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CHAPTER 1 Summary

1.1 Summary

Climate and land cover change are both major thrfeatbiodiversity and can interrupt
species composition and ecosystem functioning. dpecwith these environmental
changes species need to adapt. Although specipsn®s to climate warming has
become an attractive field of research in thedasitde, yet very little data are available
regarding climate change in terms of the synchadius of trophic interactions, neither
on the combination with land cover change, nor & history traits outside the
laboratory. In order to disentangle how insectspada modified environmental
conditions this thesis explores the effects of alienchange / modified climatic
conditions on insects with a focus on three meanes: (1) the synchronization of
phenology of interacting species, (2) butterflyatsity and historical land cover change
along an altitudinal climatic gradient and (3) dite-driven changes in the life history

traits of the model specidgaschnia levanan a low mountain region.

This thesis reveals that a surprisingly low numberstudies consider responses to
climate warming at different trophic levels in péh(Chapter 3). In most examined
systems insects shifted in phenology towards the sff the year. But the advanced
phenology of short-lived insects was often not yanized with other trophic levels
(almost 75% of interactions). Insects reacted g climate warming, whereas their
long-lived counterparts like plants or birds oftexy behind. As shorter life cycles
implicate more generations per year and thus iserdae probability of adaptation to a
fast changing environment, the trophic rank seemisetless important than differences
in longevity. The examined ambiguous shifts betwteephic levels emphasise the need

for additional studies on different functional gpsu

Species richness-altitude relationships can beaggd by different theories. This thesis
documented highest species richness of buttedliesid elevations in a low mountain

region and is therefore in line with the mid-domaffect theory (Chapter 4). Within

the last 40-60 years about one third of the exathopen habitats in the Fichtelgebirge
were lost. In higher altitudes land cover change wi@ongest. Interestingly, species
richness of butterflies was not reflected by histlrloss of open habitats and did not
depend on current open habitats but increasedpaifth size. These findings apply for
open land specialized butterflies as well as foregalist and forest species. But due to

the decreasing amount of open habitats with ingrgaaltitude, rising temperatures,
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CHAPTER 1 Summary

reforestations and intensive land use, butterflgcgs, which are at their thermal
distribution limits, are endangered. Habitats ofeophabitat specialists might be

decimate, hence it is on high priority to protegen habitats at high elevations.

Finally, adaptive responses to changing environaldattors can be genetically fixed
or plastic and are determined by physiologicalghodds. In order to determine whether
life history traits of the European Map butterflikréschnia levanpdiffer along an

altitudinal gradient, field experiments with thénging nettle Urtica dioica), the larval

host plant ofA. levana were performed (Chapter 5). Larvae showed sloaeral

development rates and lower larval weight at highlétudes and lower temperatures
than at lower altitudes and higher temperatures.differences could be recorded on
pupation, adult-life-span and mortality in relatitmnaltitude or temperature. None of the
larvae was parasitized. Occurring sex differenoelsrival weight, pupal and adult life
span might be the consequence of protandry anddhtation to different temperatures

can be explained as a result of phenotypic plagtici
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1.2 Zusammenfassung

Der Klimawandel und Landnutzungsanderungen stadlae grof3e Bedrohung fir die
Biodiversitat dar und konnen die Artenzusammensgtaind die Funktionsweise von
Okosystemen storen. Diese Umweltveranderungendenrforeine Anpassung der Arten.
Obwohl die Reaktion verschiedener Arten auf diem@erwarmung im letzten
Jahrzehnt ein attraktives Forschungsfeld gewordensind bisher nur wenige Daten
verfugbar, die die Auswirkungen des Klimawandeld die Synchronisation von
trophischen Interaktionen untersuchen. Ebenso relidaten zu den Folgen des
Klimawandels in Kombination mit Landnutzungsédndgem und Life-History-
Merkmalen (6kologische Merkmale) in Freilanduntersingen. Um herauszufinden
wie sich Insekten an verdnderte Umweltbedingungepassen, wurden in dieser
Dissertation die Effekte vom Klimawandel / von niaderten klimatischen
Bedingungen auf Insekten innerhalb von drei thesohgn Bereichen untersucht:
(1) der phéanologischen Synchronitat mit interagiden trophischen Partnern, (2) der
Diversitat von Tagfaltern als Reaktion auf histonis Landnutzungsénderungen entlang
eines Hohengradienten und (3) den Anderungen inLdferHistory-Merkmalen des

Modelorganismug#raschnia levanan einem Mittelgebirge.

Die vorliegende Dissertation zeigt, dass sich ardieh wenige Studien dem Thema der
Klimaerwarmung widmen und dabei verschiedene tsute Ebenen parallel
untersuchen (Kapitel 3). Die meisten Studien zeigtass sich die Phanologie von
Insekten in Richtung des Jahresbeginns verscHebtfortgeschrittene Phanologie der
kurzlebigen Insekten war in vielen Fallen nichtdymonisiert mit anderen trophischen
Ebenen (fast 75% der Interaktionen). Insekten ezt schnell auf die
Klimaerwarmung, wéahrend ihre langlebigen Gegenspielie Pflanzen oder Vdgel,
oftmals langsamere Reaktionen zeigten. Da kurzenstyklen mehrere Generationen
pro Jahr zur Folge haben, erh6hen sie so die Anpgsfihigkeit an die sich schnell
verandernden Umweltbedingungen. Der trophische Rscigeint hierfir weniger
wichtig zu sein als die unterschiedliche Lebensdales Arten. Um die bisher nicht
eindeutigen phanologischen Verdnderungen innedellbrophischen Ebenen besser zu
verstehen, sind weitere Studien zu unterschiedii¢bektionellen Gruppen notig.

Verschiedene Theorien erlautern das Verhaltnis chweis Artenreichtum und

Hohenlage. Die vorliegende Dissertation zeigt, dassintersuchten Mittelgebirge die
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CHAPTER 1 Summary

Artenvielfalt von Tagfaltern in mittleren Hohenlageam hdchsten war. Dies ist im
Einklang mit der Mid-Domain-Effect-Theorie (Kapitd). Innerhalb der letzten 40 bis
60 Jahre ging etwa ein Drittel der offenen Habitete Fichtelgebirge verloren. In

hoheren Lagen waren die Landnutzungsanderungentéuksten. Interessanterweise
war der Artenreichtum von Tagfaltern unabh&ngig #em historischen Verlust offener
Habitate und von heutigen offenen Habitaten. Jedoahm die Artenanzahl mit

zunehmender GrolRe der Untersuchungsflachen zu. ga#sfir Tagfalter, die auf

offene Habitate spezialisiert sind sowie fur Gehstien und waldbewohnende Arten.
Aufgrund der abnehmenden Anzahl offener Habitateé znonehmender Hohenlage,
zunehmender Temperatur, Aufforstung und intensivElachennutzung sind

Schmetterlingsarten, die bereits an ihren temperatlingten Verbreitungsgrenzen
leben, besonders gefahrdet. Genauso verringert ai€hdiese Weise der Anteil an
Lebensraumen von Tagfaltern, die auf offene Habispezialisiert sind. Daher kommt
dem Schutz offener Habitate in hoheren Lagen enhe IPrioritat zu.

Anpassung an veranderte Umweltbedingungen kanntigelmeoder plastisch bedingt
sein und wird durch physiologische Schwellenwedstimmt. Um zu bestimmen in wie
weit die Life-History-Merkmale des Landkartchemsrgschnia levanpentlang eines
Hohengradienten variieren, wurde ein Feldexperinmarit der Grol3en Brennnessel
(Urtica dioica), der Raupenfutterpflanze van levana durchgefihrt (Kapitel 5). Die
Raupen entwickelten sich in héheren Lagen und beriger Temperatur langsamer
und waren leichter als in niedrigeren Hohenlagen hidiheren Temperaturen. Es
konnten keine Unterschiede bezuglich der Verpupputey Lebenserwartung der
adulten Tiere und der Mortalitat in Abhangigkeit Hihe oder Temperatur festgestellt
werden. Keine der Larven war parasitiert. Die nag¥igsenen geschlechtsspezifischen
Unterschiede bei dem Gewicht der Raupen, der DdasrPuppenstadiums und der
Lebensdauer der adulten Tiere, sind wahrscheirtdieh Folge von Protandrie. Die
Anpassungsfahigkeit an die unterschiedlichen Teatpen ist vermutlich die Folge

von phanotypischer Plastizitat.
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CHAPTER 2 Synopsis

2.1 Introduction

2.1.1 Adaptation to environmental changes — statto

With increasing human impact the environment charaged species have to adapt to
land cover and climate change, otherwise survvandangered (Thomas al. 2004a,
Francoet al. 2006, Thuiller 2007). Recent studies document gharnn abundance and
distribution (Lawsoret al. 2012, Bloiset al. 2013). Long-time evolved life history traits
facilitate local adaptations and determine spec@spetition and interactions with
other trophic ranks (Thralet al. 2007, Reisset al. 2009). Due to environmental
changes, species interactions can be disruptedcandlead to pest outbreaks and
extinctions (Pérét al. 2013, Nooteret al. 2014). Changes in host use or a complete
switch from host to host might be the consequeRetefnaret al. 2012). Furthermore,
species adapt to environmental changes by adjustiig phenotypic values (Karl &
Fischer 2008). These adaptations can be short{elastic adaptations) or long-term
adaptations (genetic differentiation) (Bexigal. 2010).

Insects are assumed to be particularly vulnerablenvironmental changes because of
their short life-cycles, often low dispersal alyiland narrow ecological niches (Bourn
& Thomas 2002, Thomast al. 2004b, Morriset al. 2008). As butterflies are well
examined species, they present an ideal group ttaties on biodiversity, climate
change and life history traits (Huntfral. 2014, van Swaagt al. 2006).

Climate change

Temperature is a determining factor in ectothernhysiplogy, development and
distribution (Baleet al. 2002). Beside the previously specified long-teraoleed
processes of adaptation, climate change becamg elément for species organization
at temporal and spatial scales (Luegial. 2012, Audusseaet al. 2013). Thus species
have to adapt to new climatic conditions and simfpphenology and distribution to
maintain their thermal optimum (Badt al. 2002, Jeffs & Lewis 2013). The response of
higher trophic levels to climate change is gengrabksumed to be of particular
importance as higher trophic levels, like paradiapihave to adapt to their host and to
climate change in parallel (Jepseal. 2009, Thackeragt al. 2010). Pest outbreaks or
extinctions might be the consequence if adaptatails. Therefore biodiversity and
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ecosystem services are endangered, but so fafe@mlgtudies focus on the response of
higher trophic levels (Delawet al.2014).

Land cover change

Habitat loss and fragmentation are undoubtedly migeeats for biodiversity (Travis
2003, Tscharntket al. 2005). Habitat loss reduces potential habitatdtdterflies and
leads to less connected habitats and reduced spedieess (Ockinger & Smith 2006).
Fragmentation, habitat loss and increasing land iognsity can change butterfly
community composition and life history traits (Oufger et al. 2010, Borschiget al.
2013). As a result of land cover change habitat ared species richness decrease
(Rosenzweig 1995, Steffan-Dewenter & Tscharntke 0200 he historical loss of
habitats can lead to extinctions in the next y¢Bmmmarcoet al. 2014). Of particular
importance is the surrounding landscape for spdoiesy in fragmented habitats as
larger habitats and more connected habitats irstin®unding enable colonization and
provide additional resources (Ockinggral. 2012, Rosclet al. 2013).

Not all species of a community react on landscapeposition and climate change in
the same way (Ewers & Didham 2006). Species wifier@int degrees of specialisation
on specific habitat characteristics and specie$ wlistinct dispersal abilities react
differently to environmental changes (Warrenal. 2001, Crozier 2004, Weinet al.
2014). Studies with focus on climate change evidenapid range shifts and highlight
the requirement on studies which account for sgecats and external drivers like land
cover change (Cheet al. 2011, Jamiesoet al. 2012). However, case studies testing
different ecological traits in relation to climaé@d land cover changes in parallel are
still rare; only few studies were conducted outsftelaboratory even though the results
of studies with the same species can deviate aogprtb the conditions in the
laboratory respectively in the field (Bartehal. 2014). Especially specialists’ response
to land cover change is hardly to predict, as ghsts have to adapt to land cover

change, host plant occurrence and climatic fagddenendezt al. 2007).
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Altitudinal gradients

Mountains are diverse and rich ecosystems, buttdtabin high elevations are also
assumed to be more sensitive to environmental @satigan lowlands (Beniston 2003,
Diaz et al. 2003). In mountainous regions insect have to atafptagmented habitats
and harsh environmental conditions (Hodkinson 20@¢cent studies document
changes in species morphology and fithess accortbngltitude and temperature
(Hodkinson 2005, Karl & Fischer 2008, Leingarteeal.2014).

Species richness-altitude relationships in inseuistly show two patterns: Decreasing
species richness with increasing altitude, whichexplained by combinations of
geomorphology, climate and water-energy limitati¢6tarke & Gaston 2006, Mihoci
et al. 2011). Otherwise, species richness peaks at reichgbns and is either caused by
the mid-domain-effect or by a combination of tengpere and productivity effects on
competition, metabolism and speciation (Colwell al. 2004, Stegeret al. 2009,
Stefanescuet al. 2011). Because long-time data are often not availtor predictions
on climate change, recent studies used altitudinatdlients as analogues (Pé&teal.
2013, Rasmanat al. 2014), but so far most altitudinal studies focaosapine gradients
and there is a lack of studies on low mountain ean@.g. Dirnboclet al. 2011, Viterbi

et al.2013, Leingartneet al.2014).

2.1.2 Objective and key elements of this thesis

The objective of this thesis is to clarify specataptation to modified environmental
conditions such as climate and historical land costeange. As understanding of
insects’ adaptation to climate warming is crucial tonsequences of biodiversity,
species composition and ecosystem function@igapter 3 of this thesis reviews the
effects of climate warming on insects and theirtibianteractions. The review
investigates recent literature in terms of synclmatmon of phenology on insects and
their biotic interactions (birds and plants) inréstrial habitats. In the review two
predictions were developed and tested: 1) higloghic levels are assumed to be slower
in phenological adaptation than lower trophic lsyend 2) the degree of phenological
adaptation is linked on the duration of specieas tiifne. Chapter 3 aims to increase our
understanding of biotic interactions in a changwvayld and to reveal gaps in current

research.
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Whereas Chapter 3 gives an overview about recediest Chapter 4 delves deeper
into the effects of altitude and historical landveochange. Chapter 4 explores butterfly
diversity and land cover change in a field studynglan altitudinal gradient in wetland
habitats in the Fichtelgebirge. Butterfly speciehmess is hypothesized to depend on
altitude, patch size and landscape context andsanaed to be affected by historical
loss of open habitats. Open land specialized biyttepecies are assumed to be more
sensitive to land cover changes than forest spemnes habitat generalist species.
Chapter 4 aims to increase our ability to underkstdre impact of climate and land

cover change on butterfly biodiversity in low maainthabitats.

Finally Chapter 5 investigates in more detail the effects of altuth a field
experiment with the European Map butteryrgschnia levanpas model organism and
its larval host plant the stinging nettldr{ica dioica). Butterfly development rates and
rates of parasitiswere hypothesized to depend on altitude. The Chaptes to clarify
the impact of altitude on life history traits arftetability of adaptation to climatic

gradients.
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2.2 Materials and Methods

2.2.1 Study area

Field work for this thesis took place in the natpegk Fichtelgebirge a low-mountain
region in northern Bavaria (Germany) close to thedbr with the Czech Republic east
of the German town Bayreuth. The nature park exeover an area of more than
1000 square kilometres. The region is characterizgdcontiguous forest and the

altitude ranges up to 1051 m a.s.l. (Figure 2.1).

Figure 2.1Landscape Fichtelgebirge

2.2.2 Trophic interactions and climate change irestfic literature (Chapter 3)

Intensive literature research was conducted in Ile Web of Science database
(1945 - 2014-10-08) to detect studies focusing maphic interactions, insects and
climate warming (search terms: “climate change”, em@iog* and “trophic
interaction*”; “climate change”, phenolog* and poltion*”; “climate change”,
phenolog* and herbivory”; “climate change”, phergfoand parasitoid* and/or
parasitism*”; “climate change”, phenolog* and prada*). A surprisingly low number
of 25 studies concerning phenology and climate gbamith focus on insects and their
interacting trophic levels was found. We tested fhredictions on these studies
concerning at least two trophic levels in paradleti added additional studies for further

explanations.
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2.2.3 Sampling of butterflies/burnet moths in wedkand landscape analysis from
aerial photographs (Chapter 4)

In 2008, 27 wetland sites along an altitudinal grad in the Fichtelgebirge
(340 - 750 m a.s.l.) were selected, differing ititide, patch size (area of the surveyed
wetland study sites), current open habitats (aréanan-forest habitats in the
surrounding landscape in a 750 m radius arouncéiére of each study site) and in
historical land cover change (Figure 2.2). Buttesfl(Lepidoptera) and burnet moths
(Lepidoptera: Zygaenidae) were sampled by visuainto along seven randomized
transect walks through each wetland site accortinge German butterfly monitoring
scheme (for more details see http://www.tagfaltenitoring.de and Pollard 1977)
(Figure 2.3). For five of these sites historicacaels exist and were used for
comparison of current and historic species occagenThe amount of open habitats
and forest cover were quantified within a 750 muadround the centre of each study
site by using historical (40-60 years old) and eatr(from 2008) aerial photographs.
Total species richness and estimated species gshofebutterfly specialists for open
habitats (wetland and grassland species), geneaalisforest species were analysed as
a function of (1) altitude, (2) squared altitud®) ¢urrent open habitats, (4) per cent of
historical loss of open habitats and (5) patch giag10-transformed) using general
linear models with Type | SS, linear regressions &earson correlations with R
Statistical Software 2.14.2.

Figure 2.2 Study site: wetland Réslau
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Figure 2.3Boloria aquilonarisin a wetland

2.2.4 Experimental analysis of life history tragscording to altitude (Chapter 5)

In 2008 eighteen sites were selected along the ewhaltitudinal gradient
(350 - 1100 m) of the study region. Next to fomestrgins and shrubsshereAraschnia
levana populations naturally occurred, 1°matches were established with the main
larval food plant ofA. levanathe stinging nettl&rtica dioica (Figure 2.5). The patches
were located next to naturdd. dioica patches. Temperature at the patches was
measured (06 June - 08 July 2009) using iButtortalaiggers (Maxim Integrated
Products Inc., Sunnyvale, CA, USA). In March 20@iddividuals ofA. levanawere
caught near the study region and kept in a clinghmber for reproduction (Figure
2.4). 30 first and second instar larvae of the babgtterflies were randomly distributed
at each of the 18 patches (09 - 10 June 2009)r Aftee weeks, when the larvae were
in the fourth to fifth instar and could have bedtacked by parasitoids, they were
collected and transferred in the laboratory in widlial boxes (Figure 2.5). For all
larvae the following seven response variables weeorded: (1) larval weight,
(2) pupal weight, (3) larval development time frawilecting to pupation, (4) duration
of pupation, (5) adult lifespan (6) percentage adarwortality in the field and
(7) percentage larval mortality in the laboratdsyatistical analyses (linear mixed effect
models) were conducted in R Statistical Softwad®d2 with a maximum likelihood
method with the fixed effects sex at first positiamd either temperature or altitude at

the second position plus the interaction between>saltitude or sex x temperature.
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Percentage larval mortality for each site was astpt transformed. Simple regressions

with altitude and temperature were calculated.

Figure 2.4 Rearing ofAraschnia levandn the climate chamber before distribution on éxperimental
nettle patches in the Fichtelgebirge, a) cage éaring, b)Araschnia levandemale is laying eggs on

nettles, c) first instar larvae.

Figure 2.5a) 1 nf patch of cultivatedUrtica dioica, protected for large herbivores with barrier tapg,
larvae after collection from the field separatedaxes, c) butterflies emerged from pupae afteectbn
from the field.

-14 -
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2.3 Results and discussion

2.3.1 How does climate warming affect phenologftsbf interacting species in
terrestrial habitats? (Chapter 3)

Climate warming can disrupt long-evolved trophidemactions and can result in
asynchronous phenological shifts (Walther 2010).nWatudies concern shifts in
phenology and numerous studies deal with tropheractions, but in many cases only
the phenology of one trophic level is examined #redphenology of the counterpart is
experimentally modified (e.g. Yang & Rudolf 201@rfest & Thomson 2011, Rafferty
& Ives 2012). Intensive literature study revealbdttonly a low number of 25 studies
concerning phenology and climate change with famusnsects and their interacting

trophic levels in parallel has been published (&&bl).

Table 2.1 Phenological studies with focus on climate chamggmber of published articles according to
ISI Web of Science (1945 - 2014-10-08; search terfobmate change”, phenolog* and “trophic
interaction*”; “climate change”, phenolog* and poltion*”; “climate change”, phenolog* and
herbivory”; “climate change”, phenolog* and paregit and/or parasitism*’; “climate change”,

phenolog* and predation*) examining at least tvaptric levels in parallel.

Phenological studies Published Published studies
with focus on climate change articles examining two or more
trophic levels

Trophic interactions 68

Pollination 88
Plant-pollinator interactions 7
Herbivory 38
Plant-herbivore interactions 11
Parasitoids/Parasitism 22
Herbivore-parasitoid interactions 2
Predation 85
Herbivore-predator interactions 4

In most cases insects shifted in phenology tow#hidsstart of the year, whereas their
counterparts often lagged behind. Seven studiesiiera different pollinator species
and their pollinated plants in parallel (Gordo &n3a2005, Bartomeust al. 2013,
Burkle et al. 2013, lleret al. 2013, Kudo & Ida 2013, Kudo 2014). In only twotbése
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studies phenology advanced in synchrony (Bartone¢ws. 2013, Burkleet al. 2013).
The other studies highlighted increasing phenokldgimismatches. In two of these
studies plants showed increasing shifts in phenpotogthe start of the year, whereas
insects lagged behind (llet al. 2013, Kudo & Ida 2013). In the other studies the
opposite pattern was documented. None of the preds were confirmed in plant-
pollinator systems. Neither the trophic rank nargevity seems to play a decisive role.
However, additional cues like timing of snow meltecipitation and soil temperature

appear to be crucial.

In nine of eleven studies insect herbivores reafastkr to climate warming than plants
(Hill & Hodkinson 1992, Strathdeet al. 1993, Buse & Good 1996, Sparks & Yates
1997, Harringtoret al. 1999, Visser & Holleman 2001, Gordo & Sanz 200%ar&set

al. 2005, de Vriest al. 2011, Liuet al. 2011, Schwartzbergt al. 2014). This was in
contrast with the first prediction. However longgvimight account for the advanced
phenological shifts in insects. Higher temperatuesthanced survival rates of

herbivores and enabled them to switch their hasttpl

Two studies compared the phenology of herbivorestarir parasitoids (Klapwijlet

al. 2010, Evanset al. 2013). In both cases parasitoids did not changghenology,
whereas herbivores shifted in phenology and migbate predator free space. Studies
on herbivore-predator interactions, examining tvaphic levels in parallel, exclusively
examined predator prey interactions whereas inierecwith invertebrate predators are
lacking. In the presented studies the relation$igipveen the phenology of caterpillar
biomass peak and bird phenology was investigatessévet al. 1998, Both & Visser
2001, Cresswell & McCleery 2003, Nusselyal. 2005, Visser & Both 2005, Hegwgi

al. 2013). In line with the predictions the caterpillarey reacted faster to climate
change than their predators. Differences in skéiee probably caused by differences in
phenotypic plasticity and birds’ response to phetam (Visser & Both 2005). Only
one study compared the phenology of four-trophvele in parallel (Bottet al. 2009).

In line with prediction caterpillars adapted rapgido climate warming and their

interacting levels (plant, bird and top predatagded behind.

If phenological adaptation is genetically fixedpdastic was only in some of the studies

examined, nevertheless additional studies emptégize importance of phenotypic
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plasticity in the context of phenology (Forrest &dmson 2011, Charmantier &
Gienapp 2014, Pitts-Singest al. 2014). If phenotypic plasticity is sufficient for
adaptation to climate change remains unclear amthefiu studies are necessary to

understand future phenology of interacting troyistems.

2.3.2 Butterfly diversity and historical land cowdrange along an altitudinal gradient
(Chapter 4)

Land cover change can implicate decreased habgatand reduced species richness,
resulting in extinctions in the following years Emzweig 1995, Steffan-Dewenter
& Tscharntke 2000, Bommarai al. 2014). The quantification of historical and cutren
aerial photographs of the study site documentestidrahifts in landscape composition.
On average one-third of the current open habitatisinvthe 750 m radius around the
centre of the study site was transformed. The hcstbloss of open habitats increased
with increasing altitude and current open habitisreased with increasing altitude.
Especially in higher altitudes forest area incrdas@d minimized the number of

potential habitats for open habitat butterfly spésts.

According to the hypotheses, species richness téiflies depends on altitude and was
highest at mid-elevations probably due to the nodhdin effect. This complies with
other butterfly studies (e.g. Wilsaet al. 2007). Species richness did not depend on
historical loss of open habitats nor on currentropabitats, but historical surveys
document butterfly species in wetlands, which wextinct throughout the study region.
With increasing wetland patch size species richriesgeased and emphasizes the
importance of the conservation and recovery ofdavgtland sites in high altitudes. The
results suggest that the effects of land cover dalimate change should not be
considered separately, because species responsesoveglap and are hard to
disentangle. Since higher altitudes are refugesolaf adapted species, increasing land
cover change might reduce suitable habitats amdline expansions in higher regions

increases the probability of extinctions (Dirnbatlal. 2011).

Contrary to the expectations, open land specialistsiot show more sensitive response
to decreasing habitat area and to historical Idsspen habitats than generalist and
forest species. Butterfly species seems to respatelendent to their restriction of

specific host plants, but the response of open $gedialists might also be hidden by an
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adaptation of the community to land cover changenfispecialist to generalist traits
characteristics (Borschigt al. 2013).

2.3.3 Changes in the life history traits of the &ugan Map butterfly, Araschnia levana
(Lepidoptera: Nymphalidae) with increase in altiéu@Chapter 5)

As higher altitudes are characterized by harsheir@mment, limited resources and
lower pressure of parasites (Pyetzal. 2009) higher mortality rates were assumed with
increasing altitude and decreasing temperatureuf€ig2.6). But contrary to the
expectations the average percentage mortality pera¢ per site of 65% (after
collection from the field) did not depend on aliieuor temperature. Based on the same
requirements decreasing rates of parasitism witheasing altitude and decreasing
temperature were expected (Figure 2.6). Howevere nuinthe collected larvae was
parasitized and suggest that top-down control dicbacur.

a) b)

Development time
Weight

Altitude Altitude

Mortality rates
Parasitism rates

Altitude Altitude

Figure 2.6 Hypotheses for butterflies reared at differenituadies a) butterflies reared at higher altitudes
take longer to develop and b) are lower in weighfewer butterfly larvae survive in higher thariomer

altitudes and d) fewer butterfly larvae are paizsit in higher than in lower altitudes.
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As hypothesized, larval development was slower ighdr altitudes and lower
temperatures than at lower altitudes and highepésatures (Figure 2.6). Larval weight
decreased with increasing altitude and decreasimgpérature. Both responses seem to
be the result of high plasticity (e.g. Alonso 199} the surveyed larvae were originally
from sites at a low altitude and are in line wither altitudinal studies (e.g. Kaet al.
2008).

No significant differences in pupation, adult Ifpan and percentage mortality could be
found in relation to altitude or temperature. Maad female butterflies reacted
similarly to altitude and temperature (no signifitanteractions) but females took
longer to complete their larval and pupal developimend lived longer than males
probably caused by protandry (Bauerfegial. 2009).

In line with other studies, which show that spedrags can be important predictors for
species response to climate change (Baleal. 2002, Diamondet al. 2011), this

experiment demonstrates that altitudinal and teatpeg gradients affect the life history
traits of the European Map ButterfiAraschnia levanpand suggests that climate
change might alter butterflies altitudinal requients. Altered life history traits might
enhance species colonization of higher altitudes wuthe fact that higher altitudes
become more attractive by increasing developmdasrand the possibility of having

more instars per season.
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2.4 Conclusions

This thesis shows that insects are sensitive bicabors of environmental change. In
most examined literature short-lived insects stiftephenology towards the start of the
year in response to climate change. However shifie often not synchronized with
other trophic levels like long-lived plants or Brdndicating a possible disruption of
trophic interactions in the future. The absencparhsitoids in the model organism, the
European Map butterflyAraschnia levanpmight indicate that this kind of disruption

has occurred or that top-down control is less irtgrarinA. levanapopulations.

The thesis demonstrates that even low altituderalfierature gradients affect butterfly
species richness and life history traits and emphaghe importance of low mountain
gradients for predictions on climate change.Anlevanaphenotypic plasticity has
enabled it to adapt its larval development timaltiude and temperature and indicates
that the degree of plasticity might be a crucialtda for insects’ adaptation to climate
change. In accordance with the mid-domain-effettelpilly species richness in the field

study was highest at mid-elevations.

Although effects of land cover change on specigsgss could not be found, historical
surveys document extinct butterfly species throughthe study region. These
extinctions might be a result of historical landrepchange, as land cover change can
act on other time scales than those examined irstidy. Moreover, the relevance of
patch size for species richness emphasizes thegtmt of large habitats in high
altitudes and highlights the importance of managerasehemes to obtain future refuges
for butterflies at their distribution limits.
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CHAPTER 3 Climate and trophic interactions

3.1 Abstract

Climate warming is one of the major threats for dbiersity. However, the
consequences of enhanced temperature for biogcaictions are little understood, even
though long-term coevolutionary processes betwegseciess can be disrupted by
asynchronous shifts in phenology, potentially legdito species extinctions, pest
outbreaks and reduced ecosystem services. Thswdacuses on the effects of climate
warming on insects and their trophic interactionthwlants and antagonists, in terms
of synchronisation of phenology in terrestrial hats. In theory, lower trophic levels
and short-lived species should react faster toatenwarming than their counterparts.
The few existing studies provide evidence for adeanphenology of short-lived
insects, compared to less pronounced responsengflived plants and birds.
Differences in shifts between trophic levels wemgbayuous, highlighting the need for
additional case studies considering life histogttvariation within functional groups.
We conclude that rapid phenological shifts of shigdd insects due to climate

warming might result in unpredictable cascading@# in natural food webs.

Key-Words
climate change, global change, biotic interactigignological synchronisation, trophic

cascades, insect timing
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3.2 Introduction

Global climate change, including changes in tentpesa shifts in precipitation,
increasing atmospheric carbon dioxide and higheqguencies of extreme weather
events, has the potential to profoundly alter biatteractions in terrestrial ecosystems
(Walther et al. 2002, Bartonet al. 2009, Jentsctet al. 2009). Climate change is
considered one of the major biodiversity threatg asexpected that many species will
fail to adapt to rapidly changing habitat condisqhomaset al. 2004, Thuiller 2007).
Global warming trends are predicted to continuedteast another 100 years (IPCC
2007a). During the last 100 years the Earth’s dienfeas warmed by 0.6°C and current
climatic models predict an average increase of#8°4°C until 2100 (IPCC 2007a).
Due to these rising temperatures the distributimh the phenology of plant and animal
species are subject to considerable change (Pcetndl 1999, Waltheret al. 2002,
Rootet al.2003, Parmesan 2005, Primaatkal. 2009, Thackeragt al. 2010, Mortensen
et al. 2014). Changes in species composition of commamiéind alteration of life
history traits of plant and animal species havenl@®served in a variety of ecosystems
(Biesmeijeret al. 2006, Newtoret al. 2007, Burkleet al. 2013).

In particular, not only single species but alsatibioteractions between species might
be affected by climate change (Suthegedt al. 1995, Tylianakiset al. 2008).
Antagonistic and mutualistic biotic interactionscBuas competition, herbivory,
predation and pollination are the result of longrteoevolutionary processes (Thrall

al. 2007) and play an important ecological role fa thaintenance of biodiversity and
ecosystem functioning (Reisst al. 2009). Climate warming may disrupt these
interactions by asynchronous shifts in phenologyglites 2000, Stenseth & Mysterud
2002). Asynchronous shifts in species phenologyldcdead to the release from
antagonist top-down control, which might have negatconsequences like pest
outbreaks, or the loss of mutualists like pollimataith potential negative consequences
for plant reproduction (Heglaret al. 2009). On the other hand, phenology shifts might
create new trophic interactions (Hodkinson 1997d&to& Zamora 2004, Andrew &
Hughes 2007, Jepset al. 2009). Furthermore native species compete witlasiwe
species which might be better adapted to new diintainditions and related phenology
shifts (Mooney & Cleland 2001, Yargg al. 2013).

Species phenology depends on several climatic paeaslike cold and warm periods
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in previous years, seasonal changes and the tiamdgluration of frost (Roy & Sparks
2000, Visser & Holleman 2001). Changes in phenologght be the result of an
adaptive response, genetically fixed or an adjustroéthe genotype to environmental
conditions (phenotypic plasticity) (Hodgsenal. 2011, Donnellyet al. 2012, Merila &
Hendry 2014).

Higher rates of phenological shifts have been shmwectotherms than in endotherms
and especially insects are assumed to be parfigatiected by environmental changes
due to their short life cycles and partly low dicga¢ ability (e.g. Bourn & Thomas
2002, Thackeragt al. 2010). Increasing temperature can cause physeabghanges
in insects, like deviations in diapauses and doayamherefore divergences between
thermal preferences of host and natural antag@pisties can lead to disruptions in

synchronisation (Harringtoet al. 1999).

Numerous studies highlight the impact of climatemiag on the phenology of insect
species (e.g. Sparks & Yates 1997, Mergtehl. 2006, Parmesan 2007, Chenhal.
2011) and on trophic interactions between theseiaspde.g. Thackeragt al. 2010,
Rafferty & Ives 2011, Gillespiet al. 2013, Welch & Harwood 2014). Nevertheless,
few studies focus on the timing of live history etgeof two interacting trophic levels in
parallel, while several warming experiments marapiithe phenology of one trophic
level (e.g. Yang & Rudolf 2010, Forrest & ThomsdiZ2).

As far as we know this is the first review, whiaideesses coupled phenology shifts of
at least two trophic levels with a focus on inse@s the basis of general predictions for
trophic interactions, this review analyses if basiociples for different taxa according
to their life history traits exist. The aim of oatudy is (1) to review the effects of
climate warming on insects and their biotic intéiats in terrestrial habitats, (2) to
identify possible cascading effects in phenologpss trophic levels and (3) to analyse
the role of trophic position and longevity to clirmavarming.

Predictions for different trophic systems and taxere kept simple to ensure the
detection of common principles according to themrdtional groups. We developed two
predictions for the response of species with dsifiérlife history traits to climate

warming.
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(a) Prediction 1: Trophic cascades (b) Prediction 2: Longevity
E—
3rd trophic level
I
Short-lived species I
(S —
L +—
2nd trophic level
—
Long-lived species [
(e.g. plants, birds) —
L
1st trophic level
/1
Phenology Phenology

Figure 3.1 Theoretical changes in species responses duentatel warming. Before climate warming
species are expected to be in synchrony (grey bag)climate warming causes different magnitudes of
phenological shifts (a) due to trophic level: loviaphic levels are assumed to shift more in phagol
than higher trophic levels, resulting in asynchrumphenological shifts; (b) due to longevity: sHortd
species are assumed to shift more rapidly in plogyothan long-lived species, which also results in
asynchrony. Grey bars indicate species phenolodgrdeclimate warming and white bars expected

species phenology after climate warming. Arrowslsglize the expected magnitude of shifts.

Prediction 1

Higher trophic levels are more negatively affeddgcclimate change than lower trophic
levels, as species of high trophic levels have dapa to both shifts in climatic
conditions and new types of host dynamics, likengesa in phenology, physiology and
ecology caused by rising temperatures (Hagtcal. 2007, Bothet al. 2009). Therefore,
we assume that higher trophic levels follow shoftsower trophic levels with a time lag

depending on their adaptation capacity (Figure)3.1la

Prediction 2

Longevity of species can determine the time frame dpecies adaptation to new
environmental conditions (Kuussaaet al. 2009, Krausset al. 2010). Short-lived
species should change their phenology faster taglived species as they have more
generations per year (plastic response) and thetablier capability for rapid
adaptation (Morrigt al. 2008, Donnellyet al.2012). (Figure 3.1b).
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3.3 Trophic interactions and climate change in scrific literature

Climate change is a contemporary issue. From tbemesus number of publications on
climate change (> 92000 articles published accgrdinISI Web of Science, 1945 -
2014-10-08; search terms: “climate change”), weused our review on studies of
climate warming dealing with phenological (tempasable) match or mismatch based
on at least two trophic levels (including insecae trophic level). Apart from the 265
articles addressing biotic interactions (ISI WelKobwledge, Web of Science, 1945 -
2014-10-08; search terms: “climate change”, phegtoland “trophic interaction*”;
“climate change”, phenolog* and pollination*”; “oliate change”, phenolog* and
herbivory”; “climate change”, phenolog* and paregit and/or parasitism*”; “climate
change”, phenolog* and predation*), we consideredarge number of additional
publications focusing on trophic interactions, ttseand climate warming, based on

intensive literature research.

A perfect synchronisation of interacting speciesdifficult to expect as trophic
interactions are modulated by complex evolutionaryd ecological mechanisms
(Parmesan 2007, Singer & Parmesan 2010). In tid/stte compared the phenology of
interacting species in 1.) experimental studiesafbrch the phenological starting point
of measurement in all interacting partners is kn@ynong-term studies for which the
phenological time frame on the beginning and on ¢hd of the study is known.
Nonetheless a surprisingly low number of 25 phegiold studies could be considered
to test our two predictions (see below), as onbséh25 studies provided data with at
least two trophic levels in parallel.
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Table 3.1 Empirical studies on shifts in phenology of intdiag species at different trophic levels.

Legend: big arrow: essential shift; small arrow:nari shift; circle: no shift. Different responses of

interaction partners indicate desynchronisation.digénguish between long-term field studies (imithg

monitoring-data) and (mostly short-term) warmingesments.

| Phenology of trophic interactions

Study design ‘ References ‘

Plant-pollinator interactions
Prunus dulcis, P. armeniaca, P. Honeybee (Apis mellifera) Long-term Gordo & Sanz
avium, P. domestica, P. persica, f first appearance field study 2005
Pyrus communis, Malus domestica,
Cydonia oblonga
average flowering date
Prunus dulcis, P. Armeniaca, P. Small white butterfly Long-term Gordo & Sanz
ﬂ avium, P. domestica, P. persica, f (Pieris rapae) field study 2005
Pyrus communis, Malus domestica, first appearance
Cydonia oblonga
average flowering date
. Apple (Malus domestica Borkh.) Bee pollinator community Field study Bartomeus et al.
flowering peak first appearance historical 2013
|| f data
. Spring blooming forest forbs Bee pollinator community Long-term Burkle et al. 2013
flowering peak f activity peak field study
. Achillea millefolium, Androsace Syrphid fly community Long-term ller et al. 2013
septentrionalis, Erigon speciosus ﬂ (Surphidae) field study
Linum lewisii, Ligusticum porteri activity period
sPotentilla gracilis, Sedum rosaea
Taraxacum officinale, Valeriana
capitata
flowering period
Corydalis ambigua Bumble bees Long-term Kudo & Ida 2013
ﬁ first flowering O first appearance field study
Herbs and dwarf shrubs Bumble bees (Bombus ssp.) Field study Kudo 2014
ﬂ first flowering first appearance warm spring
ﬁ Queen bees
ﬂ Worker bees
Plant-herbivore interactions
Potato A Potato beetle Long-term Gordo & Sanz
(Solanum tuberosum) (Leptinotarsa decemlineata) field study 2005
sowing | | first appearance
Olive tree . Olive fruit fly Long-term Gordo & Sanz
(Olea europaea) (Bactrocera oleae) field study 2005
flowering | | interval of appearance
White dryas A\ Arctic aphid Warming Strathdee et al.
(Dryas octopetala) (Acyrthosiphon svalbardicum) experiment 1993
ﬁ development time of buds L | development time
Dwarf willow . Jumping plant lice Warming Hill & Hodkinson
(Salix lapponum) (Cacopsylla palmeni, experiment 1992
development time of catkins L1 C .brunneipennis)
development time
Oak . Winter moth Warming Visser &
(Quercus robur) (Operophtera brumata) experiment Holleman 2001
timing of bud burst L | egg hatching
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Oak Winter moth Warming Buse and Good
i (Quercus robur) | (Operophtera brumata) experiment 1996,
timing of bud burst egg hatching Buse et al. 1999
Gentian (Gentiana formosa) Broom moth (Melanchra pisi) Warming Liu etal. 2011
I flowering peak | larvae emergence experiment
Anemone
(Anemone trullifolia var. Linearis)
vegetative phenology
Aspen (Populus tremuloides), Forest tent caterpillar moth Warming Schwartzberg
i Birch (Betula papyrifera) ﬂ (Malacosoma disstria) experiment et al. 2014
timing of budbreak egg-hatching
Garlic mustard ~. Orange tip butterfly Long-term Sparks & Yates
i (Alliaria petiolata) (Anthocaris cardamines) field study 1997,
first flowering | | first appearance Harrington et al.
1999
Stinging nettle ~. Red admiral Long-term Sparks et al.
O (Urtica dioica) (Vanessa atalanta) field study 2005,
first flowering | | first appearance (return date) Visser & Both
2005
Blackthorn (Prunus spinosa) A\ Brown hairstreak Field study, de Vries et al.
timing of bud burst (Thecla betulae) warming 2011
L1 egg hatching experiment
Herbivore-parasitoid interactions
Marsh fritillary butterfly Braconid wasp Field study, Klapwijk et al.
i (Euphydryas aurinia) O (Cotesia bignellii) warming 2010
development time development time experiment
Cereal leaf beetle Parasitoid wasp Long-term Evans et al. 2013
(Oulema melanoposus) O (Tetrastichus julis) field study,
larval occurrence parasitism rates warm spring
Herbivore-predator interactions
. Caterpillar biomass peak Great tit Long-term Visser et al. 1998,
ﬂ (Parus major) field study Nussey et al.
L egg laying 2005,
Husby et al. 2009
. Caterpillar biomass peak Great tit Long-term Cresswell &
(Parus major) field study McCleery 2003
|| egg hatching
A\ Caterpillar biomass peak Pied flycatcher Long-term Both & Visser
(Ficedula hypoleuca) field study 2001,
L] ﬂ egg laying Visser & Both
2005
O bird migration
Caterpillar biomass peak Collared flycatcher Long-term Hegyi et al. 2013
i ﬂ (Ficedula albicollis) field study
egg-hatching
Multitrophic interactions
Oak Caterpillar Passerine Sparrow- Long-term Both et al. 2009
ﬂ (Quercus biomass peak ﬂ species hawk field study
robur) egg- (Accipiter
timing of hatching nisus)
budburst egg-hatching
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3.4 Testing predictions for different functional groups

Plant-pollinator interactions

Global warming is a possible factor for pollinatbecline (Memmotet al. 2007). On
average, vascular plants flower one to three daysdecade earlier in the northern
hemisphere, which significantly affects the startl @uration of the pollination season
(IPCC 2007b). Shifts in phenology due to rising pematures may reduce the floral
resources for pollinators as suggested in a simulagéxperiment (Memmotet al.
2007).

The documented plant-pollinator studies, examirbogh levels in parallel, are long-
term field studies, comparing current with histodata or base on examinations in
warm springs. Evidence for a potential phenologio@ématch (decreasing magnitude
of overlapping phenology) between plants and palbrs was detected for honey bees
(Apis melliferg and a butterfly specie®ieris rapag and their associated plant species
(Gordo & Sanz 2005) (Table 3.1). Another plant-p@ffor study shows that high levels
of biodiversity stabilize the system over time amctease the synchrony between apple
peak bloom and an apple bee community (Bartoreeak 2013) (Table 3.1). However,
this synchrony exists only on the community-leva§ some bee species of the

community fly earlier and some later.

In another long-term study, spring blooming foribsl dee species shifted in phenology
towards the start of the year (Burldeal. 2013) (Table 3.1). Just as the previous study
some species shifted more than others. The stuslsredd 120 years of plant-pollinator
interactions and highlights extinctions, mismatc¢hasfts in network structure and an
alarming amount of only 24% of interactions whick atill intact (Burkleet al. 2013).
Although this study includes a period of time befeemperatures increases on a larger
scale, the study indicates that bee species aré affested by temperature and forest
forbs by different cues. That interacting taxa oesponse to different phenological cues
was also documented in a syrphid fly-plant systéler et al. 2013) (Table 3.1).
Flowering advanced faster than syrphids activityigake but the synchrony was still
intact as syrphids generally emerged after the sfaflowering (lleret al. 2013). For
both, the start of the season depended on snow(heelet al. 2013). On the contrary,

the end of the season was determined by a comtamafisnow melt, temperature and
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precipitation (lleret al. 2013).

Two bumble bee studies show different results castpto the previous studies. Earlier
spring caused a mismatch in a spring ephemeral {@obydalis ambigup and its
bumble bee queen pollinators (Kudo & Ida 2013) (&ah1l). C. ambiguagenerally
flowers briefly after snowmelt and predominantlypdeds on overwintered bumble bee
queens (Kudo & Ida 2013). However, first flowerings advanced, probably caused by
warm spring temperatures and late soil thawing,redm bumble bees first appearance

did not change, resulting in lower seed producfiundo & Ida 2013).

In a year with an unusual warm spring the firsteggpnce of bumble bees and the first
flowering of herbs and shrubs revealed a phenaddgntsmatch in an alpine region due
to soil thawing and warming (Kudo 2014) (Table 3Hiyst, flowering was earlier but
queen bees’ emergence was even ten days aheadwefrifig, resulting in slower
colony development and delayed worker bee emergéfteeo 2014). Due to earlier
snow-melt, flowering finished two weeks earlier @€u2014). Though, an alpine
bumble bee specieBdmbus hypocrita sapporoensiesponded more flexible and was
still in synchrony contrary to the other examinpeaes of the study, which also occur
in lower altitudes (Kudo 2014).

The seven studies do not indicate a clear patiégither the trophic rank nor longevity
seems to play a decisive role. On the contrarfewdint cues like temperature, timing of
snow melt, precipitation and soil temperature appede crucial. Another important
factor for pollinators’ phenological response ise tldevelopment stage. When
overwintering temperatures were experimentally gean adults showed different

phenological responses than pre-imaginal stagéset al. 2013).

If climatic response is exclusively caused by phgpic plasticity remains unclear.
Though, in a solitary bee speci€3s(nia lignarig climatic response was demonstrated
to be mostly heritable with some acclimatory plasti(Pitts-Singelet al. 2014). On the
contrary, in an altitudinal reciprocal transplaxperiment, pollinators did not show
local adaptation in timing of emergence, suggestimat phenological changes are

probably caused by phenotypic plasticity (Forresti@®mson 2011).

On the one hand, pollinators seems to be extremgherable to climate warming, as
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high extinction rates were observed and more sjissiapollinator species were more
affected (Burkleet al. 2013). On the other hand, it could be shown tledli@ators are
less sensitive to climate change, as they canbiexdhoice their interacting partners
and can buffer the plant-pollinator-system to easugh pollination service (Heglarsd

al. 2009, Willmer 2012, Benadit al. 2014). However, experiments with manipulated
flowering phenology revealed reduced visitationresatwhen plants flowered earlier
(Parscheet al. 2011, Rafferty & Ives 2012). This resulted in re€d pollination success
compared to plants where phenology was not martgaii@arschet al. 2011, Rafferty

& Ives 2012). Thus, further studies on the spel@est, including specialist species, are
necessary for better understanding of future plogncdl responses of plant-pollinator-

systems and the underlying mechanisms of plantres&tt timing.

Plant-herbivore interactions

Herbivores are restricted to their host plantemmis of diet, distribution and phenology.
Therefore they depend on the specific climatic habitat requirements of their host
plants (Villalpandoet al. 2009). Phenological mismatches of plants and terbs
might have serious consequences in agriculturatesys (Gordo & Sanz 2009,
Thomsonet al. 2010). Two agricultural studies reveal an incneganismatch due to
managed agriculture and environmental conditions.tke potato beetld_éptinotarsa
decemlineatp shifts in phenology towards the start of theryleave been observed,
whereas potato sowing by farmers has remained ugeda(Gordo & Sanz 2005)
(Table 3.1). Thus potato beetles can cause moreoauoal damage by completing
more generations within the growing season. Theedtiuit fly (Bactrocera oleagalso
shifts in phenology towards the beginning of tharyevhereas its host plant, the olive
tree, shifts at a lower rate (Gordo & Sanz 200%{€ 3.1).

For plant-phloem feeders inconsistent shifts innolhegy patterns were documented. In
a manipulation experiment an increase in temperatwer one summer season
advanced the phenology of an aphid spedeyrthosiphon svalbardicuyand its host
plant in parallel (Strathdeet al. 1993) (Table 3.1). Thus enhanced temperatures of
2.8°C resulted in higher survival rates of the dpand in an eleven-fold increased
number of overwintering eggs (Strathdee al. 1993). In contrast, another study

indicated that under elevated temperatures the gbbgisal synchrony of the
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development time of the jumping plant liceCacopsylla palmeni, Cacopsylla
brunneipennisand their host plant dwarf willowsglix lapponum decreased (Hill &
Hodkinson 1992) (Table 3.1). The lice species lmdel thermal requirements than
catkins of the dwarf willow (Hill & Hodkinson 1992)nterestingly, the three examined
lice species of the study showed local adaptatitemperatures: species of higher
altitudes had lower thermal requirements than gsedf lower altitudes (Hill &
Hodkinson 1992).

A well-investigated system is the relationship kegw the winter mothQperophtera
brumatg and its host the English oakyercus robuy. Larval development of the
winter moth strongly depends on the bud burst efddk. Asynchrony in egg hatching
and bud burst leads to higher mortality rates itergallars or to reduced nutritional
intake (Visser & Holleman 2001). In a greenhouspeeixnent increased temperature
did not affect the synchronisation between hatcloihginter moth and budburst of oak
(Buse & Good 1996) (Table 3.1). In contrast poarctyony has been found in warm
springs for the same species under field condifiassthe winter moth eggs hatched
before bud burst (Visser & Holleman 2001) (TablE) 3An explanation for the different
results might be that the phenological shift is redhted to average temperature, but to
days in winter without frost (Visser & Holleman 200

Two warming experiments with other moth specieseat\va different phenological
pattern. The phenology of plants advanced, whetieasforest tent caterpillar moth
(Malacosoma disstripadvanced less and the broom mathelgnchra pisj showed
delayed larvae emergence (letal. 2011, Schwartzbergt al. 2014) (Table 3.1). The
causes of these trends are unclear but might asduk to experimental conditions.
Contrary to the other warming experiments on madampinteractions, in the open-top
chamber experiment broom moth eggs were not intedidrom natural sites (Liet al.
2011). Adult moths were able to fly from chambechamber and to natural resources
to lay eggs on gentian and anemone plants, evemlthiarvae emergence was delayed
(Liu et al. 2011). Warming increased larval density 10-foldnpared with unwarmed
chambers (Litet al. 2011). The experiment reveals a change in hosit plieferences
and indicates that climate change can result in plast switching (Liuet al. 2011).

Larvae normally feed on anemone leaves and geosiaally flowers after peak larvae
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density, but due to higher experimental temperatameae caused high damage on the
gentian (Liuet al.2011).

In butterfly-plant interactions synchronous as vl asynchronous shifts towards the
start of the year were detected. Females of thageraip butterfly Anthocharis
cardamine} preferably lay eggs on the flower of its hostnpléahe garlic mustard
(Alliaria petiolata) and larvae feed on flowers and siliques. Thusmiatch with
flowering synchrony is of decisive importance. Adeterm study provides evidence
that the synchrony of garlic mustard and orangétiperfly is maintained; however the
study was performed before temperature increasadatically (Sparks & Yates 1997,
Harringtonet al. 1999, Visser & Both 2005). (Table 3.1). In contyaise highly mobile
red admiral butterfly anessa atalanjashowed an advanced return date to Britain,
while flowering phenology of its host plant has sbanged (Sparkest al. 2005, Visser

& Both 2005) (Table 3.1). In a warming experimentivthe brown hairstreakTbecla
betulag and its main larval food plant the blackthofArynus spinoshincreasing
temperatures of 5°C in the climate chamber didaftict synchrony (de Vriest al.
2011) (Table 3.1). However, in one year with anrexily long and cold period,
additional field data documented a delay in eggiiag compared to the timing of
budburst (de Vriegt al. 2011). Days with frost seemed to have more negafects
on butterfly’'s phenology than climate warming (deeget al. 2011).

Contrary to our first prediction most examined Ineske species shifted in phenology
towards the beginning of the year. For their plaattners this was less frequently the
case. One conclusion might be that the trophic raméss important than differences in
longevity within and between trophic levels, budiidnal studies are necessary to
verify the relevance of local adaptation and phgpiot plasticity in plant-herbivore

interactions.

Herbivore-parasitoid interactions

The vulnerability of a host to its parasitoid mgidepends on the development time of
the larvae, as juvenile stages are most prone raspaid attacks (Hicket al. 2007,
Desneuxet al. 2009). Inconsistent results on changes in ratepashsitism with
increasing temperature were reported, showing higifetanen & Neuvonen 1999,
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van Nouhuys & Lei 2004) or lower rates of parasitis caterpillars (Stireman 18t al.

2005). But in most studies it remains unclear gmpblogy is also affected.

Especially in agroecosystems pest management jgadfcular importance but the
phenology of species interactions has been rafelgiesi and is poorly understood
(Welch & Harwood 2014). A ten-year study examinlee phenological relationship of
the cereal leaf beetl®©(lema melanopldsan agricultural pest and its principal enemy,
the parasitoid wasprl étrastichus julisin warm springs (Evanst al. 2013) (Table 3.1).
Larvae of the beetle feed on different type of ggaand the wasp was introduced in the
study region in the late 1980s for biological coh{Evanset al. 2013). Generally, first
hatched larvae of the cereal leaf beetle showebehigarasitism rates (Evaes$ al.
2013). However, in warm springs the beetle revedtdyed larval phenology, whereas
the wasp did not shift in phenology, resulting iecabasing rates of synchrony and
decreasing rates of parasitism (Eveahsl. 2013). The phenological shift was probably
due to later terminated diapause in beetle adbMar{set al. 2013). A growing risk of

pest outbreaks was the result.

In another experimental study higher temperatweddd increased development rates in
the butterflyEuphydryas auriniaButterfly larvae grew more rapidly and showedheig
masses at pupation, whereas its parasitic wasgegia bignel) was not affected
(Klapwijk et al. 2010) (Table 3.1). Long-term population dynamicsenahown that
these effects were not sufficient for phenologitegmatches in the last 20 years and
projected warming does not support future mismatche there was no correlation
between butterfly fluctuations and thermal and bures conditions (Klapwijket al.
2010).

According to these two studies, it is difficult ¢confirm or to reject our predictions but
the two studies document that herbivores shiftegghi@nology in response to increasing
temperatures, whereas parasitoids as higher trdphets did not. It is still unclear
whether other cues are crucial for herbivore-pswassynchrony. Another study also
documents the impact of temperature and shadingrakeaof the butterflyMelitaea
cinxia increase their body temperature at earlier spieémgperatures due to their dark
colour, whereas the development of the white imiheotcoons of their parasitic wasp

(Cotesia melitaearujnlags behind (van Nouhuys & Lei 2004). In warmiisgs the
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generation overlap of both species is more synaebedn the wasps hatch in time to
parasitize the host larvae leading to higher mitytedtes of larval stages (van Nouhuys
& Lei 2004).

Distributional shifts in parasitoids were documente be not necessarily limited by
host availability (Delaveet al. 2014), which might also apply to phenological hif
Further studies should investigate, whether hosdgi®id-systems generally show
similar phenological shifts as the presented studieif they shift idiosyncratically
(Jeffs & Lewis 2013). Differential responses of hasd antagonist species due to
climate warming will presumably lead either to pestbreaks in case of reduced top
down control, or alternatively to diminished logabpulations if top down control is

increased.

Herbivore-predator interactions

Predator-prey interactions have been examined talder birds and their caterpillar
prey. Breeding birds must match their egg-layinthvine time when most food can be
found, in order for sufficient amounts of inseci$t available for the nestlings (Bah
al. 2009). If birds fail to match egg-laying and hatahwith the food supply, they face
low prey densities and show decreased fitness (@ksetral. 2001).

Different adaptation strategies were found to camsp&e for phenological shifts in great
tits (Parus majoj. An increasing mismatch in caterpillar biomasakpand egg-laying
was detected (Vissat al. 1998). Caterpillars shifted in phenology towards start of
the year, while egg-laying of birds did not charageordingly (see also Nussey al.
2005, Husbyet al. 2009) (Table 3.1). Breeding success was linkedh wdterpillar
abundance, as females’ ability to produce a sectutdh depends on timing of their
first clutch to caterpillar peak abundance (Hustyal. 2009). In another study the
period between first egg date and food peak alste@sed, but great tits maintained
synchronisation by increasing their incubation @efter clutch completion (Cresswell
& McCleery 2003) (Table 3.1).

Timing of bird migration is also crucial to maimasynchrony. Birds have to adapt to
prey phenology in their breeding grounds as welloaprey phenology in their colder
stop-over habitats (Strode 2003). North Americaroavavarblers (Parulidae) did not
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advance in migration phenology. Synchronisatiofuither complicated as, based on a
thermal model, their main prey, the eastern spricglworm (Choristoneura
fumiferang, advanced in phenology on its breeding groundnioaitin the birds” colder
stop-over habitats (Strode 2003). In the pied figlcar Ficedula hypoleucarelated
pattern was found, with caterpillar phenology shgtto the start of the year, whereas
flycatcher arrival did not (Both & Visser 2001). Wever, the birds’ egg-laying dates
advanced, although insufficiently to match catémpipeak abundance (Both & Visser
2001) (Table 3.1).

In a combined long-term field study and manipulatexperiment the nestling rearing
period was delayed as the caterpillar biomass peaknced more than egg-hatching
date of the collared flycatchdfi¢edula albicolli§ (Hegyiet al. 2013) (Table 3.1). The
peak of caterpillar biomass was a response to wiateperatures and the phenological
adjustment of the long-distance migratory bird wassufficient (Hegyet al. 2013). In
experimentally mistimed broods the collared flybaicshowed reduced compensatory
growth due to phenotypic plasticity (Hegsi al. 2013). Existing studies on birds also
document that adaptation to climate change is iplastd not evolutionary, although
individual variation in plasticity is heritable arsklection can privilege high plastic
individuals (Nusset al. 2005, Charmantier & Gienapp 2014).

Different phenological shifts of insects and biede probably caused by differences in
phenotypic plasticity or reflect the responses ifteent cues (Visser & Both 2005,
Donnelly et al. 2012, Charmantier & Gienapp 2014). Mismatches migé the
consequence of birds’ adaptation to photoperiodlewhsects might be more affected
by temperature (Visser & Both 2005). Furthermodgmation to prey phenology can
be sex specific, as bird males used experiencatargmllar prey phenology and actual

plant phenology for breeding settlement, whereamafes did not (Huseét al. 2014).

Bird-insect systems provide a good example for g@dprey interactions which are
highly sensitive to seasonal changes caused ba@imarming. As hypothesised in the
trophic cascade and longevity predictions, in msisdies the caterpillar prey react
faster to rising temperature than their predatdhese shifts towards the beginning of
the year can lead to mismatches in the followingrgeand might be a critical factor for

prey availability (Pearce-Higgins 2011). Howeveerthis a lack of studies with other
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predator species. Invertebrate predators for exampte observed to be more available
in warmer, lower altitudes and climate warming ntigiicrease their level of interaction
(Strawet al. 2009).

Multitrophic interactions

Complex trophic interactions are suspected to beticpéarly sensitive to climate
warming (Chapin lllet al. 1997, Tylianakiset al. 2008). Changed phenology of the
higher trophic level may alter the selection pressan its prey (Botlket al. 2009). One
study concerns a four-trophic level interactionmbming budburst and caterpillar
phenology as first and second trophic level, as aglpasserine hatching date and
sparrow hawk Accipiter nisuy phenology as third and fourth trophic level (Bethal.
2009) (Table 3.1). In accordance with predictiom,twhort-lived caterpillars adapted
rapidly to climate warming, whereas passerineghashigher trophic level, had lower
ability to respond and their predators even les3 b leads to fithess deficits in higher
trophic levels (Brook 2009).

A tritrophic study examined rates of parasitism dnyberparasitism in aphids. Even
though phenology was not examined, the study hgptdi the effect of increased
temperatures (Romo & Tylianakis 2013). Either higtemperatures or drought had
negative top-down effects on aphids. Parasitisnesratiere higher under warmer
conditions, however hyperparasitism were only nraally related to temperature
(Romo & Tylianakis 2013). Other multitrophic stusli@lso documented shifts in
phenology of one trophic level and increasing dgrddi their interacting insect partners
in higher temperatures, but if phenology was afgected, remains unclear (Domrg al.

2013, Gillespieet al. 2013). Therefore, further studies on complex trophteractions

are needed.

3.5 Conclusion

In this review we show that insects are sensitieenticators of climate warming (see
also Gordo & Sanz, 2006). In most examined systarsscts shifted in phenology
towards the start of the year, but shifts wererofiet synchronised with other trophic
levels (almost 75% of interactions). Short-livedants reacted rapidly to environmental
changes, whereas long-lived species like plantsband lagged behind in about half of
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the cases. Our prediction that higher trophic lepecies are more negatively affected
by climate warming than lower trophic level speciesild only be partly confirmed.
Most adaptations to climate warming are probablysed by phenotypic plasticity.
However, it remains unclear if phenotypic plasyicg sufficient for adaptation to rising
temperatures and the assumed increasing interanauability of future climate (IPCC
2013). The high complexity of adaptations betwe@plttic levels with different life
history traits makes generalisations difficult (Duet al. 2009). Asynchronous shifts
might also negatively affect important ecosystenvises such as pest control. Our
review reveals that a surprisingly low number afdsts consider responses at different
trophic levels and shifts in biotic interactionsparallel. Therefore, the lack of studies
represents an important gap in current knowledge ofi potential feedbacks of
disrupted biotic interactions on distribution rargefts, (2) on the predictive power of
life history traits to generalise findings, and 8) combined effects with other global
change drivers.
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4.1 Abstract

Land cover and climate change are both major thréat biodiversity. In mountain
ecosystems species have to adapt to fragmentedatsalaind harsh environmental
conditions but so far, altitudinal effects in comédgion with land cover change have
been rarely studied. The objective of this studg Wwadetermine the effects of altitude
and historical land cover change on butterfly dsitgr We studied species richness
patterns of butterflies occuring in wetlands anideotopen habitats along an altitudinal
gradient in a low mountain region (340-750 m ag.8hvaria, Germany) with drastic
loss of open habitats within the last 40-60 ye¥fs.recorded in 27 sites a total of 4,523
individuals of 49 butterfly species and five specad burnet moths. Species richness
peaked at mid elevation and increased with pateé. diand cover change was most
pronounced at high altitudes, but neither currgr@ohabitats, nor the historical loss of
open habitats affected the species richness oéfiigs. Neither open land specialized
butterflies nor generalist and forest species veggeificantly affected by the loss of
open habitats. However, increasing forest areagh &ltitudes reduces possible refuge
open habitats for butterflies at their thermal radsttion limits. This could lead to
extinction of such butterfly species when tempeesgtufurther rise due to global

warming.

Keywords

Global change, elevational gradients, landscapeetsire, species-area relationships
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4.2 Introduction

Altitudinal gradients and land cover play an impattrole in species composition and
ecosystem functioning (Ewers & Didham 2006, Kér@807, Hoisset al. 2012). In
mountainous regions insects often have to adagtagmented habitats and harsh
environmental conditions (Hodkinson 2005, Haessal. 2012). As their range margins
are determined by environmental and climatic caot many species fail to adapt to
rapidly changing habitat conditions caused by dérend land cover change (Thomas
et al. 2004, Francet al. 2006, Thuiller 2007).

Altitudinal gradients and land cover change arehbiohportant predictors driving
biodiversity in patchy habitats (Korner 2007). Hoemost studies focus either on the
effect of land cover change or of altitude, whil#ld is known how both effects in
parallel affect diversity and resulting extinctiarsks (Foristeret al. 2010). As
altitudinal gradients are also temperature gradjenspecies richness-altitude
relationships can be explained with two main hype#s. First, decreasing species
richness with increasing altitude is explained bymbinations of specific
geomorphology, climate and by water-energy limitasi along temperature gradients
(Clarke & Gaston 2006, Mihoe@t al. 2011). Second, maximal species richness in mid-
elevation occurs due to the mid-domain effect apmbination of temperature effects
on competition, metabolism and speciation (Colvetllal. 2004, Stegeret al. 2009,
Stefanescuet al. 2011). Additionally, human land cover change mightpact

elevational species richness gradients (NogueseBraal. 2008).

Habitat loss, land cover change and agriculturednsification led in the past to the
decline of insect populations and species richif€ssharntkeet al. 2005). Above all
habitat loss results in decreasing habitat area@haced species richness (Rosenzweig
1995, Steffan-Dewenter & Tscharntke 2000). Howewemany cases the composition
of the surrounding landscape is also crucial ferdlstribution of species in fragmented
habitats by providing additional resources or mydd dispersal (Fahrigt al. 2011,
Leidner & Haddad 2011, Ockinget al. 2012).

The historical loss of natural or seminatural hatbkitin the context of land use
intensification is a significant cause of biodiverdoss and might lead to delayed

extinctions in the future (Kuussaati al. 2009, Kraus®t al. 2010). So far the impact of
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land cover change under different climatic condisithas not yet been assessed. Not all
species in a community react to climate changelamdiscape composition in the same
way, thus life history traits can facilitate or ieqe species dispersal and sensitivity to
environmental change (Bernet al. 2004). Species with narrow feeding niches like
habitat specialists are often stronger affectechdyitat loss, isolation and land cover

changes than generalist species (Tschawmttiad 2012).

Wetlands are species rich habitats for butterfaesl have disappeared from many
regions in central Europe due to drainage and altmi@l improvements (BUWAL
1990, van Swaawt al. 2006, Cozziet al. 2008). As wetlands are also vulnerable to
climate change (Erwin 2009, Lito#t al. 2009) we studied the effect of altitude and
land cover change on butterfly species richnessvatiand habitats with focus on

species living in open habitats to evaluate thiewahg hypotheses:

(1) Species richness of butterflies and burnet sialpends on altitude, patch

size and landscape context.
(2) The historical loss of open habitats lead®otweelr local species richness.
(3) Effects of land cover change are strongergtt kbmpared to low altitudes.

(4) Open land specialists are more sensitive toredsmg patch size and
historical loss of open habitats than generafistfarest species.

4.3 Materials and methods

Study region and sampling sites

The study region is located in the Fichtelgebirgdow mountain region in northern
Bavaria (Germany) close to the border to the CZRepublic and east of the town
Bayreuth. The highest peak in the region is 1,054.$11. We selected 27 wetland sites
along an altitudinal gradient (340-750 m a.s.liffedng in altitude, patch size (area of
the surveyed wetland study sites), current opentdtabarea of non-forest habitats in
the surrounding landscape in a 750 m radius arthumdentre of each study site) and in
historical land cover change (Table S 4.4). We mmemb at all study sites the
temperature (11 June-10 August 2008) with iButtdataloggers (Maxim Integrated
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Products Inc., Sunnyvale, CA, USA) suspended omstreThe average vertical
temperature gradient was about 0.7°C/100 m regypiitira climatic range of 2.9°C that
represents the expected increase in mean temperdting the next 50-100 years
(IPCC 2007).

Study species

Butterflies (Lepidoptera) and burnet moths (Lepidoa: Zyaenidae) were recorded
from April to August 2008. We performed variableswal transect walks per study site
to achieve reliable butterfly occurrence data vatiminimized influence of seasonal
fluctuations (Kraus®t al. 2003, Westphaét al. 2008). All study sites were sampled
approximately every second to third week (25 AR#I-August 2008), adding up to
seven surveys per study site. To ensure a higlctdeibty of species we performed the
transects under sunny conditions with temperatabesre 13 °C and low wind speed
between 10.00 and 17.00 o’clock within a 5 m camriéccording to the German
butterfly monitoring scheme (for more details seg:Hwww.tagfalter-monitoring.de
and Pollard 1977). The transect length of each walk 800 m and the transect time
was 40 min. We measured length and time with a (@F8Xx Vista; Garmin, Minchen,
Germany) and divided the butterfly transects imb8ub-transects to calculate species

richness estimators.

Identification and nomenclature followed for burmedths Ebert and Rennwald (1994)
and Naumanret al. (1999) and for butterflies Setteds al. (2005). Most species could
be identified in the field, but some species groigd to be collected for genitalization.
We did not distinguish betwee@olias alfacariensisand Colias hyaleor between
Leptidea realiand Leptidea sinapisWith regard to habitat requirements all detected
species were grouped according to their habitacialation either as wetland
specialists, grassland specialists, forest spstsatir generalist (Kraugt al. 2003, van
Swaayet al. 2006) (Table S 4.1). As wetland and grasslandispere specialists for
open habitats, we combined them as open land digeitr further analyses. We also
combined generalists and forest species and caith theneralist and forest species,
because both groups do not only rely on wetlandjrassland habitats. Finally the
analyses showed no different responses of the espegioup (see below). In the

following the term butterflies includes burnet metihen not stated otherwise.
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Five wetland sites were intensively surveyed fatdytly species (except burnet moths)
between 1920 and 1979 by several butterfly collscibhese five sites belong to the 27
surveyed sites. The data of the historical recosdse allocated by the departed
butterfly collector Vollrath and digitalized by aedal conservation agency GEYER and
DOLEK (http://www.geyer-und-dolek.de). We used thdsstorical data of detected
species per site for comparison of current andhdesspecies occurrence but not for
statistical analyses as butterfly collectors onlyted occurrence data and did not

perform transects.

Landscape data

Historical and current aerial photographs were useduantify the amount of open
habitats and forest cover within a 750 m radiusuadothe centre of each study site.
Current aerial photographs were taken 2008, hesbrphotographs were taken
1945-1966 (40-60 years old). Current digital aer@iotographs and historical
photographs  were  bought from  “Bayerische Vermegsuarwaltung”

(http://www.geodaten.bayern.de/). Historical analganotographs were scanned,
orthorectified and transferred to a Geographicdbrmation System (GIS) by the
company Gisat (http://www.gisat.cz), while curraetial photographs were available in
a GIS compatible form. We used the software ArcVi@ls 3.2 (ESRI 1995) to

quantify land cover and land cover change.

Statistical analysis

Statistical analyses were made in R 2.14.2 (R gweent Core Team 2012). General
linear models with Type | SS, linear regressionsl &wearson correlations were
calculated. We did not simplify our statistical netslwith a selection procedure, but
present the full models (Crawley 2007). Models warecked with plot diagnostics. We
could not correct for spatial autocorrelation, @sdr sites are closer to each other than
higher altitude sites. Therefore the spatial aut@tation is covered by the altitude. The
explanatory variables entered the models in théoiohg sequence (1) altitude,
(2) squared altitude, (3) current open habitaty,p@r cent of historical loss of open
habitats and (5) patch size (logl0-transformed)hdlgh some explanatory variables
were correlated we present one general linear modehe results because other

analyses showed the same tendencies (Table STA8)esponse variables were total
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species richness, estimated total species richgesgralist and forest species richness
and open land specialist species richness. Speclasess estimators were calculated
using the software EstimateS 8.20 (Colwell 2009¢ Wged the species estimator ACE

(with 16 transect intervals; one interval per S@ramsect length).

4.4 Results

In total we identified 49 butterfly species andefigpecies of burnet moths on the 27
wetland sites with a total of 4,523 individuals. @erage 19.1 £+ 1.0 butterfly species
(range: 9-31) were found on each of our sites Wb open land specialists and 54%
generalist and forest specidgphantopus hyperanty23.7%),Maniola jurtina (13.7%)
and Melanargia galathea8.6%) were the most abundant species (% of abroed

individuals).

Table 4.1 Pearson correlations between the four explanatariables altitude, current open habitats,
historical loss of open habitats and patch sizgni8cance levels: **** P < 0.0001; *** P < 0.001;

n.s. not significant).

Altitude Current Historical
open loss of open
habitats habitats

Patch size (log10-transformed) <-0.001 n.s. -0.171n.s. 0.076 n.s.
Altitude -0.624*** 0.642%**
Current open habitats -0.827****

Table 4.2 Pearson correlations between the four responsables open land specialists, generalist and
forest species, total species richness and estim&iéal species richness (Significance levels:
*k P < 0.0001; *** P <0.001; ** P <0.01).

Generalist Total Estimated

and forest species total species

species richness richness
Open land specialists 0.563** 0.938**** 0.847****
Generalist and forest species 0.815%** 0.615***
Total species richness 0.852****
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Between 1920 and 1979 altogether 60 butterfly gge@xcluding burnet moths) were
recorded in five of our wetlands, whereas we reedr@7 species on these sites.
28 species were not detected in 2008 and couldktyece whereas five species were
newly detected. 58% of open land specialists weare detected in 2008 (for not-
detected species see Table S 4.1, 4.5).

Figure 4.1 Land cover change of one region (750 m radiush it wetland study site in the centre
(outlined red), aerial photograph: “Bayerische Weissungsverwaltung”, Germany a) in 1945, b) in
2008.

Table 4.3General linear model, degrees of freedom and Begdlor the dependence of species richness
of open land specialists with patch size (logl@gfarmed), altitude and altitude2, current openitath

and historical loss of open habitats (significantafues are presented in bold).

df F-value P-value

Species richness

of open land specialists

Patch size (log10-transformed) 1,21 8.20 0.009
Altitude 1,21 0.23 0.638
Altitude® 1,21 5.36 0.030
Current open habitats 1,21 3.27 0.085
Historical loss of open habitats 1,21 1.85 0.188
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Land cover change and altitude

The studied wetland sites faced a drastic shifiénsurrounding landscape composition
during the last 40-60 years. On average one-tlf8100) of current open habitats
within the 750 m radius around the centre of thelptsites was transformed and the
average gain of forest area compared to earliestarea was 21.3% (see Figure 4.1 for
an example). The current open habitats decreasts imgreasing altitude and the
historical loss of open habitats increased withtuale (Figure 4.2). Thus, land cover
change was more pronounced at high compared toalbtudes and in 2008 higher
altitudes in the study region were more dominatgdfdrest than 40-60 years ago
(Figures. 4.1, 4.2; Table 4.1).
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Figure 4.2 Linear regressions. a) Historical loss of openith#d during the past 40-60 years for a
landscape radius of 750 m around the wetland stsilgs increases with increasing altitude
(y = 0.12x - 34.19; R= 0.412; P < 0.001, n = 27 sites) and b) currgr@nohabitats decrease with
increasing altitude (y = -0.002x + 2.10° 0.390; P < 0.001, n = 27 sites).

Species richness of butterflies

The results showed that patch size and the sqadtiedie are significant predictors for
species richness of open land specialists, whiteentiopen habitats and historical loss
of open habitats showed no significant relationthwpecies richness (Table 4.3, Table
S 4.2). Species richness increased with incregsatigh size. However the significant
effect is mainly caused by the largest site in oegion (Figure 4.3; Table 4.3).

Excluding this site from the analyses would resumit a relationship above the
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significance level (P = 0.057). As altitude anddasover change were correlated we
also conducted two separate models, which show\bkeall same significances (Table
S 4.3). Species richness of open land special@telated strongly with total species
richness, estimated total species richness andespeachness of generalist and forest
species (Table 4.2). Therefore the results forifferent species groups are essentially
identical to the species richness of open landiajigts (Table 4.3, Table S 4.2 and

S 4.3). Graphs are only shown for open land spstsal
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Figure 4.3 Linear regressions. Species richness of open $getialists a) peaks at mid elevation
(y = (-1.53 x 1) x¥* + 1.66 x 10 x -3.38 x 16; R? = 0.283; P = 0.019, n = 27 sites), but is notteeldo

b) current open habitats in a 750 m radius or €)ldiss of open habitats within the last 40-60 yeara
750 m radius scale. However species richness dpases with patch size (y = 5.81 x - 15.89;
R?=0.206; P = 0.018; n = 27 sites).
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4.5 Discussion

Altitudinal gradient

In our study species richness was highest at neidagibns, which might be explained
by the mid-domain effect and is assumed for landntasundaries, where restricted
species ranges overlap and create a maximum ofespachness (Colwell & Lees
2000). Species richness in higher altitudes coaldirbited by the increasing forest area
and reduced metabolic rates of species due to ange temperatures. In lower
altitudes species richness is assumed to be nmmorggbt affected by habitat destruction
and land use change as human agriculture causesdesected and fragmented patches
resulting in mosaic habitats which come along Wwottal adaptation strategies of insect-
plant interactions (Inouyet al. 2000, Nogues-Bravet al. 2008, Scriber 2010).

Accordingly, the amount of open habitats in ourdgtwvas highest in low altitudes.
However, historical land cover change was mostquaned at high altitudes due to the
abandonment of extensive agriculture and reforestatesulting in a significant
reduction of wetlands and other open habitats thigiht play an important role as
climatic refuges in the future for butterfly speciat their upper thermal distribution
limits. Other studies already show an up-hill sbiftspecies due to rising temperatures
and increasing habitat availability in high mounteanges (e.g. Fleishma al. 2000,
Wilson et al. 2007, Franzen & Ockinger 2012). Even in low moimtagions rising
temperatures can disturb butterfly species habiapecially wetlands as open habitats
are extremely vulnerable to changes in water sugptyrising temperatures can modify
the quantity of moisture of these species rich taébi(Erwin 2009). Accordingly
increasing temperatures can reduce habitat quatity species shifting from lower to
upper habitats due to changing temperatures m@heacross unsuitable habitats with
changing mountain flora. Environmental adaptatiaghitherefore depend on thermal
sensitivity of life history traits of interactingophic groups (Bergt al.2010).

Hence we showed that altitude is a useful prediciospecies richness in low-mountain
regions. As climate determines species range ngrgsing temperatures can change
species distribution and thermal adaptation cath feahifts in species range margins to
higher altitudes and can modify the observed hungbegbed relationship of diversity

patterns (Waltheet al. 2002, Konvickaet al. 2003, Franzen & Ockinger 2012).
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Landscape context

Land cover change and habitat loss are main drif@rghe extinction of species
(Krausset al. 2010, Tscharntkeet al. 2012). In fragmented habitats open habitats
facilitate butterfly species dispersal, whereasdts can act as dispersal barriers (Matter
et al. 2004, Cantt al. 2005). Therefore we expected lower species richimesites with

a higher proportion of forest habitat in the laregses and more severe historical loss of
open habitats. Contrary to our hypothesis, spedgmess did neither increase with
increasing current open habitat area nor decredbhamnereasing historical loss of open
habitats.

In our study region, the surrounding of sites ghhaltitudes was dominated by forest
and the amount of current open habitats decreasdd imcreasing altitude. The
historical loss of open habitats in the last 40y6@8rs was also highest at high altitudes.
However increasing historical loss of open habiwits not affect butterfly species
richness in our study. Whether forest is a barfeerbutterflies has been questioned,
because forest dominated landscapes are regutareterogeneous landscapes with
interspersed suitable habitats for butterflies, clvhmight be suitable corridors for
species dispersal (Coz al. 2008, Ockingeet al.2012, Schultet al.2012).

Our data provide no direct evidence that land calernge had negative effects on
species richness patterns in our study region. Mewhe time periods of responses to
land cover change are little known (Kuussaaral. 2009) but a recent study suggests
that butterflies rapidly respond to habitat lossl @o not face a long extinction debt
(Krausset al. 2010). The interpretation that extinctions relatedistorical land cover
change already took place in our study system pa@ted by the high rates of not
detected open land specialists in 2008 comparddhistorical surveys. Red list species
for examplePlebejus optiletendColias palaenavhich occurred in marshes in the past
are now extinct throughout the study region.

The positive relationship between species richaesspatch size, that was detected for
butterflies in previous studies (Peintingetr al. 2003, Brickmanret al. 2010), was
affrmed by our study. Hence patch size is more argnt than the surrounding
landscape. Therefore the conservation of largeandtl should be given priority in our

study region.
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Specialist, generalist and forest species

Specialized and sedentary butterfly species are tegpable to adapt to changing
environments (Warreat al. 2001). Therefore we assumed that open land spstsiale
more sensitive to decreasing habitat area andsiorfgal loss of open habitats than
generalist and forest species. In our study theispeichness of generalist and forest
species was strongly correlated with the numbeopzn land specialists and did not
show different responses. This is in contrast wether butterfly studies, where
specialized and generalized butterflies reactederdiftly (Foristeret al. 2010,
Stefanescet al. 2011). In our low-mountain study butterfly speaiespond to changes
in patch size independent of their restriction peafic host plants. But under future
scenarios the loss of open habitats in combinaiibi increasing temperatures due to

climate change can have deviating effects for ggeoommunities (Hoisst al. 2012).

4.6 Conclusion

In conclusion, our data emphasize the importancaltitide for butterfly diversity.
Species richness was highest at mid-elevationsiapsrexplained by the mid domain
effect. Contrary to the expectations species risbrtbd not dependent on current open
habitats or on the historical loss of open habitaig did not differ for open land
specialists or generalist and forest species. Betts of land cover change might act at
shorter or longer time periods (Kraustsal. 2010). Patch size played an important role
for species richness of butterflies and burnet methich highlights the importance of
the protection of large habitats. Importantly, he tcontext of climate change, the
abandonment of extensive land use and reforestadasticularly at high altitudes
threatens potential future refuge habitats for opabitat specialists and butterfly
species at their thermal distribution limits. Regib environmental management

schemes should therefore aim to protect first dhitats at high elevations.
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4.9 Supplementary Tables

Table S 4.1Butterfly species recorded in the 27 study sitassified as generalists, forest, grassland and
wetland specialists and our classification as gdistrand forest species and open land specialists.
Species detected in historical records in the rediait not in 2008 are highlighted with “x”, spezieot
recorded at the same sites, but still in the stedjon in 2008 are highlighted with “(x)".

Combined: Not
Butterfly species Generalist  Forest Grassland  Wetland Generalist and forest detected
Specialist  specialist specialist species (GF), species in
Open land specialist (O) 2008
Adscita statices X (0]
Anthocharis cardamines X GF
Apaturia iris X GF X
Aphantopus hyperantus X O
Aporia crataegi X GF
Araschnia levana X GF
Argynnis adippe X ¢} X
Argynnis aglaja X O
Argynnis paphia X GF
Boloria aquilonaris X O (x)
Boloria dia X ¢} X
Boloria eunomia X @)
Boloria euphrosyne X o) (%)
Boloria selene X ¢}
Brenthis ino X ¢}
Callophrys rubi X GF X
Caterocephalus palaemon X GF
Celastrina argiolus X GF
Coenonympha glycerion X ¢}
Coenonympha pamphilus X GF
Coenonympha tullia X O X
Colias crocea X GF
Colias hyale/alfacariensis X ¢}
Colias palaeno X O X
Cupido argiades X O X
Euphydryas aurinia X ¢} X
Erebia ligea X GF X
Erebia medusa X @)
Erynnis tages X O X
Glaucopsyche alexis X ¢} X
Gonepteryx rhamni X GF
Hesperia comma X O X
Issoria lathonia X GF X
Lasiommata maera X GF
Lasiommata megera X @)
Leptidea sinapis/reali X O
Limenitis populi X GF X
Lycaena alciphron X ¢}
Lycaena hippothoe X ¢}
Lycaena phlaeas X O
Lycaena tityrus X o (x)
Lycaena virgaureae X 0o (x)
Maniola jurtina X GF
Melanargia galathea X O
Melitaea athalia X @)
Melitaea diamina X ¢}
Melitaea cinxia X ¢} X
Nymphalis antiopa X GF
Nymphalis c-album X GF
Nymphalis io X GF
Nymphalis urticae X GF X
Ochlodes sylvanus X GF
Papilio machaon X @) (x)
Pararge aegeria X GF
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Combined: Not
Butterfly species Generalist  Forest Grassland  Wetland Generalist and forest detected
Specialist  specialist specialist species (GF), species in
Open land specialist (O) 2008

Pieris brassicae X GF

Pieris napi X GF

Pieris rapae X GF

Polyommatus amandus X o (x)
Polyommatus eumedon X ¢}

Polyommatus icarus X GF

Polyommatus semiargus X GF X
Polyommatus thersites X (0]

Plebeius argus X ¢} X
Plebeius optilete X (6] X
Pyrgus alveus X O X
Pyrgus malvae X GF X
Satyrium w-album X GF

Thymelicus lineola X (0]

Thymelicus sylvestris X GF

Vanessa atalanta X GF

Vanessa cardui X GF (x)
Zygaena filipendulae X GF

Zygaena lonicerae X O

Zygaena trifolii X (0]

Zygaena viciae X O

Table S 4.2General linear models for a) total species richnesspecies richness of generalist and forest
species and c) estimated total species richnessation to patch size (log10 transformed), alt&whd
altitude?, current open habitats and historicas losopen habitats (significant P-values are prteskeim
bold).

df F-value P-value

(a)

Total species richness

Patch size (logl0-transformed) 1,21 10.33 0.004
Altitude 1,21 0.16 0.691
Altitude® 1,21 9.00 0.007
Current open habitats 1,21 0.67 0.423
Historical loss of open habitats 1,21 1.87 0.186

(b)

Species richness

of generalist and forest species

Patch size (log10-transformed) 1,21 7.34 0.013
Altitude 1,21 3.24 0.086
Altitude® 1,21 9.94 0.005
Current open habitats 1,21 1.43 0.245
Historical loss of open habitats 1,21 0.82 0.375

(c)

Estimated total species richness

Patch size (logl0-transformed) 1,21 7.71 0.011
Altitude 1,21 0.05 0.825
Altitude® 1,21 5.99 0.023
Current open habitats 1,21 2.62 0.120
Historical loss of open habitats 1,21 0.56 0.462
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Table S 4.3General linear models for a) species richness pgnoland specialists, b) total species
richness c) species richness of generalist andstfagecies and d) estimated total species richiness
relation to patch size (logl10 transformed), al@w@hd altitude? and with patch size, current opsitats

and historical loss of open habitats (significantadfues are presented in bold).

df F-value P-value
@ N
Species richness of open land specialists
(Model 1)

Patch size (logl0-transformed) 1,23 7.22 0.013
Altitude 1,23 0.20 0.658
Altitude® 1,23 4.72 0.040

(Model 2)

Patch size (logl0-transformed) 1,23 6.75 0.016
Current open habitats 1,23 1.66 0.211
Historical loss of open habitats 1,23 1.43 0.244

(b)
Total species richness
(Model 1)

Patch size (log10-transformed) 1,23 10.10 0.004
Altitude 1,23 0.16 0.694
Altitude® 1,23 8.80 0.007

(Model 2)

Patch size (logl0-transformed) 1,23 8.71 0.007
Current open habitats 1,23 1.49 0.235
Historical loss of open habitats 1,23 3.07 0.093

(c)

Species richness of generalist and forest
species

(Model 1)

Patch size (log10-transformed) 1,23 7.26 0.013
Altitude 1,23 3.21 0.087
Altitude® 1,23 9.84 0.005

(Model 2)

Patch size (logl0-transformed) 1,23 5.49 0.028
Current open habitats 1,23 0.38 0.545
Historical loss of open habitats 1,23 3.88 0.061

(d)
Estimated total species richness
(Model 1)

Patch size (log10-transformed) 1,23 7.34 0.013
Altitude 1,23 0.05 0.829
Altitude® 1,23 5.70 0.026

(Model 2)

Patch size (logl0-transformed) 1,23 6.50 0.018
Current open habitats 1,23 1.79 0.195
Historical loss of open habitats 1,23 0.67 0.422
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Table S 4.4Geographic coordinates in decimal degrees of thewv@tland sites along an altitudinal
gradient (340 m - 750 m a.s.l., mean values) inRivhtelgebirge, a low mountain region in northern

Bavaria (Germany) close to the border to the CEeghublic and east of the town Bayreuth.

No. Site Altitude Latitude, Longitude
1 Zeitelmoos 630 50.053081, 11.970030
2 Ochsentranke 580 49.989392, 12.180424
3 Reuth 585 50.183349, 12.150166
4 Hauselloh 570 50.151494, 12.178454
5 Egertal 475 50.119487, 12.158898
6 Niederlamitzerhammer 600 50.166057, 11.998417
7 Hitten 718 50.005487, 11.820899
8 Torfmoorholle 668 50.095672, 11.822779
9 Kreuzstein 750 49.965925, 11.802317

10 Wolfsbach 415 49.898546, 11.609412
11 Katzeneichen 400 50.008544, 11.642487
12 Bad Berneck 360 50.042453, 11.635518
13 Brandholz 690 50.021315, 11.746646
14 Roslau 565 50.088255, 11.988215
15 Selb Sommermiihle 555 50.173796, 12.159853
16 Geiersberg 718 50.012704, 11.797574
17 Tréstau 593 50.004317, 11.944885
18 Wounsiedel 613 50.045883, 11.988260
19 Destuben 375 49.910668, 11.581672

20 Heinersgrund 340 50.009945, 11.580274

21 Lehen 380 49.907006, 11.663847

22 Neugrin 640 49.988753, 11.844254

23 Nagel 588 49.972899, 11.920034

24 Kornbach 635 50.092621, 11.798878

25 Bischofsgriin 655 50.055580, 11.814217

26 Fuchsmiuhlwiese 663 50.153159, 11.925028

27 WeilRenstadt 625 50.084255, 11.897951
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Table S 4.5Butterfly species recorded in the 27 study sifestdhes 1-27). The five grey-highlighted
patches were surveyed for butterfly species betwk#0 and 1979 and in 2008. Others were only
surveyed in 2008. Butterflies only detected indristal records were highlighted witho)( only detected

in 2008 with @). Species detected in historical records and 6828ere highlighted with (x).

Patch
Species 112]3|4]|5]6|7]8]9]10]11|12]13]14(15]16]|17]18]19|20]21]|22|23]|24|25]26]27
Adscita statices oo ° ° o|e °
Anthocharis cardamines | x o o|e o|eo]|e ofe ofle]e .
Apaturia iris o o
Aphantopus hyperantus X|o|]o|x|x|o]|o]e o|e o lo|ofo|o|e|e|e|e|e|e|e|e|efe
Aporia crataegi o|o|e o|lo|ofo|e o|eo| e o|e ° o|eo|oe
Araschnia levana o|x|o]|o|x]e ° o|eo|e ° °
Argynnis adippe o
Argynnis aglaja X|o|e o|o]|eo]e o|lo|o]|o]|e]e o|o|o|o|o]|e|e
Argynnis paphia o °
Boloria aquilonaris o ofo ° ° °
Boloria dia o o
Boloria eunomia ° [
Boloria euphrosyne °
Boloria selene x| o of|e ° ° ° o|eo]|e .
Brenthis ino ole]e ° o|e o|leo|e ° o|lo|oe|oe|o]e o|lo]|eo]e
Callophrys rubi o oo
Caterocephalus palaemon | o e|ofx ° ° ° °
Celastrina argiolus olo|e °
Coenonympha glycerion X . X ole ° ° ° o|lo|eo]|e °
Coenonympha pamphilus . ° o|leo]e o|o|oe|e|o]|e|e]e
Coenonympha tullia o o
Colias crocea ° ° ° °
Colias hyale/alfacariensis ° . . o|o|o]|e
Colias palaeno o ofo
Cupido argiades o o
Erebia ligea o o
Erebia medusa x| o o|le|e]e o|e ° e|leo|e °
Erynnis tages o o
Euphydryas aurinia o o
Glaucopsyche alexis o
Gonepteryx rhamni X | x o|eo]e ° o|leofe o|lo|lo|o|e|]e|o|eo|e|e|e|efe
Hesperia comma o
Issoria lathonia oo
Lasiommata maera X|e X|x|e o|eo]e °
Lasiommata megera o|eo|e ° o|e ° °
Leptidea sinapis/reali o x ofe oo o|lo|efe]e °
Limenitis populi oo
Lycaena alciphron X ole ° ° ° ° °
Lycaena hippothoe X o|lo|e ° o|e o|e]|e
Lycaena phlaeas e|o ° ° ole °
Lycaena tityrus olo ° ° °
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Patch
Species

10(11]12

17

24

25

Lycaena virgaureae

Maniola jurtina

Melanargia galathea

Melitaea athalia

X |X X |O |FP

Melitaea cinxia

Melitaea diamina

x

Nymphalis antiopa

Nymphalis c-album

Nymphalis io

Nymphalis urticae

Ochlodes sylvanus

x

Papilio machaon

o

Pararge aegeria

Pieris brassicae

Pieris napi

Pieris rapae

Plebeius argus

Plebeius optilete

Polyommatus amandus

O |o |o |e |X |O |O

Polyommatus eumedon

Polyommatus icarus

x

Polyommatus semiargus

Polyommatus thersites

Pyrgus alveus

Pyrgus malvae

Satyrium w-album

Thymelicus lineola

Thymelicus sylvestris

Vanessa atalanta

Vanessa cardui

Zygaena filipendulae

Zygaena lonicerae

Zygaena trifolii

Zygaena viciae
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traits of the European Map butterflpraschnia levanalLepidoptera: Nymphalidae)

with increase in altituddzuropean Journal of Entomolodgy8: 447-452.

5.1 Abstract

Climatic conditions can modify the life history itsg population dynamics and biotic
interactions of species. Therefore, adaptationsetwironmental factors such as
temperature are crucial for species survival afedbht altitudes. These adaptive
responses, genetically fixed or plastic (phenotygasticity), can be determined by
physiological thresholds and might vary betweereseXhe objective of this study was
to determine whether the life history traits of theropean Map butterflyAraschnia
levang differ at different altitudes. A field experimentas carried out along an
altitudinal gradient from 350 to 1010 m a.s.l. ido&v mountainous region (Bavaria,
Germany). 540 butterfly larvae were placed at dsife altitudes in 18 planted plots of
their larval host plant, the stinging nettldr{jca dioica). After three weeks the larvae
were collected and reared under laboratory conditiddevelopmental traits of the
butterflies, mortality and percentage parasitisnrevmeasured. Larval development
was generally slower at higher altitudes and lowemperatures and larval weight
decreased with increasing altitude and decreasimgerature. However, there were no
significant differences in pupation, adult lifespand percentage mortality at the
different altitudes and temperatures. Female laware heavier than those of males,
and the pupal and adult lifespans were longernmafes than in males. However, male
and female butterflies reacted similarly to altgudnd temperature (no significant
interactions). None of the 188 larvae collected evparasitized. In conclusion, the
phenotypic plasticity of European Map butterfly hasabled it to adapt to different
temperatures, but the strategies of the sexesatidiffier.

Key words
Nymphalidae, Araschnia levana global change, altitudinal gradients, trophic

interactions, geographical synchronisation
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5.2 Introduction

Environmental and climatic conditions determine lihets of the ranges of many plant
and animal species (Warrehal. 2001, Francet al. 2006, Parmesan 2006). Increasing
temperatures, caused by climate warming, can magiégies life history traits and may
result in reduced or enhanced species survivale(Ball. 2002). If species specific
tolerances to temperature are exceeded, the plignofoplants and animals or their
distribution will change or they will go extinct §fnesan & Yohe 2003, Roet al,
2003, Primacket al. 2009). Therefore, species might expand their rarig® cool
regions, polewards or move to higher altitudes §dhlet al. 2007, Merrillet al. 2008).
Life history traits can facilitate or impede specmigration and shifts in geographic
distribution (Berneet al. 2004).

Insects, especially, should be affected by temperabecause of their short life cycles,
ectothermic physiology and often low dispersal igbi(Bourn & Thomas 2002).
Increasing temperature can cause physiologicalgdsgmim insects, like deviations in
diapause or dormancy. In mountainous regions ieseften have to adapt to
fragmented habitats and harsh environmental camdit{Hodkinson 2005). Therefore
rapid changes in mountain communities can be egdeels the climate changes
(McCarty 2001). However, there are only a few adlihal studies on the effect of
temperature on insects (e.g. Karlal. 2008). Recent studies show that insects at higher
altitudes adapt to lower temperatures by havingefewstars and generations per year
(Hodkinson 2005). Enhanced adaptation to local alevand altitude can be facilitated
by high phenotypic plasticity (Kadt al. 2008). Alpine species of insects, for example,
are often better adapted to low temperatures thdaspread species (Buseal. 2001).
Body size can increase with increasing altitudegifetta & Dunham 2003, Karl &

Fischer 2008) and species fitness can decrease &amperatures (Hodkinson 2005).

Extreme environmental conditions have differenteeff on different trophic levels
(Schweigeret al. 2010). At high altitudes insects like parasitodse to adapt to both
host dynamics and to harsh environmental conditiasisch might result in a decrease
in the rates of parasitisation (Bott al. 2009, Holt & Barfield 2009). Slower
development of host species in colder habitatsialseases the time for which they are
vulnerable and can result in an increased riskrefition and parasitism, according to

the slow-growth-high-mortality hypothesis (BenreyD&nno 1997).
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Most altitudinal studies on the effects of tempeamatare laboratory based (e.g. Ketl
al. 2008). Field studies on the relation betweenualétand life history parameters are
still rare, but of particular importance since widuals live in the context of complex
environmental and trophic interactions. The aintha$ experimental field study is to
disentangle potential effects of altitudinal gradseon the life history oAraschnia
levana and its hostparasitoid interactions. The butteAlylevanais a good model
species as it extended its distribution over tls¢ lew decades (Parmesanal. 1999,
Parmesan 2001, Konvickat al. 2003) and therefore the butterfly and interacting
species might not be optimally adapted and synéhednA. levanaoccurs naturally
along the whole altitudinal gradient in the studgion and because it is bivoltine it is
easily reared. Developmental time, mortality anct@etage parasitism of larvae placed
in experiment plots along an altitudinal gradierdre&v measured. It was hypothesized
that: (1) butterflies reared at high altitudes wdke longer to develop, be lower in
weight and fewer will survive because of the mansuitable climatic conditions there,
compared to low altitudes and that (2) fewer of bogterfly larvae transferred to high

altitude sites will be parasitized than of thosmsferred to low altitude sites.

5.3 Material and methods

Study region and experimental sites

The study region is located in the nature park téigebirge, a low-mountain region in
northern Bavaria (Germany) close to the boardeh wie Czech Republic east of the
German town Bayreuth. The altitude ranges up td. X18%.s.l. Eighteen sites, covering
the whole altitudinal gradient from about 350 upl@l0 m, were selected. The sites
were located in fields next to forest and shrubsen@A. levanapopulations occurred
naturally. At each of the 18 sites patches of tlennbarval food plant ofA. levana
nettleUrtica dioica, were established.

Experimental design

In October and November 2008 7 sized patches df. dioicawere established at each
of the 18 study sites by planting four potdbfdioica Study sites were located next to
natural U. dioica patches. To assure that the larval food plants thed same
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phenological and genetic background commerciallgilable seeds (Appels Wilde
Samen, Darmstadt, Germany) were used. In contragtdetatively reproduced plants
the seeds have the advantage that they are homeganad allow fast and repeatable
growing of one genetically homogenous cultivar.dhiegs were reared in a greenhouse
and each planted in a 10 | plant pot containingimgptsoil with osmocote fertiliser
(0.3%). After six months in the greenhouse the tglamere transferred to the field.
When necessary the plants at the study sites wetegbed from large herbivores by
surrounding the patches with wire mesh fences. Adides were initially watered. To
obtain the average temperatures along the altéidinadient the temperature every
second hour at each of the 18 nettle sites alom@ltitudinal gradient (06 June - 08 July
2009) was measured using iButtons dataloggers (Mabitegrated Products Inc.,
Sunnyvale, CA, USA).

Study species

The European Map butterfyAraschnia levana(Linnaeus 1758) (Lepidoptera:
Nymphalidae) is a widespread species in Europehasdecently expanded its range in
all directions and colonized higher altitudes (Pesamet al. 1999, Parmesan 2001,
Konvicka et al. 2003). The species occurs naturally in the Figeigkge and has two
polymorphic generations per year (in the intensiveveys carried out in 2008, spring
and summer generations were detected up to 800 agn& unpublished data). A
partial third generation is possible in warmer oegi in southern Germany and is
recorded only for places below 400 m a.s.l. (EBeRennwald 1991). The generations
of A. levanain spring and summer differ in wing colour (Frickonvicka 2002). The
larval host plant ofA. levanais the stinging nettld). dioica but it might also feed on
other Urtica species (Ebert & Rennwald 1991). Thadofly lays eggs in long strings
on the underside of nettle leaves, where the latdeaelop in groups of between 10-30
individuals until the last larval stage. In theldiggupae are rarely found on the larval
host plant, perhaps because the larvae disperge tfie host plant before pupating
(Ebert & Rennwald 1991). Most of the parasitoidsbofterflies attack the first or
second instar larvae and emerge from the fifthamstr pupae (see for example
Brickmannret al. 2011). Parasitoids recorded frédnlevana are the two ichneumonids
Apechthis compunctoand Thyrateles camelingsand the tachinidsBactromyia

aurulentg Compsilura concinnataPhryxe nemeaPhryxe vulgarisand Sturmia bella
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(Hertin & Simmonds 1976). Other parasitoids e.gacbnids are also commonly

recorded parasitizing butterflies (Hertin & Simmerib76).

In March 2009 15 first generation individuals Af levanawere caught at a location
about three kilometres from the nearest study(3@0 m a.s.l., 49°54°N, 11°40°E). This
location was chosen as the individuals there aobahly similar genetically to the
natural populations in the study region. To encgerthe butterflies to reproduce they
were kept in a climate chamber (22°C, 16L : 8D). iAsvas unknown whether the
females had already mated in the field, both malesfemales were placed together in
a cage (50 x 50 x 70 cm) with. dioica flowering plants, sucrose solution and water,
which are the optimum conditions for reproductiGemales were allowed to deposit
eggs on the nettles. To synchronize egg hatchiregegigs were collected and kept at
14°C (16L : 8D). Afterwards the eggs were kept2ft2(16L : 8D) to induce hatching.
The first and second instar larvae were randonmgyriduted between the experimental
nettle patches at the study sites in the Ficht@igelf09 - 10 June 2009). 30 larvae were
put on the nettles at each site. After three wdBs- 02 July 2009) the larvae were
collected and were in the fourth to fifth instaut lnad not yet pupated. Therefore, the
larvae could have been attacked by parasitoidshieytwould not have emerged before
collection (Bruckmanret al. 2011). The larvae spent three weeks in the field a
adapted to the climatic conditions at the studgssibefore they were collected and
transferred in the laboratory. These larvae weaeqa individually in boxes (125 ml)
with moistened filter paper and leaveslbafdioica (22°C, 16L : 8D). When necessary
the boxes were supplied with new leaves. The wei@ht mg) of the larvae (directly
after collecting) and pupae (one day after pupateord the larval development time
from collection in the field to pupation in the taatory (in days) and the time spent in
the pupal stage, were recorded . The butterfli@s #merged from the pupae were
placed in boxes (1 |) and provided with sucrosetsmh and water. Adult life span was
recorded (in days from emergence to natural de&bjcentage mortality of the 30
larvae transferred to each site and percentageahtpnivhich occurred after collecting
the larvae and prior to adult emergence in therktboy was calculated for each site.

Sex was determined after the adults emerged frenpuipae.
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5.4 Statistical analyses

The statistical analyses were conducted in R (10.2). Linear mixed effect models
(library nlme; Pinheircet al. 2010) with a maximum likelihood method were cadted
with the fixed effects sex at first position anther temperature or altitude at the second
position plus the interaction between sex x algtod sex x temperature. As it was not
possible to determine the sex of all the individudie to mortality during development,
the analyses were carried out with and without aexa fixed factor. However, the
results were consistent and only the data with a®xa cofactor is presented. The
following 7 response variables were recorded: &tydl weight, (2) pupal weight, (3)
larval development time from collecting to pupati¢f) duration of pupation, (5) adult
lifespan (6) percentage larval mortality in thddiand (7) percentage larval mortality in
the laboratory. Percentage larval mortality forreaite was arcsinsqrt transformed. As
the mortality rates are a single value at eachasitethe sex of the individuals that died

was unknown, simple regressions with altitude @moperature were calculated.

5.5 Results

Temperature decreased with increase in altitude (9.0059x + 20.13; R= 0.885;
P < 0.001; N = 18 sites), which confirms that baltitude and temperature can be used

as alternative explanatory variables.

Mortality and percentage parasitism

Of the 540 larvae placed at the 18 sites alondtdndinal gradient a total of 188 larvae

were found and collected from 16 sites after 3 wedit two of the sites no larvae were
found. Thus, the average percentage mortality nfaka per site is 65%. Percentage
larval mortality did not change significantly witemperature or altitude, even though
there was a tendency for the percentage mortaliipdrease in the field with increase

in temperature (Table 5.1). No parasitoids emefged the butterfly larvae.
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Table 5.1 Mean * SE (arithmetic means and standard errorigaok-transformed data), test-statistic,
degrees of freedom and P-values for the life hjstaaits of the European Map butterflAr@schnia

levang. The dependence on altitude and temperature desrst{significant P-values are presented in
bold). Sex was used as an additional fixed faatordrval and pupal weight, larval development time

pupal and adult life span. Percentage mortaligaah site was related to temperature and altitude.

mean + SE test-statistic N P

Larval weight (mg) 72.03 +3.48 156

Females 78.63 +5.54 76

Males 65.76 +4.19 80
Altitude

Sex F1,14o = 4.20 156 0.042

Altitude Fi1z3 = 9.83 15 0.008
Temperature

Sex Fi140 = 4.35 156 0.039

Temperature Fi13 = 18.96 15 <0.001
Pupal weight (mg) 129.41+1.31 156

Females 140.01 £ 1.59 76

Males 119.34 +£1.28 80
Altitude

Sex F1140 = 104.35 156 <0.001

Altitude Fii1z3 = 3.39 15 0.089
Temperature

Sex F1140 = 106.66 156 <0.001

Temperature Fi13 = 6.69 15 0.023
Larval development time (days) 7.93+0.19 155

Females 8.14 £ 0.26 76

Males 7.72£0.26 79
Altitude

Sex Fi130 = 6.88 155 0.010

Altitude Fi13 = 10.58 15 0.006
Temperature

Sex F1,13g = 6.71 155 0.011

Temperature Fi13 = 19.27 15 <0.001
Pupal life span (days) 11.26 £0.07 155

Females 11.51+0.09 76

Males 11.01 +0.09 79
Altitude

Sex Fi1139 = 13.93 155 <0.001

Altitude Fii1z3 = 0.15 15 0.709
Temperature

Sex F1,139 = 13.95 155 <0.001

Temperature Fii13 = 0.37 15 0.556
Adult life span (days) 23.52 +0.97 156

Females 27.32 +1.56 76

Males 19.91 +1.03 80
Altitude

Sex Fi1140 = 16.10 156 <0.001

Altitude Fi113 < 0.01 15 0.990
Temperature

Sex F1,140 = 16.10 156 <0.001

Temperature Fii13 = 0.20 15 0.661
Mortality in the field

Altitude Fii6 = 291 18 0.107

Temperature Fii6 = 4.15 18 0.059
Mortality in the laboratory

Altitude Fi13 = 0.13 15 0.724

Temperature Fii13 = 0.10 15 0.757
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Life history traits

There was a strong relationship between altitudgierature and the weight of the
butterfly larvae (Table 5.1; Figure 5.1a) and bemvaltitude/temperature and length of
larval development (Table 5.1; Figure 5.1b), whereiher life history parameters were
not associated with altitude or temperature (afl @.1; Table 5.1). All the traits of the
female and male larvae differed significantly. Fé&amlarvae and pupae were heavier
than those of males (Table 5.1). Females liveddorigan males and took longer to
develop and spent longer in the pupal stage (Takl¢. None of the interactions
between sex x altitude or sex x temperature hagnéfisant effect on the life-histories
(all P > 0.05).
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Figure 5.1 Relationship between life history traits of ther&ean Map butterflyAraschnia levanpand
temperature: a) mean larval weight for each site (/9.91x - 251.54; R= 0.642; P < 0.001; N = 16
sites); b) mean larval development time (from aiileg to pupation) for each site (y = -1.06x + 2.9
R?=0.570; P = 0.001; N = 15 sites).

5.6 Discussion

As cited in the literature there was a decreas8.6fC for every 100 m increase in
altitude (e.g. Rolland 2003). As predicted, the lifistory traits of the European Map
butterfly (Araschnia levana changed with increase in altitude and decrease in
temperature. Life histories of females and maldtermid, but did not interact with
altitude or temperature. Comparison of the assoastbetween life history traits with

altitude and temperature, revealed that the agsmtiaith temperature was higher than
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with altitude, which indicates the usefulness ofaswing temperature in addition to

altitude at each location.

Mortality and percentage parasitism

Species are restricted to defined climatic envedofWaltheret al. 2002). If climate
becomes less favourable, deviations from the optiteenperature can result in
increased mortality (Alonso 1999, Karban & Strad6€4). Therefore, an increase in
mortality with increase in altitude was expectedwsdver, there were no significant
negative associations between percentage moréaldyincrease in altitude and decrease
in temperature. This might be because the larvlieated from the field were all reared

under the same temperature conditions.

As the species richness of insects generally deeseavith increase in altitude and
increase in harshness of the climatic conditionsigt altitudes (Begoet al. 1996) it
was assumed that percentage parasitism would berla@aw the higher altitudes.
However, none of the larvae collected were pawsiti even those collected at low
altitudes. In theory, less favourable conditiond Eomger development times of the host
lead to increased percentage parasitism (Benreye&nD 1997), but at this study site
only bottom-up effects controlled the system angtdown-control by parasitoids did
not occur. Larval development is more strongly deieed by host plant quality and
abiotic environmental factors (bottom-up contrdiart by top down control (Huntet

al. 1997). The fact that th&. levanalarvae were not parasitized might not be due ¢o th
absence of parasitoids, but due to the parasit@asy unable to detect the larvae in the
newly planted experimental nettle plots. Microcltrmaonditions, a too low population
density of A. levana or possible chemical and landscape properties imaye
contributed to the lack of parasitoids. Neverthelesne of the 208 larvae Af levana
collected in an extensive survey of sites wherdlagetvere growing naturally, in the
same area as the study sites, (FichtelgebirgeQ@® 2vere parasitized (Wagner unpubl.
data). Also the author of an unpublished thesismf@weden reports not finding any
parasitizedA. levanalarvae, which is attributed to the relatively neceolonization of
Sweden byA. levana(Sdderlind, 2009 unpubl).
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Life history traits

As the rate of development in insects strongly dedpen temperature (van Doorslaer &
Stoks 2005, Bernardet al. 2006) it is assumed that they adapt to and haf¥ereint
developmental strategies at different altitudesrl(ka al. 2008). Laboratory studies
provide evidence that an interaction between teatpsx and the origin of butterflies
affect larval growth rates and adult fecundity (Bauet al. 2005, Karlsson & van Dyck
2005, Nylin 2009). In accordance with other altinad studies, the larvae of
A. levanawere lighter and took longer to develop at higimpared to low altitudes,

presumably because of the lower temperatures @mdghasticity (e.g. Alonso 1999).

The comparison of insects collected from low anghhaltitudes has revealed that
developmental rate increases with altitude (Bereeral. 2004). This increase in
developmental rate is associated with an increasedtabolic rate (Terblanchet al.
2009). In the current study the individuals origiw@ame from sites at a low altitude.
Their response to high altitudes might be an adaptesponse to local climate
facilitated by high phenotypic plasticity (Bernet al. 2004). In another transplant
experiment craneflies that were transferred frorigh altitude to a lower altitude
emerged at the same time despite the differencemmperature (Coulsoet al. 1976).
This result contrasts with those of the currentgtin which larvae from lower sites
developed more slowly and were less fit due toltlhveer temperatures at the higher

altitudes, probably not for genetic reasons butibse of their high plasticity.

Furthermore females took longer to complete theivdl and pupal development than
males. This accords with other laboratory studied might be caused by protandry
(Bauerfeindet al. 2009), which may also account for the lower weighinale butterfly

larvae and pupae (Fischer & Fiedler 2001).

5.7 Conclusion

The results indicate that altitudinal and tempemgradients affect the life history traits
of the European Map butterfhA(aschnia levanp The assumption that butterflies at
higher altitudes develop more slowly and fewer signbecause of unsuitable climatic
conditions could only partly be confirmed. The loweeights and slower development
recorded at high altitudes compared to low altisyjdehere the temperatures were
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higher, is probably a consequence of this spediesqtypic plasticity. Sex differences
in larval weight, pupal and adult lifespan might d¢e to protandry. The absence of
parasitoids prevented a comparison of percentagesiiam at different altitudes and a
test of the hypothesis that increasing temperatwight disrupt biotic interactions e. g.
in the synchrony between parasitoids and hosts. ederwy the complete absence of
natural antagonists either indicates that this kihdisruption has occurred or that top-

down regulation oAA. levanapopulations plays a minor role.

5.8 Acknowledgements

We thank M. Konvicka, two anonymous referees, $icBmann, I. Karl and J. Steckel
for helpful suggestions on how the manuscript cdaddmproved, A. Aures, M. Ewald,
A. Guhr, J. Hager, T. Leipold, N. Lidtke and N.Moske for help with collecting and
feeding Araschnia levana This project was supported by the Deutsche
Forschungsgemeinschaft (Effects of climate changealbtudinal distribution, trophic
interactions and genetic diversity of butterflies Iow-mountain regions; Contract
Number STE 957/8-1 to ISD and JK).

5.9 References

Alonso C. (1999). Variation in herbivory bgponomeuta mahalebeltan its only host
plant Prunus mahalelalong an elevational gradiercological Entomology4:
371-379.

Angilletta M.J. & Dunham A.E. (2003). The temperatsize rule in ectotherms: simple
evolutionary explanations may not be genekaherican Naturalisfi62: 332-342.

Bale J.S., Masters G.J., Hodkinson I.D., Awmackez@&ner T.M., Brown V.K.,
Butterfield J., Buse A., Coulson J.C., Farrar Jgo® J.E.G., Harrington R.,
Hartley S., Jones T.H., Lindroth R.L., Press M&mrnioudis I., Watt A.D. &
Whittaker J.B. (2002). Herbivory in global climatkange research: direct effects

of rising temperature on insect herbivor@tbal Change Biolog$: 1-16.

Bauerfeind S.S., Perlick J.E.C. & Fischer K. (200Bjsentangling environmental
effects on adult life span in a butterfly acrosg thmnetamorphic boundary.
Experimental Gerontologg4: 805-811.

-94 -



CHAPTER 5 Life history in the European Map butterfly

Begon M.E., Harper J.L. & Townsend C.R. (1996).I&gy. 3rd ed. Blackwell, Oxford,
1068 pp.

Benrey B. & Denno R.F. (1997). The slow-growth-higbrtality hypothesis: A test
using the cabbage butterflgcology78: 987-999.

Bernado U., Pedata P.A. & Viggiani G. (2006). Lifestory of Pnigalio soemius
(Walker) (Hymenoptera: Eulophidae) and its impattaoleafminer host through
parasitization, destructive host-feeding and htsggg behaviour.Biological
Control 37: 98-107.

Berner D., Kdrner C. & Blanckenhorn W.U. (2004).a€shopper populations across
2000 m of altitude: is there life history adaptai&ccography27: 733-740.

Both C., van Asch M., Bijlsma R.G., van den Bur@®A& Visser M.E. (2009). Climate
change and unequal phenological changes acrosdréqlric levels: constraints

or adaptations3ournal of Animal Ecology8: 73-83.

Bourn N.A.D. & Thomas J.A. (2002). The challengecofserving grassland insects at
the margins of their range in Eurof@ological Conservatiori04: 285-292.

Brickmann S.V., Krauss J., van Achterberg C. & fateDewenter I. (2011). The
impact of habitat fragmentation on trophic intei@es of the monophagous
butterfly Polyommatus coridardournal of Insect Conservatidrb: 707-714.

Burke S., Pullin A.S., Wilson R.J. & Thomas C.D0@B). Selection for discontinuous
life-history traits along a continuous thermal dead in the butterflyAricia

agestis Ecological Entomolog0: 613-619.

Buse A., Hadley D. & Sparks T. (2001). Arthropodtdbution on an alpine elevational
gradient: the relationship with preferred tempem@tand cold toleranc&uropean
Journal of Entomolog$8: 301-309.

Coulson J.C., Horobin J.C., Butterfield J. & Smi@&R.J. (1976). Maintenance of
annual life-cycles in 2 species of Tipulidae (Drpje— field study relating
development, temperature and altitudeurnal of Animal Ecology5: 215-233.

Ebert G. & Rennwald E. (1991): Die Schmetterlingadn-Wirttembergs. Band 1,
Tagfalter I., Band 2, Tagfalter 1. Ulmer, Stuttgd52 pp., 535 pp.

-95-



CHAPTER 5 Life history in the European Map butterfly

Fischer K. & Fiedler K. (2001). Dimorphic growthtpeans and sex-specific reaction
norms in the butterfljy.ycaena hippothoe sumadiensi®urnal of Evolutionary
Biology 14: 210-218.

Franco A.M.A., Hill J.K., Kitschke C., Collingham.®., Roy D.B., Fox R., Huntley B.
& Thomas C.D. (2006). Impacts of climate warmingdahabitat loss on
extinctions at species’ low-latitude range bounefslobal Change BiologyL2:
1545-1553.

Fric Z. & Konvicka M. (2002). Generations of thelymhenic butterfly Araschnia
levanadiffer in body designEvolutionary Ecology Researeh 1017-1032.

Herting B. & Simmonds F.J. (1976). A catalogue afgsites and predators of terrestrial
arthropods. Section A. Host or prey/enemy. Volumié Yepidoptera, Part 2
(Macrolepidoptera). Royal Commonwealth AgricultiBereaux, Farnham, 221

Pp.

Hodkinson 1.D. (2005). Terrestrial insects alongvetion gradients: species and

community responses to altitudgiological Review$0: 489-513.

Holt R.D. & Barfield M. (2009). Trophic interactisrand range limits: the diverse roles
of predation.Proceedings of the Royal Society Series B-Biolddgiceence76:
1435-1442.

Hunter M.D., Varley G.C. & Gradwell G.R. (1997).tlBsating the relative roles of top-
down and bottom-up forces on insect herbivore paipmns: a classic study
revisited.Proceedings of the National Academy of Sciencéseonited States of
America94: 9176-9181.

Karban R. & Strauss S.Y. (2004). Physiological rahee, climate change, and a
northward range shift in the spittlebudphilaenus spumarius Ecological
Entomology29: 251-254.

Karl I. & Fischer K. (2008). Why get big in the d@ Towards a solution to a life-
history puzzleOecologial55: 215-225.

Karl 1., Janowitz S.A. & Fischer K. (2008). Altiturdhl life history variation and thermal
adaptation in the copper butterflycaena tityrusOikos117: 778-788.

-96 -



CHAPTER 5 Life history in the European Map butterfly

Karlsson B. & van Dyck H. (2005). Does habitat fremptation affect temperature-
related life-history traits? A laboratory test with woodland butterfly.
Proceedings of the Royal Society Series B-Biolé@caence72: 1257-1263.

Konvicka M., Maradova M., Bened J., Fric Z. & Kepka (2003). Uphill shifts in
distribution of butterflies in the Czech Republeffects of changing climate

detected on a regional scal&obal Ecology and Biogeography: 403-410.

McCarty J.P. (2001). Ecological consequences ddeclimate changeConservation
Biology 15: 320-331.

Merrill R.M., Guttierrez D., Lewis O.T., Guttierrek, Diez S.B. & Wilson R.J. (2008).
Combined effects of climate and biotic interacti@msthe elevational range of a

phytophagous inseclournal of Animal Ecology7: 145-155.

Nylin S. (2009). Gradients in butterfly biology. 8ettele J.,Shreeve T., Konvicka M. &
van Dyck H. (eds): Ecology of butterflies in Euro@ambridge University Press,
Cambridge, pp. 198-216.

Parmesan C. (2001). Coping with modern times? tnsewvement and climate change.
In Reynolds D.R. & Thomas C.D. (eds): Insect mowvetnenechanisms and
consequences: Proceedings of the Royal Entomologi#aciety’'s 20th
Symposium (Symposia of the Royal Entomological 8gycbf London). CABI,
Wallingford, pp. 387-414.

Parmesan C. (2006). Ecological and evolutionarparses to recent climate change.

Annual Review of Ecology Evolution and System&{ic$637-669.

Parmesan C. & Yohe G. (2003). A globally coherengdrprint of climate change

impacts across natural systerNsture421: 37-42.

Parmesan C., Ryrholm N., Stefanescu C., Hill JJ¥hpmas C.D., Descimon H.,
Huntley B., Kaila L., Kullberg J., Tammaru T., Tam W.J., Thomas J.A. &
Warren M. (1999). Poleward shifts in geographicaiges of butterfly species

associated with regional warmingature399: 579-583.

Pinheiro J., Bates D., Deb Roy S., Sarkar D. & Rhdevelopment core team (2010).

nime: linear and nonlinear mixed effects modelpaRkage version 3.1-97.

-97 -



CHAPTER 5 Life history in the European Map butterfly

Primack R.B., Ibanez I., Higuchi H., Lee S.D., MilRushing A.J., Wilson AM. &
Silander J.A. (2009). Spatial and interspecific iafaitity in phenological

responses to warming temperatuigslogical Conservatiori42: 2569-2577.

Rolland C. (2003). Spatial and seasonal variatiohgir temperature lapse rates in
Alpine regionsJournal of Climatel6: 1032-1046.

Root T.L., Price J.T., Hall K.R., Schneider S.HgsBnzweig C. & Pounds J.A. 2003:

Fingerprints of global warming on wild animals grdnts.Nature421: 57-60.

Schweiger O., Biesmeier J.C., Bommarco R., HickleHulme P.E., Klotz S., Kuhn I.,
Moora M., Nielsen A., Ohlemdller R., Petanidou FPqtts S.G., Pysek P., Stout
J.C., Sykes M.T., Tscheulin T., Vila M., Walther-B&., Westphal C., Winter M.,
Zobel M. & Settele J. (2010). Multiple stressors biotic interactions: how
climate change and alien species interact to affellination. Biological Reviews
85: 777-795.

Soderlind C. (2009). Parasitism in an expandingcigge— Has the European map
butterfly escaped from its natural enemies? Thdsistitutionen fér Ekologi,

Sveriges Lantbruksuniversitet, Uppsala, 37 ppS{redish, English abstr.).

Terblanche J.S., Clusella-Trullas S., Deere J.&n, Vuuren B.J. & Chown S.L. (2009).
Directional evolution of the slope of the metabahte-temperature relationship is

correlated with climatePhysiological and Biochemical Zoolo§g: 495-503.

Van Doorslaer W. & Stoks R. (2005). Thermal reactimorms in two Coenagrion
damselfly species: contrasting embryonic and ladifedhistory traits.Freshwater
Biology50: 1982-1990.

Walther G.R., Post E., Convey P., Menzel A., PaaneS., Beebee T.J.C., Fromentin
J.M., Hoegh-Guldberg O. & Bairlein F. (2002). Eaplal responses to recent
climate changeNature416: 389-395.

Warren M.S., Hill J.K., Thomas J.A., Asher J., A®x Huntley B., Roy D.B., Telfer
M.G., Jeffcoate S., Harding P., Jeffcoate G., Wi#i.G., Greatorex-Davies J.N.,
Moss D. & Thomas C.D. (2001). Rapid responses dfisBr butterflies to
opposing forces of climate and habitat chamNpgure414: 65-69.

-98 -



CHAPTER 5 Life history in the European Map butterfly

Wilson R.J., Gutierrez D., Gutierrez J. & Monseival. (2007). An elevational shift in
butterfly species richness and composition accoripgrrecent climate change.
Global Change Biology3: 1873-1887.

-99 -



List of tables
Table 2.1 Phenological studies with focus on clar@dtange ..........ccccccceiiiiiieeeeeee. 15

Table 3.1 Empirical studies on shifts in phenolofjynteracting species at different

TTOPNIC IEVEIS . e 36

Table 4.1 Pearson correlations between altitudeetiopen habitats, historical loss of

open habitats and PatCh SIZe .........ccoo i 64

Table 4.2 Pearson correlations between open laexiaists, generalist and forest

species, total species richness and estimatedsjmales richness...................... 64

Table 4.3 General linear model — dependence oiepechness of open land
specialists on patch size, altitude and altitude®ent open habitats and historical

|0SS Of OPEN NADILALS ........eeeeeeeiiieee et e e e e e e e e e e e e e e eee e eennneeennene 65

Table 5.1 Life history traits of the European Maytterfly (Araschnia levanp

— dependence on altitude and teMpPEerature ............cccccevvveveiviiiiiiininnnnnens. 0.

Supplementary tables

Table S 4.1 Butterfly species classified as gerssalforest, grassland and wetland

specialists (combined: generalist and forest speojgen land specialists)......... 77

Table S 4.2 General linear models — species richmelation to patch size, altitude
and altitude?, current open habitats and histolasd of open habitats (a-c)....... 78

Table S 4.3 General linear models — species richmelation to patch size, altitude

and altitude? and to patch size, current open athénd historical loss of open

NaDItAtS (B-0) ..o e ——————— 79
Table S 4.4 Geographic coordinates of the 27 Wattes ...............cccceeeeeveevvnnnnnnn. 80.
Table S 4.5 Butterfly species recorded in the Bdyssites ............ccoovvvevviiivnininnnn 81

- 100 -



List of figures

Figure 2.1 Landscape Fichtelgebirge ..... .o, 11
Figure 2.2 Study site: wetland ROSIAU .......ccceeriiiiiieeiiiiiee e 12
Figure 2.3Boloria aquilonarisin a wetland..............coooiiiiiiiiiiii e 13

Figure 2.4 Rearing dkraschnia levanan the climate chamber (a-c)..................... 14
Figure 2.5 Life history eXpPeriMment (8-C) ... eeererrrurmmrmmmniiaiiieeeeeeeeeesseseeeeeereeeens 14
Figure 2.6 Hypotheses for butterflies reared dedeht altitudes (a-d) .........ccccceeennn.. 18

Figure 3.1 Phenological shifts: theoretical charigespecies responses due to climate

WArMING (8-D) ceeeeeiee e —————— 34

Figure 4.1 Land cover change of one region (75@arus), aerial photographs
a) iN 1945 and b) IN 2008...........cco oo 65

Figure 4.2 Linear regressions. Relationship ofisiphical loss of open habitats,

b) current open habitats and altitude .......ccccccooooiiiiiiiiii e 66
Figure 4.3 Linear regressions. Species richnesp@fh land specialists (a-d) .............. 67

Figure 5.1 Relationship between life history tratshe European Map butterfly

(Araschnia levanpand teMPerature. ..............eeeeeeeees s ceeeeeeennnn e e e e eeeeaes 91

All photographs by K. D. Wagner.

- 101 -



Publication list

Peer-reviewed articles (published)

Wagner, K.D., Krauss, J. and Steffan-Dewente£01(). Changes in the life history
traits of the European Map butterfBraschnia levandLepidoptera:
Nymphalidae) with increase in altitudeuropean Journal of Entomolody8:
447-452.

Wagner, K.D., Krauss, J. and Steffan-Dewente£018). Butterfly diversity and
historical land cover change along an altitudirradgent.Journal of Insect
Conservatiorl7: 1039-1046.

Peer-reviewed articles (in preparation)

Wagner, K.D., Krauss, J. and Steffan-Dewente£014). How does climate warming

affect phenology shifts of interacting specieseindstrial habitatsih preparation.

-102 -



Manuscripts in this thesis and individual contributions

The studies described in this thesis refer to tb#owing three manuscripts.
Manuscript 1 isn preparation(Chapter 3). Manuscript 2 is published in dwairnal of
Insect ConservatiofChapter 4). Manuscript 3 is published in tagropean Journal of

Entomology(Chapter 5).

Manuscript 1 (Chapter 3)

Title: How does climate warming affect phenologyifts of

interacting species in terrestrial habitats?
Authors: K.D. Wagner, J. Krauss, |. Steffan-Dewente
Status: in preparation

Author contributions

K.D. Wagner: Design, methods, data collection, lysis, discussion,

manuscript writing and editing (corresponding auth
J. Krauss: Design, discussion, manuscript editing

I. Steffan-Dewenter:  Design, discussion, manuseuiting

Manuscript 2 (Chapter 4)

Title: Butterfly diversity and historical land cew change

along an altitudinal gradient
Authors: K.D. Wagner, J. Krauss, |. Steffan-Dewente
Status: published

Author contributions

K.D. Wagner: Design, methods, data collection, lysis, discussion,

manuscript writing and editing (corresponding auth
J. Krauss: Design, discussion, manuscript editing

I. Steffan-Dewenter:  Design, discussion, manuseuiting

- 103 -



Manuscript 3 (Chapter 5)

Title: Changes in the life history traits of tharBpean Map butterfly,
Araschnia levangLepidoptera: Nymphalidae) with increase in
altitude

Authors: K.D. Wagner, J. Krauss, |. Steffan-Dewente

Status: published

Author contributions

K.D. Wagner: Design, methods, data collection, lysis, discussion,

manuscript writing and editing (corresponding auth
J. Krauss: Design, discussion, manuscript editing

I. Steffan-Dewenter:  Design, discussion, manusediting

-104 -



Acknowledgements

I am thankful to many people that supported mendumy work for this thesis.

First of all, | would like to thank Prof. Dr. Ingdbteffan-Dewenter. I'm grateful that he
gave me the opportunity to conduct a PhD projedayreuth, for his support to my
work, his helpful suggestions and discussions asdvaluable comments on projects

and articles.

| am especially grateful to PD Dr. Jochen Krausgr deing a supportive adviser and
mentor. | am very thankful for his patience, helpfuggestions, discussions and

constructive feedback.

My deep thanks to the Bayreuth/Wurzburg working ugro Sabrina Briuckmann,
Dr. Annette Leingartner, Eva Stangler and Dr. hdieSteckel. Thank you for the
pleasant working atmosphere in “our Phd-room”, velign necessary and for the great
time beyond University. Special thanks to Jorg Heamged Dr. Isabell Karl for coffee
breaks, helpful comments and technical support.yMaanks also to Michaela Bellach,
Dr. Stephan Hartel, Dr. Harmen Hendriksma, Carnidarmann, Dr. Bernhard Hoiss,
PD Dr. Andrea Holzschuh, Dr. Emily Martin, Dr. QatiVestphal, and all the students
that contributed in any way to my work.

| am also thankful to Konrad Loos, Wolfgang Wurzahd the team of the Untere
Naturschutzbehdrde Wunsiedel for helpful comments site selection in the

Fichtelgebirge.

I am very thankful to my family and my friends, fe@ver complaining about the lack of
time over the last years and for their mental suppo

This work was funded by the Deutsche Forschungsmecteaft (STE 957/8-1).

Many thanks!

Kathrin Wagner
Bayreuth, December 2014

- 105 -



(Eidesstattliche) Versicherungen und Erklarungen

(8 5 Nr. 4 PromO)

Hiermit erklare ich, dass keine Tatsachen vorliegéie mich nach den gesetzlichen
Bestimmungen uber die Fihrung akademischer Grad€&orung eines Doktorgrades
unwurdig erscheinen lassen.

(8 8 S. 2 Nr. 5 PromO)

Hiermit erklare ich mich damit einverstanden, dass elektronische Fassung meiner
Dissertation unter Wahrung meiner Urheberrechte udels Datenschutzes einer
gesonderten Uberpriifung hinsichtlich der eigensig@a Anfertigung der Dissertation
unterzogen werden kann.

(8 8 S. 2 Nr. 7 PromO)

Hiermit erklare ich eidesstattlich, dass ich diesBertation selbstandig verfasst und
keine anderen als die von mir angegebenen QuelidrHiifsmittel benutzt habe.

(8 8 S. 2 Nr. 8 PromO)

Ich habe die Dissertation nicht bereits zur Erlangueines akademischen Grades
anderweitig eingereicht und habe auch nicht berelisse oder eine gleichartige
Doktorprufung endgultig nicht bestanden.

(8 8 S. 2 Nr. 9 PromO)

Hiermit erklare ich, dass ich keine Hilfe von gebleshe Promotionsberatern bzw.
-vermittlern in Anspruch genommen habe und auclitigimcht nehmen werde.

Ort, Datum, Unterschrift

- 106 -



