivorous insects needed more time for their juvenile development when reared on T-
oaks. While larvae of L. dispar tended to eat less leaf material from T-oaks than from S-oaks, T. viridana
needed to consume more T-oak leaf material to achieve approximately the same pupal weight as larvae fed
with leaf material from S-oaks. The mortality rate of T. viridana was significantly higher on T-oaks than on S-
oaks, whereas no significant difference was found for L. dispar. Basically, T-oaks seem to offer a poorer
nutritional basis for both kinds of leaf-eating insects.

Keywords: Tortrix viridana; Lymantria dispar; caterpillar, Quercus robur; performance; plant-
herbivore-interaction; plant resistance

1. Introduction

Covering 32% of the national territory, forests are a major part of Germany’s landscape.They
play a decisive role in climate and culture not only because they are an important carbon sink [1], but
also as part of the water cycle, as an oxygen and wood producer, a habitat for many animal and plant
species, a recreational area for humans and much more [2,3]. Poor silvicultural practices of the past
together with the adverse anthropogenic effects have posed many challenges for forests, an effect,
which is likely to increase. Among these challenges are temperature changes due to global warming,
increasingly frequent drought and precipitation events [4] as well as evolving threats from new pests
and diseases [5]. After beech, oak is the second most common deciduous tree genus in European
forests. The most common oak species in central Europe are the pedunculate oak (Q. robur) and the
sessile oak (Quercus petraea). They account for up to 10% of all trees in German forests [6]. Together
with beech wood, oak has a high value as construction timber. In addition to soft coniferous woods,
straight deciduous woods are particularly valued for their robustness and hardness. For example,
railroad sleepers, constructions for half-timbered houses and pile dwellings are made of oak wood.

Interaction between trees and herbivorous insects are among the driving factors of co-
evolutionary processes in the forest ecosystems [7,8]. Q. robur hosts a large number of herbivorous
insects. Beside the gypsy moth (L. dispar) and the green oak leaf roller (T. viridana), also the small
(Operophtera brumata) and the large (Erannis defoliaria) winter moth as well as the oak processionary
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(Thaumetopoea processionea) belong to the oak feeding society, just to name a few. In years with mass
occurrence of larvae of various herbivorous caterpillars, the oak is exposed to additional stressors.
During a calamity of the pest, this can cause a growth loss of up to 30% (resources are needed for the
budding of new leaves), a premature St. John's shoot and even the failure to fruit. In the worst case,
oak dieback occurs [9,10] but this usually only occurs in connection with further weakening of the
oak (fungal attack or severe drought) [11-13].

T. viridana is an oligophagous specialist. It occurs only on oak trees (usually Q. robur and
sometimes Q. petraea) and cannot develop on other deciduous trees. In contrast, L. dispar as a
generalist can develop on many different types of trees and shrubs. Both pests are common in Central
Europe and infest deciduous forests.

In the present study, we compared the performance of T. vidiana and L. dispar on two different
oak types defined as tolerant oaks (T-oaks: less defoliated during outbreak events) and susceptible
oaks (S-oaks: heavily defoliated during outbreak events) in an earlier study [14]. In the same study,
we showed that T- and S-oak leaves differ in their composition of polyphenolic constituents and their
blend in VOCs (volatile organic compounds), leading us to the hypothesis that T- and S-oaks follow
different strategies. Where T-oaks count on a constitutive high level of defence compounds, S-oaks
react just in time emitting typical ‘cry for help’ [15] HIPVs (herbivore induced plant volatiles). We
already could show that larvae of the green oak leaf roller needed to eat more T-oak leaf material to
gain the same pupal weight as larvae fed with S-oak leaves [14,16]. Thus, here we present the
comparison of performance studies with a specialist and a generalist herbivorous moth.

2. Experiments

2.1. Plant and Caterpillar Material

During an outbreak of the green oak leaf roller (2003-2005), oak trees in North Rhine-Westphalia
were classified as susceptible or tolerant to the damage caused by the caterpillar of T. viridana [14,17].
In order to conduct further analysis, genetically comparable plant material was required. For this
purpose, the summer grafting [17] was carried out. Young shoots of the classified oak trees were
taken from the original stand in 2008, 2011 and 2015 and grafted onto 2-year-old seedlings of Q.robur.
The oaks were wrapped in Crispac bags in spring to prevent foreign insects from settling on the trees.
The bagged trees are brought to a shady greenhouse so that a slow acclimatization to the increasing
sunlight could take place.

Breeding of larvae of T. viridana was established in 2007 with caterpillars from 15 stands in
North Rhine-Westphalia and since then was continuously genetically refreshed with larvae from
other oak stands.. Two clutches of L. dispar eggs were kindly provided by ARatin Andrea Stradner
from University of Natural Resources and Life Sciences, Vienna.

2.2. Feeding Experiment with Tortrix viridana

307 freshly hatched larvae of T. viridana were placed on opening buds of either T-oaks (150) or
S-oaks (157) with a fine brush and isolated with a Crispac bag. These bags also prevented the larvae
from breaking out. The larvae were individualized by an assigned number. Under constant
conditions (12-13 °C and 10 h/14 h light/darkness) in a climate chamber the larvae could develop on
the trees until their pupation.

From larval stage 3 onwards, the larvae were weighed in a 4-day cycle and the leaf area eaten
was determined with the help of a scalepaper. The larvae were checked daily in order to document
the changes into next larval stages. The fresh pupae were transferred into Petri dishes and kept under
the same conditions until the adult moth hatched. A statistical analysis was performed using the t-
test for developmental time and amount of eaten leaves, and the Chi2-test for overall mortality. For
details see Ghirardo et al. [14] and Schroeder et al. [16].

2.3. Feeding Experiment with Lymantria dispar
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The newly hatched larvae of L. dispar were set upon a piece of wheat germ medium developed
by Magnoler [18]. After reaching the 3rd instar the caterpillars were separately placed on S- or T-oak
trees in the field to adapt them to leaf feeding. By reaching the 4th instar the larvae were taken into
the experiment. Under constant conditions (20 °C + 5 an 16 h/8 h light/darkness) the larvae were fed
in plastic boxes with detached leaf material. The development was documented until pupation.

A total of 160 larvae were used for the experiment. They were divided into two groups, one fed
with T-oak and the other with S-oak leaves. The two groups were further divided into two subgroups.
One half of each group was fed with leaves from pre-infested trees and the other half with leaves of
non-infested trees. For pre-infestation at least 25 larvae of L. dispar were put on single T- or S-oaks for
a minimum of two days before starting the feeding experiment. The pre-infested trees hereafter
referred to as ‘Damaged-trees’, while those that were left non-infested are referred to as ‘Control-
trees’. The groups are abbreviated as follows: T_C (T-oaks control) = fed with leaves from T-oaks
without pre-infestiation; S_C (S-oaks control) = the same as before but fed with leaves from S-oaks;
T_D (T-oaks damaged) = fed with leaves from pre-infested T-oaks; S_D (S-oaks damaged) = the same
as before but fed with leaves from pre-infested S-oaks.

The larvae were monitored daily and fed with fresh leaves at least every fourth day, but always
ensuring that they were adequately fed. Images of leaves were taken with a Canon Lide 210 scanner
and Canon MP Navigator EX software. Leaves were scanned before and after feeding. Analysis of
leaf images was performed using RStudio software [19,20] and the package ‘raster’ [21]. Comparison
of images of old leaves (uneaten and lying in the plastic box for some days) and the respective image
of the fresh leaf revealed a median difference in leaf-area of 1% (shrinking of leaves).

For the L. dispar data statistical analysis was performed using RStudio Software [19,20] and the
packages ‘PMCMRplus’ [22], ‘asbio’ [23]. Visualization of the results was performed using the
package ‘ggplot2’ [24].

3. Results

3.1. Developmental Time

A calculation over all larval stages of T. viridana showed no significant differences in the
developmental duration between larvae reared on T-or S-oaks. But, the duration time in the first two
instars is significantly higher (t-test for L1 p = 0.01; for L2 p = 0.02) for larvae fed on T-oaks than on S-
oaks. Interestingly, for the fourth instars it is the other way round. In this stage, larvae fed on S-oaks
needed significantly more time (t-test p = 0.006) to reach the next stage than larvae reared on T-oaks
(Table 1), [16].

Table 1. Developmental time for Tortrix viridana on S- and T-oaks (time in days).

L1 L2 L3 L[4 L5 Pupa Total
S 499 7.74 586 6.34 12.11 22.88 59.92
T 512 831 6.18 5.24 11.55 23.15 59.55

The sexes of L. dispar differ much more than those of T. viridana. Thus, for the gypsy moth all
analyses have been done seperately for males and females. The number of instars until pupation
differed within and between the sexes. The female larvae pupated after the fifth instar, whereas the
males nearly equally pupated after the fourth or the fifth instar, respectively.

The duration of the instars and pupal stage is shown in Figure 1. Both, females and males
showed no significant difference in the duration of the fourth instar. The fifth instar of the females
lasted significantly longer for the T_D group than those of the S-oak control group (S_C), while the
males showed no significant differences. The pupal stage in males lasted significantly longer in the
T_D group than in both control groups (T_C and S_C). Whereas female pupae showed a significantly
slower development only for T_D compared to T_C (Figure 1).
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Figure 1. Duration of the instars and the pupal stage of Lymantria dispar. Boxplots colours indicate the
different groups, S_C: S-oaks control; S_D: S-oaks damaged (pre-infestated), T_C: T-oaks control, and
T_D: T-oaks damaged. Data is grouped by sex: females (left), males (right), and by larval stage: L4
(fourth instar), L5 (fifth instar) and pupa. Bars with numbers above boxplots indicate significant
differences between groups and p value from Nemenyi’s non-parametric all-pairs comparison.
Numbers below show the numbers of observations for each boxplot.

3.2. Leaf Area Fed

The amount of leaf area fed was observed from the third until the fifth instar for T. viridana.
There are no significant differences in the leaf area fed between T- and S-oaks in the third and fourth
instars. But, the leaf area fed differed significantly in the fifth instar (t-test p = 0.04) and also when
looking at all instars (t-test p = 0.02). Larvae reared on T-oaks ate nearly 10% more leaves than larvae
on S-oaks (Table 2) [16]. Even more important is the fact that larvae of T. viridana fed with T-oak
leaves needed to consume significantly more leaf material to gain the same pupal weight than larvae
fed with S-oak leaves [14].

Table 2. Amount/area of leaves fed (in mm?) on S- and T-oaks in total and within the stages.

L3 to L4 L4 to L5 L5 to Pupa Total
S 58.9 165.4 875.3 1099.6
T 66.9 175.0 968.8 1210.7

For L. dispar, the total leaf area fed was measured from the fourth instar until pupation. Female
larvae of the S_C group ate significantly more leaves than the larvae of the S_D
(posthoc.kruskal.nemenyi.test p = 0.038) and T_D (posthoc.kruskal.nemenyi.test p > 0.001) groups,
while the larvae of the T_C group did not differ from the others (Figure 2).
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Figure 2. Total leaf area fed by the female larvae from fourth instar until pupation. Abbreviations and
explanations are as in Figure 1.

For the males none of the groups showed significant differences, but there was a tendency for
the T_D group larvae to eat slightly less than the others. Overall, the females ate much more than the
males during the experiment.

3.3. Mortality Rate

From the originally 157 hatched larvae of T. viridana placed on S-oaks, 59 individuals completed
their development to adult moths. On T-oaks only 40 individuals out of the original 150 reached the
adult stage. That means a significantly different overall mortality rate of 62.4% for larvae reared on
S-oaks and 73.3% for larvae reared on T-oaks (Chi? p < 0.05) (Table 3). On both oak types, mortality
rate was highest within the first two larval stages followed by the pupal stage with 10.8% in S-oaks
and 14.7% in T-oaks (Table 3, [16]).

Table 3. Mortality of Tortrix viridana (in %) on S- and T-oaks.

L1 12 L3 L4 L5 Pupa Total
S 26.1 16.6 3.2 3.2 25 108 624
T 247 293 2.7 1.3 07 147 733

For L. dispar the overall mortality rate was rather low. During the rearing of the larvae for the
later experiment in the first three larval stages only five to seven individuals per instar died. During
the experiment beginning with the fourth instar, five larvae had problems to pupate and died.. Of
these, three belonged to group S_C and one each to S-D and T_C. During the hatching to an adult
moth two additional individuals died. One of the S_C group and one of the T_D group.

3.4. Comparison of the Performance of Both Moths

Both insects showed significant differences in their developmental times, mostly with an
increased developmental time when fed with T-oaks. For T. viridana and the females of L. dispar also
significant differences in the leaf area fed between S-oaks and T-oaks were observed but with
different directions. While L. dispar larvae ate more leaves on S-oaks, larvae of T. viridana needed to
eat more T-oak leaves. Most striking is the difference between the insects in the mortality rate. Where
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more T. viridana larvae died during their development than reaching the adult stage, for L. dispar a
very low overall mortality was witnessed (Table 4).

Table 4. Comparison of the performance parameters of both moth.

Developmental Time  Amount of Fed Leaves Mortality
Tortrix viridana L1* L2% L4*** L5%, total* total*
T>S S>T T>S T>S
Lymantria dispar L5%, pupa* S_C-T_C* S_C-5_D* hardly any mortality
both T >S5 T<S

4. Discussion

For T. viridana the supposed worse physiological quality of leaves from T-oaks had no overall
influence on the juvenile developmental duration. Whereas the more detailed experiment with L.
dispar implicated a negative effect of pre-infestation especially in T-oaks. Thus, here pre-experimental
induced defence compounds elongated the developmental time when fed with leaves from T-oaks.

For both insects the amount of the leaf area fed has to be considered together with the total
weight of the pupae. T. viridana engaged in compensatory feeding on T-oaks to overcome the negative
effects of plant defence related reduction in leaf quality resulting in nearly the same pupal weight for
larvae reared on S-oaks or T-oaks, respectively [14]. This could not be observed for L. dispar. The
differences in pupae weight were correlated with differences in food intake for L. dispar (data not
shown), which instead slowed down in development. However, both insects overall seemed to prefer
the leaves of S-oaks. This could be explained by the repellent herbivore induced plant volatiles
(HIPVs) produced in T-oaks [14]. Rossiter et al. [25] found constitutive and elevated phenolic and
nonphenolic constituents to be partly responsible for reduced performance in L. dispar. This supports
the hypothesis of weaker development of larvae because of strong defence signalling in pre-infested
T-oaks (T_D) since T-oaks have elevated fractions of the herbivore-repellent herbivore induced plant
volatiles (HIPVs) of the sesquiterpenes a-farnesene and germacrene D [14]. An elevation in these
volatile defence associated emissions was demonstrated by Copolovici et al. [26] in feeding
experiments with L. dispar on Q. robur as well. This would mean that unlike the effects from T-oaks
on T. viridana, the HIPVs rather than the secondary metabolites e.g., tannins would have had the
negative effect on L. dispar performance. In T. viridana, on the other hand, the tannins may be the
reason for the high mortality rate because it is proven that phenolic compounds in the guts of insects
lead to destruction of essential nutrients and subsequently to damage of the midgut [27].

5. Conclusions

In an earlier study, we hypothesized that T- and S-oaks follow different defence strategies.
Where T-oaks prefer a constitutive way of defence shown by high amounts of sesquiterpenes and
bioactive tannins, S-oaks react ‘just-in-time’ to insect’s attacks by increasing defensive substances
only after insects feeding [14,28]. The defence strategy of T-oaks may make them to a contributor to
a stronger resistance of German forests against pests like T. viridana and L. dispar not at least in regards
to climate change.
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Abbreviations
T-oaks Oaks, classified as tolerant; less infested during outbreak of herbivorous insects
S-Oaks Oaks. Classified as susceptible, heavily infested during outbreak of herbivorous insects
VOCs volatile organic compounds
HIPVs herbivore induced plant volatiles
T C T-oaks control
S C S-oaks control
T_D T-oaks damaged
S D S-oaks damaged
L (combined with a
number, for larval stage 3 or third instar
example 3)
C control-tree
D damaged tree
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