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Die Temperatur ist einer der wichtigsten okologischen Faktoren (Sunday et al. 2011;
Araujo et al. 2013) und spielt eine wichtige Rolle im Leben von ektothermen
Organismen (Atkinson 1996; Sinclair et al. 2003; Angilletta et al. 2004). Dabei werden
sie in ihrer Physiologie, Bewegung, Fortpflanzung und Uberlebenswahrscheinlichkeit
von der sie umgebenen Temperatur mafgeblich beeinflusst (Sinclair et al. 2003;
Angilletta et al. 2004; Overgaard & Sgrensen 2008). Daher koénnen auftretende
Temperaturanderungen von entscheidender Bedeutung fir die Fitness von
ektothermen Organismen sein (Hoffmann et al. 2003). Eine der weitreichendsten
Konsequenzen des globalen Klimawandels ist der erwartete Temperaturanstieg (Parry
2007), der bis zum Jahr 2100 zwischen 2,0 und 4,5 °C betragen soll (Diffenbaugh et
al. 2007; Meehl et al. 2007; Hofmann & Todgham 2010). Dieser Temperaturanstieg ist
nicht nur auf den Sommer beschrankt, sondern wirkt mit unterschiedlicher Intensitat
auf alle Jahreszeiten (Meehl et al. 2007; McKechnie and Wolf 2010; Hansen et al. 2012;
Seneviratne et al. 2014). Doch nicht nur die direkten Effekte der Temperatur und der
Anderung von Niederschlagsmustern werden zukiinftig bedeutsam sein, sondern auch
indirekte, wie eine erhdhte Verdunstung und der daraus resultierende Futterstress,
sowie sich andernde biotische Interaktionen (Clusella-Trullas et al. 2011; Hoffmann et
al. 2013; Blois et al. 2013).

Zusatzlich zum mittleren Temperaturanstieg scheinen auch die Frequenz und die
Intensitdt von extremen Wetterereignissen, wie beispielsweise Hitzewellen,
zuzunehmen (Coumou & Rahmstorf 2012), welche in ihrer 6kologischen Bedeutung
maoglicherweise noch viel héher einzuschatzen sind (Diffenbaugh et al. 2007; Deutsch
et al. 2008; Hofmann & Todgham 2010; Buckley & Huey 2016). Es wird vermutet, dass
besonders hohe Temperaturen die individuelle Fitness und das Uberleben von
Organismen bedrohen kdonnen (Le Moullac & Haffner 2000; Overgaard & Sgrensen
2008; Dowd et al. 2015). All diese Veranderungen sind schon heute dafur

verantwortlich und werden es zuklnftig noch starker sein, dass sich Haufigkeits- und
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Verbreitungsmuster von Arten andern und phanologische Verschiebungen auftreten
werden (Parmesan & Yohe 2003; Chown et al. 2010; Sunday et al. 2012). Die daraus
resultierenden negativen Folgen fur die Biodiversitat lassen sich nur schwer
abschatzen (Thomas et al. 2004; Pimm et al. 2014). Um zu Uberprifen, inwieweit sich
ein Temperaturanstieg direkt auf die Organsimen auswirken kann und welche
Konsequenzen sich daraus ergeben, sind sechs Experimente mit unterschiedlichen

Tagfalterarten durchgefuhrt worden (siehe Kapitel 2).
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Nach Moritz et al. (2013) werden aber nicht alle Arten gleichermal3en von den Folgen
des Klimawandels betroffen sein. Aufgrund von artspezifischen Temperaturtoleranzen
und der Fahigkeit, mit einer sich andernden Welt zurechtzukommen, werden einige
Arten starker als andere unter den Folgen des Klimawandels leiden (,Verlierer®) und
einige andere werden von ihm profitieren kdnnen (,Gewinner”; Pimm 2001; Anderson
et al. 2003; Coumou & Rahmstorf 2012; Buisson et al. 2013). Doch nicht nur
zwischenartliche Unterschiede werden im Hinblick auf den Klimawandel eine
besondere Rolle spielen, sondern auch innerartliche, wie die lokale Anpassung von
Populationen (Davis & Shaw 2001; Savolainen et al. 2013). Die Theorie der lokalen
Anpassung besagt, dass eine Population in ihrem Habitat eine hdhere Fitness besitzt
als eine andere (fremde) Population in diesem Gebiet (Kawecki & Ebert 2004). Durch
habitatspezifische Anpassungen konnen groRe Unterschiede zwischen einzelnen
Populationen auftreten, die die genetische Diversitat der Art erhdhen und somit
moglicherweise das Potential beinhalten, sich an den Klimawandel anzupassen (Turelli
et al. 2001; Kawecki & Ebert 2004). Dafur ist es allerdings erforderlich, mehr Uber das
artspezifische Ausmal} der lokalen Anpassung zu erfahren (Aitken & Whitlock 2013).

Welche Faktoren daruber bestimmen, ob eine Art zu den Gewinnern oder Verlierern
des Klimawandels gehdren wird, ist bisher grofdtenteils unbekannt (Williams et al. 2008;
Brook et al. 2009; Clusella-Trullas et al. 2011; Kellermann et al. 2012). Als mogliche
Ursachen gelten unter anderem Faktoren wie Unterschiede in der Mobilitat, Plastizitat

und auch der generellen Temperaturresistenz (Bowler & Terblanche 2008; Pereira et



al. 2010; Thompson et al. 2013; Vedder et al. 2013). Zum bisherigen Zeitpunkt wird
davon ausgegangen, dass Arten aus den gemaRigten Breiten am ehesten vom
Klimawandel profitieren kdnnen, da diese im Vergleich zu tropischen Arten naher an
ihr Temperaturoptimum gelangen (Deutsch et al. 2008; Kingsolver 2009; Kellermann
et al. 2012). Aber auch hier wird es Arten geben, die mehr oder weniger mit den sich
andernden Bedingungen zurechtkommen werden, wie beispielsweise besonders
warm- oder kaltangepasste Arten (Anderson et al. 2003; Deutsch et al. 2008; Chown
et al. 2010; Hoffmann & Sgro 2011; Coumou & Rahmstorf 2012; Lancaster 2016). Aus
diesem Grund lag der Fokus bei drei der hier durchgefihrten Experimente auf dem
Vergleich von nahverwandten Tagfalterarten , und und
wie diese auf sich andernde Bedingungen wie zum Beispiel Hitze und Trockenheit
reagieren (Experimente 2-4, siehe Kapitel 2.2 - 2.4). Und obwohl die Variation der
kritischen oberen Temperaturgrenzen zwischen Arten eher gering ist (Feder &
Hofmann 1999; Robertson 2004; Bowler & Terblanche 2008), beschaftigen sich aktuell
viele Studien mit diesem Thema (Sunday et al. 2012; Kaspari et al. 2015; Pincebourde
& Casas 2015). Das ist darauf zurickzufuhren, dass diese Grenzen Aufschluss Uber
den Fortgang der Biodiversitat unter dem voranschreitenden Klimawandel geben
konnten (Thuiller et al. 2004; Loarie et al. 2009; Pereira et al. 2010; Thompson et al.
2013).
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Auch innerhalb einer Art gibt es gravierende Unterschiede in der Fahigkeit, Stress zu
tolerieren (Bowler & Terblanche 2008; Kingsolver et al. 2011; Chiu et al. 2015;
Pincebourde & Casas 2015). So unterscheiden sich bei Insekten die verschiedenen
Entwicklungsstadien in ihrer Grof3e, Morphologie, Physiologie und in ihrem Verhalten
(Krebs & Loeschcke 1995; Bowler & Terblanche 2008; Kingsolver et al. 2011). Vor
allem die Grofle kann einen starken Einfluss auf die Stresstoleranz haben,
insbesondere auf die Hitzetoleranz (Sibly & Atkinson 1994; Blanckenhorn 2000; Gibbs
2002; Kingsolver & Huey 2008; Terblanche et al. 2011; Mitchell et al. 2013; Nielsen &
Papaj 2015). Als weitere Ursache fur die Variation der Temperaturtoleranzen wird die

unterschiedliche Mobilitdt der Entwicklungsstadien angesehen. So sollte erwartet
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werden, dass weniger mobile Stadien eine hohere Toleranz aufweisen (Huey et al.
2003; Bowler & Terblanche 2008). Allerdings fehlen explizite Belege fur diese
Hypothese. Daruber hinaus deuten Studien darauf hin, dass Eier nicht zwingend das
resistenteste Stadium sind (Davison 1969; Bowler & Terblanche 2008). Bisher hangt
unser Verstandnis der Stresstoleranz und der Biologie vieler Arten zu oft von nur einem
Entwicklungsstadium ab (Kingsolver 2009; Kingsolver et al. 2011; Radchuk et al. 2013).
Die fehlende Berlcksichtigung anderer Entwicklungsstadien kann zu drastischen
Fehleinschatzungen, in Bezug auf den Fortbestand einer Art, unter dem
voranschreitenden Klimawandel fihren (Krebs & Loeschcke 1995; van der Have 2002;
Radchuk et al. 2013; Levy et al. 2015). Daher wurde in einem ersten Experiment mit
dem Tagfalter die Temperatursensitivitat wahrend der Ontogenese
untersucht, um mogliche Unterschiede zwischen den Entwicklungsstadien
aufzudecken (Experiment 1: Hitzeresistenzen verschiedener Entwicklungsstadien,

siehe Kapitel 2.1).
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Die Art und Weise, wie Organismen mit einer sich andernden Umwelt zurechtkommen,
basiert dabei auf drei verschiedenen Madoglichkeiten: Ortsveranderungen bzw.
Ausbreitung (range shift, disperal), genetische Anpassungen und phanotypische
Plastizitat (Pigliucci 2001; Fischer & Karl 2010; Sunday et al. 2012; Valladares et al.
2014). In diesem Zusammenhang bedeutet die Fahigkeit sich auszubreiten, dass
Organismen in der Lage sind, den andernden und eventuell ungunstiger werdenden
Bedingungen auszuweichen und damit ihr Verbreitungsgebiet zu verschieben.
Allerdings wird die Ausbreitung bzw. Bewegung von Organismen und Populationen
durch die weiter voranschreitende Habitatfragmentierung immer schwieriger und dazu
kommt, dass viele Organismen in ihrer Fahigkeit sich auszubreiten eingeschrankt sind
(Hoffmann & Sgro 2011; Haddad et al. 2015). Die genetische Anpassung verursacht
fur die einzelnen Individuen kaum Kosten und tritt vor allem in stabilen Umwelten auf
(DeWitt et al. 1998; Relyea 2002). Es gibt bereits Belege daflir, dass genetische

Anpassung auch in der Temperaturstressresistenz vorkommt (Bradshaw & Holzapfel
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2006; Bertoli et al. 2010; Dierks et al. 2012). Allerdings ist fraglich, ob fur viele Arten
die bendtigte Zeit dafur vorhanden ist und nicht mdglicherweise selbst schnellste
genetische Anpassungen (rapid evolution) zu langsam fur die auftretenden
Umweltveranderungen sind (Hendry & Kinnison 1999; Williams et al. 2008; Fischer &
Karl 2010; Merila 2012).

Bei der phanotypischen Plastizitat treten Reaktionen meist innerhalb kurzer Zeit auf
(Fischer & Karl 2010). Daher wird davon ausgegangen, dass die Fahigkeit zu
plastischen Reaktionen ein Schllsselfaktor fir das Uberleben von Arten angesichts
des Klimawandels ist (Kellermann et al. 2009; Franks & Hoffmann 2012; Ghalambor et
al. 2016). Phanotypische Plastizitat beschreibt dabei einen Genotyp, der in der Lage
ist, als Reaktion auf sich andernde Umweltbedingungen mehrere Phanotypen zu bilden
(Bradshaw 1965; Whitman & Agrawal 2009). Bei der phanotypischen Plastizitat wird
zwischen zwei verschiedenen Arten unterschieden: einer, die wahrend der Entwicklung
wirkt (Entwicklungsplastizitat) und einer, die im adulten Organismus einsetzt (Adult
Akklimatisierung; Fischer et al. 2003; Fischer & Karl 2010; Chidawanyika & Terblanche
2011). Insgesamt kann die phanotypische Plastizitat innerhalb kirzester Zeit einen
Effekt haben, wobei die bendtigte Zeit zwischen Minuten und Stunden bei der
Abhartung (rapid hardening) und bis hin zu Tagen und Wochen bei der
Akklimatisierung liegen kann (Lee et al. 1987; Bowler 2004; Karl et al. 2014; Gerken et
al. 2015). Wie wichtig die phanotypische Plastizitat ist, lasst sich auch sehr gut daran
erkennen, dass falls Arten in ihrer Fahigkeit plastisch zu reagieren eingeschrankt sind,
fur diese Arten ein erhohtes Aussterberisiko besteht (Kellermann et al. 2009; Chevin et
al. 2010; Vedder et al. 2013). Daher sollte in zwei Versuchen herausgefunden werden,
inwieweit sich die drei nahverwandten Feuerfalterarten , und

in ihrer Fahigkeit, plastisch zu reagieren, unterscheiden (Experiment 3 und 4,
siehe Kapitel 2.3; Kapitel 2.4). Allerdings sind auch der phanotypischen Plastizitat
Grenzen gesetzt, da sie einerseits mit Kosten verbunden ist und andererseits bei sich
andernden Bedingungen sogar nachteilig (maladaptiv) sein kann (DeWitt et al. 1998,;
Relyea 2002; Pigliucci 2005; Kristensen et al. 2015; Heerwaarden et al. 2016), sodass
nur in der Kombination aller drei Moglichkeiten Ortsveranderung (range shift, disperal),
genetische Anpassung und phanotypische Plastizitat der Fortbestand vieler Arten zu
sehen sein wird.
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Wenn vom Klimawandel, seinen Folgen und den mdglichen Anpassungen gesprochen
wird, ist meist nur die Rede von hohen Temperaturen und/oder Trockenheit (Meehl et
al. 2007; McKechnie & Wolf 2010; Hansen et al. 2012; Seneviratne et al. 2014). Obwohl
weite Teile des Jahres in den gemaRigten Breiten nicht fur die Entwicklung, das
Wachstum und die Fortpflanzung von Organismen geeignet sind (Nylin et al. 1995),
wird diesem Thema relativ wenig Aufmerksamkeit gewidmet (Bale & Hayward 2010;
Pauli et al. 2013). Diese ungunstig scheinenden Zeiten des Winters (in den gemaligten
Breiten) kdnnen nur in Dormanz Uberlebt werden, einer Phase der reduzierten
Entwicklung (Leather et al. 1993; Hahn & Denlinger 2007; Sinclair 2015). Insekten der
gemaligten Breiten treten typischerweise vor Beginn der unglnstigen Bedingungen in
eine obligatorische Diapause (Leather et al. 1993). Da die Uberwinterung in einem
artspezifischen Stadium erfolgt, muss wahrend der gunstigen Bedingungen dieses
Uberwinterungsstadium erreicht werden (Arendt 1997; Higgins 2000). Das fiihrt dazu,
dass sich Individuen zwischen direkter und indirekter Entwicklung entscheiden missen
und diese Entscheidung ist vor allem fir Arten mit nur wenigen Generationen pro Jahr
von besonderer Bedeutung (Gotthard 2001; Chown & Klok 2003). Der Beginn einer
zusatzlichen Generation erhoht demnach die Gefahr, nicht rechtzeitig dieses Stadium
zu erreichen (Roff 1980; Wiklund et al. 1991; Abrams et al. 1996; Gotthard et al. 2000;
Kivela et al. 2013). Um zu uberprufen, inwieweit steigende Temperaturen einen
Einfluss auf die unterschiedlichen Entwicklungswege haben konnen, wurde dies mit
dem Tagfalter getestet (Experiment 5: Direkte und indirekte

Entwicklung unter dem Einfluss des Klimawandels, siehe Kapitel 2.5).

Erstaunlicherweise sind viele Arten nicht nur sehr gut an kalte Wintertemperaturen
angepasst (Bale & Hayward 2010), sondern vielmehr bendétigen sie diese zum Erhalt
ihrer Energiereserven, zur Synchronisierung des Lebenszykluses und als Schlussel fur
die Entwicklung nach der Uberwinterung (Hodek & Hodkova 1988). Da der
Klimawandel alle Jahreszeiten auf die eine oder andere Weise beeinflusst, werden
auch im Winter weitreichende Veranderungen auftreten (Meehl et al. 2007; McKechnie
& Wolf 2010; Hansen et al. 2012; Seneviratne et al. 2014). So kann neben der

steigenden Wintertemperatur, was zu einer erhohten Stoffwechselaktivitat der
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Organismen fuhrt (Irwin & Lee 2003; Hahn & Denlinger 2007; Sinclair 2015), auch die
Feuchtigkeit zunehmen, was die Schimmelbildung fordern kann (Scott 1957; Dempster
1984; Mainali et al. 2015). Als eine weitere Folge des sich andernden Klimas wird von
einer sinkenden Schneefallrate ausgegangen, wodurch wiederum die Frostgefahr
steigt (Euskrichen et al. 2007; Bale & Hayward 2010). Anhand dieser Punkte ist zu
erkennen, dass warmere Winter drastische dkologische Konsequenzen haben kénnen
(Marshall & Sinclair 2012; Seneviratne et al. 2014). Daher ist es von essentieller
Bedeutung, mehr Uber die Folgen von steigenden Wintertemperaturen zu erfahren. Vor
dem Hintergrund, dass die Uberwinterung eine der kritischsten Phasen im Jahr sein
kann (Breed et al. 2012; Radchuk et al. 2013), wurde der Einfluss von Temperatur und
Feuchtigkeit wahrend der Uberwinterung auf untersucht (Experiment

6: Warme Winter und Uberleben wahrend der Diapause, siehe Kapitel 2.6).
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Im ersten Experiment wurde der tropische Schmetterling (Butler,
1879; Nymphalidae, Satyrinae; Abb. 1) verwendet. Dabei handelt es sich um eine in
ihrer Heimat haufig auftretende Art, die ihre Hauptverbreitung von Ost- Gber Stidafrika
bis nach Athiopien hat (Larsen 1991). Die primar genutzten Habitate sind dabei
verschiedene Typen von Wald- und Savannengebieten (Kielland 1990). Als
Futterpflanzen dienen verschiedene Arten von Suf3grasern ( (R.Br.);

Brakefield 1997). Dieser Schmetterling zeigt sowohl zwei verschiedene saisonale

Morphen, in der Trocken- und Regenzeit, als auch unterschiedliche Sexualmorphen
(Lyytinen et al. 2004). An der Universitat Greifswald wurde im Jahr 2007 die

Erhaltungszucht aus den urspringlich aus Malawi stammenden Tieren gegrindet.

Abbildung 1: (wahrend der Regenzeit) bei der Paarung (Links:
Mannchen; Rechts: Weibchen; © William H. Piel)

Alle weiteren Experimente sind mit drei verschiedenen Arten von Feuerfaltern
(Fabricius, 1807; Lycaenidae, Lycaeninae) durchgefluhrt worden (Abb. 2, Seite 19).
Diese drei Arten sind zwar einerseits nahverwandt, andererseits jedoch 6kologisch
verschieden (Settele et al. 2008; Tolman & Lewington 2008), was zu einem
unterschiedlich stark ausgepragtem Gefahrdungspotential gegeniber dem

Klimawandel fuhrt (Tab. 1). Die Gattung ist holarktisch verbreitet und kommt
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in ganz Europa vor, mit Ausnahme der Azoren, Island und anderer Inseln (Fauna
Europaea 2013). Dabei wurde (Poda, 1761) in jedem der Ubrigen
Experimente genutzt und (Haworth, 1802) sowie
(Schiffermdller, 1775) in den Experimenten zwei, drei und vier. Fur jedes Experiment
sind befruchtete Weibchen aus jeweils zwei Populationen gefangen worden (
Ueckermunde und Greifswald,; . Liispdllu (Estland) und Anklam;

Baraque de Fraiture (Belgien) und Liebenscheid) und dann nach Greifswald fur die

Eiablage und Aufzucht der neuen Generation fur die Experimente tberfuhrt.

(Abb. 2, Seite 19), der Braune Feuerfalter, ist ein haufig auftretender
Schmetterling, dessen Verbreitung von Westeuropa bis nach Zentralasien reicht (Ebert
& Rennwald 1991). Davon ausgenommen sind Grof3 Britannien, Skandinavien und
Sibirien (Ebert & Rennwald 1991). Diese Art ist in den meisten Gebieten bivoltin,
allerdings treten auch Populationen mit einer oder drei Generationen pro Jahr auf
(Tolman et al. 1998; Settele et al. 2008). Die Uberwinterung des Braunen Feuerfalters
erfolgt als halb ausgewachsene Larve im dritten Larvenstadium (Tolman et al. 1998;
Fischer & Fiedler 2001). Als Futterpflanze der Raupen werden verschiedene Ampfer-
Arten ( spp.; Polygonaceae, L., 1753) genutzt, wie beispielsweise
(L.)und (L.; Ebert & Rennwald 1991; Tolman et al. 1998; Settele
et al. 2008). Die indifferenten Temperatur- und Hohenpraferenzen sowie die mesophile
Feuchtigkeitspraferenz spiegeln sich bei auch am Vorkommen in den
unterschiedlichen Habitattypen wieder, wie zum Beispiel auf Wiesen, Trockenrasen,
Mooren und offenem Waldland (Ebert & Rennwald 1991; Settele et al. 2008). In
kUrzerer Vergangenheit hat sich das Verbreitungsgebiet von auf bisher nicht
besiedelte Gebirgsregionen und den Norden sowie Nordosten Europas ausgedehnt
(Brunzel et al. 2008; Settele et al. 2008). Dies sind unter anderem Grunde dafur, dass
diese Art nicht zu den FFH-Arten gehort und in Deutschland als nicht gefahrdet (least
concern) gilt (Settele et al. 2008; Binot-Hafke et al. 2011). Daher kann die generelle

Gefahr durch den Klimawandel als gering angesehen werden (Tab. 1).

(Abb. 2, Seite 19), der Grolde Feuerfalter, hat eine transpalaarktische

Verbreitung von Westeuropa bis zur Amur-Region und Korea reichend (Ebert &
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Rennwald 1991; Settele et al. 2008). Diese Art ist hygrophil und tritt daher vor allem in
Feuchtgebieten, wie den Uferbereichen von Gewassern und in Mooren, mit ein bis zwei
Generationen pro Jahr auf (Ebert & Rennwald 1991; Settele et al. 2008; Lindman et al.
2015). Gleichzeitig ist allerdings mehr oder weniger thermophil und auf
niedrigere Hohenlagen begrenzt (Ebert & Rennwald 1991; Settele et al. 2008; Lindman
et al. 2015). Als Futterpflanze der Raupen werden auch von verschiedene
Ampfer-Arten genutzt, allerdings ausschliel3lich nicht saure Arten, wie

(Huds.), (L.) und (L.) (Settele et al. 2008;
Lindman et al. 2015). Die Uberwinterung erfolgt auch hier als Larve (Lindman et al.
2015). Zwar hat seine nordliche Verbreitung in den vergangenen Jahren
ausgeweitet (Lindman et al. 2015), doch durch die starke Assoziierung mit den immer
seltener werdenden Feuchtgebieten ist diese Art als FFH-Art geschutzt und in der
Roten Liste Deutschlands als gefahrdet (vulnerable) eingestuft (Settele et al. 2008;
Binot-Hafke et al. 2011). Daher kann die generelle Gefahrdung durch den

auftretenden Klimawandel als mittel angesehen werden (Tab. 1).

(Abb. 2, Seite 19), der Blauschillernde Feuerfalter, ist eine boreale
Schmetterlingsart, die in Mitteleuropa als Glazialrelikt angesehen wird und mit ein bis
zwei Generationen pro Jahr auftritt (Ebert & Rennwald 1991; Settele et al. 2008). Diese
Art kommt nicht in Grof3 Britannien, Portugal, Estland, Lettland oder den Balkanstaaten
vor (Ebert & Rennwald 1991; Settele et al. 2008). Da eine sehr hygrophile und
kaltstenotherme Art ist, ist ihr Vorkommen eher auf Hohenlagen, Moore, Sumpfgebiete
und sehr feuchte Wiesen beschrankt (Ebert & Rennwald 1991; Fischer et al. 1999;
Settele et al. 2008). Im Unterschied zu den anderen beiden Feuerfalterarten ist
monophag, als einzige Raupen-Futterpflanze in Mitteleuropa gilt Schlangenknéterich
( , Delarbre) und die Uberwinterung erfolgt als Puppe (Fischer et al.
1999). Da sehr starke Bestandsriickgange zu verzeichnen sind, ist als FFH-Art
geschutzt und in Deutschland als stark gefahrdet (endangered) eingestuft (Van Swaay
& Warren 1999; Settele et al. 2008; Binot-Hafke et al. 2011). Aufgrund des starken
Ruckgangs und des besonderen Habitatanspruchs muss von einer hohen Gefahrdung

durch den Klimawandel ausgegangen werden (Tab. 1).
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Tabelle 1: Zusammenfassung der 0©kologischen und naturschutzfachlichen
Schlusselfaktoren fur , und . Alle Informationen zu den
Habitatpraferenzen beziehen sich auf Zentraleuropa. Die Anfalligkeit grundet sich auf
der generellen Empfindlichkeit gegentber Veranderungen der Umwelt, insbesondere
in Bezug auf die Habitatveranderungen, wohingegen sich der letzte Punkt explizit auf
die prognostizierte Anfalligkeit gegeniber dem Klimawandel bezieht. Informationen
sind zusammengetragen aus Ebert & Rennwald (1991), Van Swaay & Warren (1999),
Settele et al. (2000), Settele et al. (2005), Settele et al. (2008), Limberg & Fischer
(2014) und Lindman et al. (2015).

L. tityrus L. dispar L. helle
Geographische Eurasien Eurasien Eurasien
Verbreitung
Ausdehnung 59° bis 37° 62° bis 40° 70° bis 43°
(n6rdliche Breite)
Habitate trocken bis feuchtes Grasland, = Moore, feuchtes
feucht, Gras - Uberschwemmungs- Grasland

und Heideland ebene

Hohenpraferenz indifferent Tiefland Hohenlagen
Temperaturpraferenz indifferent + thermophil kaltstenotherm
Feuchtigkeitspraferenz  mesophil hygrophil hygrophil

Larven-Futterpflanze

Generationen pro Jahr  1-3 1-2 1-2
Uberwinterungsstadium Larve Larve Puppe

Status der Roten Liste  nicht gefahrdet gefahrdet stark gefahrdet
(Deutschland) (least concern)  (vulnerable) (endangered)
Bestandsentwicklung steigend grofltenteils stabil abnehmend

in Europa

Generelle Anfalligkeit mittel + hoch sehr hoch
Anfalligkeit gegenuber  geringes Risiko mittleres Risiko hohes Risiko

dem Klimawandel

17



Abbildung 2: Oben: (Links: Mannchen; © Catherine Wellings; Rechts:
Weibchen; © Philippe Mothiron)

Mitte: (Links:  Mannchen; Rechts: Weibchen;
© Klaus Dahl)
Unten: (Links: Mannchen; © Rudolf Bryner; Rechts:

Weibchen; © Eberhard Pfeuffer)
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2.1 Hitzeresistenzen verschiedener Entwicklungsstadien

Da die Temperatur eine der wichtigsten 6kologischen Faktoren ist (Sunday et al. 2011;
Araujo et al. 2013), ist es nicht verwunderlich, dass besonders hohe Temperaturen die
individuelle Fitness und das Uberleben von Organismen bedrohen (Le Moullac &
Haffner 2000; Overgaard & Sgrensen 2008). Ein wichtiger Aspekt, der bisher stark
vernachlassigt worden ist, ist die Variation der Temperaturresistenzen wahrend der
Ontogenese (Bowler & Terblanche 2008; Kingsolver et al. 2011; Chiu et al. 2015;
Pincebourde & Casas 2015). Viel zu oft hangt unser Verstandnis der organismischen
Biologie nur vom auffalligsten oder einigen wenigen Entwicklungsstadien ab
(Kingsolver 2009; Kingsolver et al. 2011; Radchuk et al. 2013). Das kann allerdings zu
grundlegenden falschen Aussagen fuhren und zwar genau dann, wenn das
untersuchte Stadium eben nicht das temperaturanfalligste ist (Krebs & Loeschcke
1995; van der Have 2002; Radchuk et al. 2013; Levy et al. 2015).

Vor diesem Hintergrund war eines der Hauptziele dieser Studie, die Variation der
Hitzetoleranzen unterschiedlicher Entwicklungsstadien von

aufzudecken. Dazu wurden die Mortalitatsraten von Eiern, frisch geschlipften Raupen
(1. Larvenstadium), kleinen Raupen (2. Larvenstadium), mittleren Raupen (3./4.
Larvenstadium), grollen Raupen (5. Larvenstadium), Puppen und Faltern nach 24
Stunden bei verschiedenen Temperaturen ermittelt. Da sich in einem ersten Versuch
gezeigt hat, dass die Mortalitat kaum zwischen 20 und 32 °C variierte und dann
sprunghaft zwischen 36 und 40 °C anstieg, wurden Temperaturen zwischen 36 und 40
°C gewahlt: 36, 37, 38, 39 und 40 °C.

Die Ergebnisse zeigten deutlich, dass mit steigender Temperatur nicht nur die
Mortalitatsrate fur alle Entwicklungsstadien anstieg, sondern auch, dass die
verschiedenen Entwicklungsstadien signifikant in ihrer Hitzetoleranz variierten (Abb. 3).
Damit stieg die Mortalitat bei hdheren Temperaturen wie erwartet an (Tewksbury et al.
2008; Andrew et al. 2013; Rukke et al. 2015), was vermutlich auf eine mogliche
Dehydrierung und die Denaturierung von Proteinen zurlckzufuhren war (Klose &

Robertson 2004; Chown & Terblanche 2006; Potter et al. 2009).
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Abbildung 3: Mortalitatsrate der Eier, Raupen (zusammengefasst fur L1, L2, L3/4 und
L5), Puppen und Falter von nach 24 Stunden bei einer

der funf Untersuchungstemperaturen.

Wie sich herausstellte, korrelierte die Temperatur, bei der 50 % aller Individuen starben
(LD50), sehr stark mit dem Gewicht des jeweiligen Stadiums (Abb. 4). Diese Variation
der Hitzetoleranz Uberrascht, da die Unterschiede zwischen Arten als eher gering
angenommen werden (Bowler & Terblanche 2008). Dass grofere Individuen eine
erhohte Stresstoleranz aufweisen, ist jedoch nicht neu (Sibly & Atkinson 1994,
Blanckenhorn 2000; Gibbs 2002; Kingsolver & Huey 2008; Chidawanyika & Terblanche
2011), aber eine derart stark ausgepragte Korrelation zeigt, wie wichtig potentielle
morphologische Zwange in der Zukunft sein kdnnten. Anhand der hier gewonnenen
Daten lasst sich die obere kritische Temperaturgrenze fur zwischen 36 und
40 °C festlegen. Da hier mit konstanten Temperaturen gearbeitet wurde, muss aber
davon ausgegangen werden, dass die naturliche Grenze mdglicherweise noch héher
liegt (Bowler & Terblanche 2008; Ju et al. 2014; Nandi & Chakraborty 2015). Das zeigt
gleichzeitig das Problem auf, welches bei der Bestimmung von Temperaturgrenzen

besteht. Die unterschiedlichen Methoden, die zur Untersuchung genutzt werden,
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machen eine Vergleichbarkeit sehr schwierig (Chown & Terblanche 2006; Potter et al.
2009; Rezende et al. 2014). Insgesamt wird deutlich, wie wichtig die Betrachtung
verschiedener Entwicklungsstadien ist, wenn man artspezifische Vorhersagen
bezuglich des Klimawandels treffen mochte und dass zurzeit der Fokus zu oft auf
einem bestimmten Stadium liegt (Kingsolver 2009; Kingsolver et al. 2011; Radchuk et
al. 2013; Chiu et al. 2015).
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Abbildung 4: Exponentielle Regression des Korpergewichts gegen die Temperatur, bei
der 50 % aller Individuen starben (LD50 Temperatur), wahrend der
Entwicklung des tropischen Schmetterlings (r2=0.956).
A: Eier, B: frisch geschlipfte Raupen (1. Larvenstadium), C: kleine
Raupen (2. Larvenstadium), D: mittlere Raupen (3./4. Larvenstadium), E:

grole Raupen (5. Larvenstadium), F: Puppen und G: Falter.
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2.2 Stresstoleranz von frihen Entwicklungsstadien

Es gibt kaum Zweifel daran, dass der aktuelle Temperaturanstieg der Erde
weitreichende Konsequenzen fur die Biodiversitat hat (McKechnie & Wolf 2010;
Stanton et al. 2015). Diese Anderungen sind ein Ergebnis des vom Menschen
verursachten Klimawandels (Meehl et al. 2007; McKechnie & Wolf 2010; Hansen et al.
2012). Doch nicht nur Veranderungen in den Temperaturen stellen eine
Herausforderung fir die Organismen dar, sondern auch sich andernde
Niederschlagsmuster, langere Trockenphasen und daraus resultierend eine erhdhte
Austrocknungsgefahr sowie mdglicher Futterstress (Clusella-Trullas et al. 2011;
Hoffmann et al. 2013).

Die artspezifische Temperaturtoleranz und die Fahigkeit, sich an andernde
Bedingungen anzupassen, bestimmt, welche Art vom Klimawandel profitieren kann
und welche unter den sich andernden Bedingungen leiden wird (Pimm 2001; Coumou
& Rahmstorf 2012). Obwohl in den gemaligten Breiten davon ausgegangen wird, dass
viele Arten naher an ihr Temperaturoptimum gelangen, wird es auch hier Arten geben,
die nicht von den hoéheren Temperaturen profitieren kénnen (Deutsch et al. 2008;
Kingsolver 2009; Kellermann et al. 2012). Welche Arten dies betrifft, welche
Entwicklungsstadien hier im Vordergrund stehen und welche Faktoren darlber
bestimmen, sind nur drei der wichtigen Fragen unserer Zeit (Deutsch et al. 2008;
Chown et al. 2010; Clusella-Trullas et al. 2011; Hoffmann & Sgro 2011; Kellermann et
al. 2012; Radchuk et al. 2013).

Um Antworten auf die genannten Fragen zu finden, wurde in diesem Versuch die
Stresstoleranz fur Eier und frisch geschlipfte Raupen der drei Feuerfalterarten

, und untersucht. Da sich die drei Arten potentiell in
ihrer Anfalligkeit gegenuber dem Klimawandel unterscheiden (Ebert & Rennwald 1991;
Settele et al. 2008; Habel et al. 2011), bieten sie sich als Versuchsorganismen fur diese
Art der Fragestellung an. Dazu wurden die Mortalitatsraten von zwei Tage alten Eiern

und Raupen in Abhangigkeit von Hitze und Trockenheit aufgenommen.

Die Sterblichkeit der Eier (Abb. 5) und Raupen nahm jeweils mit erhdhter Temperatur
und mit Trockenstress zu. Dabei unterschieden sich die Arten nur in der

Raupensterblichkeit signifikant voneinander. Eine ansteigende Sterblichkeit bei
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erhohten Temperaturen wird unter anderem durch eine Denaturierung von Proteinen
und durch einen erhdhten Wasserverlust ausgelost (Klose & Robertson 2004; Chown
& Terblanche 2006; Potter et al. 2009) und ist daher nicht Uberraschend (Tewksbury et
al. 2008; Andrew et al. 2013; Rukke et al. 2015). Interessanterweise wurden die
negativen Effekte der erhdhten Temperatur deutlich durch die des Trockenstresses
Uberstiegen, was vermutlich ebenfalls auf den erhdhten Wasserverlust und das geringe
Oberflachen-Volumen-Verhaltnis der Eier und kleinen Raupen zurlickzuflhren ist
(Addo-Bediako et al. 2001; Chown et al. 2011). Das zeigt, wie wichtig die
Berucksichtigung von Trockenstress bei der Vorhersage von zukunftigen

Artverteilungen ist (Rezende et al. 2011; Cooper et al. 2012).

Allerdings reagierten die Arten unterschiedlich stark auf die verschiedenen
Bedingungen bei der Eisterblichkeit (signifikante Interaktion zwischen den Arten und
den Stressgruppen). Dabei zeigte im Vergleich zu den anderen beiden Arten
den starksten Anstieg in der Mortalitat (Abb. 5). Damit ware dieses Ergebnis ein Beweis
daflr, dass Arten, die an kuhle und feuchte Habitate angepasst sind (Fischer et al.
1999), am starksten von sich andernden Bedingungen betroffen waren (Habel et al.
2011; Lancaster 2016). Ob dies auch flir andere Entwicklungsstadien gilt und unter

anderen Bedingungen auftritt, muss in weiteren Experimenten gepruft werden.
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Abbildung 5: Mortalitatsrate der Eier der drei Feuerfalterarten nach zwei Tagen bei
Kontrollbedingungen (19,4 °C; 75 % rF), Hitze- (23,4 °C; 75 % rF) und

Trockenstress (zwei Tage mit jeweils zwei Stunden 10 % rF).

2.3 Bedeutung von Hitzewellen wahrend der Entwicklung fur die Fitness
Die durch den Klimawandel hervorgerufenen hoheren Durchschnittstemperaturen
scheinen nicht allein dafur verantwortlich zu sein, dass Populationen und Arten
aussterben (Chown et al. 2010; Wernberg et al. 2012; Hoffmann 2014). Vielmehr
scheinen die sehr hohen Temperaturen, die durch Hitzewellen bedingt sind, von
essentieller Bedeutung zu sein (Coumou & Rahmstorf 2012; Hansen et al. 2012). Da
diese in ihrer Haufigkeit und Intensitat stetig zunehmen, muss hier von einer
ernstzunehmenden Gefahr fur die Biodiversitat ausgegangen werden (Coumou &
Rahmstorf 2012; Hansen et al. 2012).

Aus diesem Grund wurden in dieser Studie die direkten Effekte von hdheren
Temperaturen und Hitzewellen wahrend der Larval- und Puppenentwicklung der drei
Feuerfalterarten untersucht. Mit dem hier durchgefuhrten Versuch sollten dartber
hinaus Faktoren aufgezeigt werden, die in diesem Kontext von besonderer Bedeutung

sein  konnten. Dazu wurden alle Individuen auf vier verschiedene
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Temperaturszenarien, mit Okologisch realistischen Tagestemperaturverlaufen,
aufgeteilt. Im Gegensatz zu den Kontrollbedingungen (Mittel: 15,4 °C, Amplitude 5,5
°C, 75 % rF, und H17:D7 Lichtzyklus) war die Durchschnittstemperatur in den anderen
Gruppen (T1-T3) um 4 °C erhoht. In der Gruppe T2 wurde eine Hitzewelle (15,4 °C/23,4
°C) simuliert, die in Gruppe T3 mit einer reduzierten Luftfeuchtigkeit (50 %) verstarkt
wurde. Um verschiedene Fitnesskomponenten abzudecken, sind
Entwicklungsparameter wie Entwicklungszeit, Wachstumsrate und Korpergrofie
aufgenommen worden, aber auch physiologische Eigenschaften wie Fettgehalt und

Immunparameter.

Die Ergebnisse zeigten eine Reduzierung der KorpergroRe (Puppengewicht,
Kdrpergewicht und Fllgellange) mit steigender Temperatur. Einhergehend mit der
Temperatur-Grofien-Regel ging die Korpergrofde mit ansteigender Temperatur zurtick
(Atkinson 1994; Karl & Fischer 2008; Angilletta 2009). Dieser Effekt wurde teilweise
durch die reduzierte Luftfeuchtigkeit verstarkt, was auf eine verringerte Futterqualitat
hindeuten kdnnte (Fischer et al. 2014).

Die vorgefundenen Muster unterschieden sich fur die drei hier untersuchten Arten, was
die signifikante Interaktion zwischen den Arten und den Temperaturgruppen (Abb. 6)
verdeutlicht. Die reduzierte Plastizitat in der Korpergrof3e von konnte sich bei
zukUnftigen Veranderungen als nachteilig erweisen (Chown et al. 2007; Charmantier
et al. 2008). Gleichzeitig ist es jedoch auch mdglich, dass die negativen Folgen
der erhdhten Temperatur besser puffern kénnte, was auf Unterschiede in der
Uberwinterungsstrategie ( und . Larve; . Puppe)

zurtckzufuhren ware (Andersen et al. 2013).

FUir die gemessenen Immunparameter sowie den Fettgehalt konnten keine
einheitlichen Effekte nachgewiesen werden, genauso wie fir die Hitzewellen generell.
Ausgenommen sind hier die leichten negativen Auswirkungen der trockenen Hitzewelle
(T3) in einigen Parametern, aber auch dort nicht fir alle Arten (Abb. 6; ). Da
insgesamt die Effekte der Hitzewellen sehr niedrig waren und dies im Kontrast zu
anderen Studien steht (Chown et al. 2010; Fischer et al. 2014), muss davon
ausgegangen werden, dass 1. die gewahlten Parameter nicht gut genug geeignet sind,

um die Anfalligkeit gegeniber dem Klimawandel anzuzeigen, 2. die
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Temperaturerhohungen nicht stark genug waren oder 3. die drei gewahlten Arten in

diesen Entwicklungsstadien in der Lage sind, sich an die andernden Bedingungen

anzupassen.
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Abbildung 6: Einfluss der Temperaturgruppen auf die Korpergrofle bei drei

verschiedenen Feuerfalterarten. C: Kontrollgruppe, 15,4 °C + 75 % rF;
T1: erhdhte mittlere Temperatur, 19,4 °C + 75 % rF; T2: simulierte
Hitzewelle 15,4 °C/23,4 °C + 75 % rF; T3 simulierte Hitzewelle mit
reduzierter Luftfeuchtigkeit 15,4 °C/23,4 °C + 50 % rF. Die Buchstaben
geben die signifikanten  Artunterschiede, die Zahlen die

Gruppenunterschiede innerhalb der Arten an.

2.4 Stresstoleranz wahrend des Imaginalstadiums

Bei

sich andernden Umweltbedingungen, wie die durch den Klimawandel

hervorgerufenen, mussen alle Organismen durch eine Verschiebung ihres

Verbreitungsgebietes, ihre genetische Anpassung oder phanotypische Plastizitat auf

die neuen Bedingungen reagieren, um zu Uberleben (Parmesan & Yohe 2003;
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Parmesan 2006; Thomas 2010; Sunday et al. 2012; Valladares et al. 2014). Da eine
Ausbreitung oft nicht moglich ist (Haddad et al. 2015) und die genetische Anpassung
langere Zeit (Generationen) in Anspruch nimmt (Hendry & Kinnison 1999; Merila 2012),
ist die phanotypische Plastizitat von essentieller Bedeutung fiir das Uberleben von
Populationen und Arten (Fischer & Karl 2010; Chevin et al. 2010; Franks & Hoffmann
2012; Valladares et al. 2014). Die phanotypische Plastizitat beschreibt einen Genotyp,
der in der Lage ist, verschiedene Phanotypen als Reaktion auf sich andernde
Umweltbedingungen auszubilden (Bradshaw 1965; Whitman & Agrawal 2009). Die
besondere Bedeutung der phanotypischen Plastizitdt wird vor allem deshalb
hervorgehoben, weil reduzierte Plastizitaten das Aussterberisiko von Arten erhéhen
kénnen (Kellermann et al. 2009; Chevin et al. 2010; Vedder et al. 2013).

Daher wurde in diesem Versuch die Fahigkeit zu plastischen Reaktionen (Kapazitat)
bei den Feuerfalterarten , und untersucht. Dazu
wurden alle Individuen unter kontrollierten Bedingungen (Mittel: 15,4 °C, Amplitude 5,5
°C, 75 % rF und H17:D7 Lichtzyklus) bis zum Schlupf aufgezogen und dann auf ihre
Hitze-, Kalte- und Austrocknungsresistenz nach einer zweitatigen Akklimatisierung bei
18 sowie 30 °C getestet. Um die Resistenzen zu messen, wurden die Zeiten bis zum
Einsetzen des Hitzekomas (Heat-knock down), bis zum Erwachen aus dem Kaltekoma
(Chill-coma recovery) sowie das Uberleben bei Futter- und Wasserentzug genutzt. Die
hierfur gewahlten Parameter haben sich als geeignete Indikatoren fur die Anpassung

an Temperaturstress erwiesen (Karl et al. 2008).

Die erhohte Akklimatisierungstemperatur flhrte zu einer signifikant hdheren
Hitzeresistenz (Abb. 7). Da die Stressresistenz typischerweise stark von den
Umweltbedingungen beeinflusst wird, stellte sich wie erwartet heraus, dass die hohere
Temperatur die Hitzetoleranz erhdht und gleichzeitig die Kaltetoleranz verringert
(Sinclair et al. 2003; Overgaard & Sgrensen 2008; Fischer et al. 2010; Chidawanyika
& Terblanche 2011; Karl et al. 2014).

Der Akklimatisierungseffekt war allerdings bei nicht so stark ausgepragt wie bei
den beiden anderen Arten (signifikante Interaktion zwischen Akklimatisierung und Art;
Abb. 7). Diese reduzierte Plastizitat von geht jedoch gleichzeitig mit einer sehr

hohen Hitzeresistenz bei 18 und 30 °C einher (Abb. 6). Damit kdnnte zwar einerseits
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die reduzierte plastische Kapazitat in der Hitzetoleranz der anfalligsten Art ( )
das Aussterberisiko erhdhen (Kellermann et al. 2009; Chevin et al. 2010; Vedder et al.
2013), andererseits ist dies jedoch fraglich, da diese Art gleichzeitig die hochste
Hitzeresistenz aufwies. In diesem Fall waren kostspielige plastische Reaktionen gar
nicht notwendig (Hoffmann 1995; Manenti et al. 2014).

Die fiir alle drei Arten nachgewiesene Reduzierung der Uberlebensdauer bei Futter-
und Wasserentzug bei héheren Akklimatisierungstemperaturen war wie erwartet, da
die Austrocknungsresistenz bei den meisten Organismen mit steigender Temperatur
abnimmt (Norry et al. 2006; Conti 2008; Karl et al. 2014).

Die hier vorgefundenen Ergebnisse zeigen deutlich, dass zusatzlich zu den generellen
Artunterschieden wichtige Aspekte in zukunftigen Untersuchungen berucksichtigt
werden mussen. Das ist zum einen die Korpergrolde, die zwar eine Rolle bei den
Resistenzen zu spielen scheint und daher nicht vollends vernachlassigt werden sollte
(Nielsen & Papaj 2015), allerdings die Variation in den Resistenzen nicht vollstandig
erklaren kann (Karl et al. 2008). Zum anderen ist hier ein weiterer Aspekt
hervorzuheben, die lokale Anpassung der hier getesteten Population, die potentiell
wichtiger sein konnte als die Unterschiede zwischen den Arten (Hoffmann et al. 2003;
Sanford & Kelly 2011; Schoville et al. 2012).
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Abbildung 7: Einfluss der Akklimatisierungstemperatur (18 und 30 °C) auf die Zeit bis
zum Einsetzen des Hitzekomas bei den drei verschiedenen
Feuerfalterarten. Die Buchstaben geben die signifikanten Unterschiede

zwischen den Arten und der Akklimatisierung an.

2.5 Direkte und indirekte Entwicklung unter dem Einfluss des

Klimawandels
Die Folgen des Klimawandels, hohere Temperaturen und veranderte
Niederschlagsmuster, wirken nicht nur direkt auf die Organismen, sondern es treten
Verschiebungen in saisonalen Mustern auf und daraus resultieren sich andernde
Zeitdrucke (Walther et al. 2002; Visser et al. 2005). Das ist von besonderer Bedeutung
in den gemaligten Breiten, in denen weite Teile des Jahres nicht fur die Entwicklung,
das Wachstum und die Fortpflanzung geeignet sind (Nylin et al. 1995). Da diese
ungunstigen Zeiten nur in Dormanz Uberlebt werden kdnnen, eine Phase der
reduzierten Entwicklung, treten verschiedene Entwicklungswege auf (Leather et al.
1993; Hahn & Denlinger 2007; Sinclair 2015). Unterschieden wird dabei zwischen der
direkten und der indirekten Entwicklung (Hahn & Denlinger 2007; Sinclair 2015). Bei

der direkten Entwicklung gelangt ein Individuum ohne Uberwinterung bis zur
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Reproduktion und bei der indirekten findet wahrend der Entwicklung vom Ei hin zur
Reproduktion eine Uberwinterung statt (Leather et al. 1993; Hahn & Denlinger 2007;
Sinclair 2015). Diese kann vom Ei bis hin zum Falter in jedem Stadium auftreten (Arendt
1997; Higgins 2000). Da sie meist artspezifisch ist, fiUhrt dies zu unterschiedlichen
Zeitdricken (Arendt 1997; Higgins 2000). Somit erhdht der Beginn einer zusatzlichen
Generation die Gefahr, nicht rechtzeitig dieses Stadium zu erreichen, was den
Zeitdruck fur die direkte Entwicklung stark erhoht (Roff 1980; Wiklund et al. 1991;
Abrams et al. 1996; Gotthard et al. 2000; Kivela et al. 2013). Diese Entscheidung einer
zusatzlichen Generation ist besonders fur Arten mit nur wenigen Generationen pro Jahr
wichtig (Gotthard 2001; Chown & Klok 2003).

Um die potentiellen Unterschiede im Hinblick auf den Klimawandel zwischen direkt und
indirekt entwickelnden Individuen aufzudecken, wurde in diesem Versuch das gleiche
Studiendesign wie im 3. Experiment (2.3 Bedeutung von Hitzewellen wahrend der
Entwicklung flr die Fitness) genutzt. Da es in diesem Experiment um den generellen
Einfluss der Entwicklungswege und nicht um eventuelle artspezifische Muster ging,
wurde in diesem Versuch nur verwendet. Dabei gab es zwei Gruppen
mit unterschiedlichen Entwicklungswegen: die erste Gruppe bestand aus sich direkt
entwickelnden Individuen wie im 3. Experiment, die zweite Gruppe bestand aus Tieren,
die erst sechs Monate in Diapause verbracht haben und dann den simulierten
Klimabedingungen ausgesetzt wurden (indirekte Entwicklung). Zum Vergleich der
beiden Entwicklungswege sind unter anderem die Larval- und Puppenzeit, das

Puppengewicht und die Mortalitat wahrend des Versuchs aufgenommen worden.

Wie schon im 3. Experiment verkirzten die hdheren Temperaturen die
Entwicklungszeiten und verringerten das Puppengewicht. Damit waren die hier
vorgefundenen Muster, dass hohere Temperaturen die Entwicklung beschleunigen und
das Gewicht verringern, wie erwartet (Atkinson 1994; Partridge & French 1996; Sinclair
et al. 2003; Karl & Fischer 2008; Angilletta 2009).

In der Gruppe der sich direkt entwickelnden Tiere hatten die verschiedenen
Temperaturen einen signifikanten Einfluss auf die Mortalitat, die am hochsten in der
Gruppe der trockenen Hitzewelle (T3) war. Diesen Effekt gab es bei den indirekt

entwickelnden Tieren nicht. Die Ursache hierfir durfte darin zu finden sein, dass die
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Diapause kleinere Individuen nicht Uberleben (Fischer & Fiedler 2002b) und daher die

gréReren Tiere auch nach der Diapause eine hohere Uberlebensrate haben.

Wie bereits zuvor, konnte auch in diesem Experiment kein negativer Effekt der
simulierten Hitzewellen festgestellt werden, was die bereits gewonnenen Erkenntnisse
unterstreicht. Daruber hinaus konnten keinerlei gravierende Unterschiede zwischen
den beiden Entwicklungswegen festgestellt werden. Damit konnte die Hypothese, dass
direkt entwickelnde Tiere starker unter den Folgen des Klimawandels leiden, weil sie
unter einem groleren Zeitdruck stehen, um eine zusatzliche Generation zu
vervollstandigen, nicht bestatigt werden (Wiklund et al. 1991; Gotthard et al. 2000;
Fischer & Fiedler 2002a). So scheint es keine Unterschiede zwischen Organismen zu
geben, die bereits einen Winter Uberlebt haben und jenen, die sich direkt entwickeln
konnten. Allerdings stellt sich dann die Frage, welchen Einfluss die Temperatur bei

eben dieser Uberwinterung auf den Fortbestand einer Art hat?

2.6 Warme Winter und Uberleben wahrend der Diapause

Der Klimawandel per se bedeutet nicht zwangslaufig nur heile Sommer und hohe
Temperaturen, sondern genau wie alle anderen Jahreszeiten kann auch der Winter
stark vom Klimawandel beeinflusst werden (Meehl et al. 2007; McKechnie & Wolf 2010;
Hansen et al. 2012; Seneviratne et al. 2014). So kdnnen beispielsweise als Folge des
sich andernden Klimas die Wintertemperaturen sowie die Feuchtigkeit steigen und die
Schneefallrate sinken (Scott 1957; Irwin & Lee 2003; Euskrichen et al. 2007; Hahn &
Denlinger 2007; Mainali et al. 2015; Sinclair 2015). Warmere Winter konnen somit
drastische Okologische Konsequenzen haben (Marshall & Sinclair 2012; Seneviratne
et al. 2014) Umso mehr uberrascht es, dass diesem Thema bisher relativ wenig
Aufmerksamkeit geschenkt wurde (Bale & Hayward 2010; Pauli et al. 2013).

Um herauszufinden, inwieweit hohere Wintertemperaturen und Feuchtigkeiten das
Uberleben wahrend sowie nach der Uberwinterung und die daraus entstehenden
Schmetterlinge generell beeinflussen, wurde dieses Experiment mit

durchgefihrt. Uberwinternde Larven wurden in Zehner-Gruppen nach zwei Monaten
bei Kontrollbedingungen (2,0 °C, 0,5 ml Wasser pro Box und Woche, 60 % rF und

H6:D18 Lichtrhythmus) fur weitere 2zwei Monate in acht verschiedene
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Versuchsgruppen aufgeteilt. Dabei gab es vier verschiedene Temperatur- und drei
Feuchtigkeitsgruppen fur die beiden mittleren Temperaturen (siehe Abbildung 8). Die
Temperaturen waren in allen Gruppen konstant, mit Ausnahme von 2-16 °C, in der die
Temperatur 2 °C betrug und dann fir eine Woche 16 °C simuliert wurden. Nach
weiteren zwei Monaten bei Kontrollbedingungen wurde die Diapause beendet und alle
Individuen zu kontrollierten Aufzuchtbedingungen transferiert (mittlere Temperatur 15,4
°C, Amplitude 5,5 °C, 75 % rF, H17:D7). Aufgenommen wurden die Uberlebensrate
wahrend und nach der Diapause sowie das mittlere Larven- und Puppengewicht und

bei den resultierenden Faltern das Gewicht, die Fligellange und der Fettgehalt.

So konnte eine signifikante Reduzierung der Uberlebensrate mit steigender
Temperatur und Feuchtigkeit festgestellt werden (Abb. 8). Die Ergebnisse legen nahe,
dass selbst eine weitverbreitete und haufig auftretende Art wie (Brunzel et al.
2008; Settele et al. 2008) von steigenden Wintertemperaturen negativ beeinflusst
werden kann. Als Ursache dafur wird eine erhohte Stoffwechselrate und damit
einhergehend ein steigender Energiebedarf gesehen (Irwin & Lee 2003; Hahn &
Denlinger 2007; Stuhldreher et al. 2014). Dass mit zunehmender Feuchtigkeit ebenfalls
die Uberlebensrate sank, kdnnte mit dem erhohten Risiko fir Krankheiten und

Verpilzung zusammenhangen (Scott 1957; Dempster 1984; Mainali et al. 2015).

Die spatere Uberlebenswahrscheinlichkeit wahrend der Larvenentwicklung und
Puppenphase blieb von den unterschiedlichen Uberwinterungsbedingungen unberihrt.
Dies traf ebenso fur die gemessenen Parameter der resultierenden Falter zu. Daher
kann davon ausgegangen werden, dass alle eventuell auftretenden Nachteile wahrend
der weiteren Entwicklung ausgeglichen werden konnten (Beekman et al. 1998). Dies
durfte aber fur Arten, die als Puppe oder Falter Uberwintern, zu gravierenden
Problemen fuhren (Williams et al 2003; Irwin & Lee 2000). Insgesamt wurde deutlich,
dass die Effekte des Klimawandels auf die Uberwinterung zwingend in weiteren
Untersuchungen zur Anfalligkeit von Arten einbezogen werden sollten, da diese eine

wichtige Bedeutung haben konnten.

34



OTrocken mMittel Feucht
@ 100 a a
1

80 -

60

20 A

b

b
6 °C
Abbildung 8: Einfluss der Temperatur (-2, 2, 6, 2-16 °C) und der
Feuchtigkeit (Trocken: kein Wasser, Mittel: 0,5 ml Wasser pro Woche,

2°C 2-16 °C

Feucht: 1,0 ml Wasser pro Woche; fir 2 und 6 °C) auf die Uberlebensrate
wahrend der Uberwinterung (Diapause) von . Die
Buchstaben geben die signifikanten Unterschiede zwischen den

Temperaturgruppen an.
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Abstract

Heat tolerance is a trait of paramount ecological importance and may determine a species” ability to cope with ongo-
ing climate change. Although critical thermal limits have consequently received substantial attention in recent years,
their potential variation throughout ontogeny remained largely neglected. We investigate whether such neglect may
bias conclusions regarding a species’ sensitivity to climate change. Using a tropical butterfly, we found that develop-
mental stages clearly differed in heat tolerance. It was highest in pupae followed by larvae, adults and finally eggs
and hatchlings. Strikingly, most of the variation found in thermal tolerance was explained by differences in body
mass, which may thus impose a severe constraint on adaptive variation in stress tolerance. Furthermore, temperature
acclimation was beneficial by increasing heat knock-down time and therefore immediate survival under heat stress,
but it affected reproduction negatively. Extreme temperatures strongly reduced survival and subsequent reproduc-
tive success even in our highly plastic model organism, exemplifying the potentially dramatic impact of extreme
weather events on biodiversity. We argue that predictions regarding a species’ fate under changing environmental
conditions should consider variation in thermal tolerance throughout ontogeny, variation in body mass and
acclimation responses as important predictors of stress tolerance.

Keywords: acclimation, Bogert effect, climate change, constraint, development, heat stress resistance, reproduction, tropical

butterfly
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Introduction

Temperature is a key ecological factor evidenced by
strong effects of ambient temperature on species distri-
butions (Sunday et al., 2011; Aratjo et al., 2013). In par-
ticular, stressfully high temperatures may easily
decrease individual fitness and ultimately cause death
(Le Moullac & Haffner, 2000; Overgaard & Serensen,
2008). Although several studies indicated genetically
based differences in heat tolerance suggesting evolu-
tionary potential (Blackburn et al., 2014; Geerts et al.,
2015; Hangartner & Hoffmann, 2015), variation in
upper thermal limits is strikingly reduced as compared
with lower thermal limits, presumably due to physio-
logical constraints such as protein denaturation (Feder
& Hofmann, 1999; Robertson, 2004; Bowler & Ter-
blanche, 2008). Given the prominent fitness implica-
tions of heat stress, upper critical thermal limits have
recently received substantial attention (Sunday et al.,
2012; Kaspari et al., 2015; Pincebourde & Casas, 2015).
This interest is driven by both basic considerations and
increasing concerns about potential effects of current
climate change on extant biodiversity (Thuiller et al.,
2004; Loarie ef al., 2009; Pereira et al., 2010; Thompson
et al., 2013).
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Ongoing anthropogenic climate change has already
resulted in an increase of the Earth’s mean surface
temperature and the frequency of extreme weather
events such as heat waves (Easterling ef al., 2000;
Meehl & Tebaldi, 2004; McKechnie & Wolf, 2010;
Hansen ef al., 2012; Field et al., 2014). These changes
resulted in range shifts, abundance and phenological
changes (Parmesan & Yohe, 2003; Thomas et al.,
2004; Parmesan, 2006; Chown et al., 2010; Thomas,
2010; Chen et al., 2011; Sunday et al., 2012). Notably,
climate change is predicted to accelerate in future
decades likely posing a severe threat to biodiversity
(Novacek & Cleland, 2001; Thuiller et al., 2005; Keith
et al., 2014, Mantyka-Pringle et al., 2015; Stanton
et al., 2015). In particular, concomitant increases in
temperature extremes may strongly affect biodiver-
sity in the future (Clusella-Trullas et al., 2011; Hoff-
mann et al., 2013). For instance, species distributions
are more closely related to extreme rather than
mean temperatures (Zimmermann et al., 2009; Keller-
mann ef al., 2012), underlining the ecological impor-
tance of critical thermal limits. Tropical ectotherms
may be particularly sensitive to such changes, as
they live already close to their upper thermal limits
while temperate-zone species may even benefit
(Deutsch et al., 2008; Kingsolver, 2009; Kellermann
et al., 2012; Fischer et al.,, 2014, but Vasseur et al.,
2014).
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A potentially crucial aspect of thermal biology has
hitherto received surprisingly little attention, namely
variation in thermal limits throughout ontogeny
(Bowler & Terblanche, 2008; Kingsolver et al., 2011;
Chiu et al., 2015; Pincebourde & Casas, 2015). In par-
ticular, in arthropods, our view on organismal biol-
ogy is still too often focussed on the typically more
conspicuous adult stage (Kingsolver, 2009; Kingsolver
et al., 2011; Radchuk et al.,, 2013). The concomitant
neglect of other developmental stages may result in
false predictions regarding the fate of species facing
environmental change, if variation throughout onto-
geny is substantial and if the adult stage is not the
most sensitive one (Krebs & Loeschcke, 1995; van der
Have, 2002; Radchuk et al., 2013; Levy et al., 2015). In
insects, for instance, developmental stages vary in
size, morphology, physiology and behaviour which
may well affect thermal limits (Krebs & Loeschcke,
1995; Bowler & Terblanche, 2008; Kingsolver et al.,
2011). Variation in body size may also show complex
interactions with ambient and leaf temperature
(Woods, 2013). In this context, the Bogert effect pre-
dicts that immobile stages should be more tempera-
ture-tolerant than mobile ones, as they lack the
ability of behavioural thermoregulation (Huey et al.,
2003), although this hypothesis has been challenged
(Marais ef al., 2009; Mitchell et al., 2013). In any case,
predicting responses to climate change obviously
requires the consideration of heat stress on survival
and reproduction throughout development (Bowler &
Terblanche, 2008; Kingsolver et al., 2011).

We here investigate heat tolerance in the tropical but-
terfly Bicyclus anynana (Butler 1897) throughout devel-
opment to test for the occurrence and extent of stage-
specific variation. Based on the Bogert effect, it might
be predicted that immobile stages (eggs, pupae) are
most heat-tolerant, although we assume that body
mass, often being positively correlated with higher heat
tolerance (Sibly & Atkinson, 1994; Blanckenhorn, 2000;
Gibbs, 2002; Kingsolver & Huey, 2008; Terblanche et al.,
2011; Mitchell et al., 2013; Nielsen & Papaj, 2015), will
have the strongest impact. We further test whether egg-
hatching success in relation to temperature is affected
by egg handling, that is whether it differs among eggs
being (i) removed from maize leaves, (ii) left on cut-off
leaves, (iii) left on turgorescent leaves or (iv) left on
intact plants. This way we examine whether results
obtained in artificial laboratory settings are likely to
resemble situations that are more natural. Finally, we
test for a negative impact of thermal acclimation, result-
ing in increased heat tolerance, on reproduction, as
such plastic responses are predicted to involve costs
(DeWitt et al., 1998; Wilson & Franklin, 2002; Murren
et al., 2015).

Materials and methods

Study organism

Bicyclus anynana is a tropical, fruit-feeding butterfly ranging
from southern Africa to Ethiopia (Larsen, 1991). As an adapta-
tion to alternate wet-dry seasonal environments and the asso-
ciated changes in ground vegetation used for resting, this
species exhibits striking phenotypic plasticity (two seasonal
morphs; Lyytinen et al., 2004). Reproduction is confined to the
favourable wet season during which oviposition plants are
abundantly available (Brakefield & Reitsma, 1991; Brakefield,
1997). A laboratory stock population was established at Greif-
swald University, Germany, in 2008, from several hundred
eggs derived from a well-established stock population at Lei-
den University, the Netherlands. The latter population was
founded in 1988 from 80 gravid females caught at a single
locality in Nkhata Bay, Malawi. Several hundred adults are
used per generation to produce the subsequent generation,
maintaining high levels of heterozygosity at neutral loci (Van't
Hof et al., 2005).

Experimental design

To investigate effects of heat exposure on mortality and repro-
duction of B. anynana, we performed four separate experi-
ments. All animals were reared at 27 °C, 70% relative
humidity and a photoperiod of L12:D12 within a single tem-
perature-, light- and humidity-controlled climate chamber.
Larvae were fed on young, potted maize plants ad libitum in
population cages.

Experiment 1. In the first experiment, we investigated mor-
tality rates in four different life stages over a broad tempera-
ture range (2040 °C) to get handle on the relevant
temperature range in terms of critical thermal limits. We
hypothesized that increasing temperature will initially not or
only weakly increase mortality rates, followed by a steep
increase when approaching 40 °C. We scored mortality rates
of eggs, hatchlings, small (2nd instar) and intermediate larvae
(3rd/4th instar) randomly collected from the stock population.
For testing, individuals were placed, separated by develop-
mental stage, into petri dishes in groups of ca. 20 (range 10—
31) using 8-47 replicate dishes per stage and temperature
(n = 9834 individuals). All animals were exposed for 24 h to
either 20, 24, 28, 32, 36 or 40 °C using climate cabinets (Sanyo
MLR-351H; Bad Nenndorf, Germany). These temperatures
were used to cover the range of temperatures butterflies will
experience in its natural habitat, although exposure times in
nature will be evidently shorter than 24 h. We used such a
period here for practical reasons, that is for maximizing the
chances to detect differences among the temperature treat-
ments used. After exposure, all individuals were back-
transferred to control conditions (27 °C). Mortality rates were
scored 24 h later except for eggs, for which mortality was
determined as the percentage of eggs that did not hatch. We
used the percentage of dead individuals per dish for further
analyses.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13407
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Experiment 2. Experiment 1 indicated a steep increase in
mortality rates between 36 and 40 °C, with little variation
between 20 and 32 °C. To estimate stage-specific critical ther-
mal limits, we therefore focused here exclusively on the tem-
perature range between 36 and 40 °C. We here also included
later developmental stages to assess critical thermal limits
throughout ontogeny, resulting in seven stages in total: eggs,
hatchlings (Ist instar), small larvae (2nd instar), intermediate
larvae (3rd/4th instar), large larvae (Sth instar; larval stages
according to Bear et al., 2010), pupae (one day after pupation)
and adults (one day after eclosion). We hypothesize that the
pupal stage will be the most heat-tolerant one, based on its
large mass and the Bogert effect.

To keep the size of the experiment manageable, it was
divided into three consecutive parts. In the first part of the
experiment, we investigated eggs and hatchlings, in the sec-
ond, the three larval stages, and in the third, pupae and
adults. For each part of the experiment, virgin females and
males were randomly selected from the stock population and
set up in cylindrical hanging cages (30 x 39 cm) for mating.
Mating couples were placed individually into translucent 1-1
plastic pots. After mating, males were removed and females
were provided with a leaf of maize for egg laying and with
moist banana for feeding. We used a split-brood design, that
is the offspring produced by individual females were ran-
domly divided among five heat treatments entailing exposure
for 24 h to either 36, 37, 38, 39 or 40 °C using climate cabinets
(Sanyo MLR-351H). After heat exposure, all individuals were
back-transferred to control conditions. Mortality rates were
scored 24 h later except for eggs and pupae, for which it was
tested whether they hatched or eclosed successfully. For scor-
ing mortality rates, we used at least five (up to 47) eggs or
hatchlings per female and temperature, which were collected
from the egg-laying pots and placed family-wise into petri
dishes (eggs: n = 16 females, in total 1647 eggs; hatchlings:
n = 58 females, in total 4939 hatchlings). We used the percent-
age of dead individuals per dish for further analyses. For later
developmental stages, the eggs produced by individual
females were transferred to elongated, sleeve-like gauze cages
containing a young maize plant. Each cage represented one
full-sib family. Maize plants were replaced as necessary and
the density per cage was culled to a maximum of 40 larvae.
Larvae from the respective instars were collected from these
cages and tested individually in translucent plastic boxes
(250 ml) containing a fresh maize leaf for feeding. We used 3—
28 larvae per female and temperature (2nd instar: n =33
females, in total 786 larvae; 3rd /4th instar: n = 25 females, in
total 632 larvae; 5th instar: n = 41 females, in total 1790 lar-
vae). Pupae and adults were tested individually in plastic pots
(125 ml) covered with gauze, using 3 to 10 individuals per
female and temperature (pupae: n = 66 females, in total 1244
pupae; adults: n = 51 females, in total 1149 adults). Adults
were provided moist cotton for drinking during heat
exposure.

Experiment 3. Here, we tested the impact of different micro-
climatic conditions on egg mortality to rule out that results are
biased using artificial settings. We therefore investigated egg

mortality in relation to temperature and the following four
treatment groups: (i) eggs were removed from maize leaves
and placed into petri dishes (control, n = 116 dishes), (ii) eggs
were left on leaves, which were cut off and placed into small
glass vials filled with water (n = 111 leaves), (iii) eggs were
left on leaves, which were cut off and placed into small glass
vials without water (n =111), and (iv) eggs were left on
leaves, which were not cut off but remained untouched on
small plants (1 = 147). All eggs used derived from the stock
population, by placing small maize plants into stock popula-
tion cages. Group sample sizes per dish or maize leave ranged
between six and 363. We scored egg mortality as the percent-
age of eggs that did not hatch after exposure for 24 h to either
27, 34 or 38 °C using climate cabinets (Sanyo MLR-351H).
After exposure, all groups were back-transferred to control
conditions to score egg mortality. Additionally, we scored the
proportion of eggs that fell from leaves during heat exposure,
as heat may interfere with the glue used to attach eggs to host
plants.

Experiment 4. Here, we tested for effects of temperature
acclimation and heat exposure on heat knock-down time and
reproduction. Thus, while experiments 1-3 focussed on heat-
induced mortality and critical thermal limits, we here investi-
gated plastic responses in heat tolerance, and whether females
exposed to severe heat stress are subsequently still able to suc-
cessfully reproduce. We hypothesize that higher acclimation
temperatures confer increased subsequent heat tolerance, and
that heat stress affects reproduction negatively. We randomly
collected virgin females and males from the stock population
and kept the individuals separated by sex. Two days after
eclosion, animals were randomly divided among five thermal
treatment groups per sex, being acclimated for 48 h to 20, 23,
27, 31 or 34 °C (70% relative humidity, L12:D12; Sanyo MLR-
351H). A period of two days is sufficient to induce pro-
nounced physiological responses to the above temperatures
(Geister & Fischer, 2007; Fischer et al., 2010). After acclimation,
butterflies were randomly allocated to heat stress at either 43,
45 or 47 °C. Butterflies were exposed to heat group-wise in
translucent 1-1 plastic pots covered with gauze, using 10 but-
terflies each (1 = 148-175 groups per acclimation by heat treat-
ment group). We scored heat knock-down time as the point in
time when 50% (= 5) of the butterflies had been physically
knocked down. At this time point, the pots containing the but-
terflies were immediately back-transferred to control condi-
tions. After one day for recovery, the males and females
having experienced the same acclimation and heat stress con-
ditions were set up for mating within translucent 1-1 plastic
pots covered with gauze for two days. Afterwards, females
were set up individually for egg laying in 1-1 plastic pots con-
taining a maize leaf as oviposition substrate. We counted egg
numbers per female for the following six days, during which
the majority of eggs is laid, and additionally scored whether
eggs were viable or not. Note that, for the latter, we only
scored whether at least one egg hatched to test whether
females are able to successfully mate and reproduce after sev-
ere heat stress. Throughout, all butterflies were fed with moist
banana.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13407
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Statistical analyses

In experiment 1, we analysed mortality rates (% dead individ-
uals) of eggs, hatchlings, small and intermediate larvae using
generalized linear models (GLMs; normal distribution and
log-link function) with temperature as fixed effect. For larvae,
larval instar was included as additional fixed effect. In experi-
ment 2, mortality rates in per cent were analysed using gener-
alized linear mixed models (GLMMSs; normal distribution and
log-link function) with temperature and developmental stage
as fixed and female as random effect. For the data sets
obtained from experiments 1 and 2, we additionally per-
formed maNOvAs, using temperature as continuous variable
and different life stages as dependent variables. In experiment
3, egg mortality in per cent and egg drop rate were analysed
using GLMs with plant treatment and temperature as fixed
effects. In experiment 4, heat knock-down times were anal-
ysed using a GLM with acclimatization temperature, heat
treatment, and sex as fixed effects. Egg numbers were anal-
ysed using a GLM with acclimatization temperature and heat
treatments as fixed effects. Egg viability, finally, was analysed
using a nominal logistic regression on binary data (yes/no)
with acclimatization temperature and heat treatment as fixed
factors. Data were analysed using srtamistica 8.0 (StatSoft,
Tulsa, OK, USA) or jmp 7.0.1 (SAS institute, Cary, NC, USA).
Pair-wise comparisons after GLMs were performed employ-
ing Tukey’s HSD. Throughout the text, means are given + 1
SE. For model diagnostic plots see Appendix S1. To back up
our results, we also performed nonparametric Kruskal-Wallis
tests for all significant main effects, which confirmed all
results with exception of the significant differences between
larval stages in experiment 2 (Table 2b; P = 0.10).

Results

Mortality rates

Experiment 1. Average mortality rates across tempera-
tures were 50.9 + 6.2% for eggs, 40.5 + 4.0% for hatch-
lings, 19.8 & 3.0% for 2nd and 20.2 + 3.1% for 3rd/4th
instar larvae. Regarding the effects of temperature, we
found a qualitatively identical pattern across all four
developmental stages investigated. While exposure for
24 h to temperatures between 20 and 32 °C did not
cause significant variation, mortality rates increased
significantly at 36 °C and especially at 40 °C (Table 1;
Fig. 1). The different larval instars did not respond dif-
ferently to increasing temperatures. The strong temper-
ature impact is also confirmed by MaNova results
(Fy50 = 23.2, P < 0.0001; see also Appendix S2).

Experiment 2. Mortality rates between 36 and 40 °C.
Overall, egg mortality (69.0 + 4.3%) was significantly
higher than hatchling mortality (55.7 £+ 2.3%) within
the temperature range of 3640 °C (Table 2a, Fig. 2a).
Mortality rates generally increased significantly with
increasing temperature, which was more pronounced

Table 1 Results of generalized linear models for the effects
of temperature (and larval instar, 2nd vs. 3rd/4th instar, for c)
on egg (a), hatchling (b) and larval (c) mortality rates in Bicy-
clus anynana. Significant P-values are given in bold

MQ df F p
(a) Eggs (* = 0.298)
Temperature 9757 5 11.6 <0.001
Error 838 137
(b) Hatchlings (* = 0.773)
Temperature 15506 5 1313.3 <0.001
Error 245 93
() Larvae (+* = 0.906)
Temperature 55708 5 371.9 <0.001
Instar 8 1 0.1 0.816
Temperature x Instar 34 5 0.2 0.951
Error 150 195
c
100, mEggs OHatchlings
:z’ @2nd instar @ 3rd/dth instar
— 704
£ 60+
>
-TE 50
E<: 40 A
30+
20
101
0’

20 24 28 32 36 40
Temperature [°C]

Fig. 1 Mortality rates for eggs (black bars), hatchlings (open
bars), small larvae (2nd instar, hatched bars) and intermediate
larvae (3rd/4th instar, dotted bars) of Bicyclus anynana after
24-h exposure to either 20, 24, 28, 32, 36 or 40 °C. Given are
group means + 1 SE. Missing error bars indicate 100% mortality
and therefore no variation. Sample sizes range between 8 and 47
groups with 10-31 individuals each. In total, 4844 eggs, 3012
hatchlings, 1315 2nd instar larvae and 663 3rd/4th instar larvae
were used. Different lower-case letters above bars (a, b, ¢) indi-
cate significant differences between temperature groups across
life stages, with mortality being significantly higher at 40 °C
than at all other temperatures, and significantly higher at 36 °C
than at 20 to 32 °C. Mortality rates were significantly higher at
40 °C than at any other temperature and significantly higher at
36 °C than at 20-32 °C. Note that patterns were identical across
developmental stages.

in hatchlings compared with eggs (significant interac-
tion) owing to the hatchlings’ initially lower mortal-
ity. While egg mortality raised from 51.7 + 4.3% at
36 °C to 97.5 + 43% at 40 °C, hatchling mortality
raised from 23.5 £ 2.2% at 36 °C to 100.0 = 0% at
40 °C. Regarding the three larval stages, mortality
rates  increased  significantly = with  increasing

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13407
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Table 2 Results of a generalized linear mixed models for the
effects of temperature, developmental stage and female on
mortality rates of eggs and hatchlings (a), three larval stages
(b) and pupae and adults (c) of Bicyclus anynana. Female was
considered a random effect throughout. Significant P-values
are given in bold

MQ df F p

(a) Eggs/Hatchlings (* = 0.858)
Temperature 34 847 4 1765  <0.001
Stage 13 114 1 66.4  <0.001
Temperature x Stage 4981 4 252 <0.001
Female 365 58 19  <0.001
Error 198 277

(b) Larval stages (* = 0.882)
Temperature 159 084 4 7838  <0.001
Stage 3923 2 19.3  <0.001
Temperature x Stage 2413 8 119  <0.001
Female 232 57 1.1 0.230
Error 203 465

(c) Pupae/Adults (* = 0.615)
Temperature 72 130 4 1395  <0.001
Stage 37 781 1 73.1 <0.001
Temperature x Stage 5011 4 9.7  <0.001
Female 1143 71 22  <0.001
Error 517 499

temperature as above, ranging between 1.7 + 0.9% at
36 °C and 99.3 + 04% at 40 °C (Table 2b, Fig. 2b).
Smaller larvae showed a significant higher mortality
rate compared with large larvae (2nd instar:
35.0 + 1.1%; 3rd/4th instar: 34.6 + 1.3%; 5th instar:
26.6 = 1.0%), with differences being obvious at 38
and 39 °C only (significant interaction). Also in
pupae and adults mortality rates increased signifi-
cantly with increasing temperature (Table 2c, Fig. 2¢).
Overall, mortality was significantly higher in adults
(45.6 & 3.1%) than in pupae (27.7 £ 2.7%). The abso-
lute difference between the two stages generally
increased with increasing temperature (significant
interaction), being 6.0% at 36 °C and 33.9% at 40 °C.
Except from larval stages, heat tolerance differed sig-
nificantly among females. The strong temperature
impact is also confirmed by MaNova results
(F775 = 118.2, P < 0.0001; see also Appendix S2).

We calculated the LD50 temperature (i.e. the temper-
ature at which 50% of all individuals died) for each
developmental stage based on the data given in Fig. 2,
equalling 39.6 °C for pupae. Pupae are followed by
large (LD50: 39.4 °C), intermediate (LD50: 39.1 °C) and
small larvae (LD50: 38.9 °C), adults (LD50: 38.7 °C),
hatchlings (LD50: 37.4 °C) and finally eggs (LD50:
36.0 °C). LD50 values were strongly correlated with
body mass, with higher mass conferring increased heat
tolerance (Fig. 3).
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Fig. 2 Mortality rates for groups of eggs (black bars) and hatch-
lings (open bars, a), small (2nd instar, black bars), intermediate
(3rd/4th instar, open bars) and large larvae (5th instar, hatched
bars, b), and pupae (black bars) and adults (open bars, c) of
Bicyclus anynanaa after 24 h exposure to either 36, 37, 38, 39 or
40 °C. Given are female means + 1 SE. Missing error bars indi-
cate 100% mortality and therefore no variation. Sample sizes for
eggs and hatchlings range between 16 and 58 females with 547
individuals each, and for larvae, pupae and adults between 25
and 66 females with 3-28 offspring each. In total, 1647 eggs,
4939 hatchlings, 786 2nd instar larvae, 362 3rd/4th instar larvae,
1790 5th instar larvae, 1244 pupae and 1149 adults were used.
Different lower-case letters above bars indicate significant
differences between temperature groups.

Experiment 3. Egg mortality in relation to temperature
and handling. As above, mortality rates increased sig-
nificantly with increasing temperatures, being on
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Fig. 3 Exponential regression of body mass against LD50, that
is the temperature at which 50% of all individuals died,
throughout the development of the tropical butterfly Bicyclus
anynana (r* = 0.956). Mass data are based on (Fischer & Fiedler,
2002) for eggs and hatchlings, (Fischer et al., 2014) for pupae
and adults, and on measurements during the current experi-
ment for the three larval stages. All animals were reared at
27 °C, 70% relative humidity and a photoperiod of L12:D12. A:
eggs; B: hatchlings; C: small larvae; D: intermediate larvae; E:
large larvae; F: pupae; G: adults.

average 23.1 £+ 1.4% at 27 °C, 23.5 £+ 1.4% at 34 °C and
76.8 £ 1.4% at 38 °C (F, 473 = 491.2, P < 0.001). How-
ever, effects of egg handling were not significant as
variation across treatments were minimal (min:
402 + 1.6%, max: 41.6 + 1.4%; Fs 475 = 0.2, P = 0.918).
The proportion of eggs falling from the leaves varied
significantly across temperatures (Fa 060 = 5.6,
P =0.004), ranging from 13.8 & 1.0% at 38 °C via
10.5 + 1.0% at 34 °C to 89 + 1.1% at 27 °C. Again,
there were no significant differences among plant
treatments (Fp 260 = 0.3, P = 0.762).

Heat knock-down time, egg number and egg mortality

Experiment 4. Heat knock-down time increased signifi-
cantly with acclimation temperature, on average from
104 £ 1.5 min at 20 °C to 22.1 = 1.5 min at 34 °C
(Table 3a, Fig. 4a). This increase was most pronounced
at subsequent exposure to 43 °C (significant interac-
tion). In addition to above, increasing temperature dur-
ing heat exposure significantly decreased heat knock-
down time, being longest at 43 °C (35.8 &+ 1.1 min) fol-
lowed by 45°C (9.3 £ 1.1 min) and finally 47 °C
(6.1 £ 1.1 min). Egg numbers decreased significantly
with increasing acclimation temperature (Table 3b;
Fig. 4b), being highest at 20 °C (84.5 & 4.7) and lowest
at 34 °C (53.9 £ 4.9). Regarding effects of heat expo-
sure, highest egg numbers were found at 45 °C
(81.7 = 3.5) followed by 47 °C (67.3 + 3.8) and finally
43 °C (56.0 £ 3.9). Patterns for egg mortality were simi-
lar to those for egg numbers. Egg mortality increased

Table 3 Results of generalized linear models for the effects
of acclimation temperature, heat stress temperature and sex
on heat knock-down time (time until 50% of the butterflies
were knocked down, a), acclimation temperature and heat
stress temperature on the number of eggs laid (b) and a nomi-
nal logistic regression for the effects of acclimation tempera-
ture and heat stress temperature on egg mortality (c) of
Bicyclus anynana. Significant P-values are given in bold

MQ df F p

(a) Knock-down time (* = 0.808)
Acclimation temperature 0.73 4 2654 <0.001
Heat stress temperature 10.17 2 369.54 <0.001
Sex <0.01 1 0.02  0.884
Acclimation x Heat 0.06 8 2.04  0.044
Acclimation x Sex 0.03 4 112 0.349
Heat x Sex 0.01 2 042  0.659
Acclimation x 0.01 8 0.48  0.868

Heat x Sex

Error 0.03 215

(b) Egg number (* = 0.121)
Acclimation temperature 13 063 4 6.1  <0.001
Heat stress temperature 26 464 2 123  <0.001
Acclimation x Heat 2559 8 1.2 0.303
Error 2149 462

(c) Egg mortality (* = 0.157)
Acclimation temperature 4 182 0.001
Heat stress temperature 2 147 0.001
Acclimation x Heat 8§ 238 0.003

significantly with increasing acclimation temperature
from 29.9% (20 °C) to 54.4% (34 °C) and was higher for
exposure to 43 °C (52.0%) than to 47 °C (40.9%) or
45 °C (30.3%; Table 3c, Fig. 4c). The significant acclima-
tion by heat stress temperature interaction indicates
variation in the responses to heat stress across acclima-
tion temperature groups. In general, effects of stress
temperature were more pronounced after acclimation
to 20 and 23 °C. Pearson correlations based on the
group means given in Fig. 4 showed negative correla-
tions between heat knock-down time and egg number
(r=-0.64, n=15 P =0.009 as well as hatching
success (r = —0.53, n = 15, P = 0.041).

Discussion

Our experiments revealed, as expected, that mortality
rates generally increased with increasingly stressful
temperatures (Tewksbury et al., 2008; Andrew et al.,
2013; Rukke et al., 2015). This well-documented rela-
tionship is explained by, for instance, dehydration
impairing evaporative cooling, denaturation of pro-
teins, disruption of membrane structure and function,
and interactions with oxygen supply (Klose & Robert-
son, 2004; Chown & Terblanche, 2006; Potter et al.,
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Fig. 4 Heat knock-down time (time until 50% of the butterflies
were knocked down, a), number of eggs laid (b) and egg mortal-
ity (c) of Bicyclus anynana in relation to acclimation (20, 23, 27,
31 and 34 °C) and heat stress (43 °C: black bars, 45 °C: open
bars, 47 °C: hatched bars) temperature. Given are means + 1 SE.
Sample sizes range between 43 and 54 groups of 10 individuals
each per acclimation temperature for heat knock-down time
and between 89 and 104 females per acclimation temperature
for egg number and egg mortality. Different lower-case letters
above bars indicate significant differences between acclimation
temperature groups.

2009). Our findings indicate that, for the tropical butter-
fly B. anynana, the upper critical thermal limit is
reached between 36 and 40 °C when using a 24-h expo-
sure. After 24 h at 40 °C, almost all individuals died
except for those in the pupal stage. In contrast, the spe-
cies seems to be well equipped to bear temperatures
below 36 °C for 24 h, as no impact on mortality rates

could be detected between 20 and 32 °C. In other stud-
ies, even temperatures >40 °C have been occasionally
used when investigating thermal tolerance, but in these
cases, exposure time was typically much shorter than
24 h (Bowler & Terblanche, 2008; Ju et al., 2014; Nandi
& Chakraborty, 2015). Thus, estimating upper thermal
limits is prone to biases caused by the experimental
protocol used and the particular trait investigated
(Chown & Terblanche, 2006; Potter et al., 2009; Rezende
et al., 2014), also because heat damage is the result of
both absolute temperature and exposure time. This has
been, among others, illustrated in lizards, in which
embryos survived thermal cycles that reached 42 °C,
while they were not able to survive a constant tempera-
ture of 36 °C (Angilletta et al., 2000; Levy et al., 2015).
We do not know to what extent the use of fluctuating
temperatures may have affected our results, but assume
that upper thermal limits would have been even higher.
This, however, may not affect the below comparisons
across developmental stages (Fischer et al., 2011). How-
ever, despite using rather long exposure times to con-
stant temperatures, our results are in broad agreement
with findings on other species, indicating that upper
thermal limits are in general close to 40 °C in most ter-
restrial animals, with very little variation across species
(Heinrich, 1981; Bowler & Terblanche, 2008; Sunday
et al., 2011).

Given that upper thermal limits vary very little even
across species, it is surprising that heat tolerance varied
substantially throughout development in B. anynana.
Overall, pupae turned out to be most heat-tolerant. We
suspect that these differences, amounting to nearly
4 °C in total, are ecologically highly relevant. Still too
often, our view on insect life histories is dominated by
a single stage, mainly the adult one, only (Kingsolver,
2009; Kingsolver et al., 2011; Radchuk et al., 2013; Chiu
et al., 2015). Our data clearly indicate that eggs and
hatchlings are very sensitive to heat while others such
as pupae are less susceptible. Some other studies also
showed variation in heat resistance throughout onto-
geny, indicating large differences with respect to the
most heat-tolerant developmental stage ranging from
early via intermediate up to late ones (Krebs &
Loeschcke, 1995; Abdelghany et al., 2010; Amarasekare
& Sifuentes, 2012; Knapp & Nedvéd, 2013).

An important question from an ecological perspec-
tive although is whether such results, gained in artifi-
cial laboratory settings and using long exposure times,
resemble more natural conditions reasonably well. This
might be questionable especially for the egg stage, as
females deposit their eggs on the leaves of host plants,
where they may benefit from plant-mediated changes
in microclimate with increased humidity and decreased
temperature (Smith, 1978; Potter et al., 2009). Therefore,
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we tested whether mortality of detached eggs and those
on intact plants differ, which was not the case. These
results indicate that, at least under the specific condi-
tions used, egg handling did not bias our results and
that we consequently may be able to extrapolate to nat-
ural conditions. Additionally, we could show that the
proportion of eggs falling down from leaves increased
with increasing temperature. This may be caused by an
interference of the egg glue with temperature, or alter-
natively represent an adaptive mechanism to avoid
overheating in a life stage lacking behavioural ther-
moregulation. The latter could be the case if tempera-
tures were lower on the ground as compared to leaves.

The demonstrated variation of heat tolerance across
developmental stages could be related to differences in
morphology, physiology and/or behaviour (Krebs &
Feder, 1998; Spicer & Gaston, 1999; Bowler & Ter-
blanche, 2008). The increased heat tolerance of larvae
compared with eggs or hatchlings may be explained by
gaining water and energy while feeding, resources of
crucial importance for evaporative cooling and fuelling
physiological stress responses (Krebs & Feder, 1998;
Hofmann & Todgham, 2010). This, however, would not
explain why pupae are most heat-tolerant. Also, beha-
vioural thermoregulation may play an important role,
with larger larvae having higher behavioural ther-
moregulation capabilities than eggs or hatchlings (Bow-
ler & Terblanche, 2008). While potentially important,
such considerations are probably not relevant in labora-
tory-based studies with little if any variation in micro-
climate. Note further that the above hypothesis
challenges predictions based on the Bogert effect,
according to which less mobile stages should have a
higher rather than a lower heat tolerance, precisely
because of a lack of alternative behavioural options
(Huey et al., 2003; Bowler & Terblanche, 2008). How-
ever, our results are also not really in agreement with
such predictions. While we found that the immobile
pupal stage was very heat-tolerant as would be
expected, the same does not apply to eggs being most
susceptible. Furthermore, if mobility was the crucial
factor, adults should be least tolerant and smaller larvae
more tolerant than larger ones rather than vice versa.
Other studies also challenged the general applicability
of the Bogert effect with regard to developmental stages
(Marais et al., 2009; Mitchell et al., 2013), while recent
studies did find support within a comparative context
across geographical regions (Buckley et al., 2015; Gun-
derson & Stillman, 2015).

In contrast to the above explanations, variation in
stress resistance was in our study closely related to
body mass, with higher mass conferring increased heat
tolerance Fig. 3; cf. (Bouchebti et al., 2014; Nielsen &
Papaj, 2015). Larger individuals have been often found

to be more stress-resistant (Sibly & Atkinson, 1994;
Blanckenhorn, 2000; Gibbs, 2002; Kingsolver & Huey,
2008; Chidawanyika & Terblanche, 2011). With respect
to heat tolerance, a reduced surface to volume ratio in
larger animals reducing water loss might be of crucial
importance, as dehydration seems to be a major deter-
minant of survival under heat stress (Addo-Bediako
et al., 2001; Chown et al., 2011). Based on the tight cor-
relation between body mass and heat tolerance
(explaining 96% of the variation) reported here, we con-
clude that body mass may comprise a crucial morpho-
logical constraint on adaptive responses in heat
tolerance. While many studies focus on potential adap-
tive responses, the role of constraints has in general
received much less attention (Gould & Lewontin, 1979;
Pigliucci & Kaplan, 2000; Futuyma, 2010; Tammaru
et al., 2015). This does not necessarily contradict the
existence of significant family effects indicating that
heat tolerance has a heritable component that can be
exploited by selection. While several studies indicated
that heat tolerance is a heritable trait, reported heritabil-
ities are typically fairly low (Krebs & Loeschcke, 1999;
Hoffmann et al., 2005; Blackburn et al., 2014; Hangart-
ner & Hoffmann, 2015).

Besides whether an individual does or does not sur-
vive an acute heat stress, the survivors’ ability to subse-
quently mate and produce viable offspring is obviously
of crucial importance. Our results indicate that this is
indeed the case even when using very high tempera-
tures. To address this issue, we here used the time until
50% of individuals were knocked down to make sure
that at least a proportion of animals would survive. In
fact, nearly all individuals, being knocked down or not,
survived our stress treatments, although we did not
score exact proportions. Heat knock-down times were,
as expected, strongly influenced by stress temperature,
being much shorter at 45 and 47 °C as compared with
43 °C. This finding suggests that temperatures above
43 °C can be survived for very short periods only (Chi-
dawanyika & Terblanche, 2011; Terblanche et al., 2011;
Condon et al., 2015).

Acclimation, in contrast, had positive effects on heat
knock-down times, with individuals acclimated to
higher temperatures being able to stand stressful heat
for longer periods. Such beneficial acclimation, increas-
ing subsequent heat tolerance, has been demonstrated
in several organisms (Fischer et al., 2010; Karl et al.,
2014; Scharf et al., 2014) and may be highly relevant
under natural conditions by allowing for more time to
escape from stressful conditions. On the other hand,
higher acclimation temperatures clearly reduced fecun-
dity as well as fertility. Thus, females seem to have sac-
rificed part of their reproductive potential in order to
enhance survival under acute stress, presumably
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caused by a resource-allocation trade-off and increased
investment into physiological stress responses (Silber-
mann & Tatar, 2000; Serensen et al., 2003). Alterna-
tively, the detrimental effects on reproduction may
simply reflect the fact that, on average, the individuals
acclimated to higher temperatures were exposed to
heat stress for longer (Loeschcke & Hoffmann, 2002).
Variation in exposure time is also the most obvious
explanation for the effects of stress temperature on
reproduction. The individuals showing the highest
fecundity and fertility were those exposed to 45 °C not
43 °C, which had very short exposure times. The fact
that the animals exposed to 47 °C showed a reduced
reproductive performance in spite of a short exposure
time is likely caused by reaching critical thermal limits
even during short exposure at this extreme temperature
(Zhang et al., 2013, 2015). However, the important con-
clusion from these results is that even beneficial plastic
responses, enhancing immediate survival rates, may
not necessarily increase fitness based on detrimental
effects on subsequent reproduction.

Our study provides important insights with regard
to critical thermal limits likely to affect future survival
in changing environments, although relying on con-
stant temperatures. First, we show pronounced varia-
tion throughout development, indicating that a species
vulnerability to climate change cannot be assessed
using a single or few selected developmental stages
only. Second, we show that heat tolerance is likely sub-
ject to substantial morphological constraints, potentially
limiting adaptive responses. Third, we show that ther-
mal acclimation induces plastic changes in heat toler-
ance, which also needs to be considered when trying to
forecast species-specific responses to climate change.
Yet, such plastic responses may reduce subsequent
reproductive performance. In summary, our study
reveals several caveats worth considering when trying
to forecast the response of species to ongoing climate
change, in particular stage-specific variation through-
out development and morphological constraints. The
latter points are probably as or perhaps even more
important in species with nonholometabolous life
cycles and/or infinite growth.
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Abstract

Anthropogenic climate change poses substantial challenges to biodiversity conservation. Well-
documented responses include phenological and range shifts, and declines in cold- but increases in
warm-adapted species. Thus, some species will suffer while others will benefit from ongoing
change, though the biological features determining the prospects of a given species under climate
change are hitherto largely unknown. By comparing three related butterfly species of different
vulnerability to climate change, we show that stress tolerance during early development may be of
key importance. The arguably most vulnerable species showed the strongest decline in egg hatching
success under heat and desiccation stress, while earlier studies have shown that different stress
levels applied later during development had generally little effect on fitness components. Collating
more data on stress tolerance in different life stages will be of crucial importance for enhancing

our abilities to predict the fate of particular species and populations under ongoing climate change.
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INTRODUCTION

The Earth’s mean surface temperature and the frequency of extreme weather events such as heat
waves have already increased as a result of anthropogenic climate change (Meehl et al., 2007;
McKechnie & Wolf, 2010; Hansen et al., 2012). These changes have in turn resulted in
phenological and range shifts as well as abundance changes in a plethora of species (Parmesan &
Yohe, 2003; Chown et al., 2010; Thomas, 2010; Sunday ef al., 2012). In this context the extreme
temperatures associated with heat waves seem to be more important than changes in mean
temperatures because they typically exert a much stronger selection pressure (Anderson et al.,
2003; Zimmermann et al., 2009; Kellermann et al., 2012). However, in addition to increasing
temperature stress, terrestrial organisms will likely experience higher levels of desiccation and food
stress, due to detrimental effects of drought periods on water supplies and food plant quality and

availability (Clusella-Trullas et al., 2011; Hoffmann et al., 2013).

The changes outlined above are considered to be a major threat to biodiversity (Thomas ef al.,
2004; Pimm et al., 2014). However, while some species will suffer others may benefit from
ongoing climate change (e.g. many warm-adapted species). Thus, responses to climate change are
likely species-specific, probably depending on a given species ability to cope with extreme
temperatures, desiccation and associated food stress (Anderson et al., 2003; Coumou & Rahmstorf,
2012). To identify which species are most at risk from climate change is of prime importance to
predict the future consequences of ongoing climate change (Deutsch et al., 2008; Chown et al.,
2010; Beaumont & Hughes, 2002; Hoffmann & Sgro, 2011; Rosset & Oertli, 2011). Unfortunately,
the specific biological features determining whether a given species is becoming a ‘winner’ or
‘loser’ of climate change are hitherto largely unknown (Williams ef al., 2008; Brook et al., 2009).

In this context it should be noted that research, especially on insects, is often focussed on the adult
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stage only, which may bias predictions regarding a species’ survival under climate change
(Kingsolver, 2009; Kingsolver ef al., 2011; Radchuk et al., 2013; Klockmann et al., in press a).
Typically, stress tolerance varies throughout ontogeny in insects (Bowler & Terblanche, 2008;
Kingsolver et al., 2011), such that it is necessary to identify the most vulnerable life stage (Bowler
& Terblanche, 2008; Radchuk et al., 2013; Klockmann ef al., in press a). Here, early life stages,
often facing high mortality, may be particularly crucial although temperature stress perceived early
in life may not necessarily affect later life (Potter et al., 2011; 2011; Klockmann et al., in press a).
However, matters are complicated as other factors may also play an important role for the mortality
of early life stages, for instance the specific microclimatic conditions provided by the host plants

(Smith, 1978; Potter et al., 2009).

We here investigate the stress tolerance of early developmental stages in three species of Copper
butterflies, namely Lycaena helle (Denis & Schiffermiiller, 1775), Lycaena dispar (Haworth,
1802), and Lycaena tityrus (Poda, 1761). Currently, L. tityrus shows positive, L. dispar largely
stable, and L. helle negative population trends (Brunzel et al., 2008, Settele et al., 2009; Habel et
al.,2011; Lindman et al., 2015). These differences seem to be associated with different distribution
areas and habitat requirements, with L. helle inhabiting cool and moist habitats, L. dispar mainly
wetlands, and L. tityrus also hot and dry stands (Ebert & Rennwald, 1991; Settele et al., 2009;
Habel et al., 2011). Consequently, the species may also differ in (heat) stress tolerance and
concomitantly in their vulnerability to climate change, ranging from high to low risk (Ebert &
Rennwald, 1991; Settele ef al., 2009; Habel et al., 2011; see further below and Table 1). We focus
on early developmental stages because an earlier study showed that differences in vulnerability are
unlikely to be caused by differential responses to thermal stress during larval and pupal

development (Klockmann et al., 2016; Klockmann et al., in press b). We hypothesize that (1)
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mortality rates increase with increasing levels of stress in all species, (2) and that L. helle, the
arguably most vulnerable species to climate change, will suffer more strongly than both other
species from simulated heat and drought stress. Such species differences in the sensitivity to stress

are statistically indicated by species * treatment interactions, for which we explicitly test here.

MATERIALS AND METHODS

Study organisms and egg sampling

To investigate vulnerability to climate change we used three species of Copper butterflies (Lycaena
spp.; cf. Klockmann ef al., in press b). The Sooty Copper L. tityrus (Poda, 1761) is a widespread
temperate-zone butterfly, ranging from Western Europe to central Asia (Ebert & Rennwald, 1991).
The species has 1-3 generations per year and inhabits a variety of biotopes like grassland, sandy
heathland, bogs and open woodland (Brunze!/ et al., 2008; Settele et al., 2008). The principal larval
host-plant is Rumex acetosa L., but some congeneric plant species (e.g. R. acetosella L., R. scutatus
L.) are utilised as well (Ebert & Rennwald, 1991; Settele ef al., 2008; Tolman & Lewington, 2008).
This species is not listed in the EU Habitat Directive and is considered least concern in the Red
List of Germany (Settele et al., 2008; Binot-Hafke et al., 2011; Table 1). L. tityrus has recently
colonized previously unoccupied mountain ranges in central Europe and is expanding its range
northwards in north-eastern Europe (Brunzel et al., 2008; Settele et al., 2008). Because of these
range expansions and its ability to inhabit even dry and hot habitats, the species is expected to
benefit from climate change and its according vulnerability is consequently considered to be low.
Mated females were caught in two bivoltine German populations in July 2014 in vicinity of
Ueckermiinde (N = 10; N53° 44'; E14° 15") and Greifswald (N = 12; N54° 2'; E13° 26'), and were

transferred to Greifswald University for egg-laying. Butterflies were kept in a climate cabinet
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(Sanyo MLR-351H; Bad Nenndorf, Germany) under naturally fluctuating temperatures to improve
ecological realism (i.e. control conditions: mean 19.4 °C, 75% relative humidity, and L17:D7
photoperiod; Table 2, Figure 1). For oviposition, females were placed individually in translucent 1
1 plastic pots and were provided with R. acetosa for egg-laying, and with fresh flowers (Crepis sp.
L., Achillea millefolium L., Bistorta officinalis Delarbre, Leucanthemum vulgare LAM.), water,
and a 20 vol% sucrose solution for adult feeding. Eggs were collected daily and transferred,
separated by female and population, to small glass vials and kept under egg-laying conditions until

allocation to treatment groups.

Table 1. Summary of key ecological and conservation attributes for Lycaena tityrus, L. dispar, and
L. helle. Note that all information on habitat preferences refers to the habitats in Central Europe.
Vulnerability refers to the general sensitivity to environmental including habitat change, while the
last item explicitly draws on the expected respectively observed impacts of climate change. The
assessment of the vulnerability to climate change rests on the data summarized here (table adapted

from Klockmann et al., in press a).

Geographical range Eurasia Eurasia Eurasia
Range extent 59°to 37° 62° to 40° 70°to 43°
(northern latitude)
Altitudinal preference indifferent Lowlands mountainous
Principal habitat dry to moist moist grassland, bogs, moist grassland
grassland, floodplains
heathland
Temperature preference indifferent + thermophilic cold-stenothermic
Humidity preference mesophilous hygrophilous hygrophilous
Larval host plant Rumex spp. Rumex spp. Bistorta officinalis
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Generations per year 1-3 1-2 1-2

Diapause stage larva larva pupa

Red List Status (Germany)  least concern vulnerable endangered
Current trend in Europe increasing largely stable decreasing
General vulnerability intermediate + high very high
Vulnerability to climate low risk intermediate risk high risk
change

The second species, the Large Copper L. dispar (Haworth, 1802), is a trans-palaearctic butterfly,
ranging from Western Europe across temperate Asia to the Amur region and Korea (Ebert &
Rennwald, 1991; Settele et al., 2008). The species has 1-2 generations per year (Settele et al., 2008;
Lindman et al., 2015), and typically occurs in wetland habitats including lakeside and riverside
areas (Settele et al., 2008; Lindman et al., 2015). Eggs are laid on non-acidic sorrels (e.g. Rumex
hydrolapathum Huds., R. crispus L., R. obtusifolius L.; Lindman et al., 2015 and references
therein). L. dispar is listed in the EU Habitat Directive and is considered vulnerable in the Red List
of Germany (Settele et al., 2008; Binot-Hafke ef al., 2011; Martin et al., 2013). Because of its
association with wetland habitats and declines in some parts of its range, we assess the species’
vulnerability to climate change as being intermediate. Mated females were caught in two univoltine
populations in July 2013 in Estonia, vicinity of Liispdllu (N = 9; N58° 15'; E27° 15'), and in
Germany, vicinity of Anklam (N = 20; N53° 53'; E13° 42'), and were transferred to Greifswald
University for egg-laying. Butterflies were kept for egg-laying as outlined above, using R.

hydrolapathum as oviposition substrate.

The Violet Copper L. helle (Denis & Schiffermiiller, 1775) is a boreal butterfly with 1-2 generations
per year, ranging from Central Europe, where it is a postglacial relict species, to Scandinavia and

Northern Asia (Ebert & Rennwald, 1991; Settele et al., 2008). It is a hygrophilous butterfly
7
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colonizing mires, swampy grassland and moist meadows (Ebert & Rennwald, 1991; Fischer et al.,
1999; Settele et al., 2008). The only larval food plant in Central Europe is Bistorta officinalis
(Fischer et al., 1999). The species is declining in large parts of its range (Van Swaay & Warren,
1999), is listed in the EU Habitat Directive, and is considered endangered in the Red List of
Germany (Settele et al., 2008; Binot-Hafke et al., 2011). Because of the strong population declines
and its specialised habitat requirements, being confined to moist and cool stands, we consider the
species’ vulnerability to climate change as being high (Habel ef al., 2011). Mated females were
caught in two populations in May 2014 in Belgium, vicinity of Baraque de Fraiture (N = 10; N50°
13'; E14° 15") and in Germany, vicinity of Liebenscheid (N = 10; N50° 40'; E8° 04'), and were
transferred to Greifswald University for egg-laying. Butterflies were kept for egg-laying as outlined
above with the following exceptions. For oviposition, females were placed group-wise into
translucent 20 1 plastic box and provided with B. officinalis. Keeping females individually resulted

in very low egg numbers, which would have been insufficient for subsequent experiments.

Experimental design

We investigated egg and hatchling mortality with the eggs obtained using a split-brood design for
L. tityrus and L. dispar, while for L. helle eggs were randomly divided. In the first experiment, we
investigated the effects of heat and desiccation stress on egg mortality. For testing, eggs were
placed two days after laying into glass vials in (family) groups of 10, using 9 to 20 replicates per
treatment and population. The three treatments used involved a (1) control, (2) a heat (including an
exposure for 2 days to a simulated heat wave), and a (3) desiccation treatment, in which eggs were
placed for two hours on two consecutive days into a box containing silica gel with a relative
humidity of 10% to mimic a period of drought (Table 2). The temperature cycles used are based

on field data obtained in larval habitats of L. helle within the Westerwald mountain range in the
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years 2011 and 2013, where L. tityrus and L. helle naturally occur (Limberg & Fischer 2014).

Though the humidity chosen is very low, note the short exposure time mimicking conditions that

may occur for instance during direct sun exposure. Similar experimental set-ups have been

repeatedly used before to assess desiccation resistance (Pichrtova et al., 2014; Gomez et al., 2015;

Tejeda et al., 2016). Except from exposure to heat waves or low humidity, all eggs were kept under

control conditions. Egg hatching success per glass vial (10 eggs) was scored under control

conditions.

Table 2: Overview over the conditions used to investigate stress tolerance of Copper butterfly

eggs. Treatments lasted for two days and started two days after egg-laying. For the desiccation

treatment, control conditions were used except that the glass vials containing the eggs were

transferred for two hours (12:00-14:00) on two consecutive days to a box with silica gel to reduce

the relative humidity to 10 %.

Time of day Control Heat Desiccation
T [°C] r.h. (%) T [°C] r.h. (%) T [°C] r.h. (%)

06:00-08:00 17 75 19 75 17 75
08:00-10:00 19 75 22 75 19 75
10:00-12:00 22 75 25 75 22 75
12:00-13:00 24 75 28 75 24 10
13:00-14:00 24 75 31 75 24 10
14:00-15:00 25 75 31 75 25 75
15:00-17:00 25 75 34 75 25 75
17:00-19:00 24 75 32 75 24 75
19:00-20:00 23 75 28 75 23 75
20:00-21:00 21 75 25 75 21 75



21:00-22:00 19 75 22 75 19 75

22:00-23:00 17 75 20 75 17 75
23:00-06:00 14 75 16 75 14 75
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189  Fig. 1 Graphical illustration of the conditions used to investigate stress tolerance of Copper
190  butterfly eggs. Treatments lasted for two days and started two days after egg-laying.

191

192

193  In the second experiment, we investigated effects of heat and food stress on hatchling mortality.

194  Hatchlings were placed two days after hatching, separated by female for L. tityrus and L. dispar,
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in groups of 10 into translucent plastic boxes (250 ml) lined with moist tissue and containing a
leave cutting of their respective larval host plant (L. tityrus: R. acetosa; L. dispar: R.
hydrolapathum; L. helle: B. officinalis). Per treatment and population, 8 to 17 replicates were used.
Again, three treatments were used: (1) control (provided with fresh cuttings under control
conditions), (2) heat (provided with fresh cuttings and exposed for 2 days to a simulated heat wave),
and (3) food stress (provided with wilted leaves to mimic the results of a period of drought for 2
days under control conditions). Control and heat conditions were identical to the first experiment
(cf. Table 2; Figure 1). To produce wilted leaves, leaves were cut off the plant and stored for 24
hours at 20°C and 50 % r.h. in a climate cabinet without water supply. This handling resulted in
levels of host plant ‘wilting’ frequently experienced in the natural habitats of the species. All
animals remained under control conditions before and after the treatments. The mortality rate per

box was scored on day 6 of larval development.

Statistical analyses

We analysed mortality rates (percentage of dead individuals) for eggs and hatchlings using
hierarchical general linear mixed models (GLMMs) with treatment and species as fixed categorical
effects, and population and group (either family or random group in L. helle) as random categorical
effects. Population was nested within species, and group was nested within species and population.
Data were analysed using Statistica 8.0 (StatSoft, Tulsa, OK, USA). Pair-wise comparisons after
GLMMs were performed employing Tukey’s HSD for unequal sample sizes. Throughout the text,

means are given = 1 SE.

RESULTS
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Average mortality rates of eggs varied significantly across treatments, being lowest under control
conditions (14.2 + 1.9%) followed by the heat (28.8 + 1.9%) and finally the desiccation treatment
(38.8 = 1.9%; control < heat < desiccation, Tukey HSD; Tab. 3a, Fig. 2a). Overall, species did not
differ significantly in mortality rates (L. dispar: 23.4 + 1.4%; L. tityrus: 29.0 £ 1.9%; L. helle: 30.7
+ 2.0%). However, species differed in their responses to different levels of stress in egg mortality
(significant species by treatment interaction). Egg mortality rate increased most strongly between
control and heat respectively desiccation treatment in L. helle (by 25.0 and 31.0 percentage points),
but weaker in L. dispar (11.6 and 25.9 percentage points) and especially in L. tityrus (7.8 and 15.6

percentage points). Mortality rates differed significantly among populations and groups.

Table 3: Results of general linear mixed models (GLMMs) for the effects of treatment (control,
heat, desiccation; fixed), species (fixed), population (nested within species; random), and group
(nested within species and population; random) on egg (a) and hatchling (b) mortality rates in three

Copper butterfly species. Significant P-values are given in bold.

(a) Eggs

Treatment 9933 2 67.9 <0.001
Species 1264 2 0.6 0.562
Population (species) 1794 3 6.4 <0.001
Group (species X pop.) 335 63 2.1 <0.001
Species x Treatment 566 4 3.5 0.008
Error 156 132

(b) Hatchlings

Treatment 2878 2 21.6 <0.001
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246

Species 511 2 6.6 0.083
Population (species) 78 3 0.5 0.659
Group (species X pop.) 145 61 1.1 0.334
Species x Treatment 80 4 0.6 0.661
Error 133 128

As above, hatchling mortality differed significantly among treatments, being lowest under control
conditions (6.2 + 1.4%) followed by the heat (14.1 + 1.4%) and finally the food stress treatment
(19.2 £+ 1.4%; control < heat < food stress, Tukey HSD; Tab. 3b, Fig. 2b). Regarding differences
among species, mortality rates tended to be lower in L. dispar (9.9 + 1.3%) than in L. helle (15.3 +
1.5%), with L. tityrus showing an intermediate value (14.2 + 1.4%). We tested whether
simplification of the respective model presented in Table 3b would result in different patterns.
Removing the non-significant factors population and group revealed a significant species (£2 735 =
4.1, P = 0.018) and treatment effect (F2,:35 = 21.1, P < 0.001), but once again no significant

interaction (F4,136 = 0.6, P = 0.670).
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Fig. 2: Mortality rates for eggs (a) and hatchlings (b) across three species of Copper butterflies,
reflecting different vulnerabilities to climate change. Given are group means + 1 SE. Sample sizes
range between 20 and 29 groups with 10 individuals each per treatment. For differences among
treatments in experiment (a) see Table 2. The control and heat conditions used in experiment (b)
are identical to those in experiment (a), and for the food stress treatment individuals were provided

with wilted leaves for 2 days under control conditions.

DISCUSSION

Our experiments show that mortality rates were higher when simulating heat waves compared with
control conditions. This result was expected (Tewksbury et al., 2008; Andrew et al., 2013; Rukke
et al.,2015) and may be caused by e.g. denaturation of proteins, disruption of membrane structure
and function, interactions with oxygen supply and dehydration impairing evaporative cooling
(Klose & Robertson, 2004; Chown & Terblanche, 2006; Potter ef al., 2009). Mortality rates of eggs
further increased after exposure to low humidity, likely caused by dehydration facilitated by the
low egg mass and a concomitantly high volume-surface ratio (Addo-Bediako et al., 2001; Chown
et al., 2011). The level of humidity used in our treatments was very low (10%) but exposure time
was quite short (2 x 2 hours). Therefore, we do think that our treatment conditions were reasonable
to mimic effects of low humidity during drought periods, though it is evidently difficult to
extrapolate such laboratory results to field conditions. For instance, eggs are in nature attached to
host plants and may benefit from buffering microclimatic conditions (Smith, 1978; Potter et al.,
2009). Furthermore, wilted as opposed to fresh leaves and the associated food stress increased
hatchling mortality rates as expected. All above results are in agreement with our first hypothesis,

though it is interesting to note that effects of desiccation and food stress were even more
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298

pronounced than those of heat stress. This suggests that exclusively focusing on upper thermal
limits while neglecting the impact of drought periods is insufficient for predicting the fate of species
and populations under changing climate (Rezende et al., 2011; Cooper et al., 2012). Mosquito
distribution, for instance, may be limited by egg desiccation resistance (Kearney ef al., 2009), and
fruit flies from the Australian wet tropics are known to how a low desiccation resistance and
concomitant heritability, which is likely a crucial factor limiting their distribution (Hoffmann et

al., 2003; Kellermann et al., 2012).

The most interesting result though is that indeed the three species investigated here differed in their
responses to environmental stress, as evidenced by the significant species by treatment interaction
for egg mortality, in agreement with our second hypothesis. Specifically, egg mortality increased
most strongly in the arguably most vulnerable species L. helle, followed by L. dispar and finally L.
tityrus. The increase in egg mortality between control and heat wave conditions was by 17 and 13
percentage points higher in L. helle than in L. tityrus and L. dispar, respectively. Similarly,
differences in egg mortality between control and desiccation stress were highest in L. helle
(increase by 31 percentage points) compared with L. tityrus (16 percentage points) and L. dispar
(26 percentage points). Note that these results fit very well with our predictions based on the general
ecology of the three species concerned (Ebert & Rennwald, 1991; Fischer ef al., 1999; Brunzel et
al., 2008; Settele et al., 2008; Lindman ef al., 2015; Hampe & Jump, 2011; Table 1). While the
glacial relict species L. helle is associated with cool and moist habitats (Fischer et al., 1999) and
should therefore suffer from both, heat and desiccation (Habel et al., 2011), L. dispar is associated
with moist but (at least partly) warm habitats (Lindman et al., 2015), such that the species should
in first place suffer from desiccation rather than heat stress. Concomitantly, L. dispar responded

less strongly to heat stress than L. helle but (nearly) as strongly to desiccation, while L. tityrus,
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being a habitat generalist with respect to moisture and temperature (Ebert & Rennwald, 1991;

Brunzel et al., 2008), showed moderate responses only to both stressors.

In contrast to the above results on egg mortality, the respective interaction between species and
treatment was not significant for hatchling mortality, indicating that responses to stressors did not
differ significantly among species. These results are in line with an earlier study on the same
species, in which we found that differences in vulnerability to climate change are unlikely to be
caused by differential responses to thermal and desiccation stress during larval and pupal
development (Klockmann et al., in press b). Thus, in the species considered here, the egg stage
seems to be the most critical life stage determining vulnerability to climate change. The significant
group (family) and population effects in the first experiment indicate that, besides the differences
among species, heat and desiccation resistance may additionally differ among populations and
families in turn suggesting a heritable component that can be exploited by natural selection.
However, heritability in such traits is typically very low, such that evolutionary rescue appears to
be unlikely given the pace of current climate change (Hoffmann et al., 2005; Kellermann et al.,

2012; Blackburn et al., 2014).

An increased frequency of extreme weather events such as heat waves and periods of drought are
important consequences of ongoing climate change (Battisti & Naylor, 2009; Coumou &
Rahmstorf, 2012). Our results show that this may have important consequences for extant
biodiversity, as simulated heat waves and drought stress generally increased mortality rates during
early development, as would be expected. Our data also stress the importance of considering
detrimental effects of drought when trying to forecast species responses. Importantly, we found

that closely related species, arguably differing in their vulnerability to climate change, show
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pronounced variation in their responses to environmental stress. However, such variation was
restricted to the egg stage, while different levels of stress seem to have little effect on fitness during
later development (Potter et al., 2011; Klockmann et al., in press b). We suggest that, in the three
species investigated here, stress tolerance in the egg stage is thus a major determinant of
vulnerability to climate change, and may explain recent population declines in L. helle along with
habitat deterioration (Fischer ef al, 1999; Bauerfeind et al, 2008). These findings may have
important implications for enhancing our abilities to predict the fate of particular species and
populations under ongoing climate change, as they are likely to be applicable to a wide range of
species. A recent study on a tropical butterfly also indicated that the egg stage comprises the most
vulnerable developmental stage, and that body mass may be a crucial constraint on stress tolerance
(Klockmann et al., in press a). Further progress regarding specific traits underlying vulnerability
to climate change will likely be achieved by collating more data on stress tolerance throughout

development from a broader range of taxa.
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Ongoing climate change and especially the associated heat waves may pose a major challenge to biodiversity
conservation. Although many ectotherms in temperate zones may benefit from current climate change, others
will suffer. However, the specific biological features determining the response of a given species to climate
change have remained largely unknown. In the present study, conducted in three copper butterfly species that
likely differ in their vulnerability to climate change, we tested the responses to simulated heat waves using
ecologically realistic diurnal temperature cycles. Surprisingly, we found little support for our hypothesis that
the most vulnerable species will suffer most from simulated climate change. Although species differed
significantly in their responses to treatments, such variation appears to be largely ruled by selection pressures
associated with the specific developmental pathway. In general, simulated heat waves had little effect on fitness
components including fat content and immune function. Consequently, all three species appear to be capable of
dealing with projected changes during their larval and pupal development. Whether this also applies to other
developmental stages, more extreme stress or indirect effects climate change remains to be seen. Identifying
the critical factors determining the vulnerability of a species to climate change will remain an important task
for future research. © 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016,
00, 000-000.

KEYWORDS: desiccation resistance — global change — heat tolerance — Lycaena species.

INTRODUCTION increases in mean temperature, although it is stea-
dily accumulating (Coumou & Rahmstorf, 2012).
Besides temperature, drought periods are also impor-
tant with respect to increasing desiccation and food
stress (Clusella-Trullas, Blackburn & Chown, 2011;
Hoffmann, Chown & Clusella-Trullas, 2013). Hence,
ongoing changes in temperature and precipitation
patterns are predicted to cause abundance changes,
phenological changes, and range shifts, for which
there is already firm evidence (Parmesan & Yohe,
2003; Chown et al., 2010; Sunday, Bates & Dulvy,
2012).

Based on differences in thermal tolerance and the
ability to cope with changing environments, some
species will benefit, whereas others will suffer from
climate change (Pimm, 2001; Coumou & Rahmstorf,
2012). This is true even in temperate zones, although
*Corresponding author. E-mail: Michael.klockmann@uni- most ectotherms are predicted to benefit from ongo-
greifswald.de ing climate change in these regions because they will

Temperature is one of the most important ecological
factors and frequently determines the distributions
of species (Sunday, Bates & Dulvy, 2011; Araujo
et al., 2013). Therefore, current increases in the
Earth’'s mean temperature and the frequency of
extreme weather events are predicted to have major
impacts on extant biodiversity (McKechnie & Wolf,
2010; Stanton et al., 2015). Especially stressfull high
temperatures associated with heat waves may sub-
stantially decrease individual fitness and challenge
the survival of populations and species (Chown et al.,
2010; Wernberg et al., 2012; Hoffmann, 2014). Note
that any evidence for increases in extreme weather
events is weaker compared to the evidence for
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be shifted closer to their thermal optima in the future
(Deutsch et al., 2008; Kingsolver, 2009; Kellermann
et al., 2012). Therefore, it is of crucial importance to
identify the species that are most at risk and also
which specific biological features determine whether
a given species will benefit or suffer from climate
change (Deutsch et al., 2008; Chown et al., 2010;
Hoffmann & Sgro, 2011). However, these features are
largely unknown, as a result of taxon-specific differ-
ences in adaptive potential and plastic capacities,
such that more research effort is needed (Clusella-
Trullas et al., 2011; Kellermann et al., 2012).

Against this background, in the present study,
we investigate the direct effects of simulated cli-
mate change (variation in temperature and relative
humidity) on larval and pupal development in
three species of copper butterflies, namely Lycaena
helle (Denis & Schiffermuller, 1775), Lycaena dis-
par (Haworth, 1802), and Lycaena tityrus (Poda,
1761). These species differ in their habitat require-
ments, recent population trends, and, arguably, in
their vulnerability to climate change, ranging from
high (L. helle) to low risk (L. tityrus; Ebert & Ren-
nwald, 1991; Settele et al., 2008) (Table 1). Focuss-
ing on development rather than the adult stage is
motivated by the notion that larvae may be in gen-
eral more vulnerable than the very mobile adults
in butterflies. We experimentally simulate increas-
ing mean temperatures and heat waves along with
changes in relative humidity, using ecologically
realistic diurnal temperature cycles. We score the

direct effects of the above manipulations, whereas
the potentially equally important indirect effects,
as mediated through changes in host-plant quality
(Bauerfeind & Fischer, 2013), are not addressed.
To cover different fitness components, we investi-
gate developmental traits, including growth rate,
development time, and body size, as well as physio-
logical indicators of condition (fat content, immune
components). Immune parameters are included
because they have been shown to respond in a sen-
sitive manner to temperature and food stress in
butterflies, resulting in lower values under stress
(Karl et al., 2011; Franke & Fischer, 2013).

We hypothesize (1) that heat waves will detrimen-
tally affect at least some fitness components in all
species (e.g. by increasing development times, and
decreasing body mass, fat content, and immune
function) and (2) that L. helle, arguably comprising
the species most vulnerable to climate change, will
suffer more strongly than the other species. In addi-
tion, we test to what extent species-specific differ-
ences may result from different life histories, in
particular with regard to developmental pathway
and overwintering stage. Although L. dispar and
L. tityrus overwinter as young larvae, L. helle hiber-
nates in the pupal stage (Settele et al., 2008; Tol-
man & Lewington, 2008). Such differences in the
overwintering stage and voltinism exert differential
time constraints and consequently selection pres-
sures (Gotthard, Nylin & Wiklund, 2000; Kivela,
Valimaki & Gotthard, 2013).

Table 1. Summary of key ecological and conservation attributes for Lycaena tityrus, Lycaena dispar, and Lycaena helle

Lycaena tityrus

Lycaena dispar Lycaena helle

Eurasia
Indifferent

Geographical range
Altitudinal preference
Principal habitat

heathland
Temperature preference Indifferent
Humidity preference Mesophilous
Larval host plant Rumex spp.

Generations per year 1-3

Diapause stage Larva

Red list status (Germany) Least concern
Current trend in Europe Increasing
General vulnerability Intermediate
Vulnerability to climate change Low risk

Dry to moist grassland,

Eurasia Eurasia

Lowlands Mountainous

Moist grassland, Bogs, moist grassland
floodplains

Cold-stenothermic
Hygrophilous

+ Thermophilic
Hygrophilous

Rumex spp. Bistorta officinalis
1-2 1-2

Larva Pupa

Vulnerable Endangered
Largely stable Decreasing

+ High Very high
Intermediate risk High risk

Note that all information on habitat preferences refers to the habitats in Central Europe. Vulnerability refers to the
general sensitivity to environmental including habitat change, whereas the last character explicitly draws on the
expected and observed impacts of climate change. The assessment of the vulnerability to climate change rests on
the summarized data. Information was compiled from Ebert & Rennwald (1991), Van Swaay & Warren (1999),
Settele et al. (2000, 2005, 2008), Fischer, Schubert & Limberg (2014a), and Lindman et al. (2015).
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MATERIAL AND METHODS
STUDY ORGANISMS AND EGG SAMPLING

Lycaena tityrus

The sooty copper L. tityrus is a widespread temper-
ate-zone butterfly, ranging from Western Europe to
central Asia, although it does not occur in Great Bri-
tain, Scandinavia, and Siberia (Ebert & Rennwald,
1991). The range extends in a north-south direction
from 59° to 37° northern latitude (Kudrna et al.,
2011). The species has one to three generations per
year and occurs in a variety of biotopes, including
grassland, sandy heathland, bogs, and open wood-
land (Settele et al., 2008). The principal larval host
plant is Rumex acetosa L., although some congeneric
plant species are utilized as well (Settele et al., 2008;
Tolman & Lewington, 2008). This species is not
listed in the EU Habitat Directive and is considered
as being of least concern in the Red List of Germany
(Settele et al., 2008; Binot-Hafke et al., 2011).
Lycaena tityrus has recently colonized previously
unoccupied mountain ranges in central Europe and
is expanding its range northwards in north-eastern
Europe (Brunzel, Bussmann & Obergruber, 2008;
Settele et al., 2008) (Table 1). Because of these range
expansions and its ability to inhabit even dry and
hot habitats, the species is expected to benefit from
climate change and its concomitant vulnerability is
consequently considered to be low. Mated females of
L. tityrus were caught in two bivoltine German popu-
lations in May 2013 in the vicinity of Ueckerminde
(N = 16; N 53°44’; E 14°15) and Greifswald (V = 19;
N 54°2'; E 13°26') and, within 1 day, were trans-
ferred to Greifswald University for egg laying. For
climatic data of all sampling points, see
Appendix (Table Al). Butterflies were kept in a cli-
mate cabinet (Sanyo MLR-351H) under naturally
fluctuating temperatures to improve ecological real-
ism (control conditions with an LD 17 : 7 h photope-
riod) (Table 2). For oviposition, females were placed
individually in translucent 1-L plastic pots and were
provided with R. acetosa for egg-laying and fresh
flowers (Crepis sp. L., Achillea millefolium L., Bis-
torta officinalis Delarbre, Leucanthemum vulgare
LAM), water and a 20 vol% sucrose solution for adult
feeding (Klockmann et al., 2016). Eggs were collected
daily and transferred (separated by female and popu-
lation) to small glass vials kept at control conditions
until allocation to treatment groups on day 4 after
hatching (see below).

Lycaena dispar

The second species, the large copper L. dispar, is a
trans-palaearctic butterfly, ranging from Western
Europe across temperate Asia to the Amur region
and Korea, although it does not occur in Sweden and

Table 2. Overview of the thermal conditions used in the
four treatments: control (C) and T1-T3

Group C T1 T2 T3
Mean 154 °C 19.4°C 19.4 °C 19.4 °C
temperature
Non Non

Heat wave No No HW HW HW HW
Time of Temperature (°C)

day (h)
06-08 13 17 13 19 13 19
08-10 15 19 15 22 15 22
10-12 18 22 18 25 18 25
12-13 20 24 20 28 20 28
13-14 20 24 20 31 20 31
14-15 21 25 21 31 21 31
15-17 21 25 21 34 21 34
17-19 20 24 20 32 20 32
19-20 19 23 19 28 19 28
20-21 17 21 17 25 17 25
21-22 15 19 15 22 15 22
22-23 13 17 13 20 13 20
23-06 10 14 10 16 10 16

Humidity 75% 75% 5% 75% 75% 50%

In treatments T2 and T3, conditions changed every
3 days to simulate heat waves (HW). Relative humidity
was kept constant at 75%, except for T3 during the heat
waves.

Norway (Ebert & Rennwald, 1991; Settele et al.,
2008). The range extends in a north-south direction
from 62° to 40° northern latitude (Kudrna et al.,
2011). The species has one to two generations per
year, and typically occurs in wetland habitats includ-
ing lakeside and riverside areas (Settele et al., 2008;
Lindman et al., 2015). Eggs are laid on non-acidic
sorrels (e.g. Rumex hydrolapathum Huds., Rumex
crispus L., Rumex obtusifolius L.; Lindman et al.,
2015). This species is listed in the EU Habitat Direc-
tive and is considered vulnerable in the Red List of
Germany (Settele et al., 2008; Binot-Hafke et al.,
2011) (Table 1). Because of its association with wet-
land habitats and population declines in some parts
of its range, we consider the vulnerability of the spe-
cies to climate change as being intermediate. Mated
females of L. dispar were caught in two univoltine
populations in July 2014 in Estonia near the town of
Liispollu (N = 7; N58°15’; E27°15'), and in July 2013
in Germany near the town of Anklam (N =7;
N53°53"; E13°42'). Butterflies were transferred to
Greifswald University as soon as possible (i.e. within
several days or 1 day, respectively) and kept for egg-
laying as outlined above for L. tityrus, using R.
hydrolapathum as oviposition substrate.
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Lycaena helle

The violet copper L. helle, finally, is a boreal species
with one or two generations per year, ranging from
Central Europe, where it is considered a postglacial
relict species, to Scandinavia and Northern Asia
(Ebert & Rennwald, 1991; Settele et al., 2008).
Lycaena helle does not occur in Great Britain, Portu-
gal, the Balkans, Estonia, and Latvia (Ebert & Ren-
nwald, 1991; Settele et al., 2008). Its range extends
in a north-south direction from 70°to 43° northern
latitude (Kudrna et al., 2011). It is a hygrophilous
butterfly colonizing mires, swampy grassland, and
moist meadows (Fischer, Beinlich & Plachter, 1999;
Settele et al., 2008). The only larval food plant in
Central Europe is B. officinalis (Fischer et al., 1999).
The species is declining in large parts of its range, is
listed in the EU Habitat Directive and is considered
endangered in the Red List of Germany (Van Swaay
& Warren, 1999; Settele et al., 2008; Binot-Hafke
et al., 2011) (Table 1). Because of strong population
declines and its specialized habitat requirements,
being restricted to cool and moist stands, we consider
the vulnerability of the species to climate change as
being high. Mated females of L. helle were caught in
two populations in May 2013: one in Belgium near
Baraque de Fraiture (N = 11; N50°13’; E14°15’) and
one in Germany, near the village Liebenscheid
(N = 12; N50°40’; E8°04'). Butterflies were handled
as outlined above, except that females were placed
groupwise into translucent 20-L plastic boxes (one
per population) for oviposition and provided with
B. officinalis. Keeping females individually resulted
in very low egg numbers, which would have been
insufficient for subsequent experiments.

EXPERIMENTAL DESIGN AND REARING

Eggs and young larvae of all species were reared
until day 4 of larval development in groups of up to
20 individuals, separated by family (for L. tityrus
and L. dispar) and population, on fresh cuttings of
their larval host plants under control conditions
(Table 2). Then, larvae were transferred individually
to translucent plastic boxes (250 mL) lined with
moist tissue and randomly divided among four treat-
ment groups. All treatments involved ecologically
realistic, diurnal temperature cycles. By contrast to
the control, treatments T1-T3 had a mean tempera-
ture increased by 4 °C, and, in T2, heat waves and,
in T3, heat waves along with decreased relative
humidity, were simulated (Table 2). Thus, our treat-
ments included a control reflecting current natural
conditions in the field, based on microclimatic data
obtained directly in larval habitats of L. helle (and
L. tityrus) within the Westerwald mountain range in
2011 and 2013 (Limberg & Fischer, 2014). We

selected a typical daily temperature cycle for June in
this area. In T1, reflecting an increase in mean tem-
perature only, the intercept of the above temperature
cycle was shifted up by 4 °C, whereas, in T2 and T3,
reflecting an increase in mean temperatures through
the occurrence of heat waves (in T3 combined with
lowered humidity), heat waves (with an temperature
increase by 8 °C on average) were alternated with
control conditions every 3 days. Daily cycles for the
heat waves are also based on field measurements by
selecting a particularly hot day (Limberg & Fischer,
2014). The average increase of 4 °C in T1-T3 is
based on the IPCC RCP8.5 climate scenario for 2100,
which covers central Europe, including all of the pop-
ulations tested here (Pachauri et al., 2014). Heat
waves are typically defined as a sequence of days
with an average temperature > 5 °C above average,
although definitions vary (De Boeck et al., 2010). We
used three consecutive days mainly for practical rea-
sons (i.e. to ensure that all individuals experienced
the same conditions throughout their development)
(Fischer, Klockmann & Reim, 2014b). Each treat-
ment group was reared in a single temperature-,
light-, and humidity-controlled climate cabinet
(Sanyo MLR-351H).

Daily, all larvae were supplied with fresh cuttings
of their larval host plant and moist tissue. We chan-
ged the position of the plastic boxes within cabinets
daily to even out potential temperature differences
within cabinets. The L. dispar and L. helle popula-
tions used in the present study have an obligatory
diapause as small larvae and pupae, respectively
(Settele et al., 2008; Lindman et al., 2015). After
having entered diapause, individuals were therefore
transferred to a climate cabinet with a constant tem-
perature of 2 °C for 6 months. Afterwards, they were
back-transferred to their respective treatment group.
Resulting butterflies were stored on the day of adult
eclosion at —80 °C for later analyses. We scored
pupal mass (1 day after pupation; Sartorius
LE225D) for all individuals. Larval time and larval
growth rate (LN pupal mass/larval development
time) were measured for L. tityrus and L. helle only
and pupal time for L. tityrus and L. dispar only, as a
result of differences in diapause patterns.

L ABORATORY ANALYSIS

Adult butterflies were used for measuring body
mass, thorax and abdomen mass (to calculate tho-
rax-abdomen ratio), forewing length, fat content,
haemocyte numbers, and phenoloxidase (PO) activ-
ity. Frozen butterflies were first weighed to the near-
est 0.0l mg (Sartorius LE225D). Immediately
afterwards legs, heads, and wings were removed on
dry ice, and the thorax and abdomen were separated.
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Thorax and abdomen were weighed and the right
forewing of each butterfly was photographed and its
maximal length measured (VMS-004D Veho USB
Microscope). Abdomens were used for measuring fat
content and thoraces were used for scoring haemo-
cyte numbers and PO activity.

Abdomen fat content, as an important indicator of
condition, was measured sensu Fischer, Brakefield &
Zwaan (2003) but using the less poisonous acetone
instead of dichloromethane. The different methods
reveal comparable results (K. Franke, I. Karl, unpub-
lished data). In short, abdomens were weighed and
subsequently dried for 48 h at 60 °C. Abdomen dry
masses were scored. Then, fat was extracted using
acetone for 2 x 48 h, after which abdomens were once
again dried and then weighed. Total fat content was
calculated by subtracting the fat-free dry mass from
the initial dry mass and is given as a percentage.

As additional proxies of condition, we scored two
immune parameters. Therefore, thoraxes were per-
fused with cacodylate buffer (L. tityrus and L. dis-
par: 300 pL; L. helle: 150 pL) to obtain haemolymph
extract. To determine haemocyte numbers, 10 pL of
haemolymph extract per individual was transferred
to a well of a 96-well plate. Per well, 2.5 uL of Gel
Red (Nucleic Acid Gel Stains, Biotium; 1:25 in phos-
phate buffered saline, pH 7.4) was added as a fluo-
rescent stain. Haemocyte counts were obtained using
a digital camera connected to a Nikon Eclipse 90i flu-
orescence microscope (magnification x 40) and the
software NIS ELEMENTS (Nikon). A screen was
superimposed and we used four random squares
(1000 x 1000 pm each) per individual to count
haemocytes (Nikon DS-U2-Ril). We used the sum of
haemocytes for further analyses.

Quantification of PO activity closely followed the
protocols of Rolff & Siva-Jothy (2004) and Stoks
et al. (2006), optimized for the different sizes of the
species used in the present study. Therefore, the per-
fused thorax was back-transferred to the respective
haemolymph extract, homogenized and centrifuged
(11 000 g at 4 °C for 10 min). Thereafter, 60 pL of
the supernatant was added to 140 puL of L-DOPA
(Fluka Analytica) and 5 pL of distilled water for
L. tityrus and L. dispar, and 65 pL of the super-
natant to 140 uL L-DOPA for L. helle. Absorbance
was read at 490 nm and 30 °C for 45 min (90 reads;
BioTekELx 808). Enzyme activity was measured as
the slope during the linear phase of the reaction. PO
activity was assayed twice per individual and the
mean of both readings was used for further analyses.

STATISTICAL ANALYSIS

We analyzed all data using general linear mixed
models (GLMMs) with species, treatment, and sex as

fixed effects, and population as a random effect
nested within species. Phenoloxidase activity and
number of haemocytes were LN transformed prior to
analyses to meet the requirements of the analysis of
variance. Adult body mass was added as a covariate
as appropriate. Pairwise comparisons after GLMMs
were performed employing Tukey’s honestly signifi-
cant difference for unequal sample sizes for differ-
ences among both species and treatments. Because,
for L. tityrus and L. dispar, a split-brood design has
been used, we performed additional GLMMs for both
species in which family was included as another ran-
dom effect, nested within population and species. The
results indicated that including family effects did not
change the vast majority of results (see Appendix,
Table A2). Therefore, we exclusively present models
without the factor family here, although we note the
few exceptions in which family effects affected other
factors. Additionally, we performed GLMMs sepa-
rately for each individual species to test whether
variation within species was obscured in multispecies
comparisons, which was not the case (see Appendix,
Table A3). Throughout the text, data are given as the
mean + SE. All statistical tests were performed with
STATISTICA, version 8.0 (Statsoft).

RESULTS
DEVELOPMENTAL AND ADULT TRAITS

All three proxies of body size (i.e. pupal mass, adult
mass, and forewing length) varied significantly across
treatments, being highest under control conditions
(pupal mass: C>T1l=T2>T3; adult mass and
forewing length: C > T1 = T2 = T3; Tukey’'s honestly
significant difference) (Fig. 1,T 3,Table ). Species dif-
fered significantly in body size, being largest in L. dis-
par followed by L. tityrus and, finally, L. helle
(L. d. > L. t. > L. h. for all three traits). Females were
significantly larger than males throughout. Species
differed significantly in their responses to different
treatments in all three proxies of body size (significant
species by treatment interactions). Throughout,
L. helle showed less variation between treatments (a
reduction in body size between C and T3 amounting to
3.0% on average) compared to L. tityrus (9.1%) and
L. dispar (10.2%) (Fig. 1). Species by sex interactions
were also significant for all three traits, indicating
that sexual size dimorphism was more pronounced in
L. dispar (females 16.1% larger than males on aver-
age) compared to L. tityrus (9.6%) and L. helle (8.4%).
Additionally, the treatment by sex interaction was sig-
nificant for adult mass and forewing length, indicat-
ing that sexual size dimorphism also varied among
treatments. The according differences were low, with
females having a heavier adult mass of between
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Figure 1. Effects of thermal treatment and species on developmental and adult traits in three species of copper butter-
flies, reflecting different vulnerabilities to climate change (Lycaena helle: high risk; Lycaena dispar: intermediate risk;
Lycaena tityrus: low risk). Data are the mean + SE for (A) pupal mass, (B) adult body mass, (C) forewing length, (D)
thorax-abdomen ratio, (E) fat content, (F) phenoloxidase activity, and (G) haemocytes. Treatment (C) represents control
conditions. T1, increased mean temperatures; T2, increased temperatures combined with heat waves; T3, increased tem-
peratures combined with heat waves and reduced relative humidity. Group sample sizes range between 85 and 320
except for fat content (19-186). Different lowercase letters above bars indicate significant differences between species,
and numbers represent significant differences between treatment groups within species.
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22.6% (C) and 31.7% (T2), and longer wings of
between 3.1% (T3) and 3.9% (T1). Finally, a signifi-
cant three-way interaction for forewing length showed
that forewing length was largest throughout under
control conditions, except for male L. dispar, which
showed longest wings in treatment T1.

The thorax—abdomen ratio did not differ signifi-
cantly between treatment groups and species
(Table 3). Nevertheless, a post-hoc comparison indi-
cated a tendency towards a higher thorax—-abdomen
ratio in L. tityrus (55.1 + 0.4%) compared to L. helle
(52.8 £ 0.5%) and L. dispar (52.2 £ 0.4%) (Fig. 1).
Overall, males (60.8 + 0.3%) had a significantly
higher  thorax-abdomen ratio than females
(47.0 £ 0.2%), although the extent of sexual varia-
tion differed among species (L. d.: males 59.6 + 0.4%
vs. females 45.7 £ 0.3%, L.¢t: 61.0 & 0.6% vs.
48.8 + 0.2%, L. h.: 61.3 £ 0.4% vs. 44.0 + 0.3%); sig-
nificant species by sex interaction).

In L. tityrus and L. helle, larval time and larval
growth rate differed significantly between treatments
and sexes, although not between species (Table 3).
Larval times were longest in treatment C and short-
est in T1 (C>T3>T2>T1) (Fig. 2). Accordingly,
larval growth rates were highest in T1 and lowest
in C (T1=T2>T3>C). Larval times were longer
in females (27.4 + 0.3 days) than in males
(25.8 +£ 0.3 days) and larval growth rates were
lower (females: 4.32 + 0.06 mg day * < males: 4.44 +
0.07 mg day ). For both traits, the species by
treatment interaction was significant, indicating that
L. tityrus responded more strongly to treatments,
especially to T2 and T3, than L. helle (Fig. 2). The
significant species by sex interaction for larval time
indicates that, in L. tityrus, males developed faster
than females (2.3 days), whereas, in L. helle, sexes
did not differ in larval time (0.2 days).

In L. tityrus and L. dispar, pupal time differed sig-
nificantly between treatments but not between spe-
cies and sexes (Table 4). Pupal times were longest
under control conditions and shortest in T1
(C>T3=T2>T1) (Fig. 2C). Although pupal time
slightly increased from T1 to T3 in L. dispar, this
was not the case in L. tityrus (significant treatment
by species interactions). The significant species by
sex interaction suggests that pupal time tended to be
longer in males than in females in L. tityrus
(13.2 £ 0.2 vs. 12.9 + 0.1 days) but not in L. dispar
(12.2 £ 0.2 vs. 12.3 + 0.2 days). The three-way
interaction was not significant anymore after includ-
ing family effects (see Appendix, Table A2).

Population effects were significant for all parame-
ters mentioned above. The same was true for family
effects, except for the thorax-abdomen ratio (see
Appendix, Table A2). Including family effects only
changed some interactions, all of which are not

relevant to the questions addressed here, except for
the species by treatment interaction for thorax—
abdomen ratio, which became significant when
including family effects, indicating that the effects of
treatments tended to be more pronounced in L. dis-
par than in the other species (Fig. 1).

FAT CONTENT AND IMMUNE FUNCTION

Fat content differed significantly between the sexes
but not between species and treatment groups (Fig. 1,
T 3,Table ). Males had a higher fat content than
females (30.7 £ 0.8% > 19.0 + 0.5%). Fat content was
reduced in T3 compared to the other treatments in
L. dispar, whereas variation across treatments was
very small in both other species (significant species by
treatment interaction). The extent of sexual variation
differed among species (L. d.: males 49.3 + 1.4% vs.
females 29.0 +0.8%, L.t: 26.4+0.4% vs.
16.5 + 0.7%, L. h.: 17.6 £+ 0.9% vs. 9.0 + 0.6%; signif-
icant species by sex interaction).

PO activity also differed significantly between the
sexes but not between species and treatments
(Fig. 1,T 3,Table ). Females had a higher PO activity
than males (6.79 + 0.33% > 5.00 + 0.25%). Although
PO activity increased between treatments C and T3
in L. tityrus, the opposite was found in L. helle,
whereas L. dispar showed an intermediate pattern
(significant species by treatment interaction). The
number of haemocytes, in contrast, differed signifi-
cantly between treatments but not between species
and sexes. Haemocyte numbers were, overall, high-
est under control conditions and lowest in T1
(C>T2=T2=T1). However, patterns differed strik-
ingly among species (significant species by treatment
interaction). The number of haemocytes decreased
between treatments C and T3 in L. tityrus, whereas
they increased in L. helle (Fig. 1G). The three-way
interaction was not significant anymore when consid-
ering family effects (see Appendix, Table A2).

All of the above parameters differed significantly
among populations. Including family effects revealed
a significant effect of treatment on fat content and
PO activity, whereas the species by treatment inter-
action for the latter was not significant anymore.
These changes, however, were caused by excluding
L. helle from the respective analyses (see Appendix,
Table A2).

DISCUSSION
DEVELOPMENTAL AND ADULT TRAITS

Body mass clearly responded to treatments, with
individuals being larger at the cooler control condi-
tions than in the warmer treatments T1-T3, in

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo, ee—ee



8 M. KLOCKMANN ET AL.

Table 3. Results of general linear mixed models for the effects of treatment, species, and sex as fixed effects and pop-
ulation (nested with species) as random effect on pupal mass, adult body mass, forewing length, thorax-abdomen
ratio, abdomen fat content, phenoloxidase (PO) activity, and number of haemocytes in Lycaena tityrus, Lycaena
dispar, and Lycaena helle

MS d.f. F P

Pupal mass
Species 2.913 2 52.3 0.005
Population 0.066 3 204.9 < 0.001
Treatment 0.011 3 34.1 < 0.001
Sex 0.041 1 127.1 < 0.001
Species x Treatment 0.005 6 16.8 < 0.001
Species x Sex 0.026 2 79.0 < 0.001
Treatment x Sex 0.001 3 25 0.055
Species x Treatment x Sex 0.001 6 1.9 0.073
Error < 0.001 1902

Adult body mass
Species 3.130 1 535.3 0.005
Population 0.340 2 52.3 < 0.001
Treatment 0.007 3 79.1 < 0.001
Sex 0.004 3 40.2 < 0.001
Species x Treatment 0.039 1 406.8 < 0.001
Species x Sex 0.002 6 21.9 < 0.001
Treatment x Sex 0.005 2 56.2 0.009
Species x Treatment x Sex < 0.001 3 3.9 0.053
Error < 0.001 1675

Forewing length
Species 3147.9 2 26.0 0.013
Population 124.9 3 146.1 < 0.001
Treatment 22.7 3 26.5 < 0.001
Sex 62.0 1 72.5 < 0.001
Species x Treatment 3.9 6 4.6 < 0.001
Species x Sex 515 2 60.2 < 0.001
Treatment x Sex 2.5 3 2.9 0.032
Species x Treatment x Sex 3.8 6 4.4 < 0.001
Error 0.9 1405

Thorax—abdomen ratio
Species 1004.3 2 0.4 0.680
Population 2631.8 3 47.3 < 0.001
Treatment 33.4 3 0.6 0.614
Sex 75588.5 1 1359.4 < 0.001
Species x Treatment 22.1 6 0.4 0.881
Species x Sex 929.5 2 16.7 < 0.001
Treatment x Sex 13.6 3 0.2 0.865
Species x Treatment x Sex 57.5 6 1.0 0.401
Error 55.6 1675

Fat content
Species 31096.1 2 2.1 0.271
Population 19256.6 3 149.6 < 0.001
Treatment 147.5 3 1.1 0.329
Sex 30935.0 1 240.4 < 0.001
Species x Treatment 273.0 6 2.1 0.048
Species x Sex 2403.6 2 18.7 < 0.001
Treatment x Sex 329.6 3 2.6 0.053
Species x Treatment x Sex 133.9 6 1.0 0.397
Error 128.7 1213
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Table 3. Continued

MS d.f. F P
PO activity
Species 28.6 2 2.5 0.218
Population 16.4 3 12.3 < 0.001
Treatment 1.8 3 14 0.250
Sex 22.0 1 16.6 < 0.001
Species x Treatment 5.8 6 4.4 < 0.001
Species x Sex 0.7 2 0.5 0.595
Treatment x Sex 0.2 3 0.2 0.907
Species x Treatment x Sex 2.5 6 1.9 0.076
Adult body mass 1.3 1 1.0 0.328
Error 1.3 1143
Haemocytes

Species 6.6 2 0.3 0.745
Population 29.9 3 58.0 < 0.001
Treatment 3.2 3 6.3 < 0.001
Sex 14 1 2.7 0.098
Species x Treatment 2.4 6 4.7 < 0.001
Species x Sex 0.3 2 0.5 0.581
Treatment x Sex 0.3 3 0.6 0.589
Species x Treatment x Sex 11 6 2.1 0.049
Adult body mass 0.7 1 1.3 0.254
Error 0.5 1309

Adult body mass was added as a covariate for phenoloxidase activity and haemocytes. Significant P-values are indicated

in bold.

accordance with the temperature size rule (Atkinson,
1994; Karl & Fischer, 2008; Angilletta, 2009).
Although involving simulated heat waves did not
appear to have a substantial impact, combining heat
waves with lower humidity revealed a trend towards
a further reduction in body mass, presumably as a
result of detrimental effects on host plant quality
(Klockmann et al., 2016). Note, however, that food
plant quality was generally high, which may have
potentially buffered the stronger effects of heat
waves. More interestingly, variation in pupal and
adult body mass among treatments was, in contrast
to our hypotheses, more pronounced in L. tityrus and
L. dispar than in L. helle. This could potentially
indicate reduced plasticity in body size in L. helle,
which might be disadvantageous in the face of envi-
ronmental change (Chown et al., 2007; Charmantier
et al., 2008). On the other hand, it could be argued
that L. helle was more capable of buffering the detri-
mental effects of environmental perturbations on
body size than both other species. We suggest that
selection on more strongly canalized body size is
stronger in L. helle than in the other species because
of overwintering in the pupal stage in which subse-
quent adult size is largely fixed in holometabolous
insects (Andersen, Colombani & Léopold, 2013).
Given that body size affects overwintering survival,

L. helle likely suffers stronger fitness declines when
being small (Leather, Walters & Bale, 1995; Fischer
& Fiedler, 2002b).

The thorax—-abdomen ratio, being likely related to
dispersal ability (Berwaerts, Van Dyck & Aerts,
2002; Berwaerts & Van Dyck, 2004), tended to be
higher in L. tityrus compared to L. helle and L. dis-
par. This fits with the documented low dispersal abil-
ity of L. helle (Fischer et al., 1999; Bauerfeind,
Theisen & Fischer, 2008; Habel et al., 2011) and
with recent range expansions tracking climatic
changes in L. tityrus (Brunzel et al., 2008; Settele
et al., 2008). However, L. dispar also had a rather
low thorax-abdomen ratio, although at least the
bivoltine populations of this species are considered to
be fairly mobile (Settele, Feldmann & Reinhardt,
2000; Lindman et al., 2015). Whether this holds for
the univoltine populations considered here is cur-
rently unknown. In addition to the thorax-abdomen
ratio, other parameters may of course also influence
dispersal ability (e.g. body size, flight muscles, and
lipid reserves) (Bowler & Benton, 2005; Rauhamaki
et al., 2014; Bowden et al., 2015). The body size dif-
ferences among species found here followed well
known patterns, with L. dispar being the largest and
L. helle the smallest of the species investigated (Tol-
man & Lewington, 2008).
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Figure 2. Effects of thermal treatment and species on
developmental traits in three species of copper butterflies.
Data are the mean + SE for (A) larval time and (B) lar-
val growth rate in Lycaena tityrus and Lycaena helle, and
(C) pupal time in Lycaena tityrus and Lycaena dispar.
For differences among treatments, see Fig. 1. Group sam-
ple sizes range between 92 and 305. Numbers above bars
indicate significant differences between treatment groups
within species.

Regarding development times and growth rates,
the fastest growth occurred in treatment T1 followed
by T2, T3, and, finally, C. Thus, although higher
temperatures generally speeded up development as
expected for ectotherms (Karl & Fischer, 2008; Angil-
letta, 2009; Klockmann et al., 2016), simulated heat
waves were detrimental despite having a high tem-
perature mean. As for body mass, L. helle responded
less strongly to treatments and especially to simu-
lated heat waves (than L. tityrus), supporting the
above conclusion of a more strongly buffered

Table 4. Results of general linear mixed models for the ef-
fects of treatment, species, and sex as fixed effects and pop-
ulation (nested with species) as random effect on larval
time and larval growth rate in Lycaena tityrus and Lycaena
helle, as well as on pupal time in Lycaena tityrus and
Lycaena dispar

MS df. F P

Larval time
Species 245 1 0.1 0.939
Population 49984 2 232.2 < 0.001
Treatment 9209.3 3 427.7 < 0.001
Sex 5793 1 26.9 < 0.001
Species x Treatment 443.7 3 20.6 < 0.001
Species x Sex 5240 1 24.3 < 0.001
Treatment x Sex 171 3 0.8 0.496
Species x 212 3 1.0 0.399
Treatment x
Sex
Error 215 1533

Larval growth rate
Species 12160 1 12.3 0.072
Population 1485 2 345.1 < 0.001
Treatment 8.30 3 192.8 < 0.001
Sex 093 1 21.7 < 0.001
Species x Treatment 049 3 11.3 < 0.001
Species x Sex 0.09 1 2.1 0.152
Treatment x Sex 0.04 3 1.0 0.391
Species x 0.07 3 1.7 0.166
Treatment x
Sex
Error 0.04 1533

Pupal time
Species 306.0 1 2.9 0.227
Population 1320 2 415 < 0.001
Treatment 32352 3 1016.7 < 0.001
Sex 09 1 0.3 0.596
Species x Treatment 412 3 13.0 < 0.001
Species x Sex 125 1 3.9 0.048
Treatment x Sex 1.3 3 0.4 0.752
Species x 104 3 3.3 0.020
Treatment x
Sex
Error 3.2 1505

Significant P-values are indicated in bold.

development in L. helle. Lycaena helle is probably
less time-constrained than L. tityrus based on its
monovoltine life cycle (Fischer & Fiedler, 2002a,b).
Thus, under stressful conditions, L. helle may take
some extra time to grow to the same size as that
achieved under more beneficial conditions for which
the other species may lack sufficient time.

The sexual differences found (i.e. with females
being larger, whereas males develop faster), resem-
ble well-known patterns prevailing in most insect

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo, eo—ee



EFFECTS OF CLIMATE CHANGE ON BUTTERFLIES 11

species, arguably as a result of fecundity selection
causing a larger body size in females and protandry
selection causing earlier male emergence to maxi-
mize mating opportunities in males (Fischer & Fie-
dler, 2000; Karl & Fischer, 2008). The largest sexual
size dimorphism occurred in L. dispar, which may
represent a scaling effect and thus be related to its
large overall size potentially increasing size dimor-
phism (Teder & Tammaru, 2005). The fact that male
body size responded more strongly to treatments
than that of females is in agreement with earlier
findings on copper butterflies, indicating a selective
premium on body size as a result of fecundity selec-
tion in females, and a selective premium on protan-
dry in males (Fischer & Fiedler, 2000). The lack of a
sexual difference in larval development in L. helle is
likely a result of shorter larval development not lead-
ing to earlier male emergence in this species over-
wintering as pupa. Here, a developmental advantage
needs to be achieved exclusively within the pupal
stage. Differential selection pressures between males
and females probably also explain the sexual differ-
ence in the thorax-abdomen ratio. Although females
invest primarily into egg production (heavy abdo-
men), males invest primarily into flight muscles
(heavy thorax) to sustain mate location and male-
male competition (Goldsmith & Alcock, 1993).

FAT CONTENT AND IMMUNE FUNCTION

Fat content is an important factor reflecting storage
reserves and therefore condition in insects (Lease &
Wolf, 2011; Fischer et al., 2014b). Nevertheless, we
could not detect overall effects of treatment on abdo-
men fat content. Thus, total lipid content remained
unaffected by simulated heat waves, in contrast to
the results found in a tropical butterfly (Fischer
et al., 2014b). Relative fat content was higher in
males than in females, whereas opposite patterns
were often found in arthropods, with this being
related to egg production (Lease & Wolf, 2011; Fis-
cher et al., 2014b). In butterflies and odonates,
although males often have a higher relative fat con-
tent than females (Marden & Rollins, 1994; Karl
et al., 2011), this is presumably driven by the need
to fuel extended flights during mate location and
competition for territories with other males (Gold-
smith & Alcock, 1993; Wiklund, Gotthard & Nylin,
2003). However, the results on fat content should be
interpreted with caution because our method does
not distinguish between structural and reserve
lipids.

Similarly, immune parameters may be indicative
of the overall condition of individual (Rolff & Siva-
Jothy, 2004; Karl et al., 2011). For both PO activity
and haemocyte numbers, reduced values under

stress have previously been reported in butterfly spe-
cies (Karl et al., 2011; Franke & Fischer, 2013; Fis-
cher et al., 2014b). In the present study, PO activity
decreased with increasingly more stressful conditions
in L. helle, whereas it increased in L. tityrus and
L. dispar showed an intermediate pattern. The
increase in PO activity under more stressful condi-
tions in L. tityrus appears to be difficult to explain.
However, the overall pattern may suggest that PO
activity is more strongly reduced under challenging
conditions in L. helle than in both other species,
matching our a priori predictions (but see below).
Regarding haemocyte numbers, these were higher
overall in the control treatment than in treatments
T1-T3, indicating that this trait may be a valuable
indicator of condition (Karl et al., 2011; Franke &
Fischer, 2013; Fischer et al., 2014b). However, in
contrast to the above, the numbers decreased with
increasingly stressful conditions in L. tityrus,
whereas they increased in L. helle. Thus, no firm
conclusions  regarding  species-specific immune
responses to environmental stress can be drawn,
casting doubt on the utility of basal immune parame-
ters as indicators of individual condition (Triggs &
Knell, 2012; Ferguson, Heinrichs & Sinclair, 2016).
Note that we did not challenge any individuals to
induce an immune response, and also that both
parameters considered in the present study are typi-
cally upregulated under immune challenges such as
infections only (Lavine & Strand, 2002; Eleftherianos
& Revenis, 2011). Using basal levels only may thus
be not informative (Kiuchi, Aoki & Nagata, 2008;
Ericsson et al., 2009; Pandey et al., 2010; Murdock
et al., 2012; Gherlenda et al., 2016). Rather, our
results confirm findings suggesting that different
immune parameters may show divergent results and
even be traded off against each other (Cotter, Kruuk
& Wilson, 2003; Karl et al., 2011; Seppala & Jokela,
2011). The higher PO activity in females than in
males is likely related to egg production. PO has dif-
ferent functions, not only being involved in the
immune response, but also in oocyte development
and egg chorionation (Gonzalez-Santoyo & Cdérdoba-
Aguilar, 2012). Population and family effects were
significant in most cases, as would be expected, indi-
cating genetic variation among and within popula-
tions in the traits investigated (Finger et al., 2009).
However, accounting for such variation did not inter-
fere with any of the conclusions presented here.

CONCLUSIONS

Extreme weather events such as heat waves may
represent one of the principal challenges associated
with ongoing climate change (Coumou & Rahmstorf,
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2012). Taken together, our findings nevertheless doc-
ument surprisingly few direct effects. of simulated
heat waves on fitness-related traits. These results
are in striking contrast to earlier experiments, which
show highly detrimental effects of simulated heat
waves in a tropical butterfly (Fischer et al., 2014b).
These differences support the notion that tropical
species, having reduced safety margins because of
living close to their thermal maxima, are more vul-
nerable to climate change than temperate-zone ones
(Deutsch et al., 2008; Chown et al., 2010). Note that,
in ecological realistic experiments, as used in the
present study, temperature ranges differ substan-
tially when investigating tropical or temperate-zone
species. Nevertheless, even in temperate zones, some
species suffer, whereas others thrive under ongoing
climate change. Identifying the specific traits under-
lying such divergent vulnerabilities was the principal
aim of the present study. However, none of the traits
investigated are likely to be of crucial importance
within the given context. Rather, the specific
(growth) patterns found appear to be largely ruled
by selection pressures associated with specific devel-
opmental pathways or reproduction. Thus, all three
species may be capable of dealing with projected
changes during their larval and pupal development,
although differences among populations, sub-species,
and even generations may exist and should not be
neglected. Moreover, we did not the consider poten-
tial indirect effects of climate change, as mediated by
changes in host-plant quality (Bauerfeind & Fischer,
2013). Because such effects may be important and
the host plants of the species used in the present
may also differ in their vulnerabilities to climate
change, the results of the present study need to be
interpreted with caution. Additionally, we do not
know whether the surprisingly weak responses to
direct temperature and humidity effects also hold
true in other developmental stages (e.g. adult heat,
cold or desiccation resistance) and under more
extreme stress. ldentifying the critical factors deter-
mining the vulnerability of a species to climate
change will remain an important task for future
research.
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Table Al. SUMMARY OF KEY CLIMATIC VARIABLES AVERAGED ACROSS THE YEAR OR THE MAIN FLIGHT PERIOD (MAY, JUNE,
AND JULY) FOR THE SAMPLING REGIONS OF LYCAENA TITYRUS, LYCAENA DISPAR, AND LYCAENA HELLE

Lycaena tityrus

Lycaena dispar

Lycaena helle

Capture locality Greifswald Ueckerminde Anklam Liispollu  Westerwald Hautes Fagne
Weather station Greifswald Ueckerminde Greifswald Tartu Bad Marienberg Maastricht
Altitude (m a.s.l.) 6 1 6 68 547 114
Mean yearly temperature (°C) 8.0 8.2 8.0 4.8 7.1 9.5
Mean temperature May - 14.4 14.9 14.4 14.1 12.6 14.9
July (°C)
Mean temperature warmest 17.3 17.6 17.3 17.0 15.3 17.2
month (°C)
Mean temperature coldest -2.1 -15 -2.1 -7.1 -1.3 2.1
month (°C)
Mean yearly precipitation (mm) 566 548 566 589 1143 760
Mean precipitation May to 167 161 167 183 270 205
July (mm)

Data for the different localities are based on the nearest weather station (Muhr, 2010).
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Table A2. RESULTS OF GENERAL LINEAR MIXED MODELS (GLMMS) FOR THE EFFECTS OF TREATMENT, SPECIES, AND SEX
AS FIXED EFFECTS AND POPULATION (NESTED WITH SPECIES) AND FAMILY (NESTED WITH POPULATION AND SPECIES) AS
RANDOM EFFECTS ON PUPAL MASS, PUPAL TIME, ADULT BODY MASS, THORAX—ABDOMEN RATIO, FAT CONTENT, PHENOLOXIDASE
(PO) ACTIVITY, AND NUMBER OF HAEMOCYTES IN LYCAENA TITYRUS AND LYCAENA DISPAR

MS d.f. F P px

Pupal mass
Species 2.183 1 28.3 0.033 0.020
Population 0.077 2 75.9 < 0.001 < 0.001
Family 0.001 39 3.3 < 0.001
Treatment 0.014 3 34.7 < 0.001 < 0.001
Sex 0.085 1 204.9 < 0.001 < 0.001
Species x Treatment 0.009 3 20.9 < 0.001 < 0.001
Species x Sex 0.029 1 69.8 < 0.001 < 0.001
Treatment x Sex 0.001 3 2.3 0.078 0.029
Species x Treatment x Sex < 0.001 3 0.8 0.499 0.033
Error < 0.001 1181

Pupal time
Species 219.9 1 3.1 0.219 0.227
Population 69.6 2 7.0 0.002 < 0.001
Family 14.1 39 5.0 < 0.001
Treatment 2876.7 3 1025.4 < 0.001 < 0.001
Sex 0.7 1 0.3 0.613 0.596
Species x Treatment 314 3 11.2 < 0.001 < 0.001
Species x Sex 28.4 1 10.1 0.002 0.048
Treatment x Sex 0.7 3 0.2 0.865 0.752
Species x Treatment x Sex 6.8 3 2.4 0.064 0.020
Error 2.8 1180

Adult body mass
Species 0.200 1 20.7 0.045 0.022
Population 0.010 2 38.6 < 0.001 < 0.001
Family < 0.001 39 2.5 < 0.001
Treatment 0.004 3 33.8 < 0.001 < 0.001
Sex 0.050 1 403.0 < 0.001 < 0.001
Species x Treatment 0.003 3 26.9 < 0.001 < 0.001
Species x Sex 0.004 1 36.5 < 0.001 < 0.001
Treatment x Sex < 0.001 3 3.7 0.011 0.003
Species x Treatment x Sex < 0.001 3 0.8 0.477 0.080
Error < 0.001 954

Thorax—-abdomen ratio
Species 1999.2 1 3.4 0.208 0.542
Population 585.8 2 22.1 < 0.001 < 0.001
Family 29.0 39 1.4 0.075
Treatment 55.7 3 2.6 0.051 0.821
Sex 54253.7 1 2531.9 < 0.001 < 0.001
Species x Treatment 93.2 3 4.3 0.005 0.654
Species x Sex 580.0 1 27.1 < 0.001 0.089
Treatment x Sex 105.3 3 4.9 0.002 0.893
Species x Treatment x Sex 13.8 3 0.6 0.586 0.242
Error 214 954

Fat content
Species 31782.7 1 1.9 0.305 0.292
Population 16747.4 2 61.0 < 0.001 < 0.001
Family 343.8 39 2.6 < 0.001
Treatment 445.8 3 3.3 0.019 0.012
Sex 40398.6 1 300.6 < 0.001 < 0.001
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Table A2. Continued

MS d.f. F p p*
Species x Treatment 524.2 3 3.9 0.009 0.015
Species x Sex 3905.3 1 29.1 < 0.001 < 0.001
Treatment x Sex 248.4 3 1.8 0.137 0.033
Species x Treatment x Sex 108.4 3 0.8 0.490 0.279
Error 134.4 954
PO activity

Species 11.8 1 3.6 0.142 0.205
Population 6.1 2 2.6 0.086 < 0.001
Family 3.0 38 2.2 < 0.001

Treatment 4.5 3 3.3 0.020 0.035
Sex 21.7 1 15.9 < 0.001 < 0.001
Species x Treatment 2.1 3 1.5 0.209 0.209
Species x Sex 0.5 1 0.3 0.565 0.805
Treatment x Sex 0.7 3 0.5 0.653 0.293
Species x Treatment x Sex 0.9 3 0.6 0.586 0.695
Adult body mass 0.5 1 0.4 0.553 0.990
Error 1.4 764

Haemocytes

Species 10.6 1 1.0 0.415 0.458
Population 23.3 2 46.6 < 0.001 < 0.001
Family 0.6 38 11 0.264

Treatment 35 3 7.7 < 0.001 < 0.001
Sex 0.9 1 19 0.166 0.487
Species x Treatment 2.1 3 4.6 0.003 < 0.006
Species x Sex <01 1 <0.1 0.980 0.634
Treatment x Sex 0.6 3 1.2 0.298 0.181
Species x Treatment x Sex 0.5 3 1.0 0.381 0.486
Adult body mass 0.9 1 2.0 0.157 0.374
Error 0.5 895

Adult body mass was added as a covariate for PO activity and haemocytes. The GLMM for forewing length is missing
because of a lack of according data. *Refers to equivalent analyses on both species but without including family effects.
These analyses show that including family effects only very rarely affected other factors or interactions. Significant P-
values are shown in bold.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, oo, eeo—ee
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Abstract

Ongoing climate change is a major threat to biodiversity. However, although many species
clearly suffer from ongoing climate change, others benefit e.g. showing range expansions.
However, which specific features determine a species’ vulnerability to climate change?
Phenotypic plasticity, which has been described as the first line of defence against
environmental change, may be of utmost importance here. Against this background, we
here compare plasticity in stress tolerance in three Copper butterfly species, which differ
arguably in their vulnerability to climate change. Specifically, we investigated heat, cold
and desiccation resistance after acclimation to different temperatures in the adult stage.
We demonstrate that acclimation at a higher temperature increased heat but decreased
cold tolerance and desiccation resistance. Contrary to our predictions, species did not
show pronounced variation in stress resistance, though plastic capacities in temperature
stress resistance did vary across species. Overall, our results seemed to reflect
population- rather than species-specific patterns. We conclude that the geographical
origin of the populations used should be considered even in comparative studies.
However, our results suggest that, in the three species studied here, vulnerability to
climate change is not in the first place determined by stress resistance in the adult stage.
As entomological studies focus all too often on adults only, we argue that more research
effort should be dedicated to other developmental stages when trying to understand insect

responses to environmental change.

Keywords: cold resistance, environmental stress, global warming, heat resistance,

Lycaena species, plasticity



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

INTRODUCTION

Because of anthropogenic climate change, global mean temperatures and the frequency
of extreme weather events are increasing (Meehl et al. 2007; McKechnie & Wolf 2010;
Hansen et al. 2012). Concomitantly, many terrestrial organisms may suffer increasingly
from associated heat, desiccation, and food stress (Clusella-Trullas et al. 2011; Hoffmann
et al. 2013). Such direct consequences of climate change have therefore received
substantial attention in recent years (Sunday et al. 2012; Kaspari et al. 2015; Pincebourde
& Casas 2015). If environmental conditions are changing, species may respond by means
of dispersal / range shifts, genetic adaption or phenotypic plasticity to avoid extinction
(Parmesan & Yohe 2003; Parmesan 2006; Thomas 2010; Sunday et al. 2012; Valladares
et al. 2014). However, moving to other places is often not possible due to limited dispersal
capacities or habitat fragmentation (Haddad et al. 2015), and genetic adaptation may not
be fast enough to keep track with ongoing climate change (Hendry & Kinnison 1999;
Merila 2012). Therefore, phenotypic plasticity may be of key importance to avoid extinction
in the current era of climate change (Fischer & Karl 2010; Chevin et al. 2010; Valladares

et al. 2014).

Phenotypic plasticity is defined as the ability of a single genotype to produce different
phenotypes in response to changes in environmental conditions (Bradshaw 1965).
Though clearly not all plasticity is adaptive, there is compelling evidence for adaptive
phenotypic plasticity in thermal tolerance. Typically, exposure to warmer temperatures
increases subsequent heat tolerance, thus comprising a fitness advantage, and vice versa
(beneficial acclimation; Bowler et al. 2004; Geister & Fischer 2007; Fischer et al. 2010),

though there are exceptions (Loeschcke & Hoffmann 2002). In the context of climate
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change, plastic capacities in stress resistance traits are expected to be of major
importance for species survival (Kellermann et al. 2009; Franks & Hoffmann 2012), and
species showing low levels of plasticity may be particularly threatened (Karl et al. 2008;
Kellermann et al. 2009; Chevin et al. 2010; Vedder et al. 2013). The extent to which plastic
capacities differ among species and populations though is currently not well understood.
Typically, higher levels of plasticity are expected in organisms experiencing high
environmental variability in nature (Van Tienderen 1991; Sultan & Spencer 2002; Sinclair
et al. 2003; Hoffmann et al. 2013), as has been found for instance in cold-adapted species

(Araujo et al. 2013).

In addition to variation in plasticity, species may also differ in basal stress tolerance
(Somero 2010; Coumou & Rahmstorf 2012). Species inhabiting cool environments,
especially boreal and glacial relict species, may have a low heat tolerance and may
therefore be particularly vulnerable to climate change (Ohlemdiller et al. 2008; Crawford
2010; Chen et al. 2011; Hampe & Jump 2011). This notion is supported by the well-
documented range expansion of warm-adapted and the concomitant retreat of cold-
adapted species (Breed et al. 2012). Thus, in general terms, cold-adapted species and
those with low plastic capacities in stress resistance traits are expected to be most
vulnerable to climate change. However, detailed information on the factors determining
whether a given species will benefit or suffer from climate change are hitherto largely
unknown (Chown et al. 2010; Clusella-Trullas et al. 2011; Hoffmann & Sgro 2011). For
instance, if indeed stress resistance and plasticity therein matters most, do these traits
differ throughout ontogeny? If so, as has been found in at least some cases (Bowler &

Terblanche 2008; Klockmann et al. 2016a), resistance in which developmental stage is
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most relevant? Also, species may show cross-resistance, i.e. cold-adapted species may
actually show at the same time high resistance to other stressors including heat (Burton

et al. 1988; Nielsen et al. 2005).

We here investigate adult-stage (heat, cold, and desiccation) stress resistance and its
plasticity in three species of Copper butterflies, namely Lycaena helle (Denis &
Schiffermuller, 1775), Lycaena dispar (Haworth, 1802), and Lycaena tityrus (Poda, 1761).
These species differ arguably in their vulnerability to climate change (Tab. 1), and we here
aim to test whether they also differ in adult stress resistance. To this end, we measured
heat knock-down, chill-coma recovery time and desiccation resistance, which are
considered reliable proxies of climatic stress adaptation (cf. Karl et al. 2008). We included
cold resistance to test for cross-resistance. Previous studies using the same species have
shown that different stress tolerances during development do not explain the species’
vulnerability to climate change, which is why we focus on the adult stage here (Klockmann
et al. 2016b). We specifically test the following hypotheses: (1) Higher acclimation
temperatures will in general increase heat but decrease cold and desiccation resistance
(adaptive phenotypic plasticity). (2) L. helle, a boreal species being arguably most
vulnerable to climate change, will have the lowest heat and the highest cold stress
resistance among the three species studied. Finally, we also test for differences in plastic

capacities, which may strongly impact on a species’ vulnerability to climate change.

Materials and methods
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Study organisms and egg sampling

To investigate adult-stage plasticity in stress resistance, we used three species of Copper
butterflies (Lycaena spp.), namely L. tityrus, L. dispar, and L. helle (Klockmann et al.
2016b). The Sooty Copper Lycaena tityrus (Poda, 1761) is a widespread temperate-zone
butterfly, ranging from Western Europe to central Asia (Ebert and Rennwald 1991). The
species has 1-3 generations per year and can be found in different biotopes like open
woodland, grassland, sandy heathland and bogs (Settele et al. 2008; Brunzel et al. 2008).
The most important larval host-plant is Rumex acetosa L., but some other acidic Rumex
species (Rumex spp.) are utilised as well (Ebert and Rennwald 1991, Tolman and
Lewington 2008, Settele et al. 2008). L. tityrus is not listed in the EU Habitat Directive and
is considered least concern in the Red List of Germany (Settele et al. 2008; BFN 2011).
In recent times, formerly unoccupied mountain ranges in central Europe were colonized
and its range is expanding northwards in north-eastern Europe (Settele et al. 2008;
Brunzel et al. 2008). Because of these range expansions and its ability to inhabit even dry
and hot habitats, L. tityrus is expected to benefit from climate change and its according
vulnerability is consequently considered to be low (Tab. 1). Mated females were caught
in two bivoltine German populations in May 2015 in the vicinity of Ueckerminde (N = 11;
N53° 44", E14° 15") and Greifswald (N = 9; N54° 2'; E13° 26') and were transferred to
Greifswald University. Butterflies were kept for egg laying in a climate cabinet (Sanyo
MLR-351H; Bad Nenndorf, Germany) under naturally fluctuating temperatures to improve
ecological realism (mean 15.4°C, amplitude 5.5°C, 75% relative humidity, and L17:D7
photoperiod; cf. Klockmann et al. 2016c). They were placed individually in translucent 1 |
plastic pots and were provided with R. acetosa for egg-laying, and with fresh flowers

(Crepis sp. L., Achillea millefolium L., Bistorta officinalis Delarbre, Leucanthemum vulgare
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LAM.), water and a 20 vol% sucrose solution for adult feeding (cf. Klockmann et al. 2016c).
Eggs were collected daily and transferred, separated by female and population, to small

glass vials kept under standard conditions (as above) until adult eclosion.

The second species, the Large Copper Lycaena dispar (Haworth, 1802), is a trans-
palaearctic butterfly, ranging from Western Europe across temperate Asia to the Amur
region and Korea (Ebert and Rennwald 1991; Settele et al. 2008). L. dispar typically has
1-2 generations per year and inhabits wetland habitats, including lakeside and riverside
areas (Settele et al. 2008; Lindman et al. 2015). Eggs are laid on non-acidic sorrels (e.g.
Rumex hydrolapathum Huds., R. crispus L., R. obtusifolius L.; Lindman et al. 2015 and
references therein). This species is listed in the EU Habitat Directive and is considered
vulnerable in the Red List of Germany (Settele et al. 2008; BFN 2011; Martin et al. 2013).
Because L. dispar is associated with wetland habitats and has shown declines in some
parts of its range, we assess the species’ vulnerability to climate change as being
intermediate (Tab. 1). Mated females were caught in two univoltine populations in July
2015 in Estonia, in the vicinity of Liispollu (N = 5; N58° 15", E27° 15'), and in July 2015 in
Germany, in the vicinity of Anklam (N = 8; N53° 53", E13° 42'). All butterflies were
transferred to Greifswald University for egg laying, being kept as outlined above but using

R. hydrolapathum as oviposition substrate.

The third species, the violet copper Lycaena helle (Denis & Schiffermuller, 1775), is a
postglacial relict species in Central Europe with 1-2 generations. It occurs mainly in boreal
regions and is distributed from Europe to Scandinavia and Northern Asia (Ebert and

Rennwald 1991; Settele et al. 2008). It is a hygrophilous butterfly colonizing mires,
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swampy grassland and moist meadows (Ebert and Rennwald 1991; Fischer et al. 1999;
Settele et al. 2008). Bistorta officinalis is the only larval food plant in Central Europe
(Fischer et al. 1999). L. helle is declining in large parts of its range (van Swaay and Warren
1999) and is therefore listed in the EU Habitat Directive and is considered endangered in
the Red List of Germany (Settele et al. 2008; BFN 2011). Because of the strong population
declines and its specialised habitat requirements, we consider the species’ vulnerability
to climate change as being high (Tab. 1). Mated females were caught in two populations
in May 2015 in Belgium, in the vicinity of Baraque de Fraiture (N = 13; N50° 13'; E14° 15"),
and in Germany, in the vicinity of Liebenscheid (N = 15; N50° 40'; E8° 04'), and were
transferred to Greifswald University for egg laying. For oviposition, females were placed
population-wise into a translucent 20 | plastic box and provided with B. officinalis as
oviposition substrate. Keeping females individually resulted in very low egg numbers
which would have been insufficient for subsequent experiments. Otherwise, individuals

were treated as outlined above.

Experimental design

Larvae of all species were reared in groups of 10 individuals, separated by family (for L.
tityrus and L. dispar) and population, in translucent plastic containers (250 ml) lined with
moist tissue under the conditions outlined above. They were supplied daily with fresh
cuttings of their larval host plant. Because of an obligatory diapause in the populations of
L. dispar (as larvae) and L. helle (as pupae) used here, we exclusively used diapausing
individuals in this study to eliminate possible differences between direct and indirect
developing individuals. After having entered diapause, all individuals were transferred to

a climate cabinet with a constant temperature of 2°C for 6 months. Afterwards, they were
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back-transferred to standard conditions. Resulting pupae were transferred, separated by

female (not for L. helle), to cylindrical hanging cages (30 cm diameter x 38 cm height).

On the day of adult eclosion, butterflies were randomly divided among 2 acclimation
temperatures for two days. We used constant acclimation temperatures of 18°C and 30°C
for all three species. We used constant rather than fluctuating temperatures here because
of potentially high mortality rates due to the high noon temperatures needed to achieve a
mean of 30°C in fluctuating treatments (but see Fischer et al. 2011). For acclimation,
butterflies were placed individually into translucent 1 | plastic pots covered with gauze and
were provided with water and a 20 vol% sucrose solution for feeding. After acclimation,
butterflies were randomly allocated to groups for measuring either heat, cold, or

desiccation resistance.

Heat stress resistance was scored as heat knock-down time (Sgrensen et al. 2005; Karl
et al. 2008). Therefore, butterflies were placed into small glass vials (125 ml), which were
submerged in a water bath (Thermostatic Water Bath — WBS; neolLab; Heidelberg,
Germany) set at 20°C and thereafter heated up to 47°C within 8 minutes (ramping rate:
3.4°C / minute). During ramping, butterflies were continuously monitored and the knock-
down time, i.e. the point in time at which the individual was not able to stand upright
anymore, was recorded for each individual. Knocked-down butterflies were immediately
taken out of the water bath and frozen at —80°C. Cold stress resistance was measured as
chill-coma recovery time (Hoffmann et al. 2002; Ayrinhac et al. 2004; Karl et al. 2008). All
butterflies were placed individually into small translucent plastic cups (125 ml) and were

exposed for 6 min to —20°C (Karl et al. 2008). Afterwards, cups were back-transferred to
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a climate cabinet with a constant temperature of 20°C and the recovery time was scored,
which was defined as the time between taking the butterflies out of the freezer until a
butterfly was able to stand up. Following recovery, butterflies were frozen at —80°C. To
score desiccation resistance, animals were placed into small translucent plastic cups (125
ml) covered with gauze without any water or food supply. Note that, as butterflies feed on
liquids, the animals experienced desiccation and starvation stress at the same time in our
experiment. Survival was scored on a daily basis at a constant temperature of 18°C. Dead
animals were also frozen at —80°C. In total, we used 445 butterflies of L. tityrus, 381 of L.
dispar, and 398 of L. helle. Frozen butterflies were used for measuring forewing length.
Therefore, the right forewing of each individual was separated, photographed and

measured (VMS-004D Veho USB Microscope, Southampton, United Kingdom).

Statistical analyses

We analysed all data on stress resistance using general linear mixed models (GLMMs)
with species, acclimation temperature, and sex as fixed effects and population (nested
within species) as a random effect. Forewing length was added as covariate. Pair-wise
comparisons after GLMMs were performed employing Tukey’'s HSD for unequal sample
sizes. As for L. tityrus and L. dispar but not for L. helle a split-brood design has been used,
we performed additional GLMMs for the former two species in which female (family) was
included as another random effect, nested within population and species. The according
results indicate that including family effects did not change any of the results presented
here qualitatively (see Appendix A1). Therefore, we exclusively present models without
the factor family. Additionally, we performed GLMMs separately for each individual

species to test whether variation within species was obscured in multi-species
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comparisons, which was not the case (see Appendix A2). Throughout the text, means are
given + 1 SE. All statistical tests were performed with STATISTICA 8.0 (Statsoft, Tulsa,

OK, USA).

Results

Heat knock-down time varied significantly across acclimation temperatures, being shorter
after acclimation to 18°C (13.7 £ 0.2 min) than to 30°C (16.2 £ 0.3 min Tab. 2a; Fig. 1a).
Differences among species (L. helle: 16.8 £ 0.3 min, L. tityrus: 14.8 £ 0.3 min, L. dispar:
13.1 £ 0.3 min), populations, and sexes, in contrast, were not significant. The significant
species by acclimation temperature interaction indicates reduced plasticity, associated
with significantly longer knock-down times at 18°C compared with both other species, in
L. helle (increase at 30°C by 6.0 % in L. helle, by 25.8% in L. tityrus, and by 25.5% in L.
dispar, see also Appendix A2; Fig. 1a). The significant effect of the covariate forewing
length indicates a negative relation between body size and heat knock-down time (p <

0.001, n = 387, r = -0.405).

Chill-coma recovery time also varied significantly across acclimation temperatures, being
shorter after acclimation to 18°C (4.6 + 0.2 min) than to 30°C (5.3 + 0.3 min; Tab. 2b; Fig.
1b). Additionally, the three species differed significantly in chill-coma recovery time, being
longest in L. tityrus (5.6 £ 0.2 min) followed by L. helle (4.7 + 0.2 min) and finally by L.
dispar (4.4 £ 0.2 min; L. tityrus > L. helle > L. dispar, Tukey HSD). Population and sex had

no significant impact. The significant species by acclimation temperature interaction
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shows a pronounced acclimation effect in L. helle only (increase at 30°C by -3.6% in L.
tityrus, 9.8% in L. dispar, and 58.2% in L. helle; Fig. 1b). The significant effect of the
covariate forewing length indicates a negative relation between body size and chill-coma

recovery time, i.e. a positive effect on cold resistance (p = 0.003, n = 396, r = -0.148).

Desiccation resistance varied significantly across acclimation temperatures, being higher
at 18°C (8.1 £ 0.2 day) than at 30°C (7.1 + 0.3 day; Tab. 2c; Fig. 1c). Species (L. dispar:
10.3 £ 0.3 day, L. tityrus: 7.0 £ 0.3 day, L. helle: 5.7 + 0.2 day), population, and sex had
no significant impact. The significant species by sex interaction shows that males are more
desiccation resistant than females in L. tityrus (13.6%), while the opposite pattern was
found in L. dispar (-1.6%) and L. helle (-4.8%). Body size (forewing length) impacted

desiccation resistance in a positive manner (p < 0.001, n =441, r = 0.573).

Including family effects for L. tityrus and L. dispar revealed only minor differences
regarding some interactions, which were caused by excluding one species (L. helle) from

the respective analyses (see Appendix A1).

DISCUSSION

Heat knock-down time, chill-coma recovery time, and desiccation resistance are
considered to be good indicators of climatic adaptation in animals (Sgrensen et al. 2001,
Hallas et al. 2002, Castafieda et al. 2005; Chown et al. 2007). In our study, however,

differences among species were not particularly pronounced. We could not find significant
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main effects of species in heat tolerance and desiccation resistance, although mean
phenotypic values differed substantially at least for the latter trait. As the largest species
(L. dispar) showed the highest while the smallest species (L. helle) showed the lowest
desiccation resistance, we suggest that the phenotypic differences among species are
basically driven by the substantial size differences, which in turn obscured species-
specific patterns. This notion is supported by the dominant impact of body size on
desiccation resistance, which was used as covariate in our analyses (if the covariate is
omitted from the analysis presented in Table 2, species differences become significant, p
= 0.029). Note here that our experimental approach applied desiccation and starvation
stress at the same time, such that a strong impact of body size was expected (Fouet et
al. 2012; Karl et al. 2014). Effects of body size on heat and cold tolerance were much
weaker (though also significant), corroborating earlier findings on butterflies showing that
variation in temperature stress resistance is not closely related to body size (Karl et al.
2008). The negative effect of body size on heat tolerance but the positive effect on cold
tolerance probably reflect the fact that the largest species (L. dispar) was least heat-

tolerant but most cold-tolerant.

In contrast to heat tolerance and desiccation resistance, the three species differed
significantly in cold tolerance, which was highest in L. dispar and lowest in L. tityrus. Thus,
taken together, we could not verify our second hypothesis regarding species-specific
variation in heat and cold stress resistance. The specific patterns found here regarding
cold tolerance might reflect the geographic origin of the populations studied rather than
species-specific differences (L. dispar. Estonia, northeastern Germany, L. helle: Belgium,

western Germany). They may thus indicate local adaptation to prevailing environmental
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conditions (Hoffmann et al. 2003; Sanford & Kelly 2011; Schoville et al. 2012), which may

have overruled differences among species.

Typically, stress resistance traits are modulated by environmental conditions, as has been
found here. The general effects of ambient temperature were as expected (hypothesis 1),
with acclimation at the higher temperature increasing heat but decreasing cold tolerance
and desiccation resistance. The findings on temperature stress resistance are in line with
others and comprise a well-known example of beneficial acclimation (Sinclair et al. 2003;
Overgaard & Sagrensen 2008; Fischer et al. 2010; Chidawanyika & Terblanche 2011; Karl
etal. 2014). The same is true for desiccation resistance, as in general higher temperatures
increase metabolic and evaporation rates in ectotherms, such that storage reserves and
water supplies are faster consumed at higher ambient temperatures (Norry et al. 2006;

Conti 2008; Karl et al. 2014).

Most interestingly though plastic capacities showed clear variation across species,
evidenced by significant species by acclimation temperature interactions for heat and cold
tolerance. Regarding heat tolerance, the interaction was caused by L. helle showing a
strongly reduced plasticity, while both other species showed significantly increased heat
resistance after acclimation to a higher temperature as expected. A lack of plasticity may
be problematic because it is an important means to respond to changing environments
(Kellermann et al. 2009; Chevin et al. 2010; Vedder et al. 2013). Whether reduced adult
plasticity in L. helle though indicates a high vulnerability to climate change seems very
questionable, as heat tolerance was rather high throughout, i.e. even at the lower

acclimation temperature. Therefore, costly plastic responses may not be necessary
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(Hoffmann 1995; Manenti et al. 2014). This once again may suggest a substantial impact
of the origin of the populations under investigation. Note that our results do not indicate a
generally reduced plasticity in L. helle. This is because L. helle showed a very strong effect
of acclimation on cold tolerance, which was not the case in both other species showing
very similar recovery times regardless of acclimation temperature. Overall, our results
show clear variation in plastic capacities, which, however, seem to be difficult to explain

within an adaptive framework.

Significant sexual differences did not occur in any of the three traits investigated,
suggesting that males and females show a very similar stress tolerance (Karl et al. 2008;
Fischer et al. 2010; Pereira et al. 2013). The only exception was a significant species by
sex interaction for desiccation resistance, suggesting that males were more desiccation
resistant than females in L. tityrus, while the opposite was found in the other species.
While the latter may reflect the larger size of females compared with males and associated
benefits (Pijpe et al. 2006; 2007; Fouet et al. 2012; Karl et al. 2014), we do not have an

explanation for the opposite pattern found in L. tityrus.

Conclusions

The ability to tolerate and survive thermal stress through plastic responses (acclimation)
is an important aspect likely to affect a species fate under ongoing climate change
(Kellermann et al. 2009; Franks & Hoffmann 2012). We here show plastic responses in
stress resistance traits and, importantly, pronounced species-specific variation in these

traits and the associated plastic capacities. However, the patterns found were complex
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and did not match our a priori predictions. For instance, the glacial relict species
investigated, being arguably most vulnerable to climate change, showed overall the
highest heat tolerance but not a particularly high cold tolerance. Our results suggest that
we revealed in the first place local adaptation, i.e. population- rather than species-specific
patterns. We conclude that the geographical origin of the populations considered is
important even in species comparisons. However, our results also suggest that, in the
three species studied here, vulnerability to climate change is unlikely to be in the first place
determined by stress resistance in the adult stage, although insect ecology often strongly
focusses on this stage (Kingsolver 2009; Kingsolver et al. 2011; Radchuk et al. 2013).
This notion is in line with an earlier study using the same species, having shown that
different stress tolerances during development do not explain the species’ vulnerability
(Klockmann et al. 2016b). Thus, the ability to survive stress early in life (here within the
egg stage) might be of utmost importance (Klockmann et al. 2016a), strengthening the
need to focus more strongly on early development when trying to understand insect

responses to environmental change.
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Tables

Table 1. Summary of key ecological and conservation attributes for Lycaena tityrus, L.
dispar, and L. helle. Note that all information on habitat preferences refers to the habitats
in Central Europe. Vulnerability refers to the general sensitivity to environmental including
habitat change, while the last character explicitly draws on the expected respectively
observed impacts of climate change. The assessment of the vulnerability to climate

change rests on the data summarized here. This table was adapted from Klockmann et

al. (2016a).
L. tityrus L. dispar L. helle
Geographical range Eurasia Eurasia Eurasia
Altitudinal preference indifferent lowlands mountainous
Principal habitat dry to moist moist grassland, bogs, moist grassland
grassland, floodplains
heathland
Temperature preference indifferent * thermophilic cold-stenothermic
Humidity preference mesophilous hygrophilous hygrophilous
Larval host plant Rumex spp. Rumex spp. Bistorta officinalis
Generations per year 1-3 1-2 1-2
Diapause stage Larva larva pupa
Red List Status least concern vulnerable endangered
(Germany)
Current trend in Europe increasing largely stable decreasing
General vulnerability intermediate * high very high
Vulnerability to climate low risk intermediate risk high risk

Change
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Table 2: Results of general linear mixed models (GLMMs) for the effects of species

(fixed), population (nested within species; random), acclimation temperature (18 and

30°C; fixed), sex (fixed) and forewing length (covariate) on heat knock-down time (a), chill-

coma recovery time (b), and desiccation resistance (c) in Lycaena tityrus, L. disparand L.

helle. Significant P-values are given in bold.

(a) Heat knock-down MQ DF F P
Species 46.9 2 2.7 0.165
Population (species) 23.8 3 2.5 0.058
Acclimation temperature 516.4 1 54.5 < 0.001
Sex 7.2 1 0.8 0.383
Species x acclimation 44.0 2 4.7 0.010
Species x sex 1.7 2 0.2 0.832
Acclimation x sex 0.1 1 0.1 0.940
Species x acclimation x sex 5.8 2 0.6 0.543
Forewing length 74.8 1 7.9 0.005
Error 9.5 371

(b) Chill-coma recovery MQ DF F P
Species 45.8 2 10.0 0.004
Population (species) 4.2 3 0.8 0.475
Acclimation temperature 56.3 1 11.1 0.001
Sex 10.5 1 2.1 0.151
Species x acclimation 51.3 2 10.1 <0.001
Species x sex 4.4 2 0.9 0.417
Acclimation x sex 0.1 1 0.1 0.973
Species x acclimation x sex 4.8 2 0.9 0.393
Forewing length 30.5 1 6.0 0.015
Error 5.1 380
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Table 2 continued

(c) Desiccation resistance MQ DF F P
Species 11.3 2 0.7 0.561
Population (species) 23.2 3 2.5 0.055
Acclimation temperature 75.5 1 8.3 0.004
Sex 0.1 1 0.1 0.995
Species x acclimation 4.8 2 0.5 0.592
Species x sex 45.2 2 5.0 0.007
Acclimation x sex 4.8 1 0.5 0.467
Species x acclimation x sex 2.0 2 0.2 0.799
Forewing length 360.6 1 39.6 <0.001
Error 9.1 424
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Figures

Fig. 1: Heat knock-down time (a), chill-coma recovery time (b), and desiccation resistance
(c) across acclimation temperatures (18 and 30°C) for Lycaena tityrus, L. dispar and L.
helle. Given are group means + 1 SE. Sample sizes range between 56 and 76 butterflies
per acclimation temperature and species. Different lower case letters above bars indicate

significant differences among groups (Tukey HSD: p < 0.05).

29



30°C

mi18°C a30°C
mi18°C ®=30°C

mi8°C

............
GBE4ZGBE42G1 r T T T T T T _1..._/_ = oo w - o D.ﬂl.




4.5 Simulating effects of climate change under direct and diapause
development in a butterfly.

Klockmann M, Schroder U, Karajoli F, Fischer K

Veroffentlicht als:

Klockmann M, Schroder U, Karajoli F, Fischer K. 2016. Simulating effects of climate
change under direct and diapause development in a butterfly. Entomologia
Experimentalis et Applicata 158: 60-68.

153






DOI: 10.1111/eea.12380

Simulating effects of climate change under direct and
diapause development in a butterfly

Michael Klockmann*, Uta Schroder, Fajes Karajoli & Klaus Fischer
Zoological Institute and Museum, University of Greifswald, D-17489 Greifswald, Germany

Accepted: 24 August 2015

Key words: developmental pathway, heat wave, life history, temperate-zone butterfly, Lycaena
tityrus, Lepidoptera, Lycaenidae

Abstract

Temperature is one of the most important ecological factors affecting species survival and distribu-
tions. Therefore, global climate change, involving increases in mean surface temperature and the
occurrence of extreme weather events, may pose a substantial challenge to biodiversity. Whereas
tropical ectotherms are believed to be very sensitive to climate change, temperate-zone species may
actually benefit from higher temperatures. However, as in temperate zones large parts of the year are
unsuitable for growth and reproduction, seasonal time constraints may complicate matters. Against
this background we here investigate the impact of simulated climate change, involving increased
mean temperatures and heat waves, across developmental pathways of the butterfly Lycaena tityrus
(Poda) (Lepidoptera: Lycaenidae). Increased temperatures speeded up development but decreased
pupal mass as expected. However, we found no evidence for detrimental effects of increased tempera-
tures or even simulated heat waves. Furthermore, patterns did not differ between indirectly and
directly developing individuals, which are assumed to be more time constrained. Our findings sup-
port the notion that not all species will be detrimentally affected by climate change, and suggest that
species attributes may be more important than potential time constraints imposed by different devel-

opmental pathways.

One important consequence of global climate change
seems to be an increase in the earth’s mean surface temper-
ature (Parry, 2007), which is projected to rise by
2.0-4.5 °Cby 2100 (Diffenbaugh et al., 2007; Meehl et al.,
2007; Hofmann & Todgham, 2010). This process is
expected to show a substantial acceleration in future dec-
ades (Walther et al., 2002; Folguera et al., 2011). Addi-
tionally and perhaps ecologically even more important,
climate change is predicted to increase the variability of
thermal conditions in space and time, including an
increase in the magnitude and frequency of extreme
weather events such as heat waves (Diffenbaugh et al.,
2007; Deutsch et al., 2008; Hofmann & Todgham, 2010;
Coumou & Rahmstorf, 2012). An increase in mean tem-
peratures only is unlikely to exert strong negative effects
on biodiversity, whereas the high temperatures associated
with heat waves may exceed the physiological tolerances of
many species (Huey et al., 2009; Chown et al.,, 2010;

*Correspondence: E-mail: michael klockmann@uni-greifswald.de

Fischer et al., 2014). To develop a more complete under-
standing of the potential effects of climate change on bio-
diversity, the effects of increased temperature means and
temperature variability should be examined simultane-
ously (Folguera et al., 2009).

Temperature is one of the most important ecological
factors, having pronounced effects on individual fitness in
turn affecting species survival and distributions (Over-
gaard & Serensen, 2008). The above changes are predicted
to exert substantial effects on biodiversity, which may
cause changes in species assemblages thus restructuring
entire ecosystems (Hofmann & Todgham, 2010).
Responses to climate change will likely be largely species-
specific, depending on the respective species ability to cope
with increasing and extreme temperatures (Anderson
et al., 2003; Coumou & Rahmstorf, 2012). Therefore, it is
of crucial importance to identify which species are most at
risk from climate change (Deutsch et al., 2008; Chown
et al., 2010). For instance, tropical ectotherms are believed
to be particularly sensitive to climate change, because they
already experience conditions close to their upper thermal

© 2015 The Netherlands Entomological Society Entomologia Experimentalis et Applicata 1-9, 2015 1
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limits (Deutsch et al., 2008; Chown et al., 2010; Overgaard
et al,, 2011). In contrast, temperate-zone species may even
benefit from higher temperatures (Deutsch et al., 2008;
Kingsolver, 2009).

Although climate warming may in general bring tem-
perate-zone species closer to their thermal optima thereby
increasing fitness, matters may be complicated by seasonal
time constraints. In temperate regions, large parts of the
year are unfavourable for ectotherm development, growth,
and reproduction, warranting specific adaptations to sea-
sonality (Nylin et al., 1995). Typically, the adverse season
can only be survived in dormancy (Gotthard et al., 1999).
Time constraints may arise as ectotherms usually overwin-
ter in a species-specific developmental stage, which needs
to be reached before the onset of the unfavourable season
(Arendt, 1997; Higgins, 2000). In insects, individuals of
most species may choose between direct and indirect (i.e.,
diapause) development, a decision of crucial importance,
especially in species with only one or a few generations per
year (Gotthard, 2001; Chown & Klok, 2003). If opting for
direct development and, thus, an additional generation,
they nevertheless have to make sure that the diapausing
stage will be reached. Therefore, directly developing indi-
viduals are often much more time constrained than indi-
rectly developing ones (Roff, 1980; Wiklund et al., 1991;
Abrams et al., 1996; Gotthard et al., 2000; Kivela et al.,
2013).

We here investigate effects of simulated climate change
on growth and development in the temperate-zone butter-
fly Lycaena tityrus (Poda) (Lepidoptera: Lycaenidae), con-
sidering effects of increased mean temperatures, heat
waves, and various developmental pathways (i.e., direct
and indirect development). Specifically, we set out to test
the following hypotheses: (1) heat waves (temporarily
strongly increased temperatures) exert pronounced detri-
mental and overall stronger effects than a mere increase in
mean temperature; (2) additionally reducing relative
humidity during heat waves will exaggerate detrimental
effects; and (3) detrimental effects of simulated climate
change will be generally more pronounced under direct vs.
indirect (diapause) development.

Materials and methods

Study organism and egg sampling

Lycaena tityrus is a widespread temperate-zone butterfly,
ranging from western Europe to central Asia (Ebert &
Rennwald, 1991). The species is bivoltine with two discrete
generations per year in most parts of its range, although
populations with one or three generations per year occur
(Ebert & Rennwald, 1991; Tolman et al., 1998; Settele
et al., 2008). Lycaena tityrus overwinters as half-grown

larva in the third instar (Tolman et al., 1998; Fischer &
Fiedler, 2001). The principal larval host-plant is Rumex
acetosa L. (Polygonaceae), but several congeneric plant
species (Rumex spp.) are utilized as well (Ebert & Renn-
wald, 1991; Tolman et al., 1998; Settele et al., 2008). For
the following two experiments, a total of 25 freshly eclosed,
mated females were caught in two bivoltine German popu-
lations [Westerwald mountain range, western Germany
(50°35'N, 8°0'E) in May 2012, n = 4; vicinity of Greifs-
wald, north-eastern Germany (54°2'N, 13°26'E) in July
2012, n = 21]. All females were transferred to a climate cell
at Greifswald University and kept at 27 °C, high humidity
(70% r.h.), and L18:D6 photoperiod (cf. Fischer et al.,
2011). For oviposition, females were placed individually in
translucent 1-1 plastic pots covered with gauze, and were
provided with Rumex thyrsiflorus Fingerh. (oviposition
substrate), fresh flowers [Leucanthemum vulgare Lam. and
Achillea millefolium L. (both Asteraceae)] and a highly
concentrated sucrose solution [20% (vol/vol); for adult
feeding]. Deposited eggs were collected daily and trans-
ferred, separated by female, to small glass vials.

Experimental design

To investigate effects of simulated climate change on but-
terfly growth and development we performed two separate
experiments to compare responses across developmental
pathways. Experiment 1 used light conditions inducing
direct development (L18:D6), whereas experiment 2 ini-
tially used conditions inducing diapause development
(L16:D8), which were changed after diapause was induced
(to L18:D6). Experiment 1 used exclusively animals from
Greifswald, whereas experiment 2 used animals from both
source populations. In both experiments, we used a split-
brood design, with the hatchlings produced by individual
females being randomly divided among the four treatment
groups (using ca. 120 larvae per treatment group and
experiment; experiment 1: N = 455; experiment 2:
Neoral = 362). Sample sizes per female ranged only between
2 and 108 (mean: 33). Each group was reared within a sin-
gle temperature-, light-, and humidity-controlled climate
cabinet (MLR-351H; Sanyo Electric, Osaka, Japan). The
position of the larvae inside the cabinets was changed daily
to account for slight variation in thermal conditions. As
control (‘C’) treatment, we used conditions typical of cen-
tral Germany in May/June (mean temperature 15.4 °C,
75% r.h.; Table 1). The other three treatments (T1-3) sim-
ulated climate change by increasing the mean temperature
by 4 °C. Whereas in T1 the temperature was increased by
4 °C throughout (19.4 °C, 75% r.h.), in T2 and T3 we
simulated heat waves by using control conditions for
3 days, alternating with 3 days during which the tempera-
ture was increased by 8 °C (23.4 °C). In T3 in contrast
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Table 1 Overview of the thermal condi-
tions used in the four treatments, C (con-

Treatment temperature (°C)

trol) and T1-3. In treatments T2 and T3 T2 T3

conditions changed every 3 'days to simy- Control Heat Control Heat

late heat waves (heat). Relative humidity Ti fd c T1 3 d 34 3 d a3d

was kept constant at 75% except for T3 tmeotcay (3 days) (3 days) (3 days) (3 days)

during the heat waves 06:00-08:00 13 17 13 19 13 19
08:00—10:00 15 19 15 22 15 22
10:00-12:00 18 22 18 25 18 25
12:00-13:00 20 24 20 28 20 28
13:00-14:00 20 24 20 31 20 31
14:00-15:00 21 25 21 31 21 31
15:00-17:00 21 25 21 34 21 34
17:00-19:00 20 24 20 32 20 32
19:00-20:00 19 23 19 28 19 28
20:00-21:00 17 21 17 25 17 25
21:00-22:00 15 19 15 22 15 22
22:00-23:00 13 17 13 20 13 20
23:00-06:00 10 14 10 16 10 16
Mean T (°C) 15.4 19.4 15.4 23.4 15.4 23.4
r.h. (%) 75 75 75 75 75 50

with T2 relative humidity was reduced to 50% during heat
waves to introduce even more realistic conditions — in nat-
ure heat waves typically involve low levels of relative
humidity (Kleynhans et al., 2014). We thus manipulated
temperature means, temperature variation, and relative
humidity. We decided to use repeated heat waves to keep
mean temperatures as comparable as possible, even if vari-
ation in development times would occur. Throughout, we
used ecologically realistic diurnal temperature cycles
(Table 1).

Hatchlings were placed individually (experiment 1)
or in small numbers (experiment 2: 1-4 individuals,
separated by female) in translucent plastic boxes
(125 ml). Some of the animals were reared in groups
in experiment 2 to reduce workload. The boxes con-
tained moistened filter paper and fresh cuttings of
R. thyrsiflorus or R. acetosa in ample supply. Different
host plants were used for logistic reasons, i.e., based
on plant availability. Thus, animals across all treat-
ments were on some days fed with R. thyrsiflorus, on
others with R. acetosa. This procedure ensured an
equal distribution of host plants across treatment
groups and therefore ruled out any systematic bias.
Boxes were checked daily and supplied with new food
and fresh filter paper as necessary. In experiment 2,
the onset of diapause was determined by the cessation
of food intake and defecation. Dormant larvae were
transferred to another cabinet (Sanyo MIR-553) with a
constant temperature of 1 °C and L6:D18 photoperiod

Table 2 General linear model results for the effects of treatment,
sex (fixed), and family (random) on larval time, larval growth
rate, pupal time, and pupal mass in directly developing individu-
als of the butterfly Lycaena tityrus

Trait/
source MS df F P
Larval Treatment 4596 3 5875 <0.001
time Sex 1436 183.6 <0.001
Treatment™sex 11 3 1.3 0.24
Family (random) 102 12 13.0 <0.001
Error 8 435
Growth Treatment 0.069 3 3645 <0.001
rate Sex 0.024 1 125.0 <0.001
Treatment*sex <0.001 3 2.9 0.035
Family (random) <0.001 12 18.2 <0.001
Error <0.001 435
Pupal Treatment 2332 3 7992 <0.001
time Sex 51 1 17.3  <0.001
Treatment®sex 7 3 24 0.067
Family (random) 35 12 119 <0.001
Error 3 435
Pupal Treatment 2307 3 8.2 <0.001
mass Sex 15603 1 55.2  <0.001
Treatment*sex 444 3 1.6  0.20
Family (random) 899 12 3.2 <0.001
Error 283 435

for hibernation. After a diapause of about 3 months,
larvae were transferred to a climate cabinet at 27 °C
and L18:D6. After resumption of feeding, they were
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back-transferred to their previous temperature treat-
ment and reared until adult eclosion. Pre-pupae were
removed from the plastic boxes and transferred indi-
vidually to translucent plastic cups (100 ml) for fur-
ther development.

For all larvae we recorded survival, larval development
time (from hatching until pupation in experiment 1; from
resuming food intake after diapause until pupation in
experiment 2), pupal mass (to the nearest 0.01 mg on the
day after pupation), and pupal development time (from
pupation until adult eclosion). Additionally, growth rate
was calculated as In (pupal mass/larval development time)
for the data obtained from experiment 1. For experiment 2
no growth rates were calculated because post-diapause
mass has not been weighed, thus introducing substantial
error.

Statistical analysis

Survival rates were analysed using nominal logistic regres-
sions on binary data (dead/alive) with treatment as factor
using JMP (7.0.1) (SAS, Cary, NC, USA). Life history data
were analysed using general mixed models (GLMs) with
treatment and sex as fixed effects using STATISTICA 8.0
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(StatSoft, Tulsa, OK, USA). Family (offspring produced by
individual females) was added as random factor through-
out. In experiment 2, rearing condition (singly or group-
wise) and population were added as fixed effects. Pairwise
comparisons were performed employing Tukey’s honestly
significant differences HSD (test). If necessary, data were
In-transformed prior to analyses to meet ANOVA require-
ments.

Results

Experiment 1: Direct development

Treatment groups differed significantly in survival rate
(x* = 12.1, df. =3, P =0.007), being highest in T1
(91.3% of 126 individuals) followed by T2 (91.0% of 145),
C (81.7% 0f 109), and T3 (80.1% of 146). All four develop-
mental traits were significantly affected by both thermal
treatment and sex in directly developing individuals
(Table 2, Figure 1). Control (C) animals displayed signifi-
cantly longer larval (C: mean £ SE = 43.1 £ 0.3 days >
T1: 285+ 0.3 days = T2: 287 £ 0.3 days = T3:
29.0 £ 0.3 days; Tukey’s HSD after ANOVA) and pupal
times (C: 22.1 £ 0.21 days > T1: 11.9 & 0.18 days = T2:
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Figure 1 Mean (+ SE) (A) larval time, (B) larval growth rate, (C) pupal time, and (D) pupal mass of directly developing Lycaena tityrus
males and females in relation with temperature treatment (C: mean temperature 15.4 °C, 75% r.h., n = 90; T1: mean temperature

19.4 °C,75% r.h.,n = 119; T2: alternating heat wave and control conditions, mean temperature 19.4 °C, 75% r.h.,n = 126; T3:
alternating heat waves and control conditions, mean temperature 19.4 °C, 50% r.h.,n = 120). Means within a panel capped with different

letters are significantly different (Tukey HSD: P<0.05).



12.3 4 0.17 days = T3: 12.0 & 0.18 days), a lower larval
growth rate (C: 0.114 + 0.002 mg/day < TI:
0.170 + 0.002 mg/day = T2:  0.169 + 0.001 mg/day =
T3:0.168 £ 0.002 mg/day), and a higher pupal mass (C:
131.4 &+ 1.8 mg > T1: 121.2 & 1.6 mg = T2:
1225 £ 1.5 =T3: 121.5 £ 1.6 mg) compared to the
other groups. Males had shorter larval times than females
(30.6 & 0.2<34.1 £ 0.2 days), higher larval growth rates
(0.162 £ 0.001 > 0.148 £ 0.001 mg/day), longer pupal
times (14.9 & 0.13 > 14.2 £ 0.13 days), and lower pupal
masses (1184 £ 1.2 < 129.9 + 1.2 mg). All but one
interaction were non-significant. The marginally signifi-
cant treatment™sex interaction for larval growth rate indi-
cates that the sex difference varied across treatment
groups, though males had a higher growth rate than
females throughout (Figure 1B). Family effects were sig-
nificant throughout.

Experiment 2: Diapause development

In diapausing individuals, the survival rate, ranging
between 72 and 81%, was not affected by treatment
(xz = 4.01, d.f. = 3, P = 0.26). As above, all three other
traits were significantly affected by thermal treatment and
sex (Table 3, Figure 2). Compared with the other groups,
control animals had the longest post-diapause larval (C:

Table 3 General linear mixed model results for the effects of
treatment, sex, family (random), population, and rearing condi-
tion (individually or in small groups) on post-diapause larval
time, pupal time, and pupal mass in diapausing individuals of the
butterfly Lycaena tityrus

Trait/source MS df. F P

Larval time Treatment 4429 3 473 <0.001
Sex 2172 1 23.2  <0.001
Treatment™sex 59 3 0.6 0.60
Family (random) 438 7 4.7 <0.001
Population 2845 1 304 <0.001
Rearing 70 1 0.7 039
Error 94 345

Pupal time  Treatment 1825 3 530.6 <0.001
Sex 23 1 6.7 0.010
Treatment®sex 9 3 2.6 0.051
Family (random) 6 7 1.2 0.13
Population <1 1 0.1 073
Error 3 346

Pupal mass  Treatment 3107 3 8.6 <0.001
Sex 10298 1 28.4 <0.001
Treatment®sex 296 3 0.8  0.49
Family (random) 2197 7 6.1 <0.001
Population 2742 1 7.6 0.006
Rearing 976 1 2.7 0.10
Error 362 345
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Figure 2 Mean (+ SE) (A) post-diapause larval time, (B) pupal
time, and (C) pupal mass of diapausing Lycaena tityrus males and
females in relation to temperature treatment (C: mean
temperature 15.4 °C, 75% r.h.,n = 92; T1: mean temperature
19.4 °C,75% r.h.,n = 92; T2: alternating heat wave and control
conditions, mean temperature 19.4 °C, 75% r.h.,n = 99; T3:
alternating heat waves and control conditions, mean temperature
19.4 °C,50% r.h.,n = 79). Means within a panel capped with
different letters are significantly different (Tukey HSD: P<0.05).

38.3 £+ 1.0 days > T3: 27.5 & 1.5 days > T1: 24.8 £ 14
days = T2: 20.9 &+ 0.6 days) and pupal times (C:
20.4 £ 0.3 days > T1: 11.1 & 0.2 days = T2: 10.9 £ 0.1
days = T3: 11.4 + 0.2 days) and the highest pupal mass
(C: 1454 + 23 mg>T3:138.2 + 2.1 mg>T1:135.2 +
23 mg = T2: 132.0 £ 2.0 mg). Note that group T3
tended to show intermediate patterns for larval time and
pupal mass. Males compared with females had shorter lar-
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val times (25.2 £ 0.9 < 30.4 = 1.0 days), longer pupal
times (14.0 £ 0.4 > 13.0 £ 0.3 days), and lower pupal
masses (132.1 + 1.4<143.3 £ 1.7 mg). Effects of rearing
condition and all interactions were non-significant
throughout, whereas family effects were significant for lar-
val time and pupal mass.

Population differences were found in larval time and
pupal mass (Table 3, Figure 3), with the northern com-
pared to the southern population displaying longer larval
times (29.3 + 0.8 > 22.5 £ 1.1 days) and lower pupal
masses (135.4 + 1.3<145.0 = 2.3 mg).

Discussion

Our experiments showed significant treatment effects on
nearly all traits investigated, although absolute differences
in mean temperature were small (4 °C). This exemplifies
the strong sensitivity of ectotherm development to tem-
perature (Deutsch et al., 2008; Angilletta, 2009). The only
trait not affected by temperature was survival rate in exper-
iment 2. However, the results on survival from experiment
1 were also not really conclusive, as the survival rates of the
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Figure 3 Mean (+ SE) (A) post-diapause larval time and (B)
pupal mass of diapausing Lycaena tityrus males and females of
two populations in Germany: Greifswald (n = 279) and
Westerwald (n = 83). Means within a panel capped with
different letters are significantly different (Tukey HSD: P<0.05).

control group and group T3 (arguably the most stressful
treatment) were very similar. Note that, overall, survival
rates in experiment 1 were quite high throughout, ranging
between 80 and 91%. Thus, these findings suggest that the
chosen treatments did not comprise a major challenge to
survival for L. tityrus, confirming the notion that temper-
ate-zone insects may have substantial safety margins if
environmental temperature increases (Deutsch et al,
2008).

The general pattern emerging from both experiments is
that the higher temperatures used in groups T1-3 speeded
up development and increased growth rates, whereas they
decreased pupal mass. These patterns were expected,
reflecting near universal patterns in ectothermic animals
(Atkinson, 1994; Partridge & French, 1996; Sinclair et al.,
2003; Karl & Fischer, 2008; Angilletta, 2009). More impor-
tantly, our data did not reveal negative effects of increased
temperatures and even simulated heat waves on develop-
mental traits. In directly developing individuals, all signifi-
cant differences were confined to the control group as
opposed to all others. In individuals with diapause devel-
opment patterns were similar, though group T3 showed a
tendency towards intermediate larval development times.
This indicates some weakly detrimental effects of lowered
humidity, probably negatively affecting food quality (cf.
Fischer et al., 2014). However, similar negative effects were
not visible in pupal mass, even tending to be higher. Thus,
our results show overall no evidence for detrimental effects
of simulated heat waves, which is in contrast with some
other studies (Chown et al., 2010; Fischer et al., 2014).

We suggest that the above quite surprising results can be
explained as follows. First, we here used a temperate-zone
butterfly, whereas Fischer et al. (2014), reporting pro-
nounced negative effects of simulated heat waves, used a
tropical butterfly. To mimic ecologically relevant condi-
tions, we consequently used much lower temperatures
here as compared with the other experiment. These find-
ings thus support predictions suggesting that climate
change will likely lower the fitness of tropical ectotherms,
already living close to their upper thermal limits (Deutsch
et al., 2008). In contrast, the majority of temperate-zone
species may actually benefit from climate change by bring-
ing them closer to their thermal optimum (Savage et al.,
2004; Frazier et al., 2006; Deutsch et al., 2008; Kingsolver,
2009). Our results are thus in accordance with these pre-
dictions. Second, we assume that L. tityrus is comparably
well-equipped to deal with increased temperatures and
reduced humidity. This notion rests on the fact that the
species has a rather broad ecological niche with regard to
habitat choice, occurring in habitats ranging from moist
meadows to semi-dry chalk grassland and sandy dunes
(Ebert & Rennwald, 1991; Settele et al., 2008). In the latter



habitats, a relatively high heat and desiccation tolerance is
certainly beneficial. Whether such ecological implications
hold true across species occupying narrower or wider
(thermal) niches requires further investigation.

Furthermore, our results do not support the hypothesis
that direct developers suffer more from simulated heat
waves, because they should be more time constrained
(Wiklund et al., 1991; Gotthard et al., 2000; Fischer &
Fiedler, 2002a). For instance, for the realization of an addi-
tional generation a reduction in adult size or higher
growth rates are often necessary (Partridge & French,
1996). We suggest that the lack of negative effects even in
direct developers is due to the fact that stressful levels close
to the upper thermal limits were not reached in our experi-
ment. Alternatively, direct developers, being selected for
fast growth, may benefit from higher temperatures by
reducing time constraints (Wiklund et al., 1991; Gotthard
et al., 2000). This might actually represent a risk for the
future population dynamics of the species. As high tem-
peratures increase the incidence of direct development
(Fischer & Fiedler, 2000), individuals may enter the direct
pathway even if there is hardly sufficient time to fit in
another generation.

However, we cannot rule out that the lack of negative
effects found here is partly caused by the experimental
design used, with leaves being replaced regularly. There-
fore, time for wilting was limited and concomitantly host
plant quality was probably high throughout. In nature
though, prolonged heat waves may decrease host plant
quality, which may in turn cause more substantial detri-
mental effects than temperature or humidity per se
(Bauerfeind & Fischer, 2013). Moreover, it should be
noted that even in our study organism, higher tempera-
tures may have negative effects on population dynamics,
mediated by reduced pupal mass which may in turn nega-
tively affect reproductive output (Fagerstrom & Wiklund,
1982; Garcia-Barros, 2000; Fischer & Fiedler, 2002a).
Another caveat of our study is the low level of replication,
as due to logistic constraints only one climate cabinet was
used per treatment. Therefore, our results should be inter-
preted with caution.

The sexual differences found in our study were as
expected. In insects, protandry selection typically favours
fast development and thus high growth rates in males,
whereas fecundity selection favours large body size in
females (Wiklund & Fagerstrom, 1977; Honeék, 1993; Fi-
scher & Fiedler, 2000; Karl & Fischer, 2008).

Experiment 2 revealed some evidence for population
differences in larval time and pupal mass. However,
these patterns should be interpreted cautiously, owing to
a lack of replication at the population level. The south-
ern population (western Germany), compared with the
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northern, had a shorter development time and at the
time a higher pupal mass. This possibly reflects the war-
mer climatic conditions in western than in northern
Germany, which may enable fitting in an additional gen-
eration per year more often. Fitting in an additional gen-
eration typically imposes time constraints, in turn
selecting for more rapid development (Roff, 1980; Fis-
cher & Fiedler, 2002b; Burke et al., 2005; Kivela et al.,
2013). However, this is typically associated with lower
body mass as opposed to the pattern found here, which
might be due to the fact that body size is a complex trait
subject to a variety of selection pressures (Chown &
Klok, 2003; Blanckenhorn & Demont, 2004).

In summary, our study revealed no evidence for detri-
mental effects of climate change and even simulated heat
waves on the temperate-zone butterfly L. tityrus. This
exemplifies that not all species may be detrimentally
affected by climate change. Responses will be species-spe-
cific, depending on physiological features and ecological
attributes, potentially resulting in stronger effects on
tropical than on temperate-zone ectotherms (Deutsch
et al., 2008). Lycaena tityrus is, overall, likely to benefit
from climate change and may respond with range expan-
sions towards the north and east. Interestingly, patterns
did not differ substantially among developmental path-
ways, which may suggest that species attributes are of a
more fundamental importance than potential time-con-
straints imposed by direct as compared with indirect
development.
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Materials and methods
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