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Abstract Stefan Kapeller

ABSTRACT

The green oak leaf roller (Tortriz viridana L.) is a pest moth species in Central Europe
which can cause complete defoliation of oaks during outbreaks. The present study used
a spatiotemporally discrete simulation model to investigate and understand the popula-
tion dynamics of the green oak leaf roller and the interaction with host trees of different
qualities. Particularly, effects of dispersal range, tree-dependent mortality and tree prefer-
ences in oviposition were analysed. Therefore, a population equation of the Witting type,
which allows creating realistic population cycles, was implemented in a spatiotemporal
computer model (cellular automaton). For model parameterisation empirical data of a
30-year monitoring in Tellerman oak grove (Central Black Soil region in the European

part of Russia) were used.

Variation of dispersal range had almost no effect on the population dynamics, whereas
overall mortality had a great influence. High mortality lowers the population density and
can lead to a selection pressure, which favours individuals with higher growth rate. The
increasing population growth rate can not only compensate for the population decrease
caused by mortality, but can even overcompensate it. Hence, in further consequence a
high mortality can lead to higher average moth population levels through selection for

population growth rate increase.

KEYWORDS

green oak leaf roller, Tortriz viridana, population cycles, ecological modelling, herbivore-
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SUMMARY IN GERMAN

Der griine Eichenwickler (Tortriz viridana L.) ist ein wichtiger Forstschidling in euro-
paischen Eichenwéldern. Aber nicht jeder Eichenbaum scheint gleichermafien als Futter-
pflanze geeignet zu sein. Eichen unterscheiden sich zwischenartlich wie auch innerartlich
genetisch hinsichtlich des Austriebszeitpunkts oder auch der inhaltsstofflichen Zusam-
mensetzung. Um die Auswirkungen der qualitativen Zusammensetzung eines Eichen-

waldes auf die Populationsdynamik des Eichenwicklers zu untersuchen, wurde ein raumlich-
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zeitliches Simulationsmodell erstellt. Dieses Modell, basierend auf der Annahme dichte-
abhangiger Wachstumsraten und intraspezifischer Konkurrenz als wesentlichen Regu-
lationsmechanismen, bildet realitatsnahe Populationsschwanken ab. Fiir die Parametri-
sierung des Modells wurden Daten einer 30-jahrigen Freilandstudie herangezogen. Die
computergestiitzte Modellierung ermoglichte die Durchfiihrung zahlreicher Simulations-
laufe mit variierenden Parametern. Insbesonders wurden Auswirkungen der Dispersal-
weite, baum-spezifischer Mortalitat der Jugendstadien oder einer moglichen Eiablage-
priferenz fiir bestimmte Baumtypen analysiert. Dabei erwies sich die Dispersionsdistanz
als wenig bedeutsam, wihrend hohe Mortalitét (auf dem Umweg iiber eine Selektion fiir
hohere Wachstumsraten) zumindest im Modell sogar zu starkerem Anwachsen der Popu-

lation fiithren kann.
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INTRODUCTION

Figure 1. Tortriz viridana, larvae of 5th instar (photo by Hilke Schroder)

THE MODEL SPECIES - POPULATION BIOLOGY, ECOLOGICAL AND
ECONOMICAL RELEVANCE

The green oak leaf roller (Tortriz viridana L., Fig. 1) is a serious forest pest species on
oaks in Central Europe. During mass outbreaks the larvae of this moth can cause complete
defoliation (Gasow, 1925; Rubtsov and Utkina, 2003). Since oaks have a high ability to
recover, trees are not actually killed, but still there are serious effects on the trees fitness.
Defoliated trees are more susceptible for secondary pests and pathogens. As another
consequence of defoliation, the wood increment decelerates with economical consequences
for the tree stock in commercial forestry (Rubtsov and Utkina, 2003; Baltensweiler et al.,
2008).

T. wviridana has a strictly annual life cycle throughout its distributional range in the
western Palaearctic region. The flight period of adult moths is in late spring and early
summer from May to June. Eggs are laid in pairs on the bark of twigs and hatch the
following spring. Larvae enter the swelling buds and grow quickly during the period when
young foliage is available. The population dynamics of T. wviridana is similar to that of
many other temperate-zone forest insects with very pronounced cycles (Berryman, 1996).
Mass outbreaks occur in a periodic sequence every six to eight years (Horstmann, 1984).
Calamities are very well documented in Germany and occur in Austria as well (Schroder
and Scholz, 2005).

T. viridana is an oligophagous insect, which is limited to larval hostplants in the genus
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Quercus (Gasow, 1925; Hunter, 1990; Du Merle, 1999). Within this plant genus, the
quality of trees as forage plants is varying. Following observations of Schroder (2008a)
pedunculate oaks (Quercus robur) are more strongly damaged than sessile oaks (Quercus
petraea). Variation of plant quality traits, including secondary chemistry, is not only con-
fined to trees among different oak species, but has also been detected within species. This
may have profound influence on its herbivore population dynamics (Larsson et al., 2000;
Helms and Hunter, 2005). Timing of budburst for example, determines the susceptibility
of an oak for larvae of T. viridana. A close coincidence between budburst and larval eclo-
sion has been reported in many studies (Gasow, 1925; Thalenhorst, 1951; Schiitte, 1957;
Schwerdtfeger, 1971) and has been linked with the cyclic population dynamics (Hunter,
1992; Du Merle, 1999; Ivashov et al., 2002). There have been several suggestions that
late-flowering oak trees show a lower susceptibility than early-flowering individuals. Gen-
erally, asynchrony with plant phenology has a large impact on the dynamics of forest
Lepidoptera, particularly in species with limited mobility (Forkner et al., 2008). The
progressing climate change might distort the matching between larval eclosion and the
time of budbreak, and therefore influence the number and intensity of outbreaks of forest
pests (Logan et al., 2003; Karolewski et al., 2007; Forkner et al., 2008).

As long as the parameters responsible for mass outbreaks are still poorly understood, it
is impossible to make predictions about future occurrences and spatial dynamics of the

calamities.

ECOLOGICAL MODELLING

Empirical research of insect-tree interactions is time-consuming and expensive. For one
thing oaks grow slowly and it takes a long time until several outbreaks of T. wviridana
can be recorded. For another it is very difficult to distinguish different environmental
effects and intrinsic population characteristics from observational data alone. Hence, a
population simulation model seems to be a promising approach to study general processes
of population dynamics. Such models can help to understand the impact of specific pa-
rameters as well as their interaction and correlation. If succesful, models may provide
land managers with a method of predicting possible responses of species to changes in
regional management strategies (Dunning et al., 1995). Within a simulation, parame-
ters can be adjusted at will and a great many runs can be conducted. Models with a
very limited number of parameters (usually labelled as ‘strategic models’) do not aim to

reproduce or predict a concrete field situation, but to estimate range limits of possible
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consequences for a certain set of simple assumptions (Czaran, 1998). Therefore, strategic
models are helpful to understand the interaction of the chosen parameters, because un-
like in real field situations the confounding influence of background variables can be left

out.

AIMS OF THIS STUDY

For a better insight into the interplay of some basic intrinsic and extrinsic parame-
ters a spatiotemporal model was developed using a cellular automaton approach. This
model was first used to rebuild the population dynamic of T. wviridana as observed by
Rubtsov (2003). Several simulation runs with varying parameters were then conducted
to study the relation of early stage mortality, susceptibility of different oak species, pref-

erences in oviposition and dispersal range. Specifically, the following questions will be
addressed:

e Which parameters return a realistic dynamic behaviour?
e How does mortality influence the population dynamics?

e How does the composition of the forest regarding the tree quality influence moth

population dynamics?

How does a preference in oviposition influence the population dynamics?

How does a variation of the dispersal range influence the population dynamics?
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METHODS

The cellular automaton for the simulations was developed with Delphi (CodeGear Delphi
2007), an object-orientated programming language. A regular lattice of cells represents
a square-shaped forest of variable dimension with each cell standing for a tree. To avoid
edge effects opposite edges are merged to a torus. At every discrete time t every cell
has its own state configuration of variables, like moth abundance (/N;), moth abundance
of the previous year (N;_1), growth rate of this cells (trees) moth population (M) or
infestation from neighbourhood. The state of these variables in the next time unit (Nyy1)
is determined by the state configuration of the neighbourhood cells (including the focal
cell itself) and the model equation for population growth. Thus, every model run is
a deterministic process and the output is completely depending from the initial state

configuration.

THE MODEL

The underlying model equations define the model behaviour and the population dynam-
ics. A well-known equation based on the concept of over-compensatory dynamics was
formulated by Hassell (1976):

Nt+1 = ANt(]_ + CLNt)_'@ (1)

where N and N, are the populations in successive discrete generations, A is the finite
net rate of population increase and a and 3 are constants defining the density dependent
feedback term.

This equation, which can be found in almost any textbook on population ecology, is
frequently used for modelling population dynamics of insects with discrete generations.
However, over-compensation cannot explain cyclic dynamics with periods of more than
two generations (Turchin and Taylor, 1992; Ginzburg and Taneyhill, 1994; Witting, 2000).
Thus, another approach, allowing periods of more than two generations has been proposed
by Witting (2000). He assumes selection pressures operating on density-dependent com-
petitive interactions as ultimate reason for population cycles. These changes are either
based on evolutionary changes in genotype frequencies or on phenotypic plasticity. Wit-
ting deduced a mathematical equation, which describes a realistic model behaviour. The

basic idea behind this equation is that there is no constant reproduction rate, but a



Methods Stefan Kapeller

variable, density-dependent population growth rate A\. High population density favours
competitive traits and a low population growth rate, whereas a low population density
causes a high growth rate, due to a higher environmental capacity and a shift to increased
reproductive output. Mathematically, the dynamic population growth rate A depends
on the population abundance of the previous year N, i, the parameter v, which defines
the curvature of the density regulation function, and the additive genetic variance o2,
which denotes the potential response of the growth rate to selection (see equations 2 and

3).
Ao = Mo N, e (2)

The number of individuals can then be calculated as

Nt+1 - Nt/\tNt_,Y (3)

It is evident from equations (2) and (3) that the number of individuals N,;; does not only

depend on N; but also on N;_;.

PARAMETERISATION

The operating population units in the model are cells (viz. trees). Therefore, it was
necessary to find the order of magnitude of individual numbers for these subpopulations.
Observations from own feeding experiments with 7. wviridana larvae were used for an
estimate as to how many larvae can live per tree. These experiments were conducted in
cooperation with Dr. Hilke Schroder (Federal Research Centre for Forestry and Forest
Products, GroBhansdorf, Germany) and aimed to estimate the number of larvae needed
to cause complete defoliation of an average-sized oak tree. The number of leaves on trees
is of course also variable, but based on Cecich and Larsen (1997) and own estimations,
we proceeded with the assumption of 100000 leaves per tree. Our feeding experiments
showed that the amount of food, which is necessary for larval development, can vary a
lot, but on average, one larva needs seven oak leaves until pupation (see Appendix). This
reveals that there must be at least 14 000 foraging larvae on an average-sized oak tree for

complete defoliation.

For the parameterisation empirical data from a 30-years monitoring provided by Rubtsov

10
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and Utkina (2003) were used (Fig. 2). Rubtsov specified the moth density in his study as
‘eggs per meter of branch’. However, the presented model is operating with ‘individuals
per tree’ and therefore data had to be transformed, because the intrinsic forces on which
Witting’s paper (Witting, 2000) is based are expected to act at least on the level of a

population of a complete tree. Rubtsov observed that complete defoliation can occur at
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Figure 2: Population density in eggs per m branchlength. Data from a 30-years monitoring con-
ducted at Tellerman oak grove (Voronezh oblast, Central Black Soil region of Russia) by Rubtsov
and Utkina (2003) - modified. Peaks of outbreaks are very distinct and occur in consistent peri-
ods.

T. viridana densities of 40 eggs/m branchlength (Rubtsov 2003, p. 95, Fig. 5). Thus,

1

we concluded that an egg density of 40m™" is equivalent to 14 000 larval individuals per

tree. For parameterisation Rubtsov’s data were multiplied with 144%00 = 350 in order to

transform the data to ‘individual per tree’-numbers.

For parameterisation of 0% and 7, empirical data were analysed by non-linear regression,
as proposed by Witting (2000). Rubtsov conducted his studies on two separate sites (here
referred as Series A and Series B). Data series from each site were used for several pa-
rameter estimation runs, both with the egg-density values and the transformed individual
values (Table 2). Series B was analysed a second time (Series B*) with exclusion of the

year 1999, when a very low density was observed.

IMPLEMENTATION OF WITTING’S MODEL

In order to implement Wittings equation for the population dynamics in a spatiotem-
poral model, three additional procedures were added: (I) Dispersal and calculation of

N;—1, (II) mortality (tree-dependent and tree-independent) and (III) tree preferences of

11
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moths:

(I). Since the operating units of the chosen model are the cells and not single 7. viridana
individuals, a problem occurs when it comes to dispersal. The growth rate is a trait
of the individual moth, but thinking of some hundred millions of moths flying around
in a big forest, the calculation of the new density-dependent growth rate every year
would demand formidable computer capacities and render a truly individual-based model
impossible. Instead, the growth rate A as well as IV, ; are stored for each cell. This
approach is justified if assuming that the whole population on one tree is exposed to
the same conditions and therefore will have (largely) equal characteristics. But since
there is dispersal between trees, a population of one tree is actually a subpopulation in a
metapopulation system. Therefore, the density (/V;_1) and the growth rate of each cell is
calculated as the mean value of its neighbourhood cells. The number of neighbourhood
cells to be considered depends on the dispersal range used in a particular model run. This
approach allows the setup with variable dispersal range, and simultaneously the dispersal
range also reflects the extent of genetic mixture. At the same time this way of calculating

the growth rate is much faster than a truly individual approach.

All model runs were repeated with different dispersal distances ranging from one (dis-
persal only between neighbouring trees) to ten (also the tenth tree can be infested).
Individuals are not distributed equally within the dispersal range. Disperser numbers
are modelled as declining exponentially with the distance from the focus cell (‘parent

tree’).

(IT). In order to analyse the effects of different qualitative composition of forest, the
introduction of another parameter was necessary. For this reason two types of ‘mortality’
were implemented. The ‘tree-dependent mortality’ could be individually regulated for
two different types of cells: ‘Quality A’-Trees and ‘Quality B’-Trees. Quality means the
susceptibility of the tree for larvae and affects the probability of survival during the larval
stages. Another parameter, the ‘tree-independent mortality’ (overall mortality) regulates
the mortality regardless of the qualitative type of the cell. It subsumes all other mortality
agents, which do not depend on nutritional traits of the tree. This concerns mortality
components during egg, pupal and adult life stages as well as other components, which
do not dependent on tree quality, like predators or weather conditions. Each of these
parameters may influence cyclic fluctuations of T. wviridana populations profoundly, but
are included in one term to keep the model simple and to get a clearer picture of the

general role of mortality on population dynamics. Both types of mortality are in terms

12
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of survival probability multiplied with the leaf roller abundance on every tree, before the
next procedure of dispersal and the calculation of the growth function is applied. From a
mathematical point of view, both types of mortality have the same effect on the population
abundance, but they have been used in this study to analyse different aspects. The tree-
independent mortality was used for analysing the general effect of mortality, irrespective
of causal agents beyond the host plant. The tree-dependent mortality of ‘Quality A’-Trees
and ‘Quality B’-Trees was used to analyse the effects of mixing different types of trees at
the forest stand level. Therefore, these two types were randomly distributed within the

simulated forest with varying proportions.

(ITT1). To analyse effects of a possible oviposition preference, the parameter ‘preference’
had to be introduced. It allows to raise or lower the probability of dispersal to ‘A’- or
‘B’-trees. A preference of 1 means that all moths go on ‘Quality A’-trees, whereas a
preference value of 0 causes the opposite. The proportion of ‘A’- and ‘B’-trees in each

dispersal-neighbourhood was also included in the calculation.

13
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SIMULATION PROTOCOL

Table 1 gives an overview of all parameters and their values used in the presented simu-

lation runs.

14

Table 1: Overview of all parameters, which were used for the simulation runs. ‘Years’= timespan
of a single run; ‘Prop-B’ = Proportion of ‘Quality B’-trees; ‘Pref-A’ = Preference for ‘Quality A’-
trees (0 means high preference for B-trees, 0.5 means no preference, 1 means high preference for
A-trees); ‘Mort’ = tree-independent mortality; ‘Mort-B’ = tree-dependent mortality on B-trees
(0 means no mortality, 1 means high mortality on B-trees); ‘Size’ = Dimension of the simulated
forest (number of trees/cells); ‘Disp’ = Dispersal range; ‘“y’ = period length; ‘c?’ = variation
of growth rate; ‘N;’ = initial number of individuals per tree in the year t=2; ‘N;_1’ = initial

number of individuals per tree in the year t=1

Altering parameters

Years Prop-B Pref-A Mort Mort-B
Fig 3 31 0.5 0.5 0 0
Fig 4 20 0.5 0.5 0 0
Fig 5 200 0.5 0.5 0-1 0
Fig 6 30 0.5 0.5 0.2, 0.5, 0.8 0
Fig 7a 200 0.1 0.5 0 0-1
Fig 7b 200 0.5 0.5 0 0-1
Fig 7c 200 0.9 0.5 0 0-1
Fig 8a 200 0.1 0-1 0 0
Fig 8b 200 0.5 0-1 0 0
Fig 8¢ 200 0.9 0-1 0 0
Fixed parameters
Size Disp o o? N, Ny,
50x50 3 0.94 7.92 10805 7136
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RESULTS

PARAMETERISATION

Estimations of the parameter 7, which affects the length of the period of population cycles,
returned a value around 1 for series A and B* (1999 excluded) for parameter sets based
on both egg density and individuals per tree (Table 2). In series B (without exclusion of
the year 1999) ~ is much lower (0.168). A low « value returns a longer period length and
would not create a realistic population cycle with the periodicity as known from the field

(Fig. 3). Transformation of data did not affect the estimation results.

The estimations of the second parameter, the variation of the growth rate o2, showed very
different results (between 0.04 and 8.3). A comparison with empirical data (Rubtsov and
Utkina, 2003) revealed that a value of around eight returns a realistic amplitude of the
model curve (Fig. 3).

Table 2: Results of different parameter estimation runs. Series A = floodplain oak stand; Series

B = solonet oak stand; Series B* = data from site B but with year 1999 excluded. Data of each

oak stand were analysed both with egg-density (eggs per meter of branch) and transformed to
individuals per tree.

Series based on o?
A eggs 1.03  2.25
individuals 1.03 8.29
B eggs 0.17 0.04
individuals 0.17 1.03
B* eggs 094 24

individuals 0.94 7.92

Taken together, the simulation of population cycles using the parameter estimates based
on the data of series B* with individual numbers return a good approximation when

compared with the empirical observations (Fig.3).

MODEL BEHAVIOUR

A model run spanning 20 years is displayed in Figure 4. It shows the average abundance
and the average population equilibrium of all trees. The population equilibrium is defined
as N* = /A, (Witting, 2000). Therefore, the selection-induced changes in the growth

15
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Individuals / Tree
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‘—-—Rubtsov (empirical) —=— Estimation (Series B*) - ¢ - Estimation (Series B) ‘

Figure 3: Simulation curve with parameters estimated from two datasets - Series B* (y = 0.94
and 02 = 7.92) and Series B (7 = 0.17 and 02 = 1.03) - compared to empirical data from Rubtsov

2003.

rate A are directly expressed in the cycle in the population equilibrium N*. The popu-

lation equilibrium is running synchronously one year in advance, while the abundance is

following.

Individuals / Tree

12000 -
e
8000 -
N\ “. \\
4000 -, " N
1 5 7 9 11 13 15 17 19
Years
\—Abundance Population equilibrium - - - Growth rate Evolutionary equilibrium\

Figure 4: Average abundance and population equilibrium of a 20 year simulation run

A low population level induces a higher population growth rate. As a consequence the

abundance increases until it reaches the level of the evolutionary equilibrium. This is the

population level at the point of the highest population growth rate. If the population level

is above the evolutionary equilibrium, the growth rate and thus the population equilibrium

decrease again. Due to the model equations time delay, the population is still growing

for one generation, but starts to decrease before reaching the peak level of the population

16
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equilibrium. Hence, the curve of the population equilibrium has a larger amplitude than

the curve of the abundance.

Figure 5 and 6 display the role of mortality for the population dynamics. An increasing

overall mortality (due to parasites, predators or weather) induces an increase of the growth

rate and can lead to a higher population level than in the absence of any mortality factors.

High mortality reduces competitive interactions and favours selection for a high growth

rate.

100000 -

Individuals / Tree

10000 -

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mortality

‘—Abundance Population equilibrium - - -Reproduction‘

Figure 5: Average abundance, population equilibrium and population growth rate with increasing
mortality on a logarithmic scale.

Individuals / Tree

16000 -

12000 -

4000 -

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Years

\ —Mort.=0.2 - --Mort. =0.5 — -Mort. =0.8 —— Complete Defoliation \

Figure 6: Average abundance of 30 year simulations with three levels of mortality. The horizontal
line shows the population level at which complete defoliations can occur. Only a setup with high
mortality (0.8 = 80% of larvae die) causes complete defoliations.

We find the lowest minimum and maximum abundances at a mortality of 0.5, which

17
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means that 50% of individuals die during their development before they can reproduce.
At this point the influence of the mortality is higher than the influence of the increased
growth rate. But both effects are almost equal, since the population level is almost the
same as with no mortality at all. Assuming a higher mortality, the effect of the raised
growth rate counteracts the direct influence of the mortality. In our simulations, the level
where complete defoliation occurs is only reached with a mortality higher than 0.8 (Fig.
6). However, high mortalities also increase the amplitude of population fluctuations, such

that in the years between outbreaks abundances are particularly low.

INFLUENCE OF DISPERSAL RANGE

All model runs were conducted with different dispersal distances ranging from one to ten.
This variation did not have much effect on population dynamics. In none of the analyses,
which are presented in this study, had the dispersal range any influence on abundance,

temporal dynamics or population equilibrium.

Schroder and Degen (2008b) analysed the spatial genetic structure of T viridana popula-
tions in North-Rhine-Westphalia (Western Germany) with AFLP markers. These studies
revealed that the kinship between individuals within a range of up to 40m is higher than
the kinship to individuals beyond this distance. A dispersal distance of ‘three trees’ ap-
proximates a distance of about 40m. Therefore, a dispersal range of three cells in our
model is a realistic estimate of natural dispersal and was chosen for the documentation

of the following results.

INFLUENCE OF QUALITATIVE COMPOSITION

Figure 5 shows the effect of mortality assuming that all trees are equally susceptible for 7.
viridana. Increasing mortality may actually raise the population abundance dramatically
due to selection for higher population growth. The same underlying mechanism can be
found, if a forest with a heterogeneous qualitative composition is simulated.

Figure 7 shows the results of three model runs with different qualitative compositions.
In each model run the difference between ‘Quality A’ and ‘Quality B’-trees is gradually
raised by increasing tree-dependent mortality on ‘Quality B’-trees from 0 to 1 in steps of
0.01. The mortality on ‘A’-trees was kept constant at 0. Each of these hundred settings
has been run in a model forest, where both types of trees were randomly distributed,

for 200 years. The average abundance on both tree types (red dotted line and green

18
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dashed line) and the total average abundance (black continuous line) are shown in Figure
7.

If we assume a forest with 10 % ‘A’-trees (Fig. 7a), total average abundance is about
5500 individuals per tree. Increasing mortality on ‘Quality B’-trees will lead to lower
abundances on this type of trees. Low abundances increase the population growth rate,
but since there is dispersal, this higher growth rate feeds also back on near-by ‘A’-
trees. In those trees there is now a higher population growth due to the mortality
on the neighbouring ‘B’-trees. However, the average abundance remains at the same

level.

When both tree types are present in equal proportions, this effect is even clearer (Fig.
7b). High mortality on one type of trees depresses its moth population. The effect
of the increasing population growth rate is shared with adjacent trees due to disper-

sal.

If we assume a high proportion of ‘B’-trees (Fig. 7c), we get a picture which resembles
Figure 5. This is not surprising, since Figure 5 shows the results from a homogeneous
forest with increasing mortality, while the model in Figure 7c relates to a high percentage
(90%) of ‘B’-trees with increasing mortality. Hence, this is almost the same scenario
except for 10% randomly distributed ‘A’-trees, where T. wviridana does not show any

mortality, but where the trees are highly affected.
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Figure 7: Average number of individuals per tree depending on mortality at ‘Quality B’-trees is
shown for three different qualitative compositions of the forest. 100 model runs with increasing
mortality from 0 to 1 have been conducted. Each run simulated a time span of 200 years. The
average abundances of these runs are shown in the figure. For values of other parameters see

Table 1.
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VARIATION OF HOSTPLANT PREFERENCE

The influence of a hypothetical preference in oviposition for one type of tree was analysed
in a similar way as the qualitative composition on the stand level. The results of three
model runs with different percentages of ‘Quality B’-trees are shown in Figure 8. As a
general trend, it can be observed that the abundance (individuals per tree) on ‘A’-trees is
continuously increasing as the preference for this type is raised from 0 to 1. A preference
valued null means, that within the dispersal neighbourhood all eggs are laid on the other
type of tree (A), whereas with a preference value of one, all other trees are being ignored.
Even when very low or high preferences are modelled, there are numerous individuals on
the ‘avoided’ type of tree. A preference value of 0.5 means that there is no preference
for one type of tree at all. Figure 8b shows a scenario with equal numbers of both tree
types. The result matches the intuitive expectation that a higher preference for one tree
type leads to a higher number of individuals on this type, whereas the abundance on the
other type is continuously decreasing. Figures 8a and 8c show the same model behaviour.
The resulting curves for the two tree types are vertically mirrored due to the different

proportion of those trees within the forest.
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Figure 8: Average number of individuals per tree depending on preference for ‘Quality A’-trees are
shown for three different qualitative compositions of the forest. 100 model runs with increasing
preference from 0 to 1 have been conducted. Each run simulated a time span of 200 years. The
average abundances of these runs are shown in the figure. Preference 0.5 means no preference
for one type of trees, 0 means strong preference for type A, 1 means strong preference for type
B. For values of other parameters see Table 1.
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DISCUSSION

SUITABILITY OF WITTING’S EQUATION FOR A SPATIOTEMPORAL
MODEL

The present study used a spatiotemporal discrete simulation model to investigate and
understand the population dynamics of the green oak leaf roller and the interaction with
host trees of different qualities. Nedorezov and Sadykova (2008) tested the suitability of
several mathematical models on the same data set as used in this study (Rubtsov and
Utkina, 2003) and concluded that among all tested equations, a discrete logistic model
fits best for describing 7. wviridana. There would be no need for more difficult mod-
els (like predator-prey or resource-consumer system dynamics (Nedorezov and Sadykova,
2008). Common logistic models can generate cycles through over-compensation, but not
for periods longer than two generations. In order to generate long term cycles, which
are typical for T. viridana and many other temperate-zone forest pest moths, Witting’s
model of density dependent competitive interactions was applied as a basis (Witting,
2000). This model is very appropriate for generating long-term cycles in abundance of
animals with discrete, non-overlapping generations, like it is the case for many forest pest

msects.

Many mechanisms have been hypothesised to be responsibly for the population cycles of
forest defoliating insects, which occur typically in periods of 6-12 years (Kendall et al.,
2005). Varying food quality (Helms and Hunter, 2005), parasitoids (Turchin et al., 2003)
and maternal effects (Ginzburg and Taneyhill, 1994; Kendall et al., 2005) have received
much attention. Spatial synchrony of population fluctuations among intra- and interspe-
cific forest insect populations throughout large scales has been explained with dispersal
among populations, spatially correlated weather conditions (Raimondo et al., 2004) or
sunspot activity (Selas et al., 2004). Yet, there has been no conclusion as to which of
the aforementioned hypotheses is most important. The impact of these mechanisms on

population dynamics may be varying from species to species.

In contrast, Witting’s model focuses on the role of intra-specific competition. It is able to
generate realistic population cycles without extrinsic factors like weather, predator-prey
or plant-herbivore interactions. This renders Witting’s approach interesting for the use
in spatiotemporal dispersal models and may be realistic at least for those herbivorous

insect species which have a strong impact on their forage plant and may actually cause
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complete defoliation. Most other forest pest species never occur at sufficiently high den-
sities, where intra-specific competition were to play a decisive role. In most other forest
pests, maximum population density is determind either by inter-specific competition, or
predator-prey dynamics or other limiting factors. In contrast, the green oak leaf roller
occurs during mass outbreaks in such high densities, that populations are mainly reg-
ulated through intra-specific competition. Earlier time-series analyses have shown that
the population density of the previous year (N;_1) explains more than 50% of variance
in population growth rates (Hunter, 1998). This shows that intraspecific competition
for food resources may really be the defining factor behind population cycles of T. wviri-

dana.

In the present study the role of density dependent changes in the average individual
quality has been analysed, or in other words, the selection pressure through competitive
interactions, which results in an across-generation change of population parameters. The
basis of Witting’s model is the assumption that population growth rate is not constant,
but dynamic and density-dependent. The population density induces changes in life-
history parameters through phenotypic plasticity, which are transmitted from parent to

offspring.

The underlying assumption is that in phases of high population density limited food
supply causes nutritional stress, which in turn induces a predictable change in the plastic
phenotype. For the gypsy moth Lymantria dispar it is known that the nutritional environ-
ment of the parental generation influences the development time, fecundity and dispersal
potential of offspring (Rossiter, 1991). A short development time is an important advan-
tage, especially if resources are getting rare, but implicates lower pupal weights at the
same time. Low pupal weights in turn cause lower fecundity. This traid-off between body-
size and fecundity has been surveyed in detail for the autumnal moth Epirrita autumnata
(Tammaru et al., 1996; Klemola et al., 2008). Contrary, in phases of low population den-
sity we assume a selection to slower larval development implicating higher fecundity of

females. This results in faster population growth rate.

By suitable epigenetic mechanisms such changes in life-history parameters may be trans-
mitted also to the next generation. Maternal effects, as one of many possible inher-
ited environmental effects, have received much attention in that regard (Witting, 2000;
Ginzburg, 1998; Raesaenen and Kruuk, 2007; Lazarevic et al., 2008; Zeh and Zeh, 2008).
Indeed, Kendall (2005) analysed data from a pine looper moth Bupalus piniaria pop-
ulation in The Netherlands (Klomp, 1968) and found that pupal size positively affects
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the larval survival of the offspring generation, which is a true maternal effect. Barbour
(1980) found a negative relationship between pupal mass and population density two years

previously.

Epigenetic mechanisms explain the occurrence of phenotypic variability even at small
temporal scales without need to assume rapid changes in the insect’s genotypes. Another
way of ‘handling’ the density information would be possible through a shift of genotypic
frequencies as a kind of balanced polymorphism. Assume there are two genotypes - one
appears in moths with high reproduction rate but inferior competitive traits, the other
one appears in moths with a slower reproduction but superior competitive traits. Fast
larval development for example could be such an important competitive trait. A fast
developing type of moths would have a huge advantage when resources are getting rare
(at a high population density level), because they were probably able to pupate before
complete defoliation occurs. As a trade-off they would have fewer offspring. The other
type of moth, with slower larval development, would be more succesful if there are enough
resources (at a low population density level), because they can produce more offspring.
Both types do exist at any point in time of the model runs, but at different proportions,
depending on the population density. A promising candidate for a polymorphic gene that
might influence such insect population dynamics is phosphoglucose isomerase (Pgi), which
was found to have significant effect on population growth of a butterfly species (Hanski
and Ilik, 2006). However, whether density-dependent changes of growth rate are caused
by phenotypic plasticity or different genotypes (balanced polymorphism), does not affect

the results of the models explored here.

MODEL BEHAVIOUR AND PARAMETERISATION

The population dynamics of 7. viridana according to the Witting model is basically in-
fluenced by two forces. One is the enhanced population growth rate when the population
density level is low. The other one is the benefit of competitive traits when the population
density level is high. This can be understood as a development-reproduction trade-off in
terms of the r/K-continuum. A population equilibrium is reached when the two opposing
forces are balanced against one another generating no overall selection. If the popula-
tion is not at the population equilibrium, density dependent selection will change the
average growth rate of the population. Actually, the population will never level out at
the population equilibrium, because the process is time-delayed. For the calculation of

next years abundance (Nyy1), not only data from this year (N;), but also from the pre-
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vious year (IV;_1) are needed. This distinguishes the model of Witting from many other
models, which use only a delay of one generation. As a consequence, it is possible to
generate cycles with a period length of many generations, dependent upon the magnitude
of the population’s response to selection (Fig. 4). This is of course an important asset of
Witting-type models, since most population cycles of forest pest insects last for periods of
more than two generations. Since the calculation of Ny, is depending from both N, and
N;_1, it is highly sensitive to the initial status. Small changes in the abundance of the first
two generations can lead to very different amplitudes of every following cycle. In order
to achieve an appropriate period length, it is important to have enough empirical data
for the parameterisation. The data from Rubtsov (2003), who analysed the abundance
of T. viridana over a period of 30 years, meet these requirements, but there is no other
comparable dataset available. After all, Rubtsov investigated the population dynamics
on two different sites and the parameterisation using non-linear regression returned very

similar results (Fig. 2).

INFLUENCE OF DISPERSAL RANGE

The estimates of dispersal in the model do probably not reflect the true dispersal behaviour
of natural animals. As dispersal in nature is always a permanent process of decision
making (whether to stay or not), it is not trivial to program realistic dispersal. Dispersal
is a process, which can to some extent not be influenced by a moth itself. Passive dispersal
through wind drift may play a certain role, especially for small moths flying above the
forest canopy like T. wviridana. But dispersal is also partly an active process, where
the individual decides in which direction it should move. Many factors influence these
decisions: Environmental conditions, population density (Hovestadt and Poethke, 2006),
sex (Gros et al., 2008) and many more . For T. viridana it is known that females attract
males with sex pheromones, as it is the case for most moth species. It is probably the
males who accept a longer flight path in order to search for females. Simchuck reported
that males mate first with females who hatched at the same tree and then they search
for females at greater distances (Simchuk et al., 1999). Therefore, also the number of
successful matings already carried out earlier in lifetime affects the dispersal decision. In
this model an adjustable parameter specified the dispersal activity for each individual. In
order to investigate the effect of various dispersal ranges, all model runs were conducted
with several different dispersal settings. Surprisingly, the results did not change to a

noteworthy extent. This shows that the patterns, which were found for the influence of
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the qualitative forest composition and for the preference in oviposition, are very consistent
and stable.

INFLUENCE OF TREE-INDEPENDENT MORTALITY (OVERALL
MORTALITY)

One of the key points of this study is that an additional mortality factor, which may act at
any stadium of egg or larval development, may increase the population abundance. This
seems to be counterintuitive, but can be explained through an increased reproduction
rate at low population levels. A low density results in only few competitive interactions
between T. viridana larvae and nutritional stress is low, which in turn favours selection of
individuals with ability to produce more offspring. The population growth rate is increas-
ing. High population densities lead to a selection pressure, which favours individuals with
fewer offspring. The population growth rate decreases. If mortality is low the frequencies
of both variants keep alternating, which leads to the typical stable population cycles, like

it has already been explained previously.

High mortality reduces the density and induces selection for a higher population growth
rate. If the response to selection for higher population growth rates is strong, it counter-
acts the immediate negative effect of mortality and may even lead to a population growth
at a very high mortality level. The power of this force is quantified behind the value
o?. Depending on how the changing growth rate is explained, the parameter o2 could be
described as the additive genetic variance of the intrinsic population dynamic growth rate
(Malthusian parameter r) or also as ‘plastic response to inherited environmental effects’
(Witting, 2000).

INFLUENCE OF TREE-DEPENDENT MORTALITY AND QUALITATIVE
COMPOSITION

T. viridana is foraging on any trees of the genus Quercus, but it seems that not all oak
species are equally appropriate for larval development. At least, it has been observed that
pedunculate oak trees (Q. robur) are suffering more from 7. viridana moths than sessile
oak trees ( Q. petraea), even if the trees are standing right next to each other (Schréder and
Degen, 2008a). Two ways are conceivable, how these observations can be explained. For

one thing the female moths could have preferences when searching for the right place for
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oviposition. This will be discussed in the following section. For another thing, there could
be substantial differences between the two oak species, which cause an unequal fitness.
Indeed, feeding experiments have shown that larvae need a little longer on Q. petraea
until they pupate than on Q. robur (see Appendix). If these experimental results were
transferable to field conditions, this could translate into a prolonged predation pressure
and therefore a smaller survival rate. However, the differences in development between
the two oak species, which have been revealed through these experiments, are not big
enough to explain the aforementioned field observations on oak preferences. Still, they

indicate differences in the chemical composition of the plants.

Mixing trees with different susceptibility for T.viridana affects the population dynamics
dramatically (Fig. 7). In this scenario mortality is supposed to operate only on one
type of trees (‘Quality B’-trees), but the moth population is connected by means of
dispersal. The consequences might be interesting also from a forestry point of view.
Deliberately introducing trees of low quality as food plants of leaf rollers does not change
average moth abundance nor their population dynamics. ‘Quality B’-trees are indeed
suffering less from foraging larvae, which is different from the scenario with only one
type of tree and with tree-independent mortality. Now, the lower density on ‘B’-trees
favours the accumulation of fast reproducing moths, but those are dispersing randomly
to other trees. As a result we have half the trees heavily damaged and half the trees little
damaged. In contrast, in a forest with only one type of tree, all trees would suffer from

equal defoliation.

INFLUENCE OF OVIPOSITION PREFERENCES

As mentioned before, different oak species (Q. robur, Q). petraea) are not equally suffering
from defoliation by 7. viridana. Regarding food quality they are still both appropriate,
but with minor restraints, since the larval development is slower on Q. petraea (see Ap-
pendix). However, the differences in defoliation intensities could also be caused through
preferences in oviposition. It is conceivable that females prefer those trees where they
expect a higher survival rate for their offspring. Host-plant selection by herbivorous in-
sects is generally governed by volatile and non-volatile plant chemicals, as well as visual
stimuli (Finch and Collier, 2000). The field of ovipostion preference of adult females and
effects on larval performance of offspring is very controversially discussed in literature.
Herbivorous insects very frequently show a preference for the host plant which is not the

best for their offspring and often even reject those which are the best (Mayhew, 2001).
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According to general life history theory, the effort put in searching for oviposition sites
depends on age and physical condition of female adults (Singer et al., 1992; Tammaru
et al., 1995; Javois and Tammaru, 2004). Little is known about oviposition preferences of
T. viridana. Yet, it is unknown, whether female T. viridana can at all distinguish between
different oak species. This could easily be tested with an experiment, where females can
choose between branches of different oaks. Until now, such an experiment has not been

conducted.

In the present study, theoretical consequences of an assumed preference have been in-
vestigated. The model behaviour is similar to what happened when introducing tree-
dependent mortality, although what is going on behind is a little different: The prefer-
ence for one type of tree causes a higher density (resulting in a lower reproduction rate)
on this type. In contrast, the density is lower on the non-preferred trees (resulting in
a higher reproduction rate). Hence, the overall population size remains the same, but
again there are half the trees heavily damaged and half the trees suffer only little from

defoliation.

CONCLUSIONS

A change of thinking towards natural, indigenous stock of trees is desirable and partly
already taking place in forestry industry. Therefore, in Central Europe oaks will be
increasingly cultivated in future in order to replace unnatural coniferous plantations.
However, the ongoing climate change will affect intensity and frequencies of forest pest
mass propagation and will lead to a growing necessity of understanding the population
dynamics of these species. The results of the present study increase our knowledge on the
population dynamics of the green oak leaf roller. The modelling results yield hypotheses
to be tested in future experimental research. In the long run, such results could help to
develop forest management measures to avoid complete defoliation and mass propagation
of T. viridana. In view of the realistic model behaviour, the equation of Witting (2000)
can be recommended for future use in spatiotemporal population models, as long as
intraspecific competition and density-dependent variation in population growth rate can

plausibly viewed as the major determinants of population dynamics.

Some findings of the present study based upon this model equation may be interesting for
forestry praxis as well. The density-dependent change of the population growth results
in some counterintuitive effects when combined with mortality factors. Mortality can

be caused by natural regulation (predators, parasites, plant defence, etc.) but also by
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chemical pest control. Considering the results of this study, one should be aware that a
sudden decrease of population density can enhance the growth rate and actually induce
mass propagations of T. viridana. However, it was shown that years of mass propagations

are followed by years with a very low T. wviridana density.

Mixing trees of different quality does not influence the average abundance of T. wviridana
in the whole forest, but may induce enormous population growth on the more suitable
type of tree. This results in a spatially very heterogeneous damage. Complete defoliated
trees may stand right next to hardly infested trees. This scenario has been observed
naturally (Schréder 2008, personal communication) and can now be explained by use of

the presented model.

It is arguable whether prevention of mass outbreaks is the only goal of forestry manage-
ment. A heterogeneous forest with different types of oaks and different other tree species
as well, may cause mass propagation of T. viridana on some trees. But these trees will be
less damaged in subsequent years and they may even prevent defoliation on neighbouring
trees. In forests consisting of only low quality trees (from the viewpoint of T. viridana),
the population dynamics of T. viridana may behave as described above and induce an

increasing population growth.
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APPENDIX - FEEDING EXPERIMENTS

Experiments with T. wviridana larvae were made in order to investigate, whether there
are differences in food quality between leaves of Quercus robur and Quercus petraea.
These experiments were conducted in the Federal Research Centre for Forestry and Forest
Products, Groflhansdorf (Germany). The results presented in Figure 9 and 10 are based

on data from 137 larvae, which were separately fed with either leaves of (). robur or Q.

petraea.
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damage of one bud is counted as Q. petraea for both male and fe-
a loss of six leaves. male T. viridana.

Figure 9 shows the amount of leaf-loss for Q. robur and Q). petraea trees, which is caused
by a single T. viridana. The given values are the sum of bud-damage of early larval stages
and leaves eaten in later stages. One damaged bud is calculated as a leaf-loss of six leaves.

This is the average number of leaves growing out of one bud.

There is a very high variation in the amount of leaves that have been eaten by a single
larva, the mean value is about seven leaves per individual. No significant difference in
the average amount of leaf-loss was found between both sex and oak species. However,
the variances between Q. robur and Q. petraea were significantly different (Levene’s test,
p<0.05). This could be a hint that the substantial composition of (. robur has developed

a greater variability through co-evolution with its herbivores.
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Figure 10 shows the duration of larval development on ). robur and on (). petraea for
both male and female T. viridana. There is a significant difference between the mean
duration of larval development between females and males and also between larvae on Q).
robur and on (). petraea. It is known that T. wviridana larvae are proterandrous. This
could be validated, as in our experiments male larvae pupated earlier than females as well
(ANOVA, p<0.001). There is also a significant difference in mean duration of development
between Q. robur and Q. petraea (ANOVA, p<0.01). This indicates substantial differences
between these two oak species and also a different susceptibility as fodder plants for 7.

viridana.
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