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Chapter 1: General introduction




Chapter 1

Introduction

The temperate region is characterized by strongosedity; hence there is only a limited
period each year in which conditions for growth agproduction are optimal. This optimal
moment is determined by both abiotic and biotiddess Temperature and precipitation are
the main abiotic factors. For instance, many demidutree species only start developing
their leaves in spring, when the temperature stariscrease. Would they start developing
earlier, they would risk freezing, as the tempertay drop below 0 °C. The presence (or
absence) of other species within an ecosystem atentially important biotic factors.
Specifically the underlying trophic level may bepiontant. A predator can only survive if
its prey is present, herbivores need their hogitgla feed on and parasites need a host in
order to survive. Especially in those cases weegetlis only a very short time window
where the conditions are suitable for growth oradpction, the question arises how an
organism can ‘time’ its life cycle so as to app#&athe right part of the life cycle at the
right moment in time.

Just as with many other traits, the timing of lifgcle events is affected by both the
environment and by the genetic make-up of the iddal. Many plants and animals show a
plastic response to environmental cues such asgtietype. In warm springs insects emerge
earlier, birds start earlier with egg laying anget start leafing earlier. They are so-called
phenotypically plastic: the same genotype prodacd#ferent phenotype (i.e., phenology)
under different environmental conditions (Pigliu@€01). An individual may be affected
directly by its own environmental conditions, oftesnatively by the environmental
conditions of its parents. Thus, maternal (or pwBr effects are a special form of
environmental effects acting across generationsu@deau and Dingle 1991) and can thus
also potentially affect timing of life cycle events

Many traits are also genetically determined, arathus heritable. In general, natural
selection is thought to maintain an organisms’ raptitiming, as emergence outside the
optimal period often has severe fithess consequerared most traits show a heritable
component. Especially in natural populations, emvinental and genetic effects are often
considered separately. Recently, the focus isisyiftowards a reaction norm approach,
integrating both environmental and genetic effgd®stma and van Noordwijk 2005;
Nusseyet al. 2007). Recent advances in both molecular techsigurel computational
methods (e.g., animal models) have facilitated this

A reaction norm gives the expression of the sammtype along an environmental
axis (Scheiner 1993). Individuals may differ bathsiope and in intercept of their reaction
norm. Variation in intercept of the reaction normaans that individuals differ in mean trait,
e.g.,, some families will always emerge earlier thathers, independent of the
environmental conditions. On the other hand, sard&viduals may be more phenotypically
plastic than others (variation in slope of the tigacnorm). When studying seasonal timing
it is important to approach this from a reactiomma@erspective, because the environment
— and thus the optimal timing for emergence - diffamong years. Whether or not a
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species can realize an optimal timing in thesectkffit years depends on the shape of the
reaction norm. Directional selection under oned$etnvironmental conditions affects the
response under another set of environmental congitiAnother aspect important when
studying seasonal timing, is that of which cues the relevant ones to determine the
moment of emergence (i.e., what to put on the enwirental axis of the reaction norm).
When studying synchrony between different tropbigels, such as a herbivore and its host
plant, it is crucial to know which cues they arghbasing, as that determines to a large
extent under which conditions synchrony can be taaiad.

Understanding how organisms can maintain theircsedily is even more crucial in
the recent light of climate change. The differeaphic levels within a food chain can all be
affected by changes in, for instance, temperatdiogvever, there is na priori reason why
the different components within the food chain dtiobe affected to the same extend
(Stenseth and Mysterud 2002; Visser and Both 208%¢&mperature increase may lead to
an earlier start of plant development of, for inst&® a week. However, this means that the
herbivore feeding on that plant species should ats@nce its timing with a week. Should
the same temperature increase lead to an advama® efeeks in the herbivore, this means
that there will be no food available to the herbévaduring the first week of its
development. This could happen if the herbivore itsmbost use different cues to determine
their phenology. If the range of environmental ddods changes, or if the relation
between different environmental cues changes, tihenoutcome of the mechanisms
determining herbivore and plant phenology may sobjdebe different. Therefore
understanding how the timing of the different fiages is determined is also crucial when
predicting the effects climate change will haveegnsystems.

Study system

| use the winter mothQperophtera brumata) feeding on oakQuercus robur) as a
model system. Winter moths have an annual lifeecychrvae hatch in early spring, and
they feed on the young leaves from deciduous {peeiss. Within the Netherlands they are
a common species of insect herbivore, feeding préalntly on oak. After four to six
weeks the larvae descend from the canopy of the tned pupate in the soil. There they
remain until late autumn/early winter, when thelesdemerge from the pupae. Male winter
moths can fly, but the females are wingless. THemtcthe trunk of the tree, and they lay
their eggs in the upper branches. There the eggsineuntil egg hatch the following
spring.

Timing of egg hatch in spring is crucial to the teinmoths, as there is only a short
time window in which the oak leaves are suitabl@dsod source to the larvae. To obtain
the highest pupation weight, and thus fecunditg, legtching should coincide with oak bud
opening. Early hatching results in high mortalityedo starvation, while late hatching leads
to a reduction in fecundity. Oak bud opening vabiesween years, and thus the optimal
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moment of egg hatching also varies over the yeditserefore this is a study system well
suited to study the factors determining egg haiold, thus synchrony with the host plant.

At the Netherlands Institute of Ecology (NIOO-KNAW) Heteren winter moths have been
studied since 1994. Each autumn traps are put upees, each year on the same trees in
the same forests. These are then checked twode times a week, and the adult moths are
collected. Each year eggs from female moths are Kept in an insectarium in Heteren
under ‘outdoor’ conditions, and in spring egg hatghis monitored. Development of the
oaks is also determined during regular (2-3 timersweek) visits to each forest.

Winter moths were continuously studied during tHeole period in three Dutch forests:
Oosterhout (51°55’ N, 05°50’ E), Doorwerth (51°99’ 05°48’ E) and Warnsborn (52°05’
N, 05°50’ E). In addition | collected data in threther forests in the period 2003-2005
(Hoge Veluwe (52°02’ N, 05°51' E), Rhenen (51°57’ 06°35’ E) and Wolfheze (51°59’
N, 05°47 E).

Outline of the thesis

In this thesis | start by reviewing the relevamériature on synchrony between forest
caterpillars and their host plants. | do this imgter 2, looking at factors at different levels
affecting synchrony. | try to link mechanisms, addipn, and population dynamics all
within a single framework, that is needed for al fwhderstanding of the causes and
consequences of the (a)synchrony.

To understand the proximate factors affecting symyy, we need to look at the
mechanisms determining both insect and host plaeh@ogy. We need to understand
how both the insect and the host plants respondifferent environmental conditions.
Although descriptive (correlative) models of bothkabud opening and winter moth egg
hatching exist, we have some indication that - emtst for the moths - these do not
necessarily reflect the causal mechanisms. In ehdgptwe explore into more detail the
mechanism determining winter moth egg hatch, detengp the exact (nonlinear) response
of the eggs to temperature, and looking at chamgysnperature sensitivity over time. Egg
hatching may also be affected by environmentabfaobther than temperature. In chapter 3
we also check whether eggs are photoperiod semskinvironmental effects can act across
generations, and thus parental effects can polignaiffiect timing offspring emergence. In
chapter 4 we therefore study the effect of mateferding conditions on egg hatching date
in the offspring.

In order to adapt to host plant phenology, suffitigenetic variation is needed as well
as selection pressures. In chapter 5 we look age¢hetic variation in egg hatching reaction
norm (i.e., the phenotypic response to differemperatures for different genotypes). We
then combine this with the experimentally determdirselection pressures and a climate
scenario in order to predict (genetic) changes imexr moth egg hatching under climate
change. In chapter 6 we compare the predicted esaingegg hatching phenology with the
actual, observed changes. We do this both by Igpkinlong term (1995-2006) common

-10 -
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garden data collected in Heteren on winter moth legghing, and also by experimentally
comparing reaction norms in two years (2000 ancb200
Finally, | will give a summary and discuss the fesin chapter 7.

-11 -
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Abstract

For many leaf-feeding herbivores, synchrony in gegy with their host plant is crucial as
development outside a narrow phenological time wimndhas severe fithess consequences.
In this review, we link mechanisms, adaptation, angulation dynamics within a single
conceptual framework, needed for a full understagdif the causes and consequences of
this synchrony. The physiological mechanisms uryitegl herbivore and plant phenology
are affected by environmental cues, such as photzpband temperature, although not
necessarily in the same way. That these differemthanisms lead to synchrony, even if
there is spatial and temporal variation in planéqdiogy, is a result of the strong natural
selection acting on the mechanism underlying hereiyphenology. Synchrony has a major
impact on the population densities of leaf-feedlrepidoptera, and years with a high
synchrony may lead to outbreaks. Global climatengkaleads to a disruption of the
synchrony between herbivores and their host plamtéch may have major impacts for
population viability if natural selection is insidient to restore synchrony.

-14 -
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Introduction and conceptual framework

The temperate region is characterized by strongosedity; hence there is only a
limited period each year in which conditions foowth and reproduction are optimal. For
many plant herbivores, the phenology of their pdant species determines this period, and
it is therefore crucial for these species to becbyonized with their host plant’'s phenology.
Development outside the period of optimal cond#iooften has severe fitness
consequences in terms of reduced survival or faturebr leaf-feeding moths (e.g. Feeny
1970; Stoyenoff et al. 1994; Ivashov et al. 200%rkola et al. 2003) and aphids (e.g.
Akimoto 1998; Ozaki 1998), the most-favorable peéris just after the buds of their host
plant open because young leaves provide the bedtféo them. For other species, such as
flower- and seed-eating weevils (e.g. Connett e2@01; Russell and Louda 2004), the
optimal period depends on the flowering date orpibeod of seed setting of their host
plant.

The degree of (a)synchrony between herbivores lagid hosts depends by definition
on the phenology of both the herbivore and its .hd$te degree of (a)synchrony is
calculated as the difference between the phenabgtadia of herbivore and host that are
most relevant to the herbivore. Many leaf-feedimgthm have to start feeding just after the
leaves of their host plant become available. Int t&se, the time-difference between
hatching of caterpillars and the opening of the sbofl the host plant is the degree of
(a)synchrony, with perfect synchrony when both ¢éwehappen simultaneously. To
guantify these phenological events, measures ssidheadate of first leaf unfolding and
first egg hatch date of the herbivore are used.

To study synchrony, we have to understand the lyidgrmechanisms determining
the phenology of both herbivores and their hosttglaThe phenology of plants varies from
year to year, depending on environmental conditidhsnce, the timing of the optimal
period for the herbivore also varies annually. Taintain synchrony with the host plants in
different years, many animals also have a plastsiponse to environmental cues such as
temperature. They are so-called phenotypicallytiglahe same genotype produces a
different phenotype (i.e., phenology) under différenvironmental conditions (Pigliucci
2001). We may expect that through natural selecttbe outcome of the mechanism
underlying the herbivore’s phenology should matidsely the outcome of the mechanism
underlying the phenology of its host plant. Howeveven though the outcome may be
similar under some circumstances, the underlyinghaeism (i.e., the cues and in the way
they are used) may be different for herbivores #radr host plants. This may become
apparent in an environment that is different frdra €nvironment in which the plants and
insects have evolved. If the range of environmeataiditions changes, or if the relation
between different environmental cues changes, tihenoutcome of the mechanisms
determining herbivore and plant phenology may btedint. Hence species introductions
in a new environment or a rapid change of the enwrent (for instance, owing to climate
change) may lead to a disruption of synchrony. Tdusurrence leads to directional
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selection on the mechanism underlying the herbigophenology. If and how fast the
herbivores adapt to their new environment then deép®n the heritability and the strength
of selection. If the response to selection is ma@ing enough to restore synchrony, this has
consequences at the population dynamics level kecaynchrony is likely linked with
population growth of the herbivore.

Although there are many different cases in whichckyonization between different
trophic levels plays an important role (Visser éwth 2005), in this review we focus
mainly on Lepidopteran larvae that feed on the gpleaves of deciduous trees because
this group is relatively widely studied. Moreovese further limit our review by looking at
synchrony from the viewpoint of the herbivores. Ogipg selection pressures exist for
herbivore and host plant, since host plants beffiefin being asynchroneous with their
herbivores. However, the deciduous tree specidssétae as host to many of the insect
herbivores discussed here have a generation tiatesttmany times that of the herbivores.
In general, we expect that most herbivores can masily keep up with any changes in
host phenology than that their hosts can change phenology to prevent damage. Even
though many processes also affect the plant, we distuss these insofar as they have an
effect on host plant phenology.

We address the synchronization of plant and herbiyahenology, linking different
levels of biological organization, mechanisms, adtmn, and population dynamics within
a single framework (Figure 1). In the first sectiore review the mechanisms underlying
both insect and host plant phenology. The secociibsedeals with the selection pressures
acting on these mechanisms, as well as the paeibibf a genetic response to selection.
In the third section, we discuss the impact of byonization on the population dynamics
of insect herbivores, focusing on species withrgily fluctuating population densities. In
the fourth section, we discuss how synchrony may affected by changes in the
environment. In the last section, we discuss tleeddor future research.

Mechanisms underlying synchrony

The degree of synchrony between herbivore and aenology is the result of two
underlying processes: the response mechanism gfdhné and the response mechanism of
the herbivore. We therefore first review the litera on plant and herbivore phenology
separately before looking at the combined effe¢he$e on the degree of synchrony.

In general, organisms use cues that correlate futtlre conditions to predict these
conditions. The two most-important cues are tentpezaand photoperiod. Temperature
effects can be divided into two classes that diyertlate to the different phases of
development. Physiological processes are genetafhperature dependent, and thus the
developmental rate is higher at a higher tempegatarwarmer springs, caterpillars emerge
earlier (e.g. Embree 1970; Lysyk 1989; Buse anddGb@06; Andresen et al. 2001), and
trees start leafing earlier (e.g. Kramer 1995; M2r2000; Root et al. 2003). Both insect
and plant species may also have a rest phase with little development. This rest phase,
termed diapause in insects (Tauber and Tauber 1®8iportant because it prevents
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development in, for instance, late autumn when itmmé can be mild. It also increases
resistance to adverse environmental conditions.ir&mmental cues, mainly photoperiod
and temperature, determine both the start andrtti@this rest phase.

Figure 1 Schematic overview of
the topics affecting synchrony and
affected by synchrony discussed in
this review (see text). The
phenology of both the herbivore
and the plant depends on their
underlying physiology and the Plant Madsvee
environmental cues (first section). response response
Fitness depends strongly on the mechanism mechanism
synchrony of the herbivore’s

Environment

phenology with the phenology of
the host plant, and adaptation to
the host plant's phenology
depends on selection together with
genetic variation (second section).
Synchrony also affects the Synehrony
population dynamics of the ‘
herbivore (third section). Colored £

shadings accentuate the different 3
sections as discussed in text. Not & Herbivore
only are insects affected by fitness
synchrony, plants are also
affected, but we do not take these

into consideration in this review.

Plant Herbivore
phenology phenology

n3

Herbivore Genetic

o .,
The relative importance of photperiod andpf@f@@&should be mékaied to whether the
conditions during development”are better predicted temperature or photoperiod.
Herbivores use cues mainly to synchronize withrtheist's phenology. The most-direct
cue is a chemical directly associated with bud touewever, there is no evidence that
eggs actually use bud burst as a cue (e.g. Bus&aad 1996). Perhaps egg development
has to be initiated much earlier than the momerduaf burst, or perhaps there are simply
no detectable cues directly linked to bud burst tha insects can use. Trees may use cues
to avoid development when there is still a highbadfality of frost, which may have
dramatic effects on trees when they are just ogethieir buds (e.g. Hanninen 1991; e.g.
Kramer 1994).

Plant Phenology: Bud Opening of Deciduous Trees
In winter, tree buds are still largely undeveloped in rest, no growth takes place owing to
unfavorable physiological conditions within the buthemselves (Sarvas 1974; Kramer
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1994). Changing from the rest phase to developrhehi@se involves mostly a period of
chilling (a certain period below a certain tempera}: This occurs in species suchRisea
sitchensis (Cannell and Smith 1983; Cannell and Smith 1986rrjuet al. 1989), fruit
trees such aklalus pumila (Cannell and Smith 1986fragus sylvatica (Murray et al. 1989;
Kramer 1994)Betula pendula (Murray et al. 1989), an&alix viminalis (Murray et al.
1989). Chilling usually involves a longer periodagiproximately 5-7° C (Powell 1987), but
in some cases, short-term freezing also releasédsdbtmancy (Rinne et al. 1997). The
effect of chilling can vary between species: Ladaloping tree species are much more
affected by it than early developing species (Myrea al. 1989). After the buds have
experienced a sufficient amount of chilling, theljange from the rest phase to the
developmental phase. In this phase, the buds dtatloping, which is only limited by
unfavorable environmental conditions (e.g., tempeey (Kramer 1994). If buds are in the
developmental phase, but the conditions are suatmthdevelopment can take place, this is
sometimes called the quiescence phase. Developimehe active phase is temperature
dependent; at a higher temperature, developmethieitouds occurs faster. The buds open
after they have experienced a certain amount ofmifarThus, temperature clearly affects
tree phenology.

Photoperiod can also have an effect on tree phgpale.g. Hakkinen et al. 1998).
Development starts eventually, even if enough icigillhas not taken place; photoperiod
becomes an overriding cue. Although temperatutegbly variable, photoperiod is highly
consistent between years. Early developing tree® tea higher risk of frost damage.
Temperature is a good predictor of this risk. Ldéseloping species have a more reduced
risk, and the moment the buds start developingdsenconstant between years: They use
photoperiod as a cue. Indeed photoperiod affedesdaveloping species more strongly
than early developing trees (Schaber and BadecR)200

Insect Phenology: Larval Emergence of Insects

Many insects experience a diapause during wintgr, gypsy mothsLiymantria dispar)
(Gray et al. 1995). Diapause is a hormonally industate of low metabolic activity,
thereby increasing the resistance to unfavorablérammental conditions (Tauber and
Tauber 1981). Environmental cues are used to daterboth the onset and termination of
diapause. Photoperiod is the most-common cue usmgbér and Tauber 1981; Bale et al.
2002; Denlinger 2002), although several other factincluding temperature, can also
affect diapause (Tauber and Tauber 1981). Aftgualiae ends, development can continue;
this process is temperature dependent. Thus inetlspecies that have a diapause,
photoperiod and temperature act together to deterpienology.

In those species without a true diapause, developnseusually also low during
winter. This can, however, be fully explained bpwa temperature, rather than a change in
the metabolic rate within the individual itself. é*tology is usually described using some
kind of degree-day model, similar to the modelsduse describe plant phenology in the
developmental phase. These models generally wotlk avitemperature above a certain
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threshold, below which it is assumed no developnmart take place. One can then
calculate the temperature above the threshold vahdemultiply this with the duration of
the period (such as days or hours) during which thinperature was experienced. Once a
certain value in degree-days has been reachedhawh takes place. For example, a
species’ eggs hatch at 200 degree-days and itdeuglops above 5 °C. This means that
eggs hatch after 40 days at 10 °C (5 degree-daydqyg, or after only 20 days at 15 °C (10
degree-days per day). Models using degree-daysaamenonly used on insects, including
many Lepidoptera such as Geometrideg., Operophtera brumata, Embree 1970; Watt
and McFarlane 1991; Dewar and Watt 1992; Buse apddGL996), Tortricidae (Lysyk
1989), spruce bud wornChoristoneura fumiferana), gypsy moth (. dispar) (Andresen et
al. 2001), Cochilidae (Barker and Enz 1993), Carpdae (Kim et al. 2000; Kim et al.
2001), Pyralidae (Stevenson et al. 2005) and Htldgel (Kumral et al. 2005), as well as
Coleoptera (Grafton-Cardwell et al. 2005), Thysaem (Bergant et al. 2005), and
Hemiptera (Hill and Hodkinson 1995).

However, even if a model gives a good general d#gmn, it does not necessarily
reflect the underlying mechanism. Degree-day modsdsime a linear relationship between
temperature and developmental rate. In the intelatedtemperature ranges, this
relationship is indeed more or less linear, whighlans why this kind of model gives a
good description. But even in studies where dedememodels give a good description,
this relationship is not linear for the more-exteetemperatures (Judd et al. 1991; Barker
and Enz 1993): The curve levels off at both theeugnd lower temperature range. Owing
to enzyme inactivation at these temperatures, plogical processes slow down. Because
degree-day models assume a linear relationshipdast\development rate and temperature,
these models overestimate development rate at la teigperature. Thus, development
takes longer at a high temperature than predictgdabdegree-day model. More
physiologically based models (Logan et al. 197&rg& and DeMichele 1977; Schoolfield
et al. 1981; Lactin et al. 1995) do take this iatcount, and these models are also known as
rate-summation models. Rate-summation models asaumo@-linear relationship between
development rate and temperature, and they estithatamount of development during a
certain period (e.g., day, hour), given the temjpeeain that period. The total development
then follows from summing of the separate amoufitdevelopment, hence their name.
These models are traditionally more used in phyggiohl studies than in ecological studies.
Rate-summation models actually gave a better dih thegree-day models in a wide range
of species, including the adult emergence of séderpidoptera (e.g., Got et al. 1996;
Bryant et al. 2002); although for one species, grekeday model gave a better fit (Bryant
et al. 2002).

Winter moths Q. brumata) are another example that show the importancehef t
nonlinear relationship between temperature andldpreent rate. Although some evidence
suggests that an egg diapause exists in some piopslacentral European winter moth
populations do not have an egg diapause (e.g., &87$70; Holliday 1985, and references
therein). However, a chilling period has been ragggbto reduce the thermal requirements
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(Bonnemaison 1971; Kimberling and Miller 1988). Mdsl including a chilling effect
correlate well with egg-hatch phenology (Visser &talleman 2001). In these models, no
development is assumed to take place below a npettaieshold temperature, but
experiencing temperatures below a threshold vakduaged the thermal requirements
afterwards. However, if some development can td&eepwhile experiencing temperatures
below this threshold value, even if only slowlyethslightly less development takes place
after the chilling period. Thus egg hatch takes@lsooner in the eggs that experienced the
chilling period than in those that did not. Indeadnlinearity can fully explain differences
in the developmental rate between constant andufiting temperatures (Bryant et al.
1999). Temperature is thus the main factor affgchiarbivore phenology, with photoperiod
playing a role in species that have a diapause.

Synchrony in Herbivore and Plant Phenology

The degree of (a)synchrony depends on the differdmetween the phenology of the host
plant and the phenology of the insect herbivorenferature affects both, but herbivores
and plants may use temperatures from differentoferi(e.g., early versus late spring
temperatures, Visser and Holleman 2001) and heaspond differently to the same
increase in temperature. Models used to descriet @ind insect phenology come from
different fields and are therefore traditionallyfelient in structure. Whether this reflects a
difference in the underlying mechanisms is impdrtahen assessing how environmental
conditions affect synchrony. Unfortunately, fewaachers have attempted to model both
insect and tree phenology in a single model stractdowever, insects and trees likely use
different components of their environment. Indeas,discussed above, trees first break
their dormancy before the buds can start develgpimgereas nondiapauzing insect
herbivores can probably start developing immedyatelit low temperatures prevent them
from doing so. Winter-diapauzing herbivores firsivé to finish diapause before they can
start developing. Development in winter-diapauzingects may thus come closer to the
processes experienced by the trees than non-diagausects. It would be interesting to
test whether insects use the same cues as thds, has, whether insects feeding on
photoperiod-sensitive plants are also sensitivphtotoperiod and insects feeding on trees
using chilling also use chilling. For instand®, brumata egg hatch depends solely on
temperature, and not on photoperiod (Topp and &rsi991 and M. van Asch,
unpublished data), as do their host tré&@srtobur (Kramer 1994). There is, however, too
little data on herbivores and the associated tteesarry out such a test. Moreover, this
testing should be done within localities, as adamao different environmental conditions
may lead to differences in, for instance, bud-darcyarelease between populations of the
same species (e.g. Li et al. 2004).

Figure 2 The degree of synchrony with
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in the Netherlands (M. van Asch & M.

E. Visser, unpubl. data). Degree of
synchrony is given by the difference (in

days) between the median egg hatch
date and the median bud opening date
of the crown of the specific host tree of
the eggs. Numbers between brackets
represent number of trees within each
year sample; negative y-values denote

egg hatching before bud opening

The degree of synchrony can vary strongly betwesarsy (Figure 2). This variation
provides direct evidence that the underlying meidms respond differently to
environmental conditions, even though the mechandgtermining insect herbivore
phenology is selected to mimic as closely as ptesdibe response of the host plant.
Herbivores and plants use different componenté@if environment; thus the correlations
between these components are of crucial importdhcéilling in early winter is important
for the trees, whereas the spring temperaturesematbre for the insects, the phenology
between herbivore and host is only synchronizegyears when the winter and spring
temperatures are well correlated. High spring tewatpees after a cold winter may lead to
asynchrony. The more different the mechanisms Uyidgrthe phenology of the plants and
the herbivores are, the more critical these cadiogla between the environmental
components are.

Evolutionary ecology

Fitness Consequences of Synchrony

The degree of synchrony has consequences for ties$i of an insect herbivore. If the
phenology of the insect does not match the pheyaddghe host plant, the severity of the
fithess consequences depends on the width of miee Wiindow in which leaves, seeds, or
flowers are suitable for consumption to the indearbivore, but also on, for instance, the
starvation tolerance of the herbivore.

Many leaf-feeding Lepidoptera depend on young, wegvbwn foliage in spring. If
eggs hatch before the tree buds start openindatlhiae of most species can survive for a
couple of days without food, but after that, matyalate increases fast. Four to five days of
starvation are sufficient to kill more than halfwinter moth larvae (Wint 1983; Tikkanen
and Julkunen-Tiitto 2003), and the highest mostatit winter moths “occurs in the first
larval stage” (Varley and Gradwell 1960). Gypsy h®oiL. dispar) can survive longer
without food than winter moths (Hunter 1993), altgb survival also depends on the
weather during the starvation peridartrix viridana can survive starvation relatively well;
for example, 80% of the larvae can survive 10 ddystarvation (Hunter 1990).
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In the absence of food, larvae may disperse taogdaost plants. They can do this by a
process called ballooning: Larvae spin a silk tiraad then let themselves be blown away
by the wind. Estimates of dispersal distances rdirege only a couple of meters (e.g. (e.g.,
Harrison 1994) to several 100 meters (e.g., Dis®letl996, and references therein),
depending on the species. Studies measuring surgk@bability during and after
ballooning have been rare, but mortality is assugeterally to be high and to increase
with increasing dispersal distance (Zalucki e28l02). Hatching before bud burst thus has
severe costs. Conversely, hatching too late isatéavorable. One of the mechanisms that
prevents a plant from being eaten is the use d@rddfe compounds. In maturing leaves of
deciduous trees, leaf toughness (e.g., Feeny 1@7Q), 23) and the concentration of
defensive compounds like tannins increases (Fe®T;1Tikkanen and Julkunen-Tiitto
2003), whereas nitrogen and water content decrgafegny 1970); the leaves become
increasingly inedible. This may lead to a reductionsurvival, growth rate, pupation
weight, and fecundity in the insect herbivore. Staklof first instarZieraphera canadensis
(Lepidoptera: Tortricidae) feeding on white spribel (P. glauca) decreases when feeding
on buds that have only been opened for three daysifig 1992). Moreover, older larvae
disperse to parts of the tree with younger buds dhty opened after they hatched, rather
than remain where they were feeding as first ing@arroll and Quiring 1994). Many
species, including common generalist speciesdikbrumata (Feeny 1970; Van Dongen et
al. 1997; Tikkanen and Julkunen-Tiitto 2003) afpirrita autumnata (Haukioja et al.
2002), feeding on older leaves grow slower, arehrlighter at pupation and thus have a
much-reduced fecundity. Fecundity also dependsherhbst plant: Winter moths feeding
on heather Qalluna vulgaris) do not suffer a decline in fecundity when theg &d on
much-older heather (Kerslake and Hartley 1997).

The severe fitness consequences of mistiming &@dnherbivores can be expressed in
a fitness curve (Figure 3). This curve shows araeaximum for hatching at the time of
bud opening. Hatching early leads to increasedatityrtwhereas hatching later means that
the quality of the host plant, and thereby fecyndftthe herbivore, is decreased. The exact
shape of the fithess curve varies among speciggndéng on their ability to survive a
period without food. For instance, the speciakstderT. viridana (Hunter 1990; Ivashov et
al. 2002) has a higher resistance to starvation tih@ generalist feed€. brumata (Hunter
1990; Tikkanen and Julkunen-Tiitto 2003). The f#mecurve also depends on the host
plant,

Figure 3 Winter moth fitness depends
on degree of synchrony with oak bud
opening (Tikkanen and Julkunen-Tiitto
2003). Fitness is expressed relative to
the fitness of larvae hatched at bud
opening (i.e., in synchrony, dd=0).
05k Degree of synchrony is expressed as

Fitness
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time from bud opening, in degree-days
(above 5 °C); e.g., 1 day at 10 °C equals
5 degree-days (dd), negative values
denote egg hatching before bud
opening.

especially on the rate of decline in leaf qualidlso, more specialist species are
constrained to their own host plant, whereas gdisespecies can feed on a broader range
of host species and thus have a higher chancespeidiing to another host plant where

there is food available and, in general, havingsadsharp peak in their fithess curve

The shape and position of the fithess peak vamn fptace to place and from year to
year. Hence, insect herbivores need to adapt to $jwdtial and temporal variation in the
phenology of their host trees.

Adaptation to Spatial Variation in Plant Phenology
Tree phenology varies between areas, within agas,even at the scale of adjacent trees
(Crawley and Akhteruzzaman 1988; Van Dongen et@97). This variation is predictable,
as trees are consistently early or late in subsegyesars (e.g., Van Dongen et al. 1997).
Hence, herbivore species can and need to adaphigospatial variation to achieve
synchrony across their habitat. If a trait, suctegg hatch, is genetically determined and
has sufficient genetic variation, than we expeet through selection, a close synchrony
with the host plant can be maintained. Many tradse some kind of genetic basis, and
these include phenological phenomena (e.g. Lill 300n a spatial scale, genetic
differences have been found for several speciesdagt different geographic populations
(e.g. Peterson and Nilssen 1998; e.g. Tammaru .eP(fll), between populations on
different host plants (e.g., Du Merle 1999), andhimi populations (e.g., Akimoto 1998;
Van Asch et al. 2006). Even on a small spatialescgénetic differences exist between
populations that occur closely together (e.g., Kmmnaand Akimoto 1995; e.g., Van
Dongen et al. 1997; Mopper et al. 2000). In suchaae, populations differ between
individual host plants; the herbivores have becanepted to their specific host plant. This
process is called adaptive deme formation (for aendew, see, e.g., Van Zandt and
Mopper 1998; Kawecki and Ebert 2004; for an ovewigee, e.g., Mopper 2005). Limited
dispersal is one of the conditions that needs tméefor adaptive deme formation to occur
because gene flow can potentially prevent adaptattopper (Mopper 2005) states that
feeding mode appears especially to be an impoféatdr in determining whether adaptive
deme formation can occur because it occurs mor@ternally feeding species than in
externally feeding species. She argues that synghwvath the host plant is even more
crucial for internally feeding species; thus se@etton synchrony is even stronger, and
deme formation is more likely.

A nongenetic way in which some degree of synchation with individual host trees
also may occur is via maternal effects. Matern&a$ are a special form of phenotypic
plasticity that act across generations (Moussedlbangle 1991), and they are increasingly
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recognized as a major contributor to adaptationyséeau and Fox 1998). Known maternal
effects include the number and size of offspring(lgseau and Fox 1998), the amount of
resources invested by the parents (Rossiter 139%),the determination of diapause in
insects (Mousseau and Dingle 1991) and dormangjants (Roach and Wulff 1987) in
response to the photoperiod experienced by the enoth the feeding conditions of a
mother not only affect her fecundity, but also teneration time, this may be a way to
achieve synchrony with an individual host plantedieg conditions of the mother do
indeed influence the time until egg hatch of hdsmring in winter moths (M. van Asch,
unpublished data). Maternal effects may be a goedhamnism to achieve synchrony with
the host plant after dispersal to another planhwitdifferent phenology without the need
for any genetic differences.

Adaptation to Temporal Variation in Plant Phenology

Spatial variation in host plant phenology is nat tnly kind of variation that an insect
herbivore may encounter; there is also a large oeatpvariation (i.e., year-to-year
fluctuations) in the phenology of the host planisdct herbivore phenology should follow
these fluctuations in host plant phenology, whigle aainly results of variations in
environmental conditions (temperature) between diiferent years (see above). Insect
phenology is indeed affected by environmental cibon; i.e., phenology is phenotypically
plastic (Scheiner 1993). Researchers often prelser@xact relationship between phenotype
(i.e., different hatching time of eggs) and enviramt (i.e., temperature) as a reaction norm
(Figure 4) where the elevation reflects the meaanptype across environments, and the
slope reflects the sensitivity of the phenotype ttoe environmental variable (Scheiner
1993). This phenotypic plasticity of the herbivorsisould be sufficient to track the
temporal variation, as natural selection will haetected for a temperature sensitivity of
the herbivores similar to the effect temperature ba tree phenology, despite that the
mechanism underlying plasticity (see above) maglifierent for the herbivores.

To achieve closer synchrony with the host plantheapecies need to change their
reaction norm not in the mean phenology acrossrenwients (elevation of the reaction
norm), but in their temperature sensitivity (slagehe reaction norm) (Figure 4). Changes
in intercept only lead to an average increase n€lssony, but the asynchrony can still be
considerable in individual years. Changes in termpee sensitivity (slope) are much
harder to achieve than changes in the mean phenelogss environments (elevation),
which may reflect both genetic correlations acrsgironments (Etterson and Shaw 2001)
(Wijngaarden and Brakefield 2001) and physiologitaltations.

\
\

Environment Environment
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Figure 4 Shifts in phenotypic responses to different envinental conditions under selection. (Left
panel) Change in mean response (elevation) butmphénotypic plasticity (slope). (Right panel)
Change in mean reaction norm and in phenotypic ipigstThick lines represent a mean reaction
norm; thin lines represent the variation aroundntiean.

Population dynamics

Synchronization, Population Dynamics, and Outbreaks of Pest Species

Synchronization with the host plant has major Stmeconsequences for many insect
herbivores, and we therefore also expect it tocatieeir population dynamics. Many leaf-
feeding herbivores in spring have strongly fluciugtpopulation densities, such &
occidentalis, E. autumnata, L. dispar, O. brumata, and T. viridana. These species are
outbreak species because they may completely defdalheir host trees at peak densities,
causing severe damage. Many other herbivore speaiggdo a much lesser degree in their
density, whereas other species experience reguidraaks in some regions but not in
others. In this section, we discuss the way symohreith the host plant may affect
population densities.

Population Fluctuations and Synchrony

As early as the 1970s, researchers suggested synychiith the host plant as the major
explanation of population fluctuations of outbresdecies such a3. brumata (Varley and
Gradwell 1968; Feeny 1976). The population dynarafcg viridana are also thought to be
driven by synchrony (Hunter 1990, and referencesreth). If herbivores are well
synchronized with their host plant, many first arstarvae survive and population density
increases, whereas if synchrony is poor, few larsaevive or they have a much-lower
fecundity and decreased population size.

However, studies demonstrating the relation betwpepulation fluctuations and
synchrony with the host plant are relatively scaand the results inconsistent. Synchrony
is important for the population dynamics of westepruce budwormgC. occidentalis
(Thomson et al. 1984), but synchrony is much legsortant forL. dispar (Hunter 1993).
This may be explained by the relatively high resise ofL. dispar to starvation. Winter
moth population fluctuations on Sitka spruPegitchensis, could also not be explained by
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synchrony (Hunter et al. 1991), but winter motimdgs when feeding on Sitka spruce is
probably less dependent on synchrony than wherinfgexh oak Quercus robur). Watt &
Woiwod (1999) assumed that most moths feeding iringpare more sensitive to
phenological asynchrony than later-feeding specied are therefore potentially more
prone to population fluctuations. However, theyef@ito find a correlation between feeding
period and population fluctuations.

Synchrony has long been assumed to play a majerimahe population dynamics of
insect herbivores, but the number of studies adgtslidying this relationship directly is
relatively low and not all can confirm a major roldowever, even if it is not the only
important factor, synchrony does likely play a nnafie in population fluctuations.

Population Fluctuations and Climate

Because of the limited evidence for a directly mead effect of synchrony on population
fluctuations, we now look at more indirect evidehased on climatic variables. Population
densities are often reported to correlate with atwmtogical variables, such as the North
Atlantic Oscillation (NAO) in Europe. Outbreaks Bf autumnata are an example of this
correlation (Klemola et al. 2003). The NAO may paty influence mean air temperature,
but it may also influence precipitation and otheather variables (Hurrell et al. 2001). The
effect temperature has on population densities mealy work via processes influencing
synchrony, such as mistiming in warm or cold spingncreased starvation risks for
herbivores when it is warm, or a faster buildupeaf defense chemicals. Another factor
that may affect population densities is sunspawiggt Population fluctuations of several
moth species in Scandinavia correlate with sunaptivity (Ruohomaki et al. 2000; Selas
et al. 2004), including botk. autumnata andO. brumata. Sunspots may affect population
densities via a direct effect of UV-B on insect fpemance, with high levels of UV-B
radiation being harmful (for an overview, see, ,eJglkunen-Tiitto et al. 2005). However,
an effect of the sunspot activity likely works inglitly via an effect on the host plant. Trees
need to put more resources into protection agalvsB radiation, and they may then put
fewer resources into herbivore defenses, or ingeagssomehow benefit from an increased
flow of resources toward the leaves (Selas etQl4P. One study that seems to support this
found that winter moths prefer leaves grown undevated UV-B to those grown without
elevated UV-B (Lavola et al. 1998). However, matiyeo studies found that plants grown
under high UV-B radiation are of poorer quality foerbivores (Haukioja 2005). As an
alternative mechanism, an increase in defensivepoomds in the host plant may lead to an
increased resistance to parasites (Haukioja 2088).alternative hypothesis for the
correlation with sunspots is that sunspots direaffgct the temperature as experienced by
the herbivores, but not so much the temperatureeearded by weather stations (which
measure temperature in the shade). In that caseandivect effect of sunspots may be via
temperature and from the synchrony between host pled insect herbivore.
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Population Regulation and Synchrony

Population regulation may come about via other @sees than the ones that are
responsible for population fluctuations (Turchim@® Predation, parasitism, viruses, and
pathogens are all potentially important factorsutating population densities. Varley &
Gradwell (1960) demonstrated that pupal predat®rmre of the factors regulating.
brumata populations. Outbreaks of pest species such. asitumnata (Tanhuanpéa et al.
1999),L. dispar (Liebhold et al. 2000), an@. brumata (Raymond et al. 2002) have been
associated with lack of pupal predators (but seantét et al. 1991, which shows that
nutrients, pupal predation, and synchrony all failexplain population outbreaks Gf.
brumata on P. sitchensis). Although larval parasites appear to play onkelatively minor
role in England (Varley and Gradwell 1960), theyg(ethe tachinid flyCyzenis albicans)
have been effective biocontrol agents agaihsbrumata in the United States and Canada
(Roland 1994; Roland and Embree 1995). After at fidscline caused by the larval
parasites, the lowO. brumata densities were maintained by pupal predators. Many
passerine birds feed their young on leaf-eatingrpdtars in the spring. Preventing birds
from feeding on the larvae increases larval sutvi&rengbom et al. 2005), whereas
increasing the number of birds can reduce larvalities in orchards (Mols and Visser
2002). Larval predation by birds is an importanttéa in maintaining lowE. autumnata
densities (Tanhuanpaa et al. 2001). In summangdapoes, parasites, and pathogens may
affect the population densities of insect herbigpend synchronization, although it may be
the prime mortality factor, seems not to be invdlie population regulation.

However, synchrony may have more-subtle effectspopulation regulations via a
delayed effect of herbivory, either on tree phegglor on the chemical composition of the
leaves in the following year (Haukioja and Neuvorfe988). Artifical defoliation can
reduce the performance of insect herbivores thiviihg year (Haukioja 2005). After
heavy defoliation byE. autumnata, B. pubescens development is delayed in the following
year (Kaitaniemi et al. 1997), and this delay coplatentially reduce the synchrony
between the trees and the larvae. However, alnmaplete defoliation only is sufficient to
cause a delay in bud bust the following year (Ka@mi et al. 1997). Herbivore densities
required to achieve this level of defoliation acehsgh that egg hatching in the following
year is also delayed, thereby annihilating anyotftéf a delay in bud opening. Another
example is the jack pinéPinus banksiana), which suffers from heavy defoliation in the
northern United States by the pine budwoi@ ginus pinus) (Lepidoptera: Tortricidae).
The budworm’s survival depends on the abundancepaifen cones. After heavy
defoliation, the trees produce fewer cones, thenedslucing the survival of first instar
larvae (McCullough 2000). Thus the response otriée to defoliation, owing to synchrony
of the phenology of the herbivores with their tremsy lead to mistiming in the following
year, reducing population numbers.
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Changes in the environment

Global Climate Change

Climate is changing and will continue to changeolial predictions for the next century
range from an increase of 1.5° C to 5.5° C (IPCQ1p0whereas these changes may be
considerably larger on a local scale. The experésl of change is much faster than any
other changes previously experienced, and the ¢tegheemperatures are usually well
outside the range of temperatures now experiengedrbanisms in the same place.
Weather patterns are also predicted to become rmiable (Easterling et al. 2000). In
addition, climate changes may not be uniformly risted across the whole year and
across regions; whole climate patterns may chaBgeause phenology is in many cases
temperature dependent, climate change will alsa l&a changes in phenology. As
temperatures are increasing, the phenology of thatlinsect herbivore and its host plant is
expected to advance. Several studies have desctiteecffects of climate change on
species (e.g. Roy and Sparks 2000; Bale et al.;Z2@2nesan and Yohe 2003; Root et al.
2003), which include range shifts and advanceshenplogy in spring. If both the host
plant and the herbivore are affected to the sanggede phenotypic plasticity maintains
close synchrony. However, the phenology of thedhkerbivore and its host plant will not
necessarily shift at the same rate. Thus climaémgé can potentially lead to a decrease in
synchrony or a mismatch between different tropbiels (Bale et al. 2002; Stenseth and
Mysterud 2002; Visser and Both 2005). The wintetm{®. brumata) in the Netherlands is
an example of this (Visser and Holleman 2001) @aé (Buse et al. 1999) for the effect of
climate change on winter moths in England). Cutyerwinter moth eggs tend to hatch
before fresh oakd. robur) leaves, their main food source, become availtblbe larvae.

In some years more than 90 % of the eggs hatchiédéie first oak buds open. In the past
25 years, early spring temperatures have increageereas winter temperatures have not.
Visser & Holleman (2001) argue that this changéeimperature pattern is responsible for
the decreased synchrony between winter moth and lmakhis example, phenotypic
plasticity alone is not sufficient to maintain sjingny because climate change presumably
disrupts the correlation between the environmesuak used by the winter moth and oaks.
To restore synchrony, the response of the motlsmperature needs to change: The eggs
need to become less sensitive to temperature $ahi hatch later, at the time of bud
opening (Van Asch et al. 2006). If climate changedlead to asynchrony between an
insect herbivore and its host plant, synchronylmnestored in three different ways.

First, synchrony can be restored via a responsietalirectional selection. If there are
severe fithess consequences of feeding (or, fompba egg laying) outside the optimal
period set by the phenology of their host, thera idirectional selection on herbivore
phenology, which may lead to adaptation. HoweMesglection pressures become strong,
this can lead to a rapid response but may leadpalption extinction as the reproductive
output declines strongly. A response to select®rpassible only if sufficient genetic
variation for that particular trait exists. Becauke predicted increase in temperature is
much larger compared with previous temperaturetdliions, even if there is genetic
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variation, it may not be enough to match the défees needed. Even with sufficient
genetic variation, sometimes no adaptation occMian (Asch et al. 2006), as genetic
correlations between traits may prevent adaptd@an, Etterson and Shaw 2001).

Second, an herbivore may shift to a different hggécies with a more-suitable
phenology. This is especially true for generalig@es. Specialist species are dependent on
their own specific host plant; shifting to a newshis much harder for them.

Third, if the circumstances are no longer suitad the herbivore cannot adapt to its
changing environment, then the local populationsgeinct. This may be a rather sudden
process. Powell and Logan (2005) show, using maumtiae beetles as an example, that
under climate change changes in voltinism areyikelhappen suddenly rather than as a
gradual process. Populations of univoltine spedegendent on timing with their host
plant, occurring near their thermal boundaries, ngay suddenly extinct. However,
circumstances elsewhere may possibly become faleovatiere they were not before. If the
herbivore disperses, it may be able to establggifitn such new locations, leading to, for
instance, range shifts (Parmesan and Yohe 2003)vet#r, the relationship between
climatological variables (e.g., temperature and tpperiod) changes with geographic
location, leading to problems such as with diapamdection (Musolin and Numata 2003).

Environmental change affects not only the staffieetling in spring, it also affects the
further development of both herbivore and host.iderease in CO2-levels changes the
nutritional suitability of the leaves for the herbies. A higher CO2-concentration leads to
a reduction in nitrogen content and it may leadatoincrease in defensive chemicals
(Lincoln 1993). Insect herbivores either increaseirt consumption rate to make up for
decreased nitrogen availability, or they reducdrtbeowth rate (Lincoln 1993). Under
increased CO2-level®. brumata is able to consume mor®. robur leaves due to a
reduction in leaf toughness (Buse et al. 1998)|enthidispar has a similar pupation weight
but needs a longer time to develop due to an iser@acondensed tannins (Lindroth et al.
1997).

The effects of climate change on synchrony caniberse, and even if climate change
leads to asynchrony, there are several optionglaptato the changed phenology of host
plants. However, many species will undoubtedly betable to adapt to their changed
environment, and these may be seriously affected.

Outlook

Synchrony of an herbivore’s phenology with thaiteffood is clearly crucial to many leaf-
feeding Lepidoptera and to many other species €viaad Both 2005). The way in which
any organism achieves such synchrony in a flustgatinvironment stresses the need for
more mechanistic approaches at both trophic le#ien though physiological models do
exist, they are not commonly used in ecologicadlistsi A more-integrated approach would
lead to a better understanding of the processesiviest in achieving and maintaining
synchrony between different trophic levels. Aldowe need to extrapolate the models to
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future conditions under climate change, which mayMell outside the current range, better
physiological models are of crucial importance.

Understanding synchrony between trophic levels beome particularly pressing in
view of climate change. Because of interactionswbeh species, small effects on
phenology may lead to considerable deleteriousceffd the synchrony between trophic
levels is disrupted. Not only is the amount of dmmeeded to restore synchrony
important, but so are the rate of these changeshengossible consequences these changes
have on the population level. Understanding theedgohg mechanisms and the extent to
which they are genetically determined is cruciadgsessing the evolutionary potential for
species to deal with worldwide climatic changes.
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Abstract

Accurately predicting when a species reaches aicelife stage is crucial for controlling
pest species, as well as for predicting phenolbgicanges due to environmental changes.
Often simple, linear degree-day models give a goodelation with observed data.
However, degree-day predictions are only valid foe populations and temperature
patterns that were used to estimate the model maeasn If temperatures fall outside the
temperature range, development rate is no longbnear function of temperature, as
assumed in the degree-day models. Moreover, whenested in for instance the genetic
variance in temperature response, it is crucidiaee a more mechanistic model. We use
here a physiologically based, nonlinear model tscdbe winter moth @perophtera
brumata) egg hatch. This model allows non-linearity of eleypyment rate with temperature.
Development rate increases with increasing devedopah stage, although we did not find
evidence of a true diapause. Incorporating thigotftemperature-independent into the
model greatly improved its predictive value undatunal conditions. How developmental
stage and temperature interact in development rfeetier study.
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Introduction

The moment when an organism reaches a certain sfatje life cycle is important for
many species. Especially in climates with strorgseeality development can only occur if
the environmental conditions are suitable. Abiatimditions such as temperature or water
availability as well as biotic conditions such asd availability may vary greatly within a
year. How organisms deal with this seasonality been the focus of many studies (e.g.,
Tauber and Tauber 1981; Wolda 1988; Van Asch arsderi2007). In order to understand
how species can maintain their seasonality, we neednderstand the mechanism that
determines when egg hatch takes place, and hovecesp eggs manage to hatch at the
proper moment in time each year. Moreover, beirig ttbpredict accurately the emergence
time of a species can play a major role in coritrglpest species (e.g., Logainal. 2003).
Understanding the mechanisms determining egg hagctime is also important when
trying to predict effects of environmental changepbienology.

In ectotherm species such as insects, developnasmtdepends on temperature, as
physiological processes go faster at a higher teamtype. Models describing insect
development consequently mainly look at the refefidp between temperature and
development rate. Degree-day models are very carymosed in ecological studies
describing development rates. Degree-day modelsnass linear relationship between
development rate and temperature. Degree-day mabkelsassume a threshold value below
which no development takes place. Examples of spetri which degree-day models
provide a good approximation of temperature-dependevelopment rate include many
Lepidoptera such as Geometridae (eQ@perophtera brumata) (Embree 1970; Watt and
McFarlane 1991; Dewar and Watt 1992; Buse and G®%b), Tortricidae (Lysyk 1989)
and gypsy mothl( dispar) (Andresenet al. 2001). Degree-day models generally give a
good fit since the relationship between developmetd and temperature is more or less
linear at intermediate temperatures and the tertyrerasum for development is about
constant. However, at the more extreme temperatigeslopment is usually not a linear
function of temperature (e.g., Huey and Kingsoli289). Therefore degree-day models are
only valid at an intermediate temperature rangemdty well be that when the climate
changes, temperatures fall outside the linear péarthe development curve, or that
temperature patterns change. If so, the lineagrédeday) models cannot be used to predict
a species’ response under climatic change. Otbeets describing nonlinear relationships
between temperature and development rate are célledone such model is the
physiological Sharpe-Schoolfield model (Schoolfiel@l. 1981) (Wagneet al. 1984).

Winter moth Qperophtera brumata) egg hatching has been relatively well studied
(Embree 1970; Kimberling and Miller 1988; VisserdaHolleman 2001). Winter moths
have an annual life-cycle; female moths lay thggsin the late autumn in the canopy of a
tree, and these hatch the following spring. Thenet of egg hatching is crucial- as only
young leaves are suitable for feeding (Feeny 197kkanen and Julkunen-Tiitto 2003;
Van Aschet al. 2007). The timing in the food chain oak-winter magtreat tit has been
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extensively studied (Vissegt al. 1998; Buseet al. 1999; Tikkanen and Lyytikainen-
Saarenmaa 2002), also with respect to climate. BodeGood (1996) found that egg hatch
advanced at an elevated temperature; howeverrdbmnse matched the response of the
oak trees in their study population. In contraaifdb winter moths seem to respond more
strongly to temperature changes than Dutch oals trpetentially leading to increased
mistiming under climate change (Visser and Hollerd@01). However, the study of Visser
and Holleman was mainly based on a correlationadlehoAlthough this model gave a
relatively good fit to their data, we need to ersfand more fully what is happening in the
eggs before extrapolating to other temperatureepeatt Embree (1970) already showed that
both at low and at high temperature the relatignshith development rate becomes
nonlinear in the winter moth.

A main assumption of both the linear degree-day thednonlinear models modeling
development rate as a function of temperatureds dievelopment rate is homogeneously
determined during development. The processes atenesl to depend only on temperature;
model parameters do not change due to age or fgedatus of an organism. If such
homogeneity is not the case, such as in speciésandiapause, these models cannot give
an accurate prediction.

Diapause, a hormonally induced state of very lowalelic activity, increases the
resistance to unfavorable environmental conditibfeuber and Tauber 1981). Diapause
can also serve to prevent development in the wiason, such as egg hatching in the
autumn in a species that overwinter as eggs. Evalerists that suggests that some winter
moth populations do have an egg diapause (Kimhkeréind Miller 1988; Visser and
Holleman 2001). Winter moth studies using a degi@g-model only start counting the
degree-days after a certain date, by which dateadise presumably had been terminated
(e.g., Buse and Good 1996). Alternatively, they maglude some kind of chilling
requirement in the model (Kimberling and Miller B8Visser and Holleman 2001) .
However, most of these studies are again baseamwelational data. These models might
give a good fit because a diapause phase actuadisebut diapause is not necessarily the
only explanation of the improved fit. Degree-daydals assume that no development takes
place below the threshold temperature. Howeversdaningly faster development after a
cold period could be explained too if some develepintook place at very low
temperature, albeit at a very low rate. Alterndjiveorrelations between temperatures
during different periods of development could catree correlation between cold period
and thermal requirements afterwards.

The aim of this study was to create a more phygiold, nonlinear model that
describes winter moth egg hatch. To do this, wel ne&now the exact development rate in
response to temperature. We also check whethelagewent rate changes over time, and
whether cold periods have an effect on egg hateh @liapause termination). We can then
compare this model’s predictions with those of #xggsmodels describing winter moth egg
hatch and compare these with real data on eggihgtch
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Methods

Origin of the eggs

Prior to the experiment we caught female wintertreah Oosterhout (05°50" E, 51°55’ N),
the Netherlands, using insect traps on mature @@st Traps were checked three times a
week. Females were put individually into plastiat@iners, provided with a roll of tissue
paper to lay their eggs on and then placed in atioou insectarium. After two days under
outside conditions the eggs were transferred thnegate chamber (Sanyo Incubator MIR-
553) at 5 °C, were the eggs were kept for 30 datisthe start of the experiment.

We performed experiments in two consecutive yez084 and 2005). In 2004 we used
females caught in the last two weeks of Novemberafmcatching date 24 November 2003)
and the experiment started 30 days after the mathiog date. In 2005 we used females
with the same catching date, and several replicaitbsdifferent catching dates (19, 24, 29
November and 8 December 2004) and in all casesxperiment started exactly 30 days
after catching the females.

Mean development rate at constant temperatures
We measured mean development rate by putting egdsferent, constant temperatures,
and then determining egg hatching dates.

Eggs from each female were divided over four défertemperature treatments (split-
brood design), thus ensuring that there were netgedifferences between eggs in each
treatment. At the start of the experiment theseseggre put at their experimental
temperature. In 2004 experimental temperatures @wef®, 15 and 20 °C. As there were
eight experimental treatments in 2005, the eggs feach female were put in one of two
series of temperature treatments: they were kémereat 4, 6, 15 and 23 °C or at 5, 7.5, 10
and 12.5 °C.

Median egg hatching date was determined for thes dggm each female at each
temperature treatment. Each replicate at each teye consisted of eggs from 15
females. In 2005 we caught females on four diffedattes (15 females on each date), these
are treated as replicates. Average developmemt fiimall females at each replicate was
then determined.

Parameter estimation nonlinear model

We fitted our data to a nonlinear model with a biggical background (Sharpe and
DeMichele 1977; Schoolfielet al. 1981; Wagneet al. 1984; Wagneet al. 1991). This
model assumes that development rate is regulatedativation and inhibition of enzyme
activity. Development rate (r)(tiffedays) at temperature T (°K) is then given as:
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With:

p= development rate (tirfp at the reference temperatifig

T.« = reference temperature (°Khere no enzyme inactivation occurs; h&ge = 12.5 °C
=285.5°K

Ha = activation enthalpy (J/mol) of the reactionatgted by the rate controlling enzyme

T, = temperature (°K) at which half of the enzymelanales are active, while the other
half are in the low temperature inactive state

H, = enthalpy change (J/mol) associated with lowperature inactivation of the enzyme

Ty = temperature (°K) at which half of the enzymelenales are active, while the other
half are in the high temperature inactive state

Hy = enthalpy change (J/mol) associated with higmperature inactivation of the
enzyme

R= universal gas constant (=8.314 3 iol™).

We used a nonlinear procedure in SAS (v8) to es@inthe parameter values.
Development rate is given as development tinfdays). Since the eggs had already
developed before the start of the experiment, wedee to correct for this development.
Based on experimental data (see below), we assthmaéh that period already 5% of total
development had occurred. Mean development rateeagxperimental temperature is then
given by (1-0.05)/(total development time-30). Bese at high temperatures mortality was
high, our temperature range was not large enougélittbly estimate the high temperature
inactivation, we therefore used the four paramesesion of the model instead:

T oo R({Tg T
H

lrexg |11
R\T, T

Assumptions underlying the model

The main assumption of the model we used is thatldpment rate is homogeneous during
development, that is, that the parameters of thdeinare identical between stages and
independent of egg age. Development will be idahtit identical temperature whatever
the time of the year. This assumption need notde .vWinter moths may experience a
diapause with greatly reduced metabolic rate and ttevelopment. Some species (e.qg.,
Tortrix viridana, (Du Merle 1999)) need to experience a cold pefiodrder to break

AT Ha[ 1 12
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diapause. To check whether winter moth eggs neeexperience a cold period before
development can start we kept some female moths &C and then kept their eggs at 10,
15 or 20 °C. Eggs hatched normally in all threeesa&ven so, development rate may vary
over time, as seems to be the case with gypsy m@hasy et al. 1995; 2001), whose
respiration rate changes gradually. To estimateeffect of a cold period, as well as to
estimate the change in development rate over tiggs avere given a different cold
treatment. Eggs were given a four-week cold treatmeither in January or February.
Outside the cold treatment the eggs were keptahatant 10 °C, during the cold treatment
eggs were kept at 3, 4, or 5 °C. Eggs from eaclalertn=20) were divided over the two
cold treatments, but eggs from different femalesewgsed at the different temperatures.
Analyses were done using a mixed procedure in S¥& ith period of cold and
temperature as explanatory variables; females wested within temperature treatment
and treated as random factors.

Another assumption of the model we used is that le@igh is solely temperature
dependent. Eggs could potentially also use photogheand/or some direct chemical cues
from the oak buds. No evidence suggests that eggssd chemical cues (L. Holleman,
unpublished data). To test for effects of photamkriwe performed a split-brood design
(2001) with two temperature patterns and two ligdgimes. In the autumn (2000) females
were caught in Oosterhout (05°50’ E, 51°55’ N) oPtd the experiment the eggs were kept
under outside conditions. At the start of the ekpent (12 December 2000) eggs were
divided over four treatments, each in a separatmaté chamber. Two temperature
treatments were given (Visser and Holleman 200&ghemimicking a specific year, a
‘warm’ year (1999, mean temperature 6.2°C) andadd'cyear (1973, mean temperature
4.5°C). A three-phase cycle was given, with 6 hairthe daily minimum, 12 hours at the
mean of the daily average and daily maximum teniperaand 6 hours at the daily average
temperature in that specific year. This treatmemps any natural pattern that may exist in
a given year intact, rather than giving artifigjalconstant temperatures. For each
temperature treatment two light regimes were givBath light regimes followed the
natural increase in day length. One of the lighimes was two weeks advanced relative to
the day length at a given date, while the other tvas weeks delayed. This led to a
maximum difference in day length of two hours irdiMarch. Light regimes were changed
twice a week, temperature three times a week. Teatyre in the climate chambers was
measured every 15 minutes using HOBO-temperatuggels. Next spring median egg
hatching date was determined.

Validation of the model

To validate the model, we compare the values prediby the model with the actual
observed hatching dates (1995-2005). These dates aitained by catching (at least 20)
females in Oosterhout (05°50’ E, 51°55' N), the iNgtands. The eggs these females laid
were then kept in an outdoor insectarium. In sprthg eggs were checked three times a
week for emerged caterpillars, and median hatctiatg was determined for each brood.
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Next, we compare the nonlinear model with a lirdegree-day model. The number of
degree-days necessary before egg hatch we caltufaden our experimental data
(DD=395, above a threshold value of 3.9 °C). Initold, we also compare it with an
existing model using both degree-days and frostd&jsser and Holleman 2001). In this
model the number of degree-days needed for egd ldgtcreases with the number of days
when the temperature came below 0 °C. We couldsepérately parameterize this model
on our experimental data (as temperature treatnuidtaot include temperatures below 0
°C). Therefore we use the values published prelyo@gisser and Holleman 2001).
However, the parameter values they used were pdheosame dataset we also use here
(observed hatching dates 1995-1999). Analysis were in SAS (v8), and compared the
(absolute) difference of a model with another mamtehe observed values.

Results

Winter moth egg hatching is strongly temperaturpetielent, and the nonlinear model
describes development rate well (figure 1). Paramestimates are as follows: at 12.5 °C
(285.5 K) we assumed that no enzyme inhibition aecl At this reference temperature
the development rate;§r) was 0.0155 da¥ Activation enthalpy (i) was 62 kJ ma!, and

at 3.9 °C (276.9 K) half of the enzyme molecules mactive due to low temperature
inactivation (T). A linear degree-day model overestimates devedopnrate at low
temperatures, and underestimates developmenttratgher temperatures (figure 1).

The main assumption of both the physiological maatel degree-day models is that
development rate remains homogeneous throughousttige it describes. This does not
seem to be the case for the winter moth eggs €iga). A cold period in February affected
development time more than a cold period in Janu#ws=127.1; p<0.001). Some
development did still occur during the cold periad,development time was longer if the
temperature was lower {l=7.86; p<0.001). Although the precise inhomogeneity
development rate over time still needs further wtudle want to check here what
consequences incorporating such an stage effexttfiet model will have. Therefore we
assume that development rate increases linearlytione. We estimate the effect of cold in
our late cold treatment relative to the effect ur earlier cold treatment. We then express
the development rate as a function of developmestigje rather than time (figure 2b).
Another assumption of both models is that egg hatcholely temperature dependent.
Photoperiod did not affect winter moth egg hatclthdugh longer day length seemed to
advance egg hatching at the lower temperature,effiéxt completely disappeared after
correcting for temperature differences betweenphetoperiod treatments (figure 3),(F
56=1.62, p=0.2).
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Figure 1 (a) Mean development raté/d(iys until egg harl{xS.€.m.) and (b) mean development time
(days)(xsem) at different constant temperatures {{iGyvo consecutive years (2004 open symbols,
2005 filled symbols) for eggs from female winter th® caught in Oosterhout. Multiple values
represent replicates with a different laying d&@06). The solid line describes egg hatch using the
nonlinear, four parameter model, and the dotted tlescribes egg hatch using a linear degree-day
model (egg hatch at 395 DD, threshold value 3.9 °C).

We can now compare hatching dates predicted binthenodels with actual, observed
hatching dates (figure 4). A degree-day model ptedégg hatch too late in all years. This
is due to the underestimation of development raieva temperature. On the other hand,
the physiological model assuming a homogeneouslalevent rate predicts egg hatch too
early in almost all years. However, including arfeef of development stage on
development rate greatly improves the predictidDserall, the predictions from both
degree-day models (degree-day model parameterizeth four experimental data:
F120740.3, p<0.01; degree-day model including an effgfictold (Visser and Holleman
2001): k 15=6.7, p=0.03) and the physiological model assunsimgstant development rate
(F1254.8, p=0.04) significantly differ from the obsedvegg hatching dates. Only the
model incorporating an increase in development oater time predicts egg hatch well
(F]_’ZO:O.S, nS).
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Figure 3 Effect of temperature and day length
on median egg hatching date (April) (mean *
sem). Filled symbols represent short day
length, open symbols represent long day
length, solid line represents the prediction from
the model. Temperature is the mean daily
temperature from December "lQuntil mean
median egg hatching in each treatment.

Discussion

Winter moth egg development rate can be describedy \accurately under
experimental temperatures by the physiological rhodléhough a linear degree-day model
fitted the data reasonably well at the intermediateperature ranges, it underestimated the
development rate at low temperatures. However, unu@e natural conditions both the
physiological model and the degree-day model didgiee a good description of the data.
The most likely explanation is that the effect efmperature on development rate itself
changes during development, whereas both modelsnasthat development rate remains
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models. Lines in (a) and (b) are regression livegh equation: 1) y=0.23x+0.12 {R0.29), 2)
y=0.62x+4.3 (B=0.71), 3) y=0.40x+0.35 (R0.70), 4) y=0.49+2.7 (0.77). Note: the degree-day
model including the number of frost days is a pwasly published model (Visser and Holleman
2001) whose parameter values were based on thel@6data, the regression line in (b) and mean
values in (c) for this model are therefore basedhen2000-2005 data only; all other models were
parameterized using our experimental data.

homogeneous, at given parameter values for all éeatpres. Winter moth egg hatching is
stronger delayed when experiencing a cold peritat ia their development. Incorporating
such an effect into the model improved the fit witlte data obtained under natural
temperature regimes. At present, the exact chamgemperature responsiveness during
development is still unknown. Greater insight imstrelationship is clearly crucial when
building a true physiological model.

Another assumption of our model is that egg hasckalely temperature dependent.
Our data show that egg hatch is not photoperiodigesm and no evidence suggests that
eggs use chemical cues (L. Holleman, unpublishéal) d&herefore it seems reasonable to
assume that temperature is indeed the only faffiectang egg hatch.

Eggs seemed to develop continuously after layimd) @d not need a cold period before
development can start. This in contrast to someispesuch aJortrix viridana, whose
eggs will not develop until after a cold period (Pierle 1999).Tortrix viridana diapause
is usually broken in late autumn or early wintehjet is around the time winter moths lay
their eggs. Moreover, experiencing a cold periodefyedelayed egg hatching, rather than
advance it in a similar way as Kimberling and Miligd988) have reported. Visser and
Holleman (2001) correlated egg hatching dates thighnumber of cold days for the Dutch
population of winter moths. Although they did fimdcorrelation, it was a much weaker
effect than that found in the Canadian populatidioreover, degree-day models tend to
underestimate the development rate at low tempamtiVhile this cannot explain the
effects for the Canadian population, it would bédfisient to explain why Visser and
Holleman (2001) found a correlation with the numbércold days. The number of cold
days need not be a direct cause of later egg rattle Dutch winter moth population.

However, development rate did change over time wijly age. Such a change in
development rate needs to be fully understood beiimcorporation in a model, equally
whether it is due to diapause or to some such rgomdual change over time; a mean
development rate is not sufficient. Rather, itrigortant either to use different models to
describe different separate stages in egg developroeto use a more gradual transition
between diapause and rest. Gray (2001) uses a mdaek gypsy moth development is
inhibited by some inhibitory agent which graduadlgclines as development progresses.
Although gypsy moths do have a diapause, both duaimd after diapause, respiration rate
of the eggs increased during development (@Gtay. 1995).

The great strength of the physiological model we hsre is that its parameters have
biological meaning (enzyme activation/inhibitiomcorporating a time or age effect into
the model potentially reduces this biological megniEgg age might function at the
physiological level, for instance by enzyme inhdbit reducing the development rate. In
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model terms, that would be a change in the dendminggg age could also work via some
other inhibitory way, in which case this model nmt be a good model to use.

Our findings stress the need to understand whapdrapduring development, before
we can build a physiological model to predict eggching. Development rate can be
described very well using a nonlinear curve. Inhgameity in development rate over time
or egg age is something that needs further stuslyt bas a large effect on our models
predictions.
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Abstract

Maternal effects may play an important role in shgphe life history of organisms. They
can affect offspring size and number, and deterrtiireonset and termination of lifecycle
stages. Using an insect herbivore, the winter ni@tierophtera brumata) on oak Quercus
robur), we show that maternal effects can also shapeJwee phenology in an adaptive
manner. Winter moth egg-hatching needs to coingiitle oak bud opening, as only freshly
emerged leaves are suitable as food. However, thagatial variation in the timing of bud
opening. We show that the generation time betwéen nother's and her offsprings’
hatching dates was shorter for mothers who hattdtecrelative to bud opening of the tree
they fed on, and hence had to feed on older leakasthermore, maternal feeding
conditions affected both larval development timelef mother and egg development time
of her offspring. We thus show that adaptation gatisl variation may be achieved via
maternal effects. While this is a mechanism setetbeadapt to spatial variation, it may
now also play a role in adaptation to climate cleaimgluced shifts in host phenology, and
allow insect herbivores to adapt to changes intithéng of food availability without the
need for genetic change.
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Introduction

In their heterogeneous world organisms need to edgpespatial and temporal variation in
environmental conditions. For insect herbivoress¢heonditions are determined by the
different plant species they feed on, as theseuswally only present or suitable as food
during a restricted period of the year. Developmauiside this period often has severe
fithess consequences, even if this is only a fewsd&an Asch and Visser 2007). The
optimal period may differ between years, as envitental conditions change. In addition
to this temporal variation, there is quite ofterscalconsiderable spatial variation. In
deciduous tree species, the individual trees céerdionsiderably in the timing of bud
opening in spring. These differences are predietag$ individual trees are consistently
early or late in developing (Crawley and Akhterunza 1988). Insect herbivores may deal
with this environmental variation in two ways.

First, insects may adapt locally to their host plam process called adaptive deme
formation (Van Zandt and Mopper 1998). In order fbis to occur, there must to be
sufficient genetic variation in herbivore phenolpgnd selection must be strong enough to
counteract the effects of gene flow, resulting fraliispersal between populations on
individual host plants.

Alternatively, organisms may only vary in their plgpe in response to
environmental conditions. In other words, insects/ne phenotypically plastic, expressing
different phenotypes under different environmegtahditions. Such phenotypic plasticity
may be adaptive, enabling animals to perform beitespatial or temporal variable
environments (Falconer and Mackay 1996). Respotsanvironmental conditions can
change (genetically) under selection, for instaimcehanging environments. Examples
include mosquitoes (Bradshaw and Holzapfel 2001) several bird species (Pulido and
Berthold 2004).

This means that insects need to respond to enventahcues during development.
Such cues should be those environmental variablas hest predict the environmental
conditions the individual will encounter during Ilife. These can be variables experienced
during their own development, but sometimes envitental variables experienced by the
parents (most commonly the mother) gives a betetiption of the best phenotype of their
offspring. In such cases, maternal effects may payole: genetic or environmental
differences in the maternal generation affect thenptype of the offspring. Maternal
effects are thus a special form of phenotypic plégtacting across generations (Mousseau
and Dingle 1991). Maternal effects are increasinglyognized for their role in adaptation
to variable environments (Mousseau and Fox 1998pwf maternal effects include the
number and size of offspring (Mousseau and Fox ),988d the amount of resources
invested by the parents (Rossiter 1996). Other plesninclude the determination of
development time in birds via yolk hormones (Gornaaud Williams 2005), diapause in
insects (Mousseau and Dingle 1991), germinatior t{Etterson and Galloway 2002) and
dormancy in plants (Roach and Wulff 1987). Materafects may either decrease or
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increase the rate of response to selection andabeslerate or slow down evolutionary
change (Kirkpatrick and Lande 1989).

Phenology plays an important role in many inseetxling in spring; host plants are
usually only available for feeding during a limitpériod of time (Van Asch and Visser
2007). Synchrony with the host plant is cruciafiggess consequences of asynchrony are
severe; a five day difference leads already to% #@@op in survival (e.g., Van Asch et al.
2007). Are maternal effects a mechanism to mairgginthrony with the host plant?

We will study maternal effects on offspring phemplousing the winter moth
(Operophtera brumata), which feeds preferentially on oak{ercus robur) leaves. Only
the young oak leaves are suitable for feeding (FeE9v0; Wint 1983; Tikkanen and
Julkunen-Tiitto 2003), so eggs need to hatch withiflew days of bud opening of the host
tree. There can be large differences (up to threeke) in the timing of bud opening
between individual oak trees, even in adjacenstrbreover, these individual differences
are highly consistent over time (Crawley and Akbtegaman 1988; Van Dongen et al.
1997; M. van Asch, unpublished data). There is s@widence of local (phenotypic)
adaptation to individual host trees (Van Dongeal £1997), with late hatching eggs on late
developing trees. One of the conditions for locddation is limited dispersal. Winter
moth females are wingless, hence females usuaflyetgys on the tree on which they
developed. Males do have wings, and although theneiglly do not disperse far (Van
Dongen et al. 1996) they are still more likely tisprse than females. Thus, feeding
conditions of the mother are a better predictofeetling conditions for her offspring than
are those of the father, one of the prerequisitesatiaptive maternal effects to occur
(Donohue 1999; Galloway 2005). In winter moths,tenaal effects can therefore
potentially play a major role in achieving synchyamth the host tree.

There are two ways in which the timing of the motban influence the timing of her
offspring. The first is through a direct effect éfeding conditions on the larval
development time of the mother. If the other lifages are unaffected by leaf age (pupal
time of the mother, and egg development time ofdffspring) this would then indirectly
lead to an effect on egg hatching time of her offgp Leaf age does indeed affect larval
development time (Tikkanen and Lyytikainen-Saaremr2@02) as well as growth rate
(e.g., Feeny 1968). In addition, there should #lsc fixed period between pupation and
eclosion of the adults, and between egg layingeggihatching. There is evidence for the
latter; egg laying date and egg hatching date areekated in the winter moth (M. van
Asch, unpublished data), as well as in other sgesueh as the gypsy moth (Ruohomaki et
al. 1993). Although the relation between pupatind adult ecclosion could be disrupted by
pupal diapause, it has been now been shown thal digpause does not exist in the winter
moth (Peterson and Nilssen 1998 and referencesithie6econdly, feeding conditions of
the mother may have an effect directly on the eggmselves, leading to differences in the
development time of her offspring. This can hapgenjnstance, if a mother can change
the amount of resources she puts into her eggendém on her own feeding conditions.
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Feeding conditions change over time as water atndgein content of leaves decrease
and leaf toughness and phenolics compounds incr&dsger moths pupate at a lower
weight when they feed on older leaves with a higleerdensed tannin concentration (Feeny
1968; Tikkanen and Julkunen-Tiitto 2003). Tannimwveéh also an effect in the following
generation: sons of gypsy mothgifantria dispar) reared on red oakercus rubra) had
a lower pupal weight if their mothers fed on leawsith high condensed tannin
concentration (Rossiter 1991), while daughters dathorter prefeeding period (associated
with dispersal tendency). Thus, phenolic compoumatsonly have a direct effect on the
mothers, but also a maternal effect on the offgprin

The aim of this study was to determine whetherngrof egg hatch (and thus feeding
conditions) of the mother can affect the timingegfy hatch in the next generation by either
an effect on larval development time of the paregémeration, or a direct maternal effect
on egg developmental time. We fed the parental rg¢ine differently aged leaves, and
then measured larval and pupal development tintbeoparents, and egg development time
of the offspring.

Material and Methods

We fed caterpillars on leaves with a different agée did this by manipulating egg-
hatching date, and then feeding caterpillars tias hatched at different times, on leaves of
the same tree, thereby creating groups of catargil{the mothers) that experienced a
different timing relative to oak bud opening. Batteir own development time and the egg
development time of their offspring were then deteed.

Origin of winter moths

In order to feed caterpillars differently aged lesvwe needed to create differences in egg
hatch in the maternal generation. To achieve this,caught female winter moths (the
‘grandmaternal’ generation) on oak tre€uércus robur) using insect traps prior to the
experiment (November 2002). Females were caugi#\an different locations, to the west
of Arnhem (05°48’ E, 51°59’ N), the Netherlands.eh females were used to produce the
parental generation. Females were provided withlleof tissue paper to lay their eggs on
and placed in a half-open shed during egg-layingordder to create differences in the
timing of egg hatch, eggs from each female werédil over three different temperature
treatments, each mimicking a different year (Visaed Holleman 2001): a ‘cold’ year
(1973), an ‘average’ year (1983) and a ‘warm’ y@&98). This ensured that each group of
caterpillars had a similar genetic composition, différences in egg hatch between groups
were due to experimental manipulation rather thatunal variation in egg hatch. At the
start of the rearing experiment 60-65% of the dugs hatched within each corresponding
treatment. We used only broods with a known meaigg hatch date at the start of the
rearing experiment, to prevent the inclusion oft(relly) early or late hatching caterpillars.
One day before the experiment started all prewohatched caterpillars were removed, so
that caterpillars used in the experiment were makinil8 hours old when the experiment
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started. This setup enabled us to use newly hatcatpillars from the same females at
different times, i.e. with leaves of a differenteaip the rearing experiment. There was a
five-day difference in egg hatching between eaclthefdifferent temperature treatments;
this means that there were five-day intervals betwatart of feeding (and thus leaf age) in
the experiment.

Design of the rearing experiment

Caterpillars fed on leaves of different ages, bgdfeg leaves from the same tree to
caterpillars with the same parents that differeédg hatching date due to the temperature
treatment of the eggs (table 1). Both their owneliggment time and the egg development
time of their offspring were then determined.

At the start of the experiment (23f April 2003) a tree was selected whose buds had
just opened (tree A). The first group of newly et caterpillars (4 N=320) was fed on
leaves from this tree. Five days later a secondigm newly hatched caterpillars {A
N=189) were fed leaves of the same tree, that by trad leaves that were five days old.
The whole experiment was repeated using another(B¥ this tree opened its buds five
days later than the first tree {28f April). Consequently the first group of catelgnis that
fed on leaves from the second treg: (B=174) had hatched at the same time as the second
group of caterpillars that fed on leaves of thestfitree (4). The second group of
caterpillars fed leaves from the second treg [B=180) hatched five days later stil'{®f
May). Both trees are growing at the NIOO-KNAW in telen, the Netherlands, and are
approximately 15 years old.

Originally, the design of the experiment includdue teffect of starvation (i.e.
caterpillars that had hatched five days beforeddie buds opened). Few of these females
survived (As 0 females out of 438 caterpillars and Bfemales out of 205 caterpillars) and
they are not further considered here.

Table 1: Experimental setup. The experiment was startedl eggs that hatched at three different
dates with five-day intervals in between (eggs freath date experienced a different temperature
regime, resulting in a different hatching date).e@aitlars fed on leaves from two different treeadb
opening date shown between brackets). Letters tefdre tree caterpillars fed on; numbers refer to
the age of the leaves (days) at the start of tperaxent.

Tree A Tree B
(23 April) (28 April)
Egg hatch 23 April A
Egg hatch 28 April As Bo
Egg hatch 3 May Bs
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Rearing of the maternal generation

During rearing caterpillars were fed on progredgivaaturing leaves. Caterpillars were
reared individually in glass vials kept in a haffem shed; so that rearing temperature was
similar to the outside temperature experiencedhieyttees. However, if temperatures rose
above 20 °C during the first five days of larvé|ithe caterpillars were temporarily moved
to an air-conditioned room at 20 °C to prevent igallars dying because of the high
temperatures or dehydration. Leaves were repladdfseshly collected new leaves three
times a week. Vials were checked daily for pupatoaderpillars. Temperature during
rearing was measured every 15 minutes using an H@BQerature data logger (£0.4 °C)
and averaged over each hour to calculate the nuafltirgree-days. After pupation, pupae
were weighed and transferred to plastic vials doittg moistened vermiculite. The vials
were stored in a climate chamber (SANYO IncubatdR#353) at a constant temperature
of 12°C until emergence of the adult moths.

Adult emergence and offspring development

In November, vials were checked daily for emergadglts. After emergence females were
immediately mated individually to a male whose neotbriginated from the same location,
and who was fed leaves from the same tree as gitiate Female were never mated with
their brothers. Emerging males were kept at 6 °@Gl wsed for mating. Females were
provided with a roll of tissue paper on which tg their eggs, which were then kept in the
half-open shed. The following spring, egg hatch s@wed every two days and median egg
hatching date was determined for each the bro@adf female.

Analysis of maternal effect on developmental times

Time between egg hatching of the mother (at thet sfathe experiment) and egg hatching
of their offspring was analyzed, as well as th&daand pupal development times of the
parents and the egg development time of the offgp@ll analyses were done using mixed
models (SAS v8), with leaf age and tree as fixddots and area of origin and sexe as
random effects. Analyses of larval and pupal dgwalent time were done using all

available individuals. Those females that surviged reproduced, may form a non-random
subset of the total number of individuals we sthrigth, since only half of the pupae

produced adults, and half of these were males. Meryéarval development times did not

differ between surviving and non-surviving indivads, and analyzing the results of larval
and pupal development time only for those femabes survived and reproduced gave the
same results. We therefore show only the resultseofull data set here.

Age, toughness and chemical composition of the leaves

Leaf characteristics change as the leaves matuogedWer, leaf characteristics can vary
between trees. In order to follow the maturing psscof the leaves we fed the parental
generation on, and to check for differences between replicates, we measured leaf
toughness and chemical composition of the leavescilected 20 leaves, spread over the
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whole tree, twice a week, between 8 am and 10 am.ugéd ten leaves immediately to
measure leaf toughness; the other ten (dividedorahdover two samples) were frozen in
liquid nitrogen immediately after collection, antbred in the laboratory at -80 °C until

they could be freeze-dried and ground. We useceketiwis collected in the first week after
bud opening, after two and after four weeks to memshemical composition, and leaves
collected after two, three and four weeks to measondensed tannins.

We determined leaf toughness using a leaf penetasrffeeeny 1970), which measures
the weight needed to puncture the leaf. To decregsesurement error we measured each
leaf twice, then took the mean of these two measengs.

Chemical composition (phenolics) was determineaiqu$iiPLC (Julkunen-Tiitto and
Sorsa 2001). All analyses were done in the Nat@#adduct Research Laboratory,
University of Joensuu, Finland. For each extractiwva weighed 5-10 mg of ground leaf
material, and we added 0.7 ml methanol (100%). Sdmaple was homogenized using an
Ultra-Turrax homogenizer for 20 seconds, left om for 15 minutes, homogenized again
and centrifuged (3 min. at 13000 rpm), after whtble supernatant was removed. The
extraction was repeated three more times, but willy 5 minutes on ice. Methanol was
evaporated using nitrogen gas, and the dry extvaststored in a fridge. Before HPLC, the
sample was again dissolved in 0.6 ml 50%-methav. identified fourteen different
compounds in the leaves: (+)-catechin, ellagic aglldgic acid based hydrolysable tannins,
gallic acid, gallic acid based hydrolysable tannimgoerin, isorhamnetin, an isorhamnetin
derivative, kaempferol-3-diacetyl-glucoside, kaeempf-3-glucoside, monogalloylglucose,
pentagalloyl glucose & a quercetin derivative, geéin-3-glucoside & quercetin-3-
glucuronide and quercetin-3-rhamnoside.

Condensed tannins were determined using an ac@hbluassay (Porter et al. 1985).
We weighed 5-10 mg of dried and ground leaf powdad after adding 1.0 ml methanol
(100%), 6 ml acid butanol and 0.2 ml iron reage&®o (ferric ammonium sulfate in 2N
HCI), the samples were held in a boiling water bth50 minutes. After cooling the
absorbance was read using a spectrophotometerOanrd5 We took two replicates from
each sample before the colour reaction, and frazh egplicate colour absorbance was read
twice to reduce measurement error; the mean okthes values is used in the analysis.
We used purified oak leaf tannins to quantify theoant of tannins.

Results

Effect of leaf age on development time

Leaf age had a clear effect on the larval developrtime of the parental generation (fig.
1). Caterpillars fed on older leaves pupated faysdearlier than caterpillars fed on young
oak leaves (F37512.6, p<0.01). Pupal time is the same for catarpifed on different
leaf ages (F1452.64, p=0.1), but males had a shorter developrtiere than females
(F1145°8.2, p<0.001).The total (larval plus pupal) depatent time in the parental
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generation is shorter for animals fed on oldewvédsa(R 14~17.6, p<0.01), due to the
differences created in the larval period.

Leaf age also had an effect on egg development ¢iftbe offspring (fig. 1). Eggs
from mothers fed on older leaves had a shorterldpmeent time than eggs from mothers
fed on younger leaves {5=5.43, p=0.02).

The combined effect of leaf age on larval developinigne of the mother and on the
development time of her eggs led to a combineccetitleaf age on total generation time:
the time from egg hatch of the mother until egghaif her offspring. Generation time on
older leaves is shorter {k=81.5, p<0.01).

As leaves get older, their toughness increases Ziy The chemical composition of
the leaves may also change as the leaves becoree dlde only compound to show a
consistent increase over time was (+)-catechin @g). (+)-catechin was almost absent
until the leaves were at least two weeks old, bas wresent in greater quantities in four
week old leaves. (+)-catechin is a precursor todeosed tannins, which were also only
present in four week old leaves (fig. 2c).

Effect of tree on development time

Development time also differed between trees (Jigcaterpillars fed on leaves from tree B
pupated after a shorter period than caterpilladsoie leaves from tree A even if they were
fed on leaves from the same age ##=154.8, p<0.01). Pupal period is also shorter for
animals fed on leaves from tree B, (l=40.4, p<0.01). Offspring development time was
the same for both trees,(f&=1.07, p=0.3). Total generation time was aboutiys shorter
on the later developing tree B;({d=114.0, p<0.01). Tree did not affect the respomse t
differently aged leaves for either larval, pupal e@gg development times separately
(interactions nonsignificant). Feeding on oldewk=sareduced the total generation time on
tree A with ten days (Rs72.2, p<0.01), but on tree B with only five days £=9.0,
p<0.01)(interaction leaf age*tree; &=6.53, p=0.01). There seems to be overcompensation
in the case of tree A, as the original differenceegg hatch between the two groups of
caterpillars was only five days, but the generatiore of the later hatching caterpillars was
ten days less. These caterpillars therefore evashdd five days earlier than the ones fed
on young leaves (leaf age; $£4.07, p<0.01).
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Figure 1 Winter moth development times on differently agek leaves. Mean duration of larval
(dark grey), pupal (grey) and egg (light gray) si&agnd the total generation time (days) (+ s.€fon.)
caterpillars fed on two different trees (A and B)dan leaves of two different ages (A0 and BO just
opened buds, A5 and B5 five day old leaves at edghimg). Numbers represent sample sizes,
asterisks represent significant differences (**0@91, *: p<0.01) between leaf ages within tree and
between trees.

The increase in leaf toughness is similar in the twees, and therefore cannot be the
reason for any differences in developmental timavbeen caterpillars reared on them.
There were no qualitative differences in chemicahposition between the two trees; all of
the identified compounds (see methods) were présdmth trees. Tree A did have more
(+)-catechin than tree B at four weeks old £31.2, p=0.03)(fig. 2). Tree A also had a
higher concentration of condensed tannins thanBraefour weeks old, but the difference
was not significant.

Temperature effects

Clearly, a maternal effect does exist; differerdrirgg conditions of the mother have an
effect on timing of egg hatch in the next generatibhis could still potentially be due to
differences other than leaf age per se. The differdetween the trees already suggests that
there is at least another additional effect. Défergroups of caterpillars hatched with five-
day intervals. The environmental conditions (terapge, photoperiod) may have been
different for the different groups of caterpillaaad the trees they fed on. During the first
weeks of rearing mean daily temperatures fluctuatgsveen 12 °C and 16 °C. However,
prior to pupation temperatures started to increfisem 26" May onwards). Since
caterpillars fed on older leaves hatched latery theperienced a longer period of high
temperatures. The shorter development time cowdefbre be caused by an increased
development rate at higher temperature. Expredsiagievelopment time in degree-days
(DD, calculated by the summing of the mean tempeeat per day, above the threshold
value) rather than in days can correct for this perature effect. Using degree-days
assumes a linear relationship between developnsat and temperature, as well as a
certain threshold value below which no developmiakies place. Degree-days (with a
threshold value of 3.9 °C) can describe winter megh hatch well (Embree 1970; Visser
and Holleman 2001). Larval development time cao &ls described using degree-days
(Topp and Kirsten 1991; Tikkanen and Julkunen-d@iit003). During the larval stage,
temperature did not drop below 6 °C, at which terapee there is still development
possible. Therefore a threshold value is lesscatifior our calculations of the larval stage,
and we results reported her are based on the satne (3.9 °C) as in the egg stage.
However, other threshold temperatures (e.g., 5rifiC3a°C) give similar results.
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Caterpillars fed on old leaves still develop fadtean caterpillars feeding on young
leaves (leaf age (nested within tree)zd=25.9, p<0.01), with a difference of 18 DD when
feeding on tree A and 25 DD when feeding on treeTBe effect of leaf age on
development time cannot be explained by differennesearing temperature, but is thus
truly due to differences in leaf age. The differemdbetween the two trees, however, do
largely disappear when expressing development timedegree-days, with a mean
difference of only 6 DD between tree A and B (trfég;s=11.7, p<0.01).

Leaf age also had an effect on development tintheokggs. Since the eggs were kept
outside and they were laid at slightly differentmemnts in time, the eggs also experienced
slightly different temperatures. Correcting forsthly using degree-days still yields the
same pattern. Eggs of mothers fed on old leaveslojged faster than eggs of mothers fed
on young leaves (leaf age (nested within treg};#12.4, p<0.01), with a difference of 40
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Figure 2 Leaf characteristics in ageing oak
leaves. (a) Mean leaf toughness (+ s.e.m.)
depending on leaf age (days). Leaf
toughness is measured as weight (g) needed
to puncture the leaf (N=10 in all cases). (b)
Condensed tannins (mg/g dry weight) and
(c) (+)-catechin (mg/g dry weight) at
different leaf ages (days). Lines in (b) and
(c) represent mean concentration at each leaf
age per tree (n=2 per tree per leaf age).Tree
A solid circles, solid line and tree B open
symbols, dashed line.
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when feeding on tree A and 30 DD when feeding es 8. Eggs of mothers fed on the
later developing tree B had a 15 DD shorter devakgt time than eggs of mothers fed on
tree A (tree: [£=20.0, p<0.01).

Another way to circumvent the correlation betweem experimental treatment and
temperature is to compare larvae fed on the same liut on leaves from trees with a
different phenology (i.e., A and B). These groups experienced exactly the same
temperature and photoperiod. In this comparisoerpélars fed on older leaves also have a
shorter development time (FR0s40.9, p<0.01). Correcting for temperature diffexes
does not seem to change the effect leaf age hisr ein larval development time or on egg
development time, but it does reduce the differédreteveen the trees.

Discussion

Synchrony of insect herbivores with the host trae be maintained through genetic
adaptation, and phenology of many insect speaiesjding winter moths (Van Asch et al.
2007), is known to be heritable. We show here thaternal effects can serve as an
additional, non-genetic mechanism to become adaptede phenology of a host tree, as
environmental conditions had a clear effect ondhdevelopment time of winter moth
caterpillars, and thereby on the time until egghialg of their offspring. Furthermore, if a
female hatched after the buds had opened, it teolbffispring less time to hatch than when
she hatched at the moment of bud opening. This amsm may thus serve to improve
synchrony with bud opening for the next generatasa shorter generation time for late-
hatching parents means that their offspring will eéatively earlier timed than their
parents. Selection also acts on this, since fgedinolder leaves reduces pupation weight
(Feeny 1970; Tikkanen and Julkunen-Tiitto 2003).the winter moth-oak system a
difference of five days reduces pupation weightabthird (Van Asch et al. 2007), and in
this experiment females feeding on older leaves 3ado less offspring. However, the
offspring they do have will be better synchronizEdr the winter moths, this only works
when they are too late, i.e. when feeding on cddids. Winter moths have a relatively low
resistance to starvation, so when they are tooy,eae. hatch before bud opening, this
resulted in such strong selection that hardly amydies survived to reproduce in the
treatment where the eggs hatched five days pritwutbopening. Larva that do manage to
survive a short period of starvation have a lordmrelopment time than non starved ones
(Wint 1983). Due to the strong selection, mateefédcts are unlikely to be involved with
improving synchrony when hatching too early, ang adaptation will be through genetic
change. Some species of moths have a higher masista starvation, e.g. gypsy moths
(Lymantria dispar) (Hunter 1993) and oak leaf rolleTdrtrix viridana) (Hunter 1990).
Maternal effects may play an additional role inedetining phenology for those species
also when hatching before the food becomes availdbévelopment can only start after
food becomes available, and this, possibly in coaidn with an increase in development
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time, leads to the same or a later pupation dagaiily hatching, starved larvae than in non-
starved ones, resulting in later hatching egghémiext generation.

The factor that is most likely to cause the effedeaf age. However, photoperiod and
temperature are correlated with leaf age, sincepéeature increased as the season
progressed. Analyzing development time in degraes-dzan for temperature effects to
some extent correct. This analysis assumes a dewelatal threshold temperature, which
we know for the egg stage, but less precisely sthiolarval stage. However, larval rearing
temperatures were relatively high, thus we do ktloat temperature never dropped below
the developmental threshold. The results are velgtinsensitive to the threshold value we
use; other values produced the same results. Gioigehus for temperature effects reduced
the differences between trees, but the effecteaifdge remained unaltered.

Caterpillars that fed at the same time, but onstredéth a different phenology,
experienced exactly the same environmental comditend still differed in development
time. However, trees differed in their defensivenpounds prior to pupation. This could be
an effect of temperature, since temperature canceedoth (+)-catechin and tannin levels
(Kuokkanen et al. 2004). We would expect earligrgiion and lower pupal weights due to
the higher levels of defensive compounds in tredot, we find the opposite. This again
points in the direction of leaf age as the caussetiofr.

Maybe even more interesting than the direct effexdevelopment time of the mother
is the indirect effect of leaf age on developmémietof the eggs. Both feeding on older
leaves and feeding later in the season shortemedebelopment time of the eggs. Feeding
conditions are known to have an effect later ia (iRossiter 1991), where offspring weight
and dispersal tendency are affected by the amduphenolics consumed by the mother.
We show here that leaf age also affects egg dermlaptime. In order to achieve this,
there must be something different in the eggs. Mother may vary the amount or the
composition of the nutrients she provides the egijs. In general, larger eggs contain
more nutrients. Indeed, it has been shown in gypsths that a larger egg size results in
faster development time of both eggs and caterpil{®ossiter 1991) and that feeding
conditions of the mother affect the amount of ggerprotein in eggs (Rossiter et al. 1993).
It seems likely that the observed effect works thia amount of nutrients supplied to the
eggs by the mother. Feeding on older leaves redheepupation weight, and thereby the
number of eggs a female lays. Generally, thisssimed to be because females do not have
enough resources to lay more eggs. It may, howedso, be that those resources they do
have are put into fewer eggs, thereby increasiaglédvelopment rate.

Maternal effects can act as a mechanism to maimtaimprove synchrony with the
host plant. Although feeding on older leaves lechtdecrease in total generation time of
only five to ten days, this is similar to the difface we started with. A five-day difference
is biologically a very realistic time scale, asstkind of difference in egg hatching can quite
easily occur. Moreover, a difference of only a deugf days in leaf age has already marked
fithess consequences (e.g., Wint 1983; TikkanenJaifidunen-Tiitto 2003; Van Asch et al.
2007).
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Maternal effects are thought to evolve when theditanms of the mother are a reliable
predictor of the conditions her offspring will enoder. In species like the winter moth
offspring are more likely to develop on the sameztas the mother than on the tree the
father developed on, since females are winglesdlarglcannot disperse far. However, if a
female does lay her eggs on another nearby trele avitlifferent phenology, then her
offspring will end up on a tree whose phenologysinet match with their own. Maternal
effect may then serve to restore the synchronfiégmext generation. Maternal effects serve
primarily to deal with spatial variation, as thishighly consistent over time and thus very
predictable. However, under changing environmeataiditions synchrony with the host
plant can become disrupted (Bale et al. 2002; $thremd Mysterud 2002; Visser and Both
2005). Then maternal effects provide an alternatiezhanism to restore synchronization
with the host plant. When the shift in timing isvierds starvation due to emergence prior to
the availability of food, it may have an effect,tlthe effect of selection due to increased
mortality is then considerable. Especially when ghét in timing is such that it means
feeding on older, lower quality food, this can geas an additional mechanism to adapt to
a changing world.
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Predicting genetic shifts

Abstract

Climate change has led to an advance in phenolagyany species. Synchrony in
phenology between different species within a fobdirc may be disrupted if an increase in
temperature affects the phenology of the diffesgrecies differently, as is the case in the
winter moth egg hatch — oak bud burst syst@mperophtera brumata (winter moth) egg
hatch date has advanced more tkaercus robur (pedunculate oak) bud burst date over
the past two decades. Disrupted synchrony will léadselection, and a response in
phenology to this selection may lead to speciestigally adapting to their changing
environment. However, a prerequisite for such gengtange is that there is sufficient
genetic variation and severe enough fithess comsegs. So far, examples of observed
genetic change have been few. Using a half-sibgdesive demonstrate here th@t
brumata egg hatching reaction norm is heritable, and ¢eatetic variation exists. Fitness
consequences of even a few days difference beteggrhatch and tree bud opening are
severe, as we experimentally determined. Estinaftgenetic variation and of fithess were
then combined with a climate scenario to predietite and the amount of change in the
eggs’ response to temperature. We predict a ragggonse to selection, leading to a
restoration of synchrony of egg hatch w@@hrobur bud opening. This study shows that in
this case there is a clear potential to adaptidhap to environmental change. The current
observed asynchrony is therefore not due to a ddajenetic variation and at present it is
unclear what is constraining. brumata to adapt. This kind of model may be particularly
useful in gaining insight in the predicted amound aate of change due to environmental
changes, given a certain genetic variation andgetepressure.
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Introduction

Climate is changing and will continue to changeabgll predictions for the next century
range from an increase of 1.5 °C to 5.5 °C (IPC©120while on a local scale these
changes may be considerably larger. In additiomate changes may not be uniformly
distributed across the whole year. In the Nethédanfor instance, average spring
temperature has increased by about 1.5 °C in gté¢Haty years alone (Verbeek 2003).

Several studies have described the effects of tdinshange on species (see for an
overview (Bale et al. 2002; Parmesan and Yohe 2&@#it et al. 2003) including range
shifts and advances of phenology in spring. Faiaimse, trees start leafing earlier (Kramer
1995; Menzel 2000; Root et al. 2003); plants flowarlier in the season (Root et al. 2003)
and many birds start breeding earlier (Root et2@8D3). There is however na priori
reason why different species within a food chairuldcshift their phenology at the same
rate (Visser and Holleman 2001; Visser et al. 206%)latively small effects of climate
change can have profound consequences for the steasyf species that depend on one
another, such as a herbivore and its host plamct reifferently to an increase in
temperature, thus leading to asynchrony or a midm@tisser and Holleman 2001; Bale et
al. 2002; Stenseth and Mysterud 2002; Visser éi(il4).

Climate change induced asynchrony occurs in therastion betweeuercus robur
(pedunculate oak) ardperophtera brumata (winter moth).O. brumata eggs hatch early in
spring and the caterpillars then feed on yoQngobur leaves. Both egg hatch and opening
of the tree buds have advanced over the last 2%sy@éisser and Holleman 2001).
However, egg hatch has advanced much more thaa@ddurst, leading to a decrease in
synchrony betwee®. robur andO. brumata from a few days to almost two weeks (Visser
and Holleman 2001); but see (Buse and Good 199&)eleggs hatch before the buds are
open, there is no food for the caterpillars, ared/thill starve to death. Moreover, passerine
birds such as the great tRqrus major) feed O. brumata caterpillars to their young and
thus rely on the synchrony between egg hatch akdwod burst. P. major has not advanced
its egg laying to match the earlier caterpillarp@athe Netherlands (Visser et al. 1998),
another example of climate change induced asynghron

Climate change disturbs interactions between spgeeied in the case @. brumata
asynchrony occurs because their phenotypic respomsé&emperature is too strong.
However, phenotypic responses can change if tlseheritable variation in the underlying
genetic basis determining phenotypic plasticitye Tunresolved question is at what rate
these evolutionary changes will take place and drehatural selection will lead to a
restoration of synchrony. Many studies have regopieenological changes due to climate
change, but only a few have reported on the geretgis of these changes. One study
(Bradshaw and Holzapfel 2001) reported a shift iwtpperiodic response in a mosquito
(Wyeomyia smithii), another study reported an advance in timing refeting in a red
squirrel {Tamiasciurus hudsonicus)(Réale et al. 2003). In both studies, these change
occurred within a few generations, but long-ternedictions were not made. Even if
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sufficient genetic variation exists, genetic caatigins between traits may limit a response,
as seems to be the case in for instance a praae (Chamaecrista fasciculata)(Etterson
and Shaw 2001).

We investigate the (a)synchrony betwe@nbrumata egg hatch and. robur bud
burst, asking whethed. brumata will be able to adjust its egg hatch to the chagdiming
of Q. robur bud burst. We start by testing whetl@@rbrumata egg hatching is heritable,
and we estimate how strong selection intensitytdwesynchrony is. We then build a model
to predict the response to selection. This requioesbining four pieces of information: (i)
future changes in spring temperatures, (ii) theaade ofQ. robur bud burst, (iii) the
amount of genetic variation in egg hatch in respaiestemperature, and (iv) the intensity
of selection due to asynchrony between egg hatdhbad burst. For the first two aspects,
we rely on existing models for climate change (E26B5) and bud burst (Kramer 1994),
respectively. We add new data on the genetic vaniah the reaction norm (Scheiner
1993) ofO. brumata egg hatching in response to temperature, as wdheaconsequences
of asynchrony for the fitness of the moths. We thaild a selection model for the genetic
change in egg hatching reaction norm with incrgasamperatures. This enables us to
predict the response to selection, given the anit@axdironmental conditions, in a focal
year. We are thus able to predict at what @tebrumata may adapt to its changing
environment, and determine whether this rate catchnthe rate at which climatic change
will alter their environment, i.e. the bud burstelafQ. robur.

Material and Methods

General setup half-sib experiment

We performed a half-sib experiment in order to siigate whether the strength of the
effect of temperature of®. brumata egg hatch (the reaction norm) is heritable, and to
estimate the amount of genetic variation in thercept and slope of the reaction norm.
Prior to the experiment, the parental generatios kgared in the lab. This ensured that all
individuals had experienced similar rearing cowadis. Thus, differences between their
offspring were not due to differences in rearinghaf parental generation.

Trios were formed in the parental generation: orsenwas always mated to two
females. Thus, we created groups of eggs (thespdffg) with different degrees of
relatedness, and thus of genetic similarity: fidsshalf sibs and unrelated offspring. These
eggs were used in the experiment.

In the experiment, the eggs from each female wérglatl over three temperature
treatments. Within each temperature treatmentegjys were divided over several replicas.
Median egg hatching in each replica from each fenmaleach temperature treatment was
determined.
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This yielded information not only on the phenotymiariation within and between
treatments, but also on which part of this variatieas due to genetic variation, since the
eggs had different degrees of relatedness (Fal@mkMackay 1996).

Origin and rearing of the parental generation in the half-sib experiment

Prior to the experiment (November 2000) we caughtdleO. brumata on Q. robur trees.
Mated females were caught in four different fordstgehe Netherlands, all in the area
around Arnhem: Oosterhout (05°50’ E, 51°55’ N), Dwerth (05°48' E, 51°59’ N),
Warnsborn (05°50" E, 52°05’ N) and Goffert (5°50; B1°49'N). Females were kept
individually in plastic containers and were prowdeith a roll of tissue paper to lay their
eggs on. These eggs were kept in an outdoor imggotaintil egg hatch. Hatching was
checked three times a week, and at the median &gihg date 10 caterpillars per brood
were collected (April 2001). These caterpillars evezared individually on fresh oak leaves
in small vials. After pupation, pupae were storedividually in plastic vials containing
moistened vermiculite. These vials were kept atrsstant temperature of 12°C in a climate
cabinet (SANYO Incubator MIR-553) until emergencktie adult moths (November
2001). After emergence, all individuals were kepbaC until all adults had emerged. At
that time, the adults were used to setup a matmgtsire (see below). From each originally
caught female only one offspring was included i plarental generation of the experiment.

Mating structure in the parental generation of the half-sib experiment

The mating structure was not set up until all maled females of the parental generation
had emerged to prevent assortative mating basedabecclosure date. In the experiment
each male (n=10) was mated to two different fem@e0). Matings were all made within
forest of origin (Doorwerth: n=2, Goffert: n=1, Qeshout: n=5 or Warnsborn: n=2).
Females were kept individually in plastic contamevlales rotated every two days between
the two females. Females were provided with a abltissue paper to lay their eggs on.
During mating and egg laying animals were keptim outdoor insectarium. The eggs that
were laid by each of these females were the eggsuwh used in the half-sib experiment.

Temperature treatment of offspring in half-sib experiment
The eggs that were laid by the females in the pargeneration were divided in either six
or nine batches per female. This depended on thdeuof eggs that were laid: each batch
contained at least fifteen eggs. Batches of eggse webvided over three different
temperature treatments, with two or three replEater female per temperature treatment.
Rather than using constant artificial temperatuneseach treatment, we used
fluctuating temperatures mimicking specific yea¥8s¢er and Holleman 2001). These
provided a much more natural temperature patteran tlusing artificial constant
temperatures would have done. One of our temperdtaatments mimicked a relatively
cold year with an average temperature from Janifaontil April 1% of 3.5 °C. (1986). The
two other treatments mimicked two warmer years §88d 1998) with almost the same
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average temperature (4.5 and 4.6 °C. from Jandaontil April 1%, respectively) but with
different temperature patterns over time. The dé@attern in these years was mimicked
in climate cabinets (SANYO Incubator MIR-553) usithgee phases a day: 6 hours at the
daily minimum temperature, 12 hours at the meath@fdaily maximum and daily average
temperature and 6 hours at the daily average textyrer These temperatures were changed
three times a week according to the temperaturethéen mimicked year (Visser and
Holleman 2001). Eggs were checked three times & ¥eeehatching (April 2002). For each
batch of eggs from each female median egg hatatdtgywas determined.

Satigtical analysis half-sib experiment

Data were analyzed using a General Linear Mod&B5(88). The dependent variable was
the temperature sum (above 3.9 °C) from Janudinyntil median egg hatch. Temperature
sum is thought to reflect the mechanism that detesnegg hatch (Embree 1970).
Fluctuations in temperature during egg hatching alao be corrected using temperature
sum. Summing of the daily temperatures from Jandgryntil median egg hatch, with a

threshold value of 3.9 °C, gives the temperatura.dm the sire component offspring of

both females (dams) mated to the same male (sieehaluded. Dams were nested within
sires. Sire and dam components were tested asmafatdors. In all replicates more than

ten eggs hatched. Variance and covariance estimaggs obtained using a mixed

procedure (SAS v8).

General setup fitness experiment

The consequences of asynchrony for the fithessOofbrumata were determined
experimentally. We then used these fitness estsnat¢he predictive model (see below).
We used these estimations rather than existing diatéitness effects, since our fitness
measurements were done using the same populat®nsese used for the half-sib
experiment.

Caterpillars were reared individually on leavesddferent age and/or experienced a
starvation period of several days before feedirgytei. This was done by feeding
caterpillars on leaves of different trees with fiedence in bud burst date and thus in leave
age. Caterpillar survival and pupation weight, athcorrelates with fecundity (Buse et al.
1998), were measured as indicators of fitness.

Origin of the caterpillars in fitness experiment

Prior to the fitness experiment (November 2002)de®. brumata were caught on mature
Q. robur trees. Females were caught in the same foresisthe half-sib experiment (see
above) and in Rhenen (05°35" E, 51°58’ N). Femalese kept individually in plastic
containers and were provided with a roll of tispaper to lay their eggs on. After hatching,
caterpillars from these eggs were used in the dtrexperiment. The fithess experiment
was repeated twice with an interval of five days. a&chieve a five-day difference in egg
hatching date, the eggs of each female were divideer two different temperature
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treatments (SANYO Incubator MIR-553), each mimigkia specific year (Visser and
Holleman 2001)(see above): a ‘colder’ year (1988) a ‘warmer’ year (1998). This setup
enabled us to use offspring from the same femaldmth replicas of the experiment that
started on different days. One day before the éxpmmt started all previously hatched
caterpillars were removed, so that caterpillarsewaaximally 18 hours old at the start of
the experiment. Only broods with a median egg hardund the start of the experiment
were used.

Rearing conditionsin fitness experiment
Groups of caterpillars were fed leaves from différ®. robur trees and of different leaf
ages: one tree had opened its buds five days frithe start of the experiment, one tree
opened its buds at the start of the experimentcargdtree opened its buds five days after
the start of the experiment. Two different seriesravstarted with a five-day interval in
between. All trees used were standing togethehatMNIOO-KNAW in Heteren, The
Netherlands, and were approximately 15 years old.

Caterpillars were reared individually in glass sialhe caterpillars that were starved
for five days were kept inside in a climate cabi@ANYO Incubator MIR-553) at a
temperature pattern mimicking an ‘average’ year8@)9 Average temperature during
starvation was 12 °C. The other caterpillars wdleplaced in an outdoor insectarium;
ensuring rearing temperature was similar to theidettemperature, as experienced by the
trees. However, if temperatures rose above 20 tWdrfirst five days after feeding started,
caterpillars were moved temporarily to an air-ctinded room at 20 °C in order to prevent
caterpillars dying because of the high temperatwed/or dehydration. As soon as
temperatures dropped below 20 °C, caterpillars vaggain moved to the insectarium.
Leaves were replaced with freshly collected newdsathree times a week. Vials were
checked daily for pupating caterpillars. Pupae wesdghed and larval survival was
determined.

Satistical analysis fithess experiment

Larval survival was analyzed using a GeneralizedhliMear Model (SAS v8). Pupation
weight was analyzed using a General Linear ModAS(88). In both cases, both leaf age
and series were included in the model.

To obtain a relative fithess curve survival wasresped relative to the survival of the
larvae fed leaves of age 0 at the start of the raxjeat. Pupation weight was also expressed
relative to pupation weight of the larvae fed leaod¢ age O at the start of the experiment.
Multiplying these values then gives a relative dga value. A Gaussian curve was then
fitted with relative fithess as dependent variabiel age of the leaves at egg hatch as
independent variable. Age of the leaves is giveteagperature sum (with a threshold value
of 3.9 °C) rather than in days. This enabled usdiimate fitness in different years, with
different temperature regimes, using our experialgntdetermined fitness curve.
Calculating the fitness per female instead of gy #aen corrects for the variation in egg
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hatching within a brood (as obtained from the withieatment replica’s in the half sib
experiment). The width of this fithess curve (refatfitness against timing of median egg
hatch relative to oak bud opening, expressed apdmture sum) can then be used as an
estimate of the strength of selection in a simatathodel.

The simulation model

In order to predict changes in winter moth egg Ihiatg, we developed a simulation model.
In this model the response (R) to selection isrdeiteed by the heritability @ (e.g. how
much do offspring genetically resemble their pakand by the selection (S) (e.g. which
part of the population survives, and thus passesheir genes to the next generation)
(Falconer and Mackay 1996): R=B.

Egg hatching is dependent on environmental cueghwhill differ between years.
This means that the response to selection canr diééween years, depending on the
conditions in a given year. We therefore used atiwaulate version of the equation (Van
Tienderen and Koelewijn 1994): this gives the resgoacross all possible environments in
the next year to the selection in a given enviromn{g) in yeari. Since the setup of the
half-sib experiment was such that in effect themrenvonly two different temperature
treatments (see above), we used a linear reactbom mo describe egg hatch. Both the
intercept and the slope of the reaction norm caemi@lly change through selection. The
change in the parameters of the reaction ndygr.() in a given yeari{ was calculated by
multiplying a generalized genetic covariance mat({3;) with a vector (1 )
characterising the environment)(cand with the selection gradierfl) (in this year (Van
Tienderen and Koelewijn 1994)mean= Gy (1 % )' B.

The selection gradient3) depends on the mean trait valug.{d relative to the
optimal population mean {z) for a trait z. It also depends on the variatiorihie trait (zs)
as well as on the strength of selection (ws) (Vemderen and Koelewijn 1994):

B =~ (Zmean— ZOPI)I(WSZ+252)-

We can then calculate the expected change in ogantirm in year due to selection.
This gives the new reaction norm, so that the m®cean be repeated, with new
environmental x; values and a new selection gradient, dependirtheconditions in year
i+1.

Estimation of the model parameters

Both the mean reaction norm at the beginning of dheulation and the phenotypic
variation in egg hatching (zs), as well as the gaimed genetic covariance matrix diG
were derived from the data from the half-sib experit. In the half-sib experiment, we
created a set of specific temperature treatmeiss, Twe know the variance and covariance
only for these specific temperatures. In the madelused a more general description, the
generalized genetic covariance matrix)(@llowing for interpolation to other temperature
values. This generalized matrix J&an be calculated from the specific covariancérima

- 67 -



Chapter 5

following Van Tienderen and Koelewijn (1994). Thddth of the fitness curve (as
determined from our fithess measures) determiresttiength of selection (ws).

Two pieces of information complete the model. Thei®nment in each year pwas
characterised by the average temperature from datiaintil April 1%, as predicted from
a climate model. We used an IPCC-SRES model, withirdermediate increase in
temperature (SRES-B2) (Esch 2005). This climate ehquedicts the daily mean and
maximum temperatures until 2100 for a specific agi50*50 km), in this case the area
around Arnhem, the Netherlands. The optimal moneéreigg hatch () depends on the
moment of Q. robur bud burst. We used Kramer’'s well-established setiplemodel
(Kramer 1994) to predict bud burst. This model jes a good description &. robur
bud burst in the Netherlands (Visser and Hollema@i.

Results

Half-sib experiment

Temperature had a major effect on egg hatgh {F 211.7; p < 0.001) (see fig. 1): in the
treatments with a higher temperature eggs hatchea ldgher temperature sum (even
though this temperature sum is reached about tweksvearlier). Offspring of different
females react differently to the different temperattreatments (interaction dams (nested
within sire) * treatment: g7 = 1.92; p = 0.02). These differences can be dubotb
additive genetic variance and maternal effectscftadr and Mackay 1996). However,
offspring of different males also reacted diffelgnto the temperature treatments
(interaction sire * treatment:;§»0,= 2.59; p = 0.02), indicating that these differemare
caused by additive genetic variance (Falconer aadksly 1996). We can conclude from
this analysis that the slope of egg hatching reaatiorm is heritable. Heritabilities within
treatments, estimated as additive genetic varialidded by phenotypic (total) variance
(Falconer and Mackay 1996), are quite high £h0.80, K=0.63 and #0.94), as are the
estimated additive genetic correlations betweenrdaments (0.87, 0.91 and 1).

Fitness

Both leaf age (df=2, Wald Stat.=229.5, p<0.001) amdies (df=1, Wald Stat.=5.09,
p=0.02) had an effect on larval survival (see Zg). Starvation greatly increased mortality:
after five days of starvation more than 90 % of ¢aeerpillars died, whereas only 40 % of
the non-starved caterpillars died (df=1, Wald S@47.1, p<0.001). Feeding on older
leaves did not

Figure 1 Egg hatching reaction norms in the half
sib experiment. Egg hatching is represented as
temperature sum (above 3.9 °C) from Janudry 1
untii  median egg hatch. Treatments are

Egg hatch (temperature sum)

35 37 39 41 43 45 47

Temperature (°C)
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represented as the average temperature from
January T until April 1%. Each line represents
the mean reaction norm of the progeny of one
female. A reaction norm is obtained by fitting a
regression line (least squares methods) through
the data points of a female. Each symbol within
treatment represents the temperature sum at
median egg hatching of a female, averaged over
the replicates within treatment. Two females
mated to the same male are represented by the
same symbols.
have an effect on survival (df=1, Wald Stat.=0.460.75). Larval survival decreased by
about 30 % as the season progressed. Howeverjfteredce between the series was not
the same for the different leaf ages (leaf agerfesedf=2, Wald Stat.=22.27, p<0.001).
Survival in the second series was lower than infitts¢ series for both caterpillars fed on
young leaves and for caterpillars fed on older ésafdf=1, Wald Stat.=20.91, p<0.001 and
df=1, Wald Stat.11.7, p<0.001, respectively), whsréor the starved caterpillars survival
was slightly higher in the second series than m first series (df=1, Wald Stat.=5.88,
p=0.02).

o l® fao 305

50 4
40 1 $17a %89
30 |
20 |

10 | ¢ 205
% 438

Larval survival (%)

50 1 Iz4

45 A 273
§ 22 202
40 -

35 1
$ 198

30 1

Pupation weight (mg)

Figure 2 Larval survival (a), pupation 25 1 & 38

weight (b) and relative fithess (c) of 20
caterpillars fed on leaves of different age
Data points (a and b) represent means (c)
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S.E.M.) for the different series (first series

closed symbols, second series open
symbols). Numbers denote sample sizes.
Relative fithess (c) is the fitness relative to
the treatment with the highest fithess and is
calculated from combining both survival and

weight estimates.

The effect of leaf age on pupation weight diffeteetween the different series (leaf
age*series: Fs57=12.6, p<0.001) (see fig.2b). Both starved catkensil (R 4~5.3, p=0.03)
and caterpillars fed on older leaves {£19.6, p<0.001) had a higher pupation weight in
the first series, while caterpillars fed on leavkat had just opened did not differ in
pupation weight between the different series,{§3.6, p=0.06). Caterpillars fed on older
leaves had a lower pupation weight (first seriessf92.4, p<0.001, second series:
F1105107.7, p<0.001), while starved caterpillars in fingt series even had slightly higher
pupation weights (f,4+11.5, p<0.001) compared to the larvae fed on ydeages.

Hence, caterpillar fitness depends on synchronggygf hatch with oak bud burst:
caterpillars hatched after bud burst have to feedlder leaves, which leads to a reduction
in pupal weight and thus in fecundity, while stdima clearly leads to a decrease in
survival. Fitness values closely resemble thos®rted previously (Feeny 1970; Wint
1983; Tikkanen and Julkunen-Tiitto 2003). Theseefiis values were then used to calculate
a relative fitness curve (see fig. 2c). This cussthen used in the simulation model.

325 | 2100 Figure 3 Predicted changes in mean egg hatching

2050 reaction norm across an environmental range for

300 A 2020 the next century. Egg hatching is represented as
temperature sum (above 3.9 °C) from Janudry 1
2751 jg;g untl median egg hatch. Environments are

represented as the average temperature from
2002 January T until April 1. Each line represents

225 1 the mean reaction norm in a year.

200 A1

Egg hatch (temperature sum)
N
a
o

Temperature (°C)

Simuiaton moael
Temperature in winter and early spring will increas the Netherlands by 3.5 °C in the
next century under the climate model (Esch 2005) used. Due to the increase in
temperature, oak bud burst will further advancabgut eight days (R;= 12.9; p < 0.001)
(see fig. 4). As a reference, we predicted the ghan egg hatching date in the absence of
any response to selection, so that any change mtaglg due to the current phenotypic
plasticity (see fig. 3 and 4). Under these circamses egg hatch will advance two weeks

-70 -



Predicting genetic shifts

(F197= 53.5; p < 0.001). Thus, egg hatch will advanagerthan oak bud burst, leading to
an increasing difference between egg hatch andbadkburst (from two weeks now to
three weeks by the end of the century; timing déffee (days): fv7 = 16.8; p < 0.001).
Our findings suggest that in the absence of gesbange synchrony will be disrupted even
more.

The model was then run including a potential respaio selection. This had a large
effect on the predicted synchrony between egg hatehbud burst. Mean egg hatching
reaction norm changed (fig. 3), resulting in a maldser match of egg hatching with oak
bud burst (fig. 2). This is due mainly to a changehe intercept, not in slope, of the
reaction norm; in future, eggs will need more wdrefore they hatch. Due to selection,
even within a few years the difference betweenlaggh and oak bud burst is predicted to
be much smaller than it would be without an evoluiry change in reaction norm. After
20-30 years, the model predicts that synchronyhelcompletely restored, even though the
asynchrony in some individual years will still beitg large.

40 1 o © 1 o ° .
o
30 A

20 1

10 1

April date

2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100

Year Year
Figure 4 PredictedD. brumata egg hatching date ar@ robur bud burst date (all dates in April

dates, i.e. day 1 ="of April, day 31 = ¥ of May) for the next century. Bud burst date (open
symbols, a and b) is predicted using Kramer’s setjglenodel (Kramer 1995). Egg hatch (closed
symbols) is predicted from the model, both withauesponse to selection (a) and including the
predicted response to selection (b). Temperatged in these models are the temperatures as
predicted by the climate model (Esch 2005).

Discussion

Climate change leads to an advance in phenologpiimg in many species. Synchrony
between different components of a food chain mayeaiese if an increase in temperature
affects phenology of different species differenthg is the case in the winter moth egg
hatch — oak bud burst system. We demonstrate heteegg hatching reaction norm is
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heritable, and that sufficient genetic variationisexto adapt to the phenology of the oak
trees. Coupled with the severe fitness consequerfeagen a few days difference between
egg hatch and oak bud opening, we predict a raggpanse to selection, leading to a
restoration of synchrony of egg hatch with oak lopening. This is an example were a
species has a clear potential to adapt genetitatlyeir changing environment.

However, the predicted rate of adaptation by theleh@s at variance with the current
observed asynchrony of the winter moth (Visser ldntleman 2001). Apparently, the rate
of adaptation is lower than we predict. Severaldieccan potentially hamper the response
to selection.

An assumption of the model is that variance remeaorstant during simulation, while
it may decrease after several years of selectitis & unlikely to cause any problems,
since the predicted change in reaction norm isadirewithin the range of reaction norms
we see in the half sib experiment. Population szealso not taken into account.
Populations cannot go extinct in the model, whilereality they can. However, females
have a large reproductive capacity; they can layoup00 eggs. Even a few individuals are
sufficient to restore population size within a fganerations.

Another factor may be an overestimation of genetariances in the half-sib
experiment. Winter moths were caught in four défdr areas. Due to low densities of
winter moth previous to the experiment coupled witHarge mortality in the parental
generation sample sizes were too small to religislymate genetic variances within any
one of the forests separately. Even though thesfer@re all in the same general area within
the Netherlands, dispersal between the areas lmply very limited, since females are
wingless and males generally do not disperse fam(ongen et al. 1996). However,
phenotypic variation within populations is still rsiderable (M. van Asch, unpublished
data), making it highly unlikely that this is thalp explanation for the observed difference.
The actual rate of adaptation may be slightly lowean what we expect based on our
estimations, but even so we would expect the gépatare to remain unaltered.

The difference between the observed asynchronycamdexpected rapid adaptation
must then come have another cause. Our fithesnagins are based on the assumption
that the optimal moment of egg hatch is determimgtdhe moment of. robur bud burst.

O. brumata is not a specialist species: it can also feedccamds from tree species other than
oak (Watt and McFarlane 1991; Kerslake et al. 199Bkanen et al. 2000). All our study
areas consist of predominanty. robur (European oak). However, several other tree
species, such adQqercus rubra (red oak),Acer pseudoplatanus (maple) andBetula
pendula (birch) are also present. In Oosterhout, for imsta the vast majority of the mature
trees areQ. robur trees, but with a few immatui®. rubra and A. pseudoplatanus trees
underneath. This means that selection pressuresgyamt O. brumata to hatch later are
actually less severe, since most other tree spgcesent open their buds earlier than
robur.

A long-term possibility to adapt to climate changay then also include systematic
host shifting to a tree species with a more sugtdtld burst. Only one of our study areas
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consists of only matur®. robur trees and has no undergrowth at all. Rather istieigy,
population size in this area has been consistémthfor the past several years, hinting at a
stronger selection in this population than in thigeo study areas. Moreover, we have some
indications that the timing difference here may énddecome smaller in the past several
years, whereas it has not done so in the othey sttehs. This is certainly something that
needs further investigation, by combining field alan synchrony with experiments to
determine whether the eggs’ response to temperatuaages over time and between
populations.

If the differences between populations in oak aixkthforests hold true it means that
O. brumata has two options available to respond to a changgiinate. If there are other
tree species present, they may shift to this dtieer species. In the absence of another host
species, winter moths will respond to selectionjciwhwill then lead to a restoration of
synchrony withQ. robur bud burst within a few decades. A similar rapicatdtion is
observed in, for instanc®. smithii (Bradshaw and Holzapfel 2001). This illustratest it
least some species may be able to change geneticall thus adapt to the environmental
changes induced by climate change. This kind of ehaday be particularly useful in
predicting the effects of environmental changegain insight in the expected amount and
rate of change, given a certain genetic variatiwh selection pressures. However, a certain
amount of caution is necessary, since even if sgebave a clear potential to adapt to
climate change, as in the casefbrumata, there may still be other factors hampering a
rapid response to selection.
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Abstract

Under changing climatic conditions, species needdapt to their new environment, but
examples of climate-induced genetic changes in wigulations have been few. Using
both long-term observational data and experimemésshow that temperature sensitivity
has changed genetically in an insect herbiv@ge(ophtera brumata), resulting in closer
synchrony with the phenology of its food plafuércus robur). The observed rate of
change matches the predicted rate of change otlapger year. Hence, altered selection
pressures, caused by environmental change, resulh irapid adaptive response in
temperature sensitivity of insect phenology.

Introduction, results and discussion

Many organisms currently face rapidly changing smwinental conditions, due to
anthropogenic changes in climate or land use (Balal. 2002; Stenseth et al. 2002;
Parmesan and Yohe 2003; Root et al. 2003; BradsiradvHolzapfel 2006). A major
challenge is to predict the rate at which poputaiwill be able to adapt. If this rate lags
behind the rate at which the environment chandes,will have major consequences for
population viability (Both et al. 2006; Bradshawdaolzapfel 2006). One way of coping
with changes in the environment is phenotypic gt - that is, the ability of one
individual (genotype) to express different phenetymlepending upon the environmental
conditions (Pigliucci 2001). Phenotypic respongeshanges in climate are relatively often
reported, and include changes in phenology, he.natural timing of events, such as plant
leafing (Kramer 1995; Menzel 2000; Root et al. 20@8d egg laying and migration (Root
et al. 2003) and butterfly emergence (Roy and $paf00) all advancing in the season.
However, phenotypic changes are often not suffiojNinissey et al. 2005; Visser and Both
2005). If species are to adapt to a new set ofrenmiental circumstances, the phenotypic
response to environmental stimuli, i.e. the reactiorm (Scheiner 1993), needs to change
genetically (Nussey et al. 2005) Examples of ckanig genotypes are much rarer than
reports on phenotypic change. One such an exanspline pitcher plant mosquito’s
(Wyeomyia smithii) response to photoperiod, which has changed overeayear period
(Bradshaw and Holzapfel 2001). Also, a red squiffamiasciurus hudsonicus) population
in northern Canada has shown marked genetic changk®s a ten year study period
(Réale et al. 2003), but the change due to pheiwpjasticity was more pronounced. This
is in sharp contrast with the response in othecispe like a great tit population in the
Netherlands, where the birds have hardly chanlgeid kaying date in a thirty-year period
(Gienapp et al. 2006) and they cannot keep up thithrate of change of maximum food
availability, this despite the occurrence of gemetiriation in — and selection on - reaction
norm of egg laying (Nussey et al. 2005).

Here, we investigate changes in the reaction nofnwiater moth Qperophtera
brumata) egg hatching in response to temperature. Wintahsnhave an annual life cycle,
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and in spring the larvae depend on young foliagked¢al on. Leaves from deciduous trees
are only suitable as food during a short periodimi; hence the timing of egg hatch
relative to bud opening is crucial (Van Asch andsér 2007). Even a few days’ difference
between egg hatch and odBuércus robur) bud opening has marked fithess consequences
(Feeny 1970; Tikkanen and Julkunen-Tiitto 2003; VAath and Visser 2007). Both oak
bud opening and winter moth egg hatching are teatper dependent, and the dates of both
have advanced over the past 25 years (Visser atidniim 2001). However, winter moth
egg hatch has responded more strongly to the isen@atemperature, leading to a decrease
in synchronization between oak and winter mothhea Netherlands (but see Buse and
Good 1996 for an English population). In this ctee phenotypic response of the eggs to
temperature is not sufficient to remain in synchravith the host plant; adaptation is only
possible if the reaction norm of egg hatching versamperature changes. We expect eggs
to become less responsive to temperature, asahei&nt response is too strong (Van Asch
et al. 2007).
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(April) versus temperature over the period 2000820@) Predictions (2000-2005) are based on the
genetic (co)variation estimates in offspring of #des caught in Oosterhout, Doorwerth and
Warnsborn (autumn 2000)(Van Asch et al. 2007), omigination with the actual observed
temperatures and oak bud opening within each f¢desermining the selection pressure). Observed
changes in reaction norms (B) are based on expetathenietermined changes (2000 and 2005).
Temperature (°C) is the mean temperature from JgnifAuntii March 3F. Lines represent the
changes in reaction norm over time (2000: open symhdashed lines; 2005: filled symbols, solid
line). Forests are denoted by different colors (@@oth: black; Oosterhout: light gray; Warnsborn:
dark gray). Arrows indicate changes over time.

Given current selection pressures and estimatggruétic (co)variation in the reaction
norm (Van Asch et al. 2007), we can make clear iptiedls of the rate at which the
reaction norm should change (Figure 1A). Our mautedicts that the elevation of the
reaction norm should have increased between 2002@@5 by 3-6 days, depending upon
the temperature (Figure 1A). The largest changeuldhdhave been at the higher
temperatures (change in slope of the reaction nofimg genetic estimates we use were
obtained from offspring of moths caught in 200hcgi then, we have been studying the
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same populations, so we can compare the prediatiothe model with the actual, observed
changes in reaction norm.

We use two different approaches to test these @estlichanges in reaction norm
elevation (see Methods). We first use an experiatiesgtup to determine the changes in
reaction norm. We divided eggs of female winter msadver three temperature treatments
and thus could determine the reaction norm of déewctale from the egg hatch dates of her
offspring at different temperatures. We perforntad experiment twice (2000 and 2005) in
order to determine the changes in reaction norm tive. In 2005 eggs hatched five days
later than in 2000 for all temperatures (Figure TBple 1). The reaction norm only
changed in elevation, not in slope. However, thedjsted change within this time span is
also small, and the observed slope of the reactam in 2005 did not differ from the
predicted slope (Fs=3.35, ns).

381 A 351 B
»

= 30 = 30 >
s 5 =z
< 25 < 25 3
] ] H
3 20 3 20 b
o o £
£ 15 £ 15 s
H g 2
2 10/ o 10 E
o 'g -
& 5 2 5

0 0

30 35 40 45 50 55 6.0 30 35 40 45 50 55 6.0 30 35 40 45 50 55 60

temperature (°C) temperature (°C) temperature (°C)

Figure 2 Observed changes over time in (A) egg hatching ¢april), (B) oak bud opening date
(April) and (C) degree of synchronization betweenl lmpening and egg hatching (days) in three
different Dutch forests. Temperature (°C) is the meamperature from January tintil March 3%,
Lines represent the changes over time (2000 dalshest 2005 solid lines), estimated in a mixed
model including temperature and year. Forests eneted by different colors (Doorwerth black lines;
Oosterhout light gray lines; Warnsborn dark gregd). Arrows indicate changes over time.

In addition, we use a long-term data set (1995-2@06 winter moth egg hatching
(common garden setup, eggs were kept togetherdat@door insectarium at the NIOO-
KNAW in Heteren; eggs came from females caughhieé forests in the Netherlands). As
predicted, the elevation of the reaction norm naeed increased (Figure 2A, Table 1), by
2.5 (Oosterhout forest), 1.9 (Doorwerth forest) & (Warnsborn forest) days over the
study period, which means an increase of 0.16 3 @ay per year (see Appendix 1 for
among area differences).

In our long term data on winter moth populationsalg® monitor opening of oak buds
within the forests. These data show that the olesechange in reaction norm elevation has
indeed led to a better synchrony between wintethnagg hatching and the bud opening of
its host plant, the oak (Figure 2, Table S1) over period 1995-2006, especially in
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Warnsborn forest. Oak bud opening cannot have @thggnetically, as we used the same
focal trees throughout the study period.

We have shown here that the (elevation of) reaatiorm can respond to changing
selection pressures due to climate change withirelatively short period (5 years),
resulting in a better synchrony between an insecbitiore and its host plant. Both the
experimentally determined changes and the long w@bservations show an increase in
hatching date over time, and, although the charagshghtly stronger in the experimental
setup, both are close to the predicted changebamitaone day per year during the study
period. Establishing this rate of genetic changerigial, rather than determining whether
or not a species can adapt, as the current climgtedicted to change much more rapidly
than ever before (IPCC 2007). The pivotal quessonhether species can keep up with the
rate of climate change, and winter moths are ampl@where environmental change does
lead to a response to selection within a few gdioera

Material and Methods

Predicted changes in winter moth egg hatch

We based our predictions on the model describe//bg Asch et al. 2007). In this model
we use estimations of genetic (co)variation andcectgln pressures in winter moth
populations to predict evolutionary changes in tinging of egg hatching. The genetic
variation was estimated using offspring of fematasight in autumn 2000 in the same
forests as those used in the present study.

Oak and winter moth phenology

We collected data on both oak bud opening datevanter moth egg hatch date during
twelve years (1995-2006) in three forests in theaaaround Arnhem, the Netherlands
(Oosterhout (05°50’ E, 51°55’ N), Doorwerth (05°48'51°59’ N) and Warnsborn (05°50’

E, 52°05’ N)).

Eggs were collected from female winter moths caugithe forest; these eggs were
then kept in an outdoor insectarium in Heteren4@5&, 51°57’ N) until egg hatch. Each
autumn we used insect traps to catch female mathsak trees. In each forest we put up
traps at several sites (Doorwerth and Warnsbometisites, Oosterhout six sites), and on
each site we used four trees (each year the sap®.dremales were kept individually in
plastic containers and were provided with a roltis§ue paper on which to lay their eggs.
Each year, we randomly selected 15-40 broods fraah dorest (except Warnborn 2003,
when only three females were caught); the eggs therestored in the outdoor insectarium
until egg hatch the following spring. Hatching wasecked three times a week, and from
this we determined the median egg hatching datdmed. Eggs thus kept in the outdoor
insectarium hatched at the same date as eggs kit the forests (Visser and Holleman
2001; M. van Asch, unpublished data).
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Oak bud opening was determined for ten trees perpgr forest, including the trees
where we caught the female moths. We checked odkadpening two to three times a
week, and bud opening date was determined as teendeen half of the buds in the crown
of the tree had opened.

We calculated the degree of synchronization agdtierage) bud opening date minus
the (average) egg hatching date, in each yearaft torest separately.

Analyses were done using a mixed model proceduBAi& (v8), with forest of origin
as a factorial explanatory variable, and tempeeatarean from January™until March
31%) and year as continuous variables. To correctHerfact that we have multiple (non-
independent) observations within a year, we alstuded year as a random factor.

Winter moth reaction norm

We also repeatedly determined egg hatching in respto different temperature treatments
(reaction norm) in different years, to check exmenmtally whether the reaction norm

changed over time. Eggs of female winter moths wdivided over three temperature

treatments (at least 25 eggs per treatment perldéerh4-30 females). Eggs were checked
three times a week for hatching, and median egghhrag date was determined for each
female at each treatment.

Rather than using constant artificial temperatuneseach treatment, we used
fluctuating temperatures mimicking specific years943, 1983 and 1999, average
temperatures from January' Lintil April 1% of 3.5°C, 4.5°C and 5.5°C, respectively)
(Visser and Holleman 2001). These provided a mataral temperature pattern than using
constant temperatures. The temperature patterheisetyears was mimicked in climate
cabinets (SANYO Incubator MIR-553) using three msas day: 6 hours at the daily
minimum temperature, 12 hours at the mean of thly daaximum and daily average
temperature and 6 hours at the daily average textyrer These temperatures were changed
three times a week according to the temperaturethenmimicked year (Visser and
Holleman 2001).

We repeated the experiment in two years (2000 &@b)2and with eggs from different
forests (Oosterhout, Doorwerth and Warnsborn).

Several factors affecting egg hatch can diffetim two years. To control for (genetic)
within-year differences, we used eggs from femakrsght around the peak date in both
years. This prevented the use of different subskthe population in the different years
(i.e., early emerging females in one year andéaterging ones in the other year). In 2000
mean catching date was 29 (0.9 s.e.m.) Novembaneier, in 2005 mean catching date
in Oosterhout was marginally later (2 (+1.3) Decemylthan in 2000. To control for laying
date effects, we ensured that a subset of the fhostefemales in 2005 were caught on
exactly the same date and within the same sites2@00. Analysis with only this subset of
females gave exactly the same results as analslsedull dataset. Therefore, only the
results of the full dataset are shown here. Neithging date nor composition of the
females could thus explain the difference in haigldate between years.
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Analyses were done using a mixed model procedu®A8 (v8). Year and forest of
origin were the factorial explanatory variables,lalthe mean temperature from Januaty 1
until March 3£'in the temperature treatments as a continuousieafory variable. Brood
was included in the model as a random factor.

Appendix 1

Differences among forests

When comparing the different forests in the longntedataset (1995-2006), Warnsborn
eggs changed more than Oosterhout and Doorwerth @gggraction forest*year, Table
S1). We can understand this when comparing the ositipn of trees within the forests.
Although all three forests consist predominantlynwdture oak trees, in both Oosterhout
and Doorwerth other trees and shrubs such as niage pseudoplantanus) and red oak
(Quercus rubra) are present underneath the oak trees. These emag as an alternative
food source for the larvae, thereby reducing selectand thus genetic changes) within
those forests. In Warnsborn, there are hardly dterrative food plants, and thus the
selection pressure is presumably stronger there.

In the experimental setup, Oosterhout eggs hatelaglier than both Doorwerth and

Warnsborn eggs (k7 ~31.77, p<0.0001 and,fs =14.7, p=0.0003, respectively), which
did not differ in hatching date {Fs=1.17, p=0.28). In contrast with the long term
observational data, the increase in hatching datied experiment was the same in all three
forests (interaction forest*year; 4+~0.16, p=0.85).
The observed changes are all in the elevationefeaction norm, not in the slope, i.e. the
moths did not become more (or less) phenotypiga#gtic. However, the predicted change
in slope is actually smaller than the amount ofngjeathat we could actually have detected
with our long-term data set. In the experimentalgehe slope also remained the same.
However, this slope was not significantly differémm the predicted slope.

Oak bud opening remained the same over time inafathe three forests (Oosterhout
and Doorwerth), but showed a slight advancement tame in Warnsborn (Table S1). This
cannot be due to genetic differences, because agkthe same focal trees during the whole
study period. Unlike the eggs, which were kept ioommon garden setup at the NIOO-
KNAW in Heteren, the trees were still located witldach forest, with potentially slightly
different environments. Small scale temperaturéatians between the three areas could be
one possible explanation for these differences,aliee we used one temperature
measurement for all three areas. However, temperatid not differ consistently between
the forests during two years of temperature measemés. Eggs hatched at the same time in
Heteren as in their forest of origin (Visser andlelman 2001; M van Asch, unpublished
data).
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Appendix 2

Parameter estimates in the models (table 1).
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Table 1 Remaining parameters in the models explaining leggghing in the experiment,
and egg hatching, oak bud opening and degree ahsgnization between hatching and
bud opening in the years 1995-2006 in three diffeferests (Oosterhout (OH), Doorwerth
(DO) and Warnsborn (WA)). Yearly estimates représtre changes between the
experimental years (2000 and 2005) in the expetiahesetup, in the observational data
forest*year estimates represent differences per pyeforest (slope of the reaction norm).

Data Effect Num Den F p Estimate (+ s.e.m.
Egg hatching Year 1 126 50.2 <0.0001 4.9 (x0.7)
(experiment) Temperature 1 257 8203  <0.0001 -HBY)

Forest 2 126 16,5  <0.0001 OH: 75.7 (x 0.9)

DO: 80.0 (+ 0.9)
WA: 79.0 (+ 1.0)

Egg hatching Year 1 983 1.71 0.22
(1995-2006) Temperature 1 10.2 303 0.0002 3.7=0.7)
Forest 2 143 445 0.031 OH:29.1 (x1.2)

DO: 33.6 (£1.2)
WA: 34.4 (+4.1)
Forest*year 2 143 441 0.032 OH: 0.21 (£ 0.1)
DO: 0.16 (£ 0.1)
WA 0.43 (+ 0.3)

Oak bud opening Year 1 8.62 048 0.50
(1996-2006) Temperature 1 9.44 497 0.051 5(21.1)
Forest 2 164 841 0.003 OH: 3.5 (£ 2.8)

DO: 36.6 (+ 2.8)
WA: 44.6 (+ 6.5)
Forest*year 2 16.3 4.15 0.035 OH: 0.07 (x0.4)
DO: -0.11 (+0.4)
WA: -0.99 (£ 0.5)

Synchronization Year 1 8.78 0.80 0.39
(1996-2006) Temperature 1 9.64 395 0.07 (A018)
Forest 2 165 5.24 0.017 OH: 5.4 (£2.2)
DO: 3.6 (+2.2)
WA: 10.6 (+4.7)
Forest*year 2 164 3.36 0.059 OH: 0.01 (£ 0.3)

DO:-0.19 (+0.3)
WA: -0.78 (£ 0.4)
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Adapting to a changing environment

One of the main reasons for starting this projeas the observation that synchrony
between oak bud opening and winter moths egg hattihe Netherlands seemed to have
decreased in the past 30 years (Visser and Holl&@@m), and especially in warm springs
eggs tend to hatch before the oak buds open.

Maintaining synchrony wit the underlying trophiwég is a potential problem for many
species under a changing climate, as there isprma reason why different species within
a food chain would shift their phenology at the samate (Visser and Both 2005).
Relatively small effects of climate change can havefound consequences for the
ecosystem if species that depend on one anotheh, &1 a herbivore and its host plant,
react differently to an increase in temperaturestieading to asynchrony or a mismatch
(Visser and Holleman, 2001; Bale et al., 2002; &tmand Mysterud, 2002; Visser et al.,
2004).

Aim of my PhD project was to identify and undemstahe different factors affecting
synchrony between an insect herbivore and its plasit, using winter mothQperophtera
brumata) on oak Quercus robur) as a study system. The winter moth — oak systeani
example where climate change can potentially leagrdblems, and is thus a good model
system to use. There is only a very short periodtiich the herbivore can forage on its
host, and because the selection on synchrony wiititbng and because generation time of
the herbivore is much shorter that that of its haélsis creates the potential for rapid
adaptation. Other (practical) advantage of thishsgystem are that is an already relatively
well studied system, both oak and winter moth am@roon in large areas of Europe, and
winter moths are relatively well suited to perfoexperiments with. To understand why
synchrony may be affected, | used a physiologipgr@ach, looking at the temperature
response of winter moth eggs. | have also lookegkattic and environmental (maternal)
effects on this temperature response, and fitnessegjuences of (a)synchrony. Combining
all these things, | was then able to predict thesequences of climate change, and to look
at the different ways a species may have to dealtivese effects.

Not only the fact that the climate is changingt &lso the rate of change is a cause for
concern: the current climate is predicted to chamgeh more rapidly than ever before
(IPCC 2007). Establishing the rate of (genetic)ndeais then crucial, because the pivotal
question is whether species can keep up with tle ahclimate change. In the last two
chapters | therefore predict rates of change irhanging environment, and | observe
whether there already have been any changes irofdusn

Environmental cues determining phenology

Synchrony between an insect and its host planeterchined by the phenology of both
insect and host. Therefore, to understand the prate factors affecting synchrony, we
needed to understand the mechanisms determinihgrszct and host plant phenology.
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Oak trees in the Netherlands first go through & pesase, and then enter an active phase
(Kramer 1994). The transition from rest phase tivacphase is temperature dependent,
and is reached sooner at low (optimum -0.8 °C) tnatprre than at high temperature. In
the Netherlands, this transition is usually achievie late March or early April.
Development during the active phase is, in contfaster at high temperature.

Degree-day models are commonly used to descritectighenology, because they
often correlate well with observed data. Howevegdictions are only reliable for the
populations and temperature range and patternswhat used to estimate the model
parameters. Under environmental change, not omyatrerage temperature may increase,
but the whole temperature pattern could change, tentperatures may not increase
uniformly over the year. Under those new conditicthe predictions of a purely
correlational model may no longer be valid. Alsonperatures may move outside the
temperature range under which development ratelisear function of temperature (an
assumption of degree-day models). It is therefoueial to have a more mechanistic model.
Moreover, a good understanding of the physiologiracesses is important to understand
why synchrony may become disrupted, as for instdmagt plant and insect may be
sensitive to temperature during different periaashe year. At the temperature extremes
egg development rate was indeed no longer a liugation of temperature, but there is a
relatively large temperature range where developmage is a more or less linear function
of temperature. A nonlinear, physiologically baseadel fitted my experimental data better
than a simple, linear, degree-day model (chapter HB)wever, under more natural
conditions neither model fitted the data well. Bdkie linear and the nonlinear model
assume a constant development rate. Althoughistileed of further experimental study,
incorporation of a development dependency of dgraént improved the fit of the model
considerably. An alternative degree-day model (Kéntihg and Miller 1988; Visser and
Holleman 2001) included the number of frost daykh@dugh tested experimentally in a
Canadian population (Kimberling and Miller 1988hist model is solely used as a
correlative model in the Dutch population (VisseddaHolleman 2001), and it does not
seem to reflect a causal mechanism, because exgedlly increasing the length or the
amount of cold merely delays egg hatch, insteaatlgaincing it.

When comparing egg and oak bud development, sofferatices become apparent.
Although egg development rate increases over timen early on an increase in
temperature results in an increase in developnatat At that time oak buds have not yet
started their development, but they are still i ttest phase. Under higher winter
temperatures it takes a longer time before thesiian can be made to the active phase
(where development rate is then temperature dep#ndehis, then, can explain why an
increase in temperature leads to a disruption miwaeak and winter moth phenology:
warm spring temperatures advance both oak and mb#nology, but warm winter
temperatures only advance the moth’s phenologyingatoo an advancement in egg
hatching that is too large in warm years
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Maternal effects on offspring emergence

Maternal effects may play an important role in shgphe life history of organisms. They
can affect offspring size and number (e.g., Rosdi896; Mousseau and Fox 1998), and
determine the onset and termination of lifecyckgss (Roach and Wulff 1987; Mousseau
and Dingle 1991; Etterson and Galloway 2002; Gorraad Williams 2005). Although
winter moth males can fly, females are wingless dadnot disperse far. Thus, feeding
conditions of the mother are a better predictofeefling conditions for her offspring than
are those of the father, one of the prerequisitesafiaptive maternal effects to occur
(Donohue and Smith 1998; Galloway 2005).

Maternal feeding conditions do affect herbivore elepment time. As the season
progresses, oak leaves increase in tannin contahtdacrease in water and nitrogen
content. The moment when the leaves become inediblg serve as a ‘synchronisation’
point: independent of how long larvae have beedifeg they should pupate at that time,
as they cannot feed on the older leaves. If thmmband egg period are then a fixed length,
this may then be another factor affecting synchneits the host.

Some across-generation effects of tannins do éRisssiter 1991), and leaf age does
affect larval development time (Tikkanen and Lygtiken-Saarenmaa 2002). In chapter 4 |
show that maternal effects can shape herbivoregibgy in an adaptive manner, affecting
not only parental development time, but also eggtiag date of the offspring. Feeding on
relatively old leaves (i.e., larva that hatchee laglative to bud opening) reduced time until
egg hatch in the offspring.

Maternal effects can either decrease or increaseate of response to selection, and
thus accelerate or slow down evolutionary changekgiétrick and Lande 1989). If the
maternal effect leads to a (non-genetic) adaptatise expect selection pressure to
decrease, and thereby also the rate of (genetigptation. However, in this particular
example this does not hold true because winter srtettnd to hatch before oak bud opening.
The resulting mortality is so high that hardly alarvae survive. Thus the relative
importance of maternal feeding conditions in thespnt circumstances is — in this
particular case- probably negligible.

Genetic determination of phenology

In general, it is assumed that in those cases wgnehrony in emergence with the
underlying trophic level is important, synchronynigintained through strong selection on
emergence date. In the case of the winter mothsngtselection acts on timing of egg
hatching in relation to oak bud opening. Pupatiagight, and hence fecundity, declines
rapidly when feeding on older leaves, due to ameiase in leaf toughness and defensive
compounds and a decrease in water and nitrogererttor®n the other hand, hatching
before the oak buds open also has severe fithne@sgeqoences, as the larvae starve within a
few days in the absence of food. Our results supgmewiously published findings (Feeny
1970; Wint 1983; Tikkanen and Julkunen-Tiitto 20@Bat only a few days’ difference
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between oak bud opening and egg hatching alreashtlgreduces fitness, in our case five
days’ difference reduced fitness by 30 — 90 % (haty after and before bud opening,
respectively, chapters 4 and 5). For selectionet@ffective in maintaining synchrony, the
relevant trait has to be genetically determined| smfficient variation in the trait should
exist (Falconer and Mackay 1996). In the winter meophenotypic adaptation has been
reported, with moths being adapted to the phenotdgndividual oak trees (Van Dongen
et al. 1997), that is, eggs from early developirak drees also hatch relatively early.
However, large temporal variation in environmermahditions exists between years. Thus,
the environmental conditions may differ greatlyvietn the different generations. Each
year, under the environmental conditions in tharysynchrony between herbivore and
host should be optimal. A way of looking at the gmvariation in phenotypic plasticity is
to use a reaction norm approach. A reaction norokdoat the expressed phenotypes a
certain genotype will have, depending upon therenwental conditions (Woltereck 1909;
Scheiner 1993). In chapter 5 we estimate the gerfeti)variance in egg hatching date
within and among temperature treatments. Heritgbéstimates were high, and genetic
variation existed also in slope of the reactionmmoi.e. some individuals are more
phenotypically plastic than others (Postma andNaaordwijk 2005; Nussey et al. 2007).

In the case of the winter moths there is both gtreelection on and genetic variation in egg
hatching reaction norm; we therefore expect toaseadaptive response in egg hatching. In
chapter 5 we predict a rapid change in egg hatchimgnology, resulting in a better —
average- synchrony with oak bud development. Dedpé existence of genetic variation in
slope of the reaction norm, the predicted changaamly in the elevation of the reaction
norm. In addition to this, we did predict to sedight change in slope of the reaction norm,
resulting in slightly less phenotypically plastigpgs.

In chapter 6 we compare these predicted changds thwit observed changes. We
determined experimentally that reaction norm elewahas increased five days in the past
five years (2000, 2005). This result was furthegypsarted by analysis of our long-term data
(1995-2006), where we also found an increase waélin of the reaction norm.

Relatively few studies have reported on climatengeainduced genetic changes. A
mosquito has changed its response to photopericatdgRaw and Holzapfel 2001), and a
squirrel has advanced its breeding (Réale et &I3R&nd part of this change was due to
genetic adaptation. As climate scenarios all pteatiit the climate will continue to change
at an unprecedented rate (IPCC 2007), the ratdiahvgpecies are able to adapt is of major
concern. Both the squirrel and the mosquito stumyndl evidence for genetic changes
within a relatively short period (5-10 years). Olang term observations and our
experimental study have a similar time span. Witthiat period we also observe clear
changes as well. Moreover, the observed changeshrtted predicted amount of change.

One thing that did not fit with our predictionsttsat the reaction norm only changed
elevation, the slope remained the same, despitetigevariation in reaction norm slope.
The chance of observing such a change in slogeeitong-term observations is slim, as the
change in elevation was larger than that in sléfmvever, we also did not find evidence
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Summarizing discussion

for a change in the slope in the experimental dat&re we should have been able to
observe the change if it had occurred. The explamast then that we did not find a change
simply because it did not occur. Something simikrobserved inBicyclus anynana
butterflies (Wijngaarden et al. 2002) that undéifiaial selection only changed in reaction
norm elevation, despite genetic variation in angc®n on slope. Correlations among
traits may also prevent changes, as shown by thmgbe of prairie plants (Etterson and
Shaw 2001) that show slower than expected adaptatio

Another option available to generalist specieg isvtitch host plants. Winter moths are
a generalist species, they do also feed on otled fdants (Watt and McFarlane 1991;
Kerslake et al. 1998; Tikkanen and Lyytikainen-8aanaa 2002; Van Asch, unpublished
observation), and thus they can in theory just mtwvenother host plant with a more
suitable phenology than oak trees. Comparison fééréint forests within the Netherlands
suggests that that may indeed be the case. Ourtdsngobservations suggested that eggs
in one of the forests (Warnsborn) have changed riw@me those in the other forests. An
explanation could be the composition of the foresithough all three forests consist
predominantly of mature oak trees, in both Oostarlamd Doorwerth there is a substantial
part of the forest were also other trees and shsulsh as red oakQUercus rubra) and
maple Acer pseudoplatanus) are present underneath the oak trees. These enag as an
alternative food source for the larvae, therebyucaty the selection (and thus the genetic
changes) within those forests. In Warnsborn, tlagecfar less alternative food plants, and
thus the selection pressures are presumably stromgre. This would support the idea that
—if possible- a generalist species like winter rsgtfst switches towards another host plant.
Although this seems a likely explanation, with data we cannot test this, as we only have
long term information on three forests. During geear | did collect information in several
more forests (n=6, in total, unpublished data) widlnying amounts of other plant species
available to the larvae. On sites with many red @lercus rubra) trees (20-50 %), winter
moth eggs tended to hatch earlier as well (red akgkeloped about a week before the
European oaks did). This supports the idea thatntbéhs can become adapted to the
phenology of their host plant (Tikkanen and Lyyiilen-Saarenmaa 2002). In a forest with
a more mixed composition the moths may become adapta combination of host plants,
and thus decrease the synchrony with oak.

The kind of model we used may be particularly uséiupredicting the effects of
environmental changes, to gain insight in the etggbamount and rate of change, because
its predictions do seem to match the observed @wmn@/hen the amount of genetic
variation and the selection pressures are knows,itgha relatively simple model to make
these predictions. However, a certain amount ofi@als necessary, since even if species
have a clear potential to adapt to climate changan the case dd. brumata, there may
still be other factors hampering a rapid respomsaetiection. Most particularly, in our
model populations could not go extinct. While thiay be a reasonable assumption when
modelling a species like winter moth, with a shggheration time and a high reproduction
potential, this problem is much larger for longéretl species with fewer offspring.
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Moreover, the potential to shift towards anothesthant is clearly something that is only
an option open to generalist species, and the ast@pecies do not have such an escape if
their timing no longer matches with their host plamdeed in general specialist, non-
dispersing species are expected to have much mobéems (e.g., Thomas et al. 2004) in
adapting to a changing climate than generalistisper species with a high mobility.

Conclusion

Synchrony between different trophic levels is a#eicby many different processes. In this
thesis | have shown that both environmental an@fijeeffects play a major role in shaping
herbivore emergence. In fluctuating environmentdsitimperative to understand and

integrate physiological processes determining inaed host emergence. Only then is it
possible to study the genetic variation in thesehagisms. Not only in rapidly changing

environments, but also from a more general evabatip perspective a major goal is to
predict genetic changes under directional selectiorthis thesis | show that combining

estimates of genetic variation in reaction normshvgelection pressures gives a good
prediction of a species’ response to selection.
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Nederlandse samenvatting

In elk ecosysteem zijn interacties tussen soortenhet grootste belang. In een gematigd
klimaat, zoals dat in Nederland voorkomt, is hetrkomen van veel plant- en diersoorten
sterk seizoensgebonden. Vaak is er maar een zperkbe periode in het jaar geschikt voor
groei en/of reproductie. Wanneer deze periode Valhgt af van zowel abiotische en
biotische factoren. Een belangrijke abiotische dads temperatuur. Voorbeelden van
biotische factoren zijn bijvoorbeeld aan- of afvggmid van voedselplanten of predators.
Niet alleen is vaak een beperkte periode gesclu&t groei, de optimale periode kan ook
sterk verschillen van jaar tot jaar; er is sprake vemporele variatie. Hoe organismen
hiermee om gaan, zodanig dat ze toch elk jaar ogdede moment aanwezig zijn, is het
onderwerp van dit proefschrift. Een belangrijke agais ook wat voor gevolgen
klimaatsverandering heeft. Door klimaatsverandedatyde optimale periode veranderen.
Hoe zal dit een soort beinvloeden? Kan een organ@oh aanpassen aan de veranderde
omstandigheden? En hoe snel kan een soort zichatgrassen?

Tijdens mijn onderzoek heb ik de kleine wintervindOperophtera brumata) levend
op eik Quercus robur) als modelsysteem gebruikt. Wintervlinders hebben éénjarige
levenscyclus: het vrouwtje legt de eieren in hgaarain de boom, en deze eieren komen
het volgende voorjaar uit. De rupsen zijn afharkefan jong eikenblad; ouder blad wordt
al snel oneetbaar. Omdat het blad maar gedurendeess korte periode geschikt is als
voedsel, is het moment van ei-uitkomst ten opzictate het uitlopen van de eikenbomen
van groot belang voor de wintervlinder. Bovendiaarieert het moment dat de bomen
uitlopen sterk tussen jaren en tussen bomen. Tiwam ei-uitkomst met het uitlopen van
de bomen verschilt ook sterk tussen de jaren. Metenin warme jaren komen de eieren uit
véordat de bomen uitlopen.

Voordat het mogelijk is om iets over timing tussdéinder en boom te zeggen, moeten
we eerst begrijpen welke factoren ei-uitkomst blieden (hoofdstuk 3). Ei-uitkomst
wordt door de temperatuur bepaald: bij hoge tenipar&komen de eieren eerder uit. Ei-
uitkomst wordt niet beinvioed door daglengte. Wedmt de temperatuurgevoeligheid toe
tijdens de ontwikkeling. De ontwikkeling begint wekteen nadat de eieren gelegd zijn, er
is geen (volledige) rustfase. Dit is waarschijntig verklaring voor de mistiming tussen eik
en wintervlinder in recente warme jaren: de eiet@mde wintervlinder ontwikkelen sneller
door de hogere wintertemperatuur, terwijl de bomprdat moment nog in rust zijn en dus
veel minder sterk worden beinvioed door de temparah de winterperiode.

Een niet genetisch effect dat ei-uitkomst kan beiden, is voedselkwaliteit (timing)
van de ouders (hoofdstuk 4). Als een vrouwtje reldtaat uit het ei komt, eet ze ouder
blad, en gaat daardoor eerder verpoppen. Hier@égbize eerder haar eieren, en dus komen
deze eieren relatief ook eerder uit. Dit kan echesen oplossing zijn voor de effecten van
de klimaatsverandering, omdat dit leidt tot uitkemean de eieren vO6rdat er blad
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beschikbaar is voor de rupsen. Dit overleven dsenmiet, en dus kan dit maternale effect
hierbij geen rol spelen.

De wintervlinder reageert te sterk op de temperatOun zich aan te kunnen passen
aan de veranderde omstandigheden, moet de temperaspons van de eieren veranderen.
Aanpassing kan plaatsvinden alsagrgenoeg variatie in het kenmerk B9, deze variatie
genetisch bepaalt is, d.w.z. de nakomelingen lijeende ouders, en) er voldoende
selectie is. Er is genetische variatie in ei-uitkbnen gekoppeld aan de sterke selectie,
voorspellen we een snelle verandering te zienledti tot een betere synchronisatie met de
eik (hoofdstuk 5). In hoofstuk zes laat ik ten®atien dat de temperatuurrespons van de
wintervlindereieren de afgelopen tien jaar veraddg Bij dezelfde temperatuur komen de
eieren nu vijf tot tien dagen later uit dan tiaarj geleden. Aangezien de temperatuur sterk
verschilt tussen jaren, kan toch de ei-uitkomsseunsjaren ook nog wel sterk verschillen.
Deze verandering komt overeen met de voorspeldedering (hoofdstuk 5).
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