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B Annotation

The thesis deals with ecophysiology of overwintering larvae of two butterfly genera, Colias and Erebia. It
focuses on identification of supercooling point, survival of various low temperature regimes and
composition of cryoprotective substances. Results are presented in the context of distributional limits of
individual species, their habitat requirements and their potential endangerment due to environmental and

habitat changes.
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Uvod

Denni motyli jsou, diky své velikosti a ndpadnosti, mezi odbornou 1 laickou vetejnosti
velmi popularni skupinou hmyzu. K dispozici jsou velmi dobré znalosti jejich rozsifeni,
biotopovych néroku 1 etologie. Zaroven jde o skupinu v sou€asnosti siln¢ ohroZenou
(Van Swaay et al., 2010). Ve stfedni a zapadni Evropé dochézi ve 2. poloving 20. stoleti
k vyraznému ochuzovani lokalnich spoleCenstev motyld, hlavné diky dalekosahlym
zménam v zeme&delstvi a lesnictvi, které rozbily tradi¢ni biotopovou mozaiku v krajing.
refugii, v horS§im piipadé lokdln¢ vymielo (Benes et al., 2002; Thomas, 2005; Gaston a
Fuller, 2007).

Vzhledem k popularité¢ dennich motyli dokumentuje mnoho studii zmény v aredlech
riznych druh@ v souvislosti s probihajicimi klimatickymi zménami (Konvicka et al.,
2003; Parmesan et al., 1999; Wilson et al., 2005). Ty mohou z ochranaiského hlediska
predstavovat dal§i problém, zvlasté pro specializované horské druhy, zijici Casto na
nevelkych a vzdjemné izolovanych stanovistich (Schmitt et al., 2005, Dirnbock et al.,
2011, Konvicka et al. 2014). Poznani komplexnich ekofyziologickych adaptaci, které
tyto druhy omezuji na klimaticky velmi specifické horské prostfedi je proto velmi
vyznamné z hlediska budoucich ochranafskych strategii. Vzhledem k jejich
komplexnosti je jejich poznani stale neuplné. K jejich poznani ptispiva tato prace,
zaméfend na ekofyziologii vybranych druhli evropskych horskych a niZinnych dennich
motyli. Zmény klimatickych poméri na stanovistich jisté postihuji vSechna vyvojova
prezimovani housenek, na které¢ je prace zamétena.

Nizké teploty jsou jednim z hlavnich abiotickych faktorti limitujicich vyskyt
hmyzu 1 jinych organismil. Exotermni organismy maji znacné limitované moznosti
regulace télesné teploty (Stevenson, 1985), jejich ptezivani, zvlast¢ v chladnych
severskych nebo polarnich oblastech limituje jednak ziskani dostatecného mnoZstvi
tepla pro dokonceni vyvoje v c¢asové velmi omezené Casti sezony (Roff, 1980), a
pfedevsim schopnost prezivani teplotnich extrémi. Omezené moznosti regulace télesné
teploty u hmyzu zavisi na velikosti téla a predevSim na teplot¢ okolniho prostiedi
(Stevenson, 1985). Ta Casto zavisi 1 na stanoviStni heterogenit¢ lokalit, ktera podmiiiuje

pritomnost rGznorodych ukrytdi, oslunénych a stinnych mist a podobné. Aktivni



vyuzivani mikroklimaticky vhodnych mikroprostfedi, odpovidajici tvaru a velikosti téla
daného druhu, pfedstavuje hlavni moznost regulace teploty téla (napi. Bakken, 1976;
Casey, 1992; Kleckova et al. 2014). Etologické adaptace v diurnélni i sezoénni aktivité
tak spolu s vhodnym vybérem mikrostanovist mohou snizit pravdépodobnost vystaveni
extrémné nizkym teplotam (Somme, 1989; Huey, 1991). I pies to je vSak prekonavani
teplotnich extrémul nutnou soucasti pteziti v chladnych oblastech, coz vyustilo ve vznik

specialnich strategii a adaptaci k jejich pfekonani.

Ekofyziologie hmyzu p¥i nizkych teplotach

Citlivost na nizké teploty je u hmyzu a dalSich exotermnich organismil determinovana
hlavné bodem mrznuti vody. Z hlediska biologickych funkci vody mé vyskyt mrazivych
teplot velky vliv na organizaci spolecenstev, na urovni jedincii ma casto letalni efekt pti
promrznuti télesnych tekutin (Franks et al., 1990). Z téchto divoda byla piezivani
hmyzu pfi teplotdch pod bodem mrazu vénovéana velkd pozornost a prvni studie v 2.
poloving 20. stoleti vedly k odhaleni dvou zakladnich strategii. Hmyz (i ostatni
exotermni organismy) preziva nizké teploty bud’ udrZovanim télesnych tekutin v
kapalném stavu (druhy k mrazu citlivé) nebo naopak schopnosti piezit tvorbu ledovych
krystali v téle (druhy mrazu odolné) (Salt, 1961; Zachariassen, 1985). Toto rozdéleni
tvofilo po dlouhou dobu hlavni rdmec pro studium ekofyziologie hmyzu za nizkych
teplot, kdy doslo k dobrému pochopeni mechanismi chladové odolnosti (napt. Storey,
1997; Ramlov, 2000; Duman, 2001).

Druhy k mrazu citlivé (freeze-avoiding species) udrzuji télni tekutiny v kapalném
stavu 1 pi1 teplotach pod bodem jejich mrznuti. Tato teplota, nazyvana bod podchlazeni
(supercooling point), je tedy pro preziti jedince kliCova a je vjeho zajmu ji pfii
nepiiznivych podminkach dostate€né snizit. Hlavnimi uZivanymi mechanismy jsou
odstranéni pevnych castic (slouzicich jako krystalizaéni jadra) ztravici trubice,
akumulace latek, které snizuji bod mrznuti télesnych tekutin a tvorba proteinti, které
omezuji tvorbu a rast krystali v téle. Vzhledem sezénnosti klimatu na velké Casti
zemského povrchu podléhd 1 stupent chladové odolnosti takovych druhi b&hem roku
znanym zménam. Niz§i chladovou odolnost hmyzich jedinct pfijimajicich potravu
uvadi jiz Salt (1966). Obsah potravnich castic ve sttevé béhem ptiznivého obdobi roku
ma velky vliv na zvySeni bodu podchlazeni, protoze tyto partikule slouzi jako

krystalizani jadra, pfiCemz toto zvySeni mize byt velmi vyrazné, az o 20°C



(Zachariassen, 1985). Vyprazdnéni travici trubice je tak podstatnym krokem k
vyraznému sniZzeni bodu podchlazeni, jeho dalsi snizovani potom zajisténo akumulaci
riznych latek, které funguji jako kryoprotektanty. Jsou to pfedev§im polyoly a cukry
(glycerol, sorbitol, trehal6za, gluk6za) (Somme, 1982; Ramlov, 2000). Pro omezeni
funkce potencidlnich krystalizanich jader jsou syntetizovany také specializované
proteiny (Duman, 2001). Témito mechanismy mize hmyz bod podchlazeni velmi
vyrazné snizit, napt. az k —40°C u pidalky Epirrita autumnata (Borkhausen, 1794)
(Tenow a Nilssen, 1990) nebo arktick€ého chvostoskoka Gomphiocephalus hodgsoni
Carpenter 1908 (Sinclair a Sjursen, 2001).

Druhy mrazu odolné (freeze-tolerant species) vykazuji obvykle vyssi teplotu
mrznuti télnich tekutin (nejcastéji —5 az —10°C) a UspéSné piezivaji tvorbu ledovych
krystald vtéle. Ledové krystaly jsou vSak omezeny na extracelularni prostory,
osmotickou dehydrataci buné€k je zajiSténo, Ze k mrznuti nedojde uvniti bun¢k (Ramlov,
2000). Napomdhaji tomu i specializovand nukleaéni téliska (ice nucleating agents),
ktera slouzi jako krystaliza¢ni jadra a jsou syntetizovana béhem podzimu
v extracelularnich prostorech (Zachariassen, 1982). Jako kryoprotektanty jsou z velké
¢asti vyuzivany obdobné chemické latky jako u druhli k mrazu citlivych, nékteré vSak
hraji odliSnou roli — cukry jsou vyuZzivany k ochrané membran, proteiny pak ke kontrole
velikosti a rozlozeni ledovych krystalli v téle (Zachariassen, 1985; Ramlov, 2000).
Druhy hmyzu z této skupiny patii k teplotné nejodolnéjSim druhiim na Zemi vitbec. Ve
zmrzlém stavu jsou schopny pfezivat extrémné nizké teploty (—40 az —80°C), tedy ve
vétSiné piipadid niz$i neZ bod podchlazeni u druhit k mrazu citlivych (Bale, 1996).
Ptikladem muze byt arktickd mtra Gynaephora groenlandica (Wocke, 1874) — jeji
pfezimujici larvy mrznou zhruba pi1 —8°C, mohou vSak pieZzit az teploty kolem —70°C
(Kukal et al., 1988).

Jako zvlastni kategorie chladové odolnosti je nékdy uvadéna kryoprotektivni
dehydratace, objevena u arktického chvostoskoka Onychiurus arcticus (Tullberg, 1876).
Stejné jako dalsi ostatni druhy tohoto tadu, i tento patii mezi druhy k mrazu citlivé. Bod
podchlazeni nastdva béhem letniho obdobi jiz pi1 hodnoté —6,5°C, druh je vSak béhem
zimy schopen prezit teploty klesajici 1 pod —20°C (Coulson et al., 1995; Block et al.,
1994). Strategie spociva ve velmi vyrazné dehydrataci bunék (redukce vody na méné
nez 10% plavodniho obsahu) spojené s produkci trehalézy. Ta funguje jako
anhydroprotektant s funkci stabilizace bunéénych membran piti ztraté vody. Vysledkem

je vyrazné snizeni bodu podchlazeni az na hodnoty kolem —30°C.



S ptibyvajicimi studiemi na poli chladové odolnosti hmyzu se stale vice ukazuje,
ze toto zakladni rozdéleni strategii je pouze ramcové a nemélo by byt pouzivano jako
jediné a hlavni méfitko chladové odolnosti. Naptiklad u né€kterych druh k mrazu
citlivych lze skutecné pozorovat vysokou miru ptezivani jedinci se snizujici se teplotou
aZ kbodu podchlazeni, kde mortalita skokov€ vzroste. Ptikladem mohou byt
piezimujici vajicka pidalky Epirrita autumnata (Tenow a Nilssen, 1990), z dennich
motyli pak nékolik horskych druhii studovanych vramci této prace: zlutasek
bortavkovy (Colias palaeno (Linnaeus, 1761)) (Vrba et al., 2014), nebo horsi okaci
Erebia sudetica (Staudinger, 1861) a Erebia tyndarus (Esper, 1781) (Vrba et al., 2012).
U takovych druhli je skute¢né hodnota bodu podchlazeni hlavnim a relevantnim
métitkem chladové odolnosti. U jinych druhi ale nastdvd mortalita jiz pii teplotach
mnohem vysSich nez bod podchlazeni a tato tak nemtze byt zpusobena promrznutim
tkani (Bale, 1987).

Mechanismy posSkozeni nizkymi teplotami nad bodem mrazu ziistavaji relativné
malo znamé, nejveétsi vliv maji pravdépodobné zmeény konformace proteinii za nizkych
teplot (Ramlov, 2000) a poSkozeni lipidi v membrandch (Turnock a Bodnaryk, 1991).
Naptiklad u zavijeCe Lobesia botrana (Denis & Schiffermiiller, 1775) byl
v laboratornich podminkdach zjistén bod podchlazeni —24°C, zna¢nd mortalita nastavala 1
pii teplotach vysoko nad touto hodnotou (Andreadis et al., 2005). U anholocyklickych
mSic Myzus persicae (Sulzer, 1776) nebo Rhopalosiphum padi (Linnaeus, 1758), které
maji v zimnim obdobi bod podchlazeni mezi —24 az —27°C nastava vyrazna mortalita jiz
pti kratkodobych expozicich teplotam o 15 — 18°C vyssich (Bale, 1996). Negativni
efekt takovych teplot potom velmi zavisi na dobé expozice, letalni efekt ma akumulace
chladového poskozeni pii ur¢ité dobé expozice nizkym teplotam. U takovych druhi je
pak samotnd hodnota bodu podchlazeni velmi nespolehlivym indikatorem chladové
odolnosti, zimni mortalita nékterych druhti je na ni zcela nezavisla (Bale, 1987; 1996).
Nekteti autofi tak navrhuji podrobnéjsi modely klasifikace chladové odolnosti, které
kromé potencidlng letalniho efektu zmrznuti zahrnuji 1 kumulativni chladova poskozeni,
kterad vyraznéji zavisi na dob¢ expozice (Bale, 1996; Nedvéd, 1998).

Reakce na nizké teploty je tedy vétSinou komplexnéjSiho charakteru. Velmi
dalezity se zda byt pravé faktor Casu, po ktery je hmyz exponovan riznym teplotam a
pro plné pochopeni teplotnich limitd rlznych druhl je tfeba experimentdlné testovat
kombinace teplot a dob expozice, které jsou pro dané¢ druhy a jejich biotopy ekologicky

relevantni (Turnock a Fields, 2005). Mortalita neni zptsobena jen teplotami niz§imi nez



bod podchlazeni (které zplisobi piimé promrznuti tkani), ale 1 akumulaci chladového
poskozeni pii teplotach vysSich. Navic, adaptace na tyto dva typy chladového poskozeni
se zdaji byt na sobé nezavislé (Turnock et al., 1998).

Pti posuzovani téchto vlivii v ekologickém kontextu pak nesmime zapominat na
konkrétni vybér mikrostanovist pro prezimovani. V souvislosti s vySe zminénou
regulaci bodu podchlazeni pomoci krystalizacnich jader se zda byt velmi podstatny vliv
vlhkosti na mikrostanovisti, protoze voda nebo snih pti kontaktu s hmyzim télem piisobi
jako krystaliza¢ni jadra zvnéjSku a mohou vyrazné zvySovat hodnotu bodu podchlazeni.
Vyrazné zvySeni bodu podchlazeni v pfitomnosti vnéj$i vlhkosti na exoskeletu bylo
prokazano u piezimujicich monarcht (Danaus plexippus (Linnaeus, 1758)) (Larsen a
Lee, 1994) a vlhkost na mikrostanovisti tak vyrazné ovlivituje jejich chladovou odolnost.
Podobné¢ vysledky jsme zjistili pfi pilotnich experimentech s hibernujicimi housenkami
okaci rodu Erebia (prozatim na malém poctu experimentélnich jedinct — viz Apendix),
kdy byly zjisténé body podchlazeni pti kontaktu téla larev s ledovou tfisti vyrazné vyssi
nez pi1 predchozich experimentech a housenky byly navic schopny toto zmrznuti pti
vys$i teploté prezit. To ukazuje, ze v pfirodnich podminkach mtize byt plasticita téchto
strategii u jednotlivych druhi mnohem vétSi nez se dfive ptredpokladalo (Turnock a
Fields, 2005; Mercader a Scriber, 2008).

S teplotou a vlhkosti na mikrostanovistich pii pfezimovani souvisi dalsi dilezity
faktor — sn€hova pokryvka. Kromé vySe zminéného zvySovani bodu podchlazeni pfti
kontaktu s télem hmyzu ale jeji pfitomnost podstatné zvysuje teplotu pady (Gerland et
al., 2000) a chrani organismy pfezimujici pfi1 zemi pied vystavenim extrémné nizkym
teplotam. Pozitivni efekt sn€hové pokryvky na prezivani zimujicich housenek byl
prokazan u severského ptéstevnika Pyrrharctia isabella (Smith, 1797) (Marshall a
Sinclair, 2012) nebo miry Mamestra configurata (Walker, 1856) (Turnock et al., 1983).
V kontextu soucasnych klimatickych zmén, redukce zimni snéhové pokryvky byla
pozorovana na mnoha lokalitich (Dye, 2002; Kreyling a Hugh, 2011). To mize
predstavovat zna¢né riziko pro druhy adaptované na prezimovani sn¢hem chranénych
mikrostanoviStich. Piikladem miize byt okd¢ Erebia tyndarus — ackoliv se jedna o
vysokohorského motyla, letdlni teplota pro piezimujici housenky se pohybuje kolem
—8°C (Vrba et al., 2012).

Samotna identifikace bodu podchlazeni tedy nemiize byt jedinym voditkem pro
popis dynamickych procesi chladové odolnosti u hmyzu, kdy chladové poskozeni i pti

relativné vyssich teplotach mize hrat stejné dileZitou roli jako poSkozeni mrazem (Bale,



1987). Navic, 1 méfeni skuteénych letalnich teplot v laboratornich podminkach mize pii
vylou€eni n€kterych environmentéalnich faktort pisobicich v ptirod€ znacné zkreslovat

informaci o piezivani zimniho obdobi v ptirodnich podminkach (Bale, 1996).

Sezonni zmény chladové odolnosti a aklimaéni mechanismy

Na sniZzovani negativniho efektu nizkych teplot se velkou mérou podili schopnost
aklimatizace na nizké teploty, kterd nastavd pifi méné extrémnich teplotach
piedchazejicich zimnimu obdobi (Lee et al., 1987). Tyto adaptace byly popsany u druha
k mrazu odolnych 1 citlivych a jsou velmi vyznamné v oblastech Tato schopnost byla
poprvé popsana u much Sarcophaga crassipalpis Macquart, 1839 a Sarcophaga bullata
Parker, 1916. Za normalnich podminek ptezilo dvouhodinovou expozici na —10°C
pouze asi 10% jedincli, hodnota pfezivani vSak stoupla az na 90% po piedchozi
dvouhodinové expozici pii 0°C. Tato pfiprava na nepiiznivé podminky je Casto spojena
piimo se snizovanim hodnoty bodu podchlazeni, ktery se pfed nastupem teplotné
nepiiznivé Casti roku vyrazné snizuje. Prikladem mizZe byt strategie vySe zminéného
chvostoskoka  Onychiurus arcticus, ktery diky dehydrataci bun¢k a jevim sni
spojenym dosahuje v zimnim obdobi bodu podchlazeni kolem —30°C, avSak v lété
mrzne jiz pii teplotach kolem —6,5°C (Coulson et al., 1995; Block et al., 1994). DalSim
piikladem, kde se autofi pokusili zobecnit vyvoj chladové odolnosti a pfezivani jedinct
béhem sezdény, mohou byt zmény hodnot bodu podchlazeni u horského klrovce
Dendroctonus ponderosae Hopkins, 1902 (Coleoptera: Curculionidae). U tohoto druhu
dochazi rovnéz v zavislosti na teploté ke zméndm v hodnotdch bodu podchlazeni
v rozmezi zhruba od —10°C v letnim obdobi po asi —20°C v zim¢&. B&hem sezony lze
rozlisit tf1 stupné chladové odolnosti: (1) v letnim obdobi larvy pfijimaji potravu a
vykazuji nizkou chladovou odolnost, (2) v podzimnim a jarnim obdobi larvy nepfijimaji
potravu a vyprazdiuji travici trubici (eliminace krystalizacnich jader), (3) v zimnim
obdobi se nachazeji ve stavu hluboké chladové odolnosti — obsahuji vysoké koncentrace
glycerolu a ochrannych proteind. (Regniere a Bentz, 2007).

Teplotni situace v pfirodé ale mize byt dosti variabilni a Zivo¢ichové musi Casto
prochazet mnoha cykly stfidani vysSich a nizSich teplot, opakujicich se v kratké dobé.
Mnohé studie ukazuji, Zze pii opakovanych kratkodobych ptesunech hmyzich jedinca
z nizkych teplot do vysSich se prodluzuje doba jejich piezivani. Napiiklad u potemnika

Alphitobius diaperinus (Panzer, 1797) se doba ptezivani pti 5°C vyrazné zvysila pti



kazdodenni dvouhodinové expozici teploté 20°C (Renault et al., 2004). Pokud vSak byli
brouci pieneseni na stejnou dobu do teplot 10 a 15 °C, rozdil v dobé ptezivani jiz byl
mnohem méné vyrazny. Rozdil je zieyjmée zptsoben tim, Ze teplota 15°C piedstavuje pro
tento druh spodni prah vyvoje. Pii teplotach nad touto hodnotou tak miize dochazet
k aktivni napravé skod zptisobenych chladovym poSkozenim, napiiklad konformacnich
zmén proteind, které jsou casto reverzibilnimi procesy (Franks, 1985). Pravé
ekofyziologické reakce hmyzu v tomto teplotnim rozmezi (mezi nejvyssi teplotou jiz
zpusobujici chladové poSkozeni a spodnim prahem pro normalni metabolismus a vyvoj)
jsou 1 z ekologického hlediska velmi podstatné, doposud vSak znamé jen pro minimum
druht (Turnock a Fields, 2005).

Zcela opacny efekt ale mize mit stiidani teplot pro druhy adaptované na pieziti
dlouhych obdobi extrémné nizkych teplot v zimnim obdobi. U mouchy FEurosta
solidaginis (Fitch, 1855) tak bylo prokéazéno, Zze zvySovani teplot béhem zimniho
obdobi (které jedinci pfeckavaji ve stavu vysoké adaptace na chlad a metabolickém
klidu) vede k pfedCasnému vyCerpani metabolickych rezerv a naslednému zvySeni
mortality 1 plodnosti pfezivSich jedincti (Irwin a Lee, 2000). Podobné, vyssi mortalita
imag babocky pavi oko (/nachis io (Linnaeus, 1758)) a b. koptivové (Aglais urticae
(Linnaeus, 1758)) byla pozorovana u motylli zimujicich ve vysSich teplotach (Pullin a
Bale, 1989). Simulace rGznych teplotnich rezimi béhem zimy u pfezimujicich kukel
otakarka Papilio canadensis (Rothschild & Jordan, 1906) ukazaly, Ze jak vySsi teploty
tak kratSi zimni obdobi plisobi rovnéz znacné zvySeni mortality a je zfeym¢ hlavnim
limitujicim faktorem ur€ujicim jizni hranici aredlu druhu (Mercader a Scriber, 2008).
Vyskyt stalych nizkych teplot béhem zimniho obdobi je tak pravdépodobné nutnym
faktorem pro mnoho druhti adaptovanych na pfekondni dlouhych obdobi pfi nizkych

teplotach a bez moznosti ptijmu potravy (Tauber et al., 1986).

Vztah chladové odolnosti a diapauzy

Dalsi dulezitou otazkou je souvislost mezi mechanismy zvySovani chladové odolnosti a
diapauzou. Vétsina druhtt hmyzu 1 ostatnich Clenovceti, obyvajicich chladnéjs$i biotopy
piekonava neptiznivé obdobi roku ve stavu metabolického klidu — diapauzy (Danks,
1987). Diapauza 1 mechanismy chladové odolnosti jsou dilezitymi ekofyziologickymi
ptizplisobenimi pro preZziti neptiznivych podminek, vztah mezi nimi vSak zatim neni

zcela objasnén (Denlinger, 1991; Izumi et al., 2007). Rada ¢lenovci vykazuje schopnost



zvySovat odolnost proti chladu nezéavisle na stadiu podléhajicimu diapauze (Denlinger,
1991). Ptikladem muze byt pavouk Achearanea tepidariorum (Koch, 1841). Tento druh
se vyskytuje v mirném 1 subtropickém pasu a ve vSech oblastech vyskytu prochazi
diapauzou, ktera je indukovéana zkracujici se fotoperiodou (Tanaka, 1992). Schopnost
vyznamného snizovani bodu podchlazeni s pfichodem nepfiznivych podminek vSak
vykazuji pouze populace obyvajici mirny pas. To ukazuje, Ze snizovani bodu
podchlazeni pti adaptaci na neptiznivé podminky nemusi byt nutné s diapauzou spojeno
(Tanaka, 1997). Také u piezimujicich kukel bélaska zeln€ého (Pieris brassicae
(Linnaeus, 1758) nebyly zjiSt€ény vyznamné rozdily vbodu podchlazeni u
diapauzujicich a nediapauzujich jedinct; u obou skupin ale byl rozdil v pfezivani
nizkych teplot nad bodem podchlazeni (Pullin a Bale, 1989). U jinych studovanych
druhii byly naopak zjistény vyrazné rozdily v hodnoté bodu podchlazeni mezi stejnymi
vyvojovymi stadii, znichZ jedna skupina diapauzu podstoupila a druhd nikoliv.
Ptikladem mulize byt obale¢ Lobesia botrana (Denis & Schiffermiiller 1775), u kterého
byly zjiStény vyznamné niz$i hodnoty bodu podchlazeni u diapauzujicich larev ve
srovnani s larvami, které diapauzu nepodstoupily (Andreadis et al., 2005); podobné
vysledky ukazalo 1 studium dal$itho druhu obalece, Adoxophyes orana (Fischer von
Roslerstamm 1834) (Milonas a Savopoulou-Soultani, 1999). Rovnéz pii studiu
molekuldrnich mechanismti chladové odolnosti u zavijece Chilo supressalis byla
zjisténa syntéza vétSiho mnozstvi ochrannych proteinti u larev béhem diapauzy (Sonoda
et al., 2006).

I kdyzZ tedy vztah diapauzy a mechanisml chladové odolnosti neni dosud detailné
znam, oba déje spolu pravdépodobné tésn¢ souviseji hlavné v chladnych oblastech, kde
je schopnost diapauzy dilezitou soucasti strategii k piekonani teplotné neptiznivé Casti
sezony (Hodkinson, 2005). Vtomto kontextu muze byt navic z dalSiho hlediska
podstatné (jiz vySe zminéné) Casté stiidani teplot behem zimniho obdobi. Diapauza je
dynamicky proces s n€kolika naslednymi fazemi a je iniciovan jeSté pred zapocetim
vyrazn€ neptiznivych podminek vné€j$imi stimuly, pfedev§im fotoperiodou. Jakmile je
nastartovana, pred probéhnutim vSech nutnych fazi je ireverzibilni, tato faze vSak konci
jesté v pribéhu zimy, relativné¢ dlouho pred navratem podminek ptiznivych pro vyvoj
(Kostal, 2006). Naptiklad u hibernujicich housenek okace rosickového (Erebia medusa),
které byly vystaveny riznym teplotnim rezimiim béhem zimy, se housenky pfi relativné

srovnani s housenkami z chladnéjSich podminek ale vykazovaly mnohem vyssi



mortalitu a nasledné¢ mensi hmotnost kukel a velikost imag (Stuhldreher et al., 2014).
Ve studii zahrnuté v této praci (Vrba et al, 2012) ukazujeme, Ze na rozdil od
studovanych horskych zastupct rodu Erebia jsou housenky tohoto druhu tolerantni ke
zmrznuti, coZ by mohlo byt z metabolického hlediska vyhodnégjsi v nizSich polohach
s vét$i variabilitou teplot a sn¢hové pokryvky béhem zimy (cf. Sinclair et al., 2003;
Turnock a Fields, 2005). Tato ¢astecné protichiidnd zjiSténi ukazuji op€t na nutnost

dalSich a komplexné;jSich studii pro ekologicky relevantnéjsi podminky (Bale, 1996).

Evoluce mechanismii chladové odolnosti
I pfes variabilitu rGznych mechanismi vramci obou hlavnich strategii chladové
odolnosti, miizeme citlivost €1 odolnost k mrznuti povazovat za zakladni alternativni
strategie pro piekonavani nizkych teplot (Convey, 2000). Ani pfes naristajici spektrum
druhd, u kterych byly mechanismy chladové odolnosti studovany, zstdva nejasné, jaké
faktory maji vliv na distribuci obou alternativnich strategii mezi taxony (Sinclair et al,
2003). Vétsina druhi suchozemskych €lenoveti, u kterych byly tyto strategie studovany,
nalezi mezi druhy k mrazu citlivé (Block, 1991; Somme, 1999) a tato strategie se tedy
zda byt fylogeneticky pivodni. Nasvédcuje tomu i takika vyluény vyskyt této strategie
u bazalnich skupin ¢lenovcil (napf. Somme, 1982). Mezi hmyzem je citlivost k mrznuti
rovnéz prevladajici strategii, nicméné s pokracujicimi vyzkumy byla mrazova odolnost
potvrzena u mnoha tada. U skupin Blattodea a Orthoptera byly dokonce nalezeny pouze
druhy mrazu odolné; u zastupct tadt Coleoptera, Hymenoptera, Diptera a Lepidoptera
byly zjiStény ob¢ strategie (Sinclair et al., 2003). Vzhledem k distribuci obou strategii
mezi taxony je tedy pravdépodobné, Ze citlivost k mrznuti je mezi Clenovci
fylogeneticky bazalni strategii a odolnost k mrazu se vyvinula né€kolikrat a nezavisle na
sob& u mnoha skupin.

Sinclair et al. (2003) ptedkladaji hypotézu o vyhodnosti kazdé z obou strategii
v oblastech sriznymi klimatickymi podminkami. Druhy mrazu odolné vétSinou
pfevazuji v oblastech v oblastech s velmi chladnymi a pfedvidatelnymi podminkami
béhem zimniho obdobi (jako jsou kontinentani a arktické oblasti), kde tato strategie
zajistuje jednak pieziti dlouhého obdobi velmi nizkych teplot a jednak vétsi toleranci
k vyschnuti (Ring a Danks, 1994). Zajimav¢ je zjiSténi, ze mezi studovanymi hmyzimi
taxony pievlada kazda ze strategii v jiné zemské hemisféie — na severni polokouli patti

do skupiny druhti k mrazu odolnych pouze 29 % studovanych druhd, kdezto na jizni



polokouli celych 85 %. Vysledky by samoziejm¢ mohly byt ovlivnény vétSim poctem
studovanych taxonll na severni polokouli, podrobné;jsi analyzy vSak ukézaly, Ze rozdily
v distribuci obou strategii jsou statisticky prukazné; rozsitujici se spektrum studovanych
druhii na jizni polokouli tuto hypotézu déle potvrzuje (Sinclair a Chown, 2005). MozZné
vysvétleni spocivd v rozdilnosti prevladajicich klimatickych podminek na obou
hemisférach. Na jizni polokouli — vzhledem k men$i rozloze pevnin — pfevlada
oceanské klima s relativné vysokymi minimalnimi teplotami, avSak klima je v ramci
roku vice variabilni s mens$im rozsahem piedvidatelnych sezonnich zmén (napt. Addo-
Bediako et al., 2000). Za téchto podminek miZe hmyz dobfe vyuZit vyhod mirnéjs$iho
klimatu k pfijmu potravy po vétsi ¢ast roku, odolnost ke zmrznuti pak zarucuje pieziti
pi1 ndhlych a nepiedvidatelnych poklesech teplot. Piitomnost potravy ve sttevé po
vétSinu roku navic zvySuje hodnotu bodu podchlazeni (potravni ¢astice funguji jako
krystaliza¢ni jadra pti mrznuti), za této situace se tak dale zvySuje vyhodnost odolnosti
ke zmrznuti (Sinclair et al.,, 2003). V pievazujicich podminkach severni polokoule
(sezoOnni, pfedvidatelné klima s velmi nizkymi zimnimi teplotami), se hmyz naopak
muze piipravit na nadchdzejici neptiznivé podminky pomoci postupné akumulace
ochrannych latek, vyprazdnéni traviciho traktu apod. a tim snizit bod podchlazeni na
hodnoty zarucujici preziti 1 extrémné nizkych teplot. Diky témto hlubokym zméndm pak
takové druhy nejsou adaptovany na opakované piechody z klidového do aktivniho stavu
béhem zimniho obdobi a velké vykyvy teplot béhem zimniho obdobi tak mohou
zpusobit vyCerpani metabolickych rezerv a nasledné zvySeni mortality (napf. Irvin a Lee,
2000). Z tohoto hlediska mohou mit recentni klimatické zmény smétujici napt. k vétSim
teplotnim vykyviim béhem sttedoevropskych zim negativni nasledky na horské nebo
severské druhy, které jsou jinak dobife adaptovany k pfeziti extrémnich (avSak

predvidatelnych) podminek.

Vliv teploty v klimatickém kontextu

Recentni klimatické zmény spojené se zvySovanim primérnych teplot maji vyznamny
vliv na zivo¢iSna spoleCenstva (Walther et al., 2002). Pomérn¢ rozsdhla evidence
existuje o Sifeni mnoha druhti do vysSich zemépisnych §ifek a do vétSich nadmotskych
vysSek, mnoho studii se zabyva pravé dennimi motyly (Parmesan, 1996; Hill et al., 2002;
Konvicka et al., 2003; Wilson et al.,, 2005; Braschler a Hill, 2007), naproti tomu

ptekvapivé malo informaci je k dispozici o Ustupu chladnomilnych druhli ze spodnich
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hranic jejich vertikdlniho rozsifeni nebo jiznich oblasti aredlti (Franco et al., 2006;
Parmesan et al., 1999). Tato disproporce mtize byt zpiisobena napft. tim, Ze v teplejSich
oblastech jsou druhy vice limitovany biotickymi interakcemi neZ piimo teplotnimi
zménami (Davis et al., 1998).

Za predpokladu, Ze i1 na spodnich teplotnich hranicich vyskytu druhi ma klima
zasadni vliv, Gstup druhii ztéchto oblasti mize byt piehlizen horsSi detekovatelnosti
uplného vymieni ve srovnani s kolonizacemi nebo jen nedostatenym mnozstvim dat o
roz$iteni (Konvicka et al., 2003; Parmesan et al., 1999). Mnoho chladnomilnych druha
navic obyva malé a izolované ostriivky vhodnych biotopl v nizSich polohédch nebo
v jiznéjSich oblastech, coz mize zkreslovat informaci o zméné aredlu (Stefanescu et al.,
2004). Fragmentace vyskytu takovych druha spolu se zmenSovanim jejich populaci tak
muze vést k jejich vymieni v mnoha regionech (Wilson et al., 2005). Ohrozeni takovych
druhit v nizSich polohdch mize dale zvySovat vétsi degradace biotopti (Warren et al.,
2001). Horské druhy pfitom nemusi byt v bezpeCi ani ve vysokych polohach, coz
zpusobuje prave jejich specializace na drsné podminky. Vyskytem jsou Casto omezeny
na izolované horské masivy a diky niZinnym bariéram se nemaji v ptipad¢ klimatické
zmény kam $itit (Hodkinson, 2005). To predstavuje potencidlni ochranaisky problém,
protoze horské oblasti hosti specifickou biodoverzitu s velkym podilem endemickych ¢i
reliktnich druhti (Vila et al., 2005; Schmitt et al., 2006); toto nebezpeci miize byt
akutnéjsi v rozlohou mensich a niZSich horskych masivech jako jsou Hercynska pohoti
nebo Karpaty.

Negativni vliv teplejSitho klimatu na spoleCenstva motyli ukazuje napiiklad
Wilson et al. (2005). Ve Spanélském pohoii Sierra de Guadarrama se celé sledované
spolecenstvo motylti béhem 30 let posunulo o vice nez 200m do vysSich nadmotskych
vysek. Detailnéjsi studie jednoho z druhti, bélaska ovocného (Aporia crataegi (Linnaeus,
1758)), ukazala, ze jeho ustup ze spodni hranice vyskytu byl zapti¢inén vEt§i mortalitou
larev v dasledku ptehfivani v letnim obdobi (Merrill et al., 2008). Zamétime-li se
konkrétné na horské druhy, ptikladem muaze byt prace Franco et al. (2006), srovnavajici
soucasné a historické rozsifenim tfech chladnomilnych motyli na Britskych ostrovech.
Horsky okac Erebia epiphron zde v disledku teplejsSiho klimatu ustoupil z niz$ich poloh
vyskytu, pfestoze stav jeho biotoptd zde zistal nezménén. Pravé tento priklad ale
ukazuje na mnohdy obtiznou zobecnitelnost takovych vysledkl pro jiné regiony. Tento
druh se vyskytuje i vCeské republice, kde obyva alpinské hole nad hranici lesa
v Hrubém Jeseniku. Ve 30. letech 20. stoleti byl ale odtud introdukovan do Krkonos,
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kde osidlil 1 nize polozené, Clovékem vytvoiené louky, které se v Hrubém Jeseniku
nevyskytuji (Konvicka et al., 2010). To naopak ukazuje, ze ekofyziologické limity pro
preziti motyla lezi nize nez pavodni roz$ifeni jeho biotopli a spravné cileny
management mize velmi napomoci zvysSeni populacni pocetnosti. Podobné, Scalercio et
al. (2014) sledovali zmény v rozsiteni vysokohorského okace Erebia cassioides (Reiner
& Hochenwarth, 1792) v izolovaném refugiu druhu v jihoitalském pohoti Pollino.
Rozloha tzemi obyvaného motylem se zde za poslednich 30 let vyznamné snizila a na
rozdil od minulosti dnes vétSina populace zije pouze nad hranici lesa; zde vSak doSlo
vyraznému a neocekdvanému zvysSeni populacni pocetnosti. To ukazuje, ze v pripadé
konkrétnich druhti nemusi byt ocekavané dopady klimatické zmény fatdlni. Je tteba brat
v potaz 1 skutecnost, ze fada horskych druhii musela béhem holocénu piezit velmi
podstatnou redukci vhodnych stanovist’ v izolovanych refugiich béhem obdobi atlantiku,
kdy bylo klima vyrazné teplejsi nez dnes (Prentice et al., 2000).

Uvedené piiklady tak ukazuji, ze pfibyvajici studie pokouSejici se modelovat
budouci zmény v rozsiteny riznych druht jak z hlediska klimatu (Settele et al., 2008;
Sinclair et al., 2011; Russell et al., 2012) tak potencidlnich biotopovych zmén (De Groot
et al., 2009) jsou pro konkrétni druhy nedostate¢nym nastrojem pro odhad skute¢nych
dopadi  klimatickych zmén pravé kvili absenci znalosti o konkrétnich
ekofyziologickych  adaptacich  jednotlivych  druhit  zhlediska  komplexnich
enviromnentalnich vlivh v kombinaci s mikrostanovistnimi preferencemi (Turnock a
Fields, 2005; Ellis, 2011).

Doplnéni téchto znalosti si klade za cil tato prace, kterd se zabyva ekofyziologii
vybranych zastupcli dennich motyl, konkrétné hibernujicich housenek. Denni jsou
vhodnou modelovou skupinou, z hlediska vSeobecné ochrany hmyzu je lze povazovat
za vhodnou ,deStnikovou” skupinu zmnoha hledisek — popularita a snadna
determinovatelnost v terénu, znacna druhova bohatost 1 citlivost k environmentalnim

zménam (New, 1997).

Prehled studovanych druhii a ziskavani experimentalniho materialu

Prace se zabyva zastupci dvou rodl dennich motyli s holarktickym rozsitenim: Erebia
Dalman, 1816 a Colias Fabricius, 1807. Ob¢ skupiny dosahuji zna¢nych druhovych
bohatosti v chladnych a horskych oblastech, ale 1ze zde najit 1 dostatek zastupci

z niz8ich poloh pro porovnani jejich ekofyziologickych adaptaci. Studovano bylo 9
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druht spliujicich pfedem stanovena kritéria vzhledem k pozadavkim na vEét§i mnoZstvi
experimentalniho materidlu: (1) snadnd dosazitelnost pocetnych populaci v ramci
sttedni Evropy, (2) ptezimovani ve stadiu housenky a (3) vyvoj na béznych a snadno
kultivovatelnych Zivnych rostlinach.

Pro ziskani housenek byly v terénu sbirany oplozené samice, které byly v zajeti
vykladeny pfimo na zivné rostliny, pfedpéstované v kvétinad€ich. Ty byly umistény
v draténych klecich (o velikosti 50 x 50 x 100cm) potazenych monofilovym pletivem,
dobfe propoustéjicim sluneéni zafeni. Kladouci samice byly pifikrmovany slabym
cukernym roztokem. Po vylihnuti byly housenky ponechany vyvoji na Zivnych
rostlindch bez dalSich zasahti (vyjma zalévani zivnych rostlin) aZz do podzimu, kdy
vstoupily do diapauzy (listopad), kdy byly kvétinadce premistény do chladové mistnosti
s konstantni teplotou 5°C pro aklimatizaci pfed zapocCetim experimentl, kterd trvala
minimalné 2 tydny. Pocty dostupného materidlu z chovli se mezidruhové znaéné lisily 1
presto, ze ziskani vét§iho mnozstvi vajicek béhem sezony nebylo problémem. Piezivani
housenek bé¢hem letniho a zimniho obdobi a béhem aklimace se naopak mezidruhové
znacn¢ liSilo, celkové nebyla efektivita piili§ vysoka pravdépodobné diky obtizné
ovlivnitelnym faktorim pi#i hromadnych chovech, jako je Sifeni bakterialnich a
plistovych infekei. Studované druhy a efektivitu ziskavani experimentalniho materialu

uvadi nasledujici seznam:

Erebia medusa (Denis & Schiffermiiller, 1775) — jeden z mala zastupcii pievazné
horské supiny okacl, ktery se vyskytuje 1 v niz§ich polohdch. Druh s eurosibifskym
arealem, ve stfedni Evropé obyva vysokostébelné travniky, lesostepi a oteviené lesy od
nizin azZ po ca 1200 m n. m. Housenky se zivi rGznymi druhy trav, v chovech byla
pouzita kostfava ov¢i (Festuca ovina agg.) a sveiep vzpiimeny (Bromus erectus Huds.).
Ptfezimuji ve tfetim instaru v trsech trav pii zemi. V rdmci vyzkumu bylo vykladeno 39
samic nasbiranych v jiznich Cechach (Cesky Krumlov), dochovano 116 housenek.

Erebia sudetica (Staudinger, 1861) — ptredstavitel druhu obyvajiciho nizsi horské
polohy, rozsifen pouze v Evropé (v CR pivodni pouze v Hrubém Jeseniku). Obyva
oteviena mista v horskych lesich a lavinové kary ve vySkach 600 — 2000 m n. m. (v
Hrubém Jeseniku 700 — 1450 m), nejhojnéj$i je pifi horni hranici lesa. Housenka
pfezimuje ve 2. instaru a Zivi se travami, vchovech byla pouZita kostfava nizka

(Festuca supina Schul) a metlicka kiivolaka (Avenella flexuosa (L.)). Béhem vyzkumu
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bylo vykladeno celkem 57 samic pochazejicich z Hrubého Jeseniku a dochovat se
podatilo 76 housenek.

Erebia epiphron (Knoch, 1783) — evropsky horsky druh okéce, ktery obyva
pfevazné alpinské hole nad hranici lesa od 350 (Skotsko) po 2600 m n. m. V CR je
ptvodni pouze v Hrubém Jeseniku (1300 — 1490 m n. m.). Caste¢né semivoltinni druh,
poprvé housenky piezimuji v prvnim instaru. Zivi se travami, v chovech byla pouzita
kostfava nizka (Festuca supina) a metlicka kifivolaka (Avenella flexuosa). V ramci
vyzkumu bylo vykladeno celkem 49 samic z Hrubého Jeseniku, pro experimenty bylo
dochovéano 80 housenek.

Erebia tyndarus (Esper, 1781) — vysokohorsky oka¢, vyskytem omezeny na
centralni ¢ast evropskych Alp. Obyva oteviend travnata mista pfi hranici lesa a nad ni
(1200 — 2700 m n. m.). Housenky se zivi tenkolistymi druhy trav a pfezimuji v prvnim
instaru. Jako zivna rostlina v chovech slouzila kosttava nizka (Festuca supina). V rdmci
vyzkumu bylo vykladeno celkem 52 samic pochazejicich z Otztalskych Alp, do
experimentalni fdze se podafilo dochovat pouze 56 kust. U tohoto i dvou ptedchozich
druhti byla nespornou komplikaci mald velikost pfezimujicich housenek a tim padem i
jejich tézs8i dohledatelnost v trsech trav; dale pravdépodobné 1 jejich vétsi citlivost
k bakterialnim a houbovym nékazam v polopiirozenych hromadnych chovech.

Colias palaeno (Linnaeus, 1761) — boreomontanni druh zlutaska, ktery obyva
raSeliniStni a horské biotopy s zivnou rostlinou — vlochyni bahenni (Vaccinium
uliginosum L.). Pfezimuje housenka tietiho instaru na listech Zivné rostliny. V ramci
vyzkumu bylo vykladeno celkem 68 samic pochézejicich ze Sumavy, do faze
experimentll bylo dochovdno 208 housenek, coz umoZnilo detailngjsi ekofyziologické
experimenty nez u ostatnich druhd.

Colias phicomone (Esper, 1780) — vysokohorsky druh zlutaska, vyskytem
omezeny na evropska pohofti, kde obyva alpinské hole nad hranici lesa (900 — 2500 m n.
m.). Housenky se zivi mnoha druhy bobovitych rostlin (Fabaceae), v chovech byla
pouzita tolice vojtéska (Medicago sativa L.). Pfezimuji ve tfetim instaru na listech
zivnych rostlin. Pro ucely vyzkumu bylo vykladeno celkem 75 samic (pochazejicich
z Otztalskych Alp) a ziskano velké mnozstvi vajicek a mladych housenek, problémem
vSak byla jejich velké mortalita béhem podzimu. Do fize experimentt se dosud podafilo
dochovat pouze 18 kusti.

Colias hyale (Linnaeus, 1758) — Siroce rozSiteny a hojny druh zlutska,

vyskytujici se od stfedni Evropy po SV Cinu. Housenky se Zivi na $irokém spektru
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bobovitych rostlin (Fabaceae). Vyskytuje se na rozmanitych typech nelesnich biotopd,
ve sttedni Evrop€ od niZin po ca 1800 m n. m., preferuje kulturni krajinu s kulturami
picnin. Housenky pfezimuji ve tfetim instaru na listech Zivnych rostlin, pro ucely
vyzkumu byly chovany na tolici vojtéSce (Medicago sativa). Celkem bylo vykladeno 22
samic nasbiranych v jiznich Cechach (Ceské Budgjovice), do stadia experimenti bylo
dochovéno pouze 26 kusii housenek rovnéz diky vysoké podzimni mortalité.

Colias alfacariensis Ribbe, 1905 — stepni druh Zlut'aska rozsiteny od JZ Evropy
do stfedni Asie. Ve stiedni Evropé obyva pouze xerotermni stepni biotopy v teplych
oblastech. Housenky se zivi ¢iCorkou pestrou (Coronilla varia L.) a podkovkou
chocholatou (Hippocrepis comosa L.). Pro tcely vyzkumu byly housenky chovany na
gicorce pestré, vykladeno bylo celkem 28 samic nasbiranych v jiznich Cechach (Cesky
Krumlov), pro experimenty bylo ziskdno 28 housenek, jejichZ podzimni mortalita byla
rovnéz vysoka.

Colias crocea (Fourcroy, 1785) — teplomilny migrant, ktery v Evropé trvale
pieziva pouze v oblasti Stfedozemi. Pravidelné zaléta do stiedni Evropy, kde vytvaii
n&kolik naslednych generaci v letnim obdobi. Casto se objevuje v kulturni krajing
s kulturami picnin, housenky se jinak zivi na Sirokém spektru bobovitych rostlin
(Fabaceae). Pro ucely vyzkumu byly chovany na tolici vojtéSce (Medicago sativa).
Vykladeno bylo celkem 38 samic nasbiranych na stfedni Moravé (HoleSov), do
podzimu bylo dochovano 46 housenek, které vSak uhynuly béhem aklimatizace v 5°C;
ani v této teploté pravdépodobné nejsou schopny dlouhodobé piezivat, coz limituje

areal trvalého vyskytu motyla pouze na nejteplejsi oblasti Stredozemi (viz kap. 3).
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Cile prace

Prace se zabyva rtiznymi aspekty chladové odolnosti zimujicich larev dvou skupin
dennich motyli: Colias a Erebia. Vybrany byly druhy obyvajici rizné nadmoiské vysky
1 biotopy. U obou skupin bylo cilem popsat a porovnat rizné urovné chladové odolnosti:
(1) Zjisténi bodl podchlazeni a tim 1 zdkladnich strategii pro pfeZivani nizkych teplot;
(2) identifikace letalnich teplot pfi kratkodobych expozicich v navaznosti na vysledky
piedchozich experimenti; (3) testovani potencidlniho chladového posSkozeni larev pti
delSich expozicich v riznych sériich teplot nad zjisténymi letalnimi hodnotami.
Spole¢né s teplotnimi experimenty provést 1 (4) analyzy obsahu kryoprotektivnich latek.
V zavislosti na dostupnosti materidlu od rOznych druhli analyzovat 1 rozdily
v geografické variabilité¢ chladové odolnosti u riiznych populaci. Zjisténé vysledky dat
do kontextu rozSifeni a biotopovych ndrokii jednotlivych druhli (a populaci) a jejich

potencialniho ohroZeni v diisledku moznych environmentalnich nebo biotopovych zmén.
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Souhrn:
Recentni klimatické zmény zpisobuji posuny areali mnoha motylich druhti do vysSich
zemépisnych Sifek 1 vySSich nadmofiskych vySek. Tyto zmény predstavuji vaznou
hrozbu ptedevs§im pro chladnomilné horské druhy obyvajici rozlohou omezené ostrovy
vhodnych biotopt. Konkrétni ekofyziologické adaptace téchto druhti, které omezuji
jejich vyskyt na horské oblasti, jsou vSak dosud z velké ¢asti neznamé.
Studovali jsme chladovou odolnost prezimujicich housenek ¢ty druhti motyla
z druhové pocetné¢ho holarktického rodu Erebia, ktery se vyznacuje velkou druhovou
bohatosti v horskych oblastech. Zkoumany byly druhy sjadry vyskytu v riznych
nadmotskych vyskach, méteny byly body podchlazeni a nejvyssi letalni teploty.
Vysledky ukazuji, Ze 1 blizce ptibuzné druhy vyuZivaji pi1 pfezimovani rizné
strategie k prekondvani nizkych teplot z hlediska tolerance nebo naopak citlivosti ke

zmrznuti télnich tekutin. Jediny druh, jehoZ housenky ptezivaly zmrznuti byl zastupce

cvvr

A4

sudetica byly zjistény vyssi hodnoty; letalni teplota u okace E.epiphron byla zhruba o
5°C vyssi nez bod podchlazeni, coz ukazuje na pravdépodobnou citlivost k chladovému
poskozeni nezplisobenému mrazem. Piekvapiveé, nejvyssi letalni teplota byla zjiSténa u
vysokohorského okace E. tyndarus (—8,1°C).

Chladové odolnost zkoumanych druhti se tak zcela nepfedpokladané snizovala od
druhit obyvajicich niz8$i polohy k motylim vysokohorskym. Tento jev vysvétlujeme
vyraznym ochrannym vlivem snéhové pokryvky na stanovistich, ktera je silnd a
dlouhotrvajici ve vysokych polohdch a naopak slaba a neptfedvidatelna v polohach
niz§ich. Nepredvidatelnost a vétsi fluktuace teplot na nize poloZenych stanovistich

okace E. medusa zde rovnéz zvyhodiuje toleranci jeho housenek ke zmrznuti.
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Abstract
There is strong evidence for a shifting of range boundaries by many temperate butterfly
species to higher altitudes and latitudes. Climate change represents a potential threat to
mountain fauna. Nevertheless, information on ecophysiological limits of individual
species is scarce. We studied the lower thermal limits of four species representing the
prevailingly mountain Holarctic butterfly genus Erebia. We measured the cold tolerance
of hibernating larvae, namely the supercooling point (SCP) and the lower lethal
temperature (LLT). Three mountain species were freeze avoiding, with various levels of
SCP (-8 to —22°C), and LLT close to SCP. The only exception was lowland E. medusa,
whose caterpillars were freeze tolerant with LLT (-21°C) slightly below its SCP
(=17°C). Surprisingly, LLT was highest in the alpine E. fyndarus and lowest in E.
medusa inhabiting lower altitudes with higher mean winter temperatures. We explain
the observed reversed altitudinal cline in cold hardiness by the buffering function of
snow cover in the hibernacula of caterpillars that is strong at high mountains but

irregular, unpredictable and thus unreliable in lowlands.

Keywords: Alpine habitats, butterfly ecology, climate change, snow cover

INTRODUCTION
Current discussions on the potential effects of global climatic change, or global
warming, on biodiversity (e.g 15, 38, 61) highlight the potential threats to cold-adapted

species restricted in distribution to high altitude mountain habitats (10). In temperate
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regions of the northern hemisphere, habitats above the timberline represent extrazonal
islands, inhabited by distinct biotic communities, consisting partly of species shared
with more northerly areas (i.e.; glacial relics, shared with tundra biomes of the high
Arctic), partly of high mountains endemics (42). Climatic warming, already causing
shifts of vegetation belts to higher elevations (21, 9), shall in effect shrink the effective
area of the high mountain biotopes, thus diminishing the habitats’ carrying capacity for
individual populations, fragmentation of current distribution areas, and/or genetic
breakdowns of the populations (44, 40, 12, 33). Given the high degree of endemism in
isolated mountain habitats, this may result in highextinction rates, especially in
relatively low-elevated mountain systems with only limited area of alpine biotopes (5,
7).

Insects are expected to show rapid responses to climate change, because they have
short life cycles and their populations vary considerably over space and time (1). Given
the potential threat to mountain-restricted fauna, it is rather surprising how little
research has been conducted into the ecological requirements of high altitude
invertebrates, including such a popular model group as butterflies (39, 19). Indeed, the
ecology of mountain and arctic butterflies has been highlighted as the last unconquered
frontier in European butterfly ecology (45). Although there is good evidence that some
mountain species are already moving their distributions upslope (10, 7), it can only be
guessed which mechanistic factors are responsible for these shifts. Models of
distribution shifts, such as those based on habitat distribution (5) or climatic envelopes
(46), offer only crude tools for predicting the fates of individual species. There are
observations of alpine butterflies colonising newly established openings situated in
lower-elevation woodlands (23), and hence behaving contrary to established
predictions. Without understanding the mechanistic (e.g., ecophysiological) limits
restricting mountain specialists to their current distribution, it is impossible to predict
individual species’ and communities’ responses to climatic change.

Recent studies of the cold hardiness of lepidopteran caterpillars are focused
mainly on individual strongly cold-adapted species, especially of the family Arctiidae
(31). Butterflies from the genus Erebia Dalman, 1816 (Lepidoptera: Nymphalidae,
Satyrinae) represent a good model system for comparative studies of ecophysiological
limits of high altitude species. This Holarctic genus includes over a hundred species,
plus multiple locally endemic subspecific forms (56), most of them occurring in cold

environments (e.g. 53, 14), although a few exceptions exist (43, 51). Europe is
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particularly species-rich, with the Alps representing a bona fide speciation centre,
hosting 45 species, most of them endemic (58). All Erebia species have a single
generation per year, all develop on grasses (Poaceae), overwinter in larval stage and
hibernate in grass tussocks near the soil level (53). Individual species differ in their
preferred altitude within Central Europe, sometimes very strictly (27, 4).

In this paper, we measured how four available Erebia species differing in altitude
range and habitat use differ in cold hardiness of their overwintering larvae. For testing
the hypothesis that species living at higher altitudes are more cold-hardy than species
from lower elevations, we compared the supercooling point (temperature of
crystallization), lower lethal temperature and lower lethal time of diapausing

caterpillars.

MATERIALS AND METHODS
Species studied

Selected Erebia species cover an altitudinal cline from lowland to alpine habitats.
E. medusa was sampled in lowland Czech Republic, E. sudetica and E. epihron in
Hruby Jesenik Mts., Eastern Sudetans, Czech Republic, and E. tyndarus in the Austrian
Alps (Table 1).

Erebia medusa (Denis & Schiffermiiller, 1775) represents a lowland species in our
study. Its Eurosiberian distribution ranges from France to northern China. In Central
Europe, it inhabits forest clearings and late-succession grasslands with scattered bushes
(e.g. extensively used meadows, forest-steppes) from lowlands up to 1000 m altitude, in
both dry and wet conditions (39). Third instar larvae overwinter in grass tussocks
slightly above the soil level.

Erebia sudetica (Staudinger, 1861) inhabits a disjunctive range in European
mountains: Hruby Jesenik Mts (Czech Republic), Massif Central (France), the southern
Carpathians (Romania) and a few spots in the Swiss Alps. The altitude range is between
600 and 2000 m; in the Czech Republic it is between 700 and 1450 m (27). It inhabits
clearings including avalanche fields in the mountain forests and is most common around
the timberline. It overwinters as second instar larva.

Erebia epiphron (Knoch, 1783), a subalpine species, occurs in most European
mountains overtopping the timberline: Scotland and NW England, the Vosges Mts.,
Cantabrian Mts., Pyrenees, Alps, Carpathians, Dinarids and Hruby Jesenik Mts. The
altitudinal range is from 350 m (Scotland) to 2600 m, the distribution is restricted to
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grasslands above the timberline (1300 to 1500 m) in the Czech Republic. Development
in these conditions takes one to two years (25, 51), larvae overwinter for the first time in
the first instar.

Erebia tyndarus (Esper, 1781), an alpine species, is restricted to the Central Alps,
between 1200 and 2700 m. It inhabits mainly open grassy and flowery pastures and
stony slopes above the timberline; grassy clearings in sparse woods near the timberline

may be used at its lower altitude limits. It overwinters as first instar larva.

Rearing and storage conditions

Wild-captured fertilized females (E. tyndarus: 52 individuals, E. sudetica: 57
individuals, E. epiphron: 49 individuals, E. medusa: 30 individuals) were transported in
small boxes to an outdoor rearing facility in lowland semi-natural conditions in Ceske
Budejovice (49°00° N, 14°25° E, 400 m a.s.l.). The facility, situated in a half-shaded
garden corner, consisted of wired cages (50 x 50 x 100 cm) covered by mesh. Each of
the cages contained a flower pot with grass tussocks brought from the original localities.
We released the females (up to 15 per cage) to the cages, and fed them with a 5% sugar
solution to maximize their life span and hence the number of eggs laid. The grass
Festuca supina Schur was used as larval host plant for E. tyndarus (20), a mix of F.
supina and Avenella flexuosa (L.) Drejer for E. sudetica and E. epiphron, and F. ovina
L. agg. for E. medusa. After the larvae hatched, we let them develop without
interruptions, except for occasional watering of the grass.

In early November, after the larvae stopped feeding and entered winter diapause
(they hid in grass tussocks at the soil level), we transferred them with their potted grass
tussocks to an air-conditioned room at a constant +5°C. The grass was regularly sprayed

with water.

Cold hardiness measurements

In January, we removed individual larvae from grass and measured their cold
hardiness. The supercooling point (SCP) was measured individually in sixteen
individuals per species using the thermocouple device (2). Liquid nitrogen was the
cooling medium and the cooling rate was controlled at 1 degree per minute. After the
exotherm appeared on the line recorder, the larva was kept in the cooling device until its
body temperature decreased again to the value of the crystallization temperature. The

chamber was then removed from the cooling device to +5°C, the body temperature was
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left to increase (after body ice melted). The larva was then removed from the chamber
and kept in a Petri dish at 5°C for 24 hours. Subsequently it was transferred into the
laboratory and survival was checked as presence of spontaneous movement or reaction
to mechanical stimulus.

To measure lower lethal temperature (LLT), groups of ten larvae were put on dry
filter paper in a Petri dish, and placed in a pre-cooled incubator. The dishes were
situated in a box insulated by plastic foam and granular ice from its surroundings to
provide slow cooling (compare to 35, 54) on a negative exponential basis to the set up
temperature measured inside the dish by resistor thermometer. Series of 3-5
temperatures close to and above SCP were used in those species where larvae did not
survive freezing during SCP measurement, while temperatures below SCP were also
used in one species whose larvae survived freezing. Larvae were removed after 24
hours and treated as above to check their survival. LLT50 was calculated using logistic
regression method (17) in Statistica 9 (55).

We also measured lethal time (Lt) at selected temperatures using the same method
as for LLT, with exposure times from one to seven days. The logistic equation was
expressed in the form that enabled direct estimation of Lt50 together with its standard
error: S=exp(a*(1-t/Lt))/(1+exp(a*(1-t/Lt))), where S is survival between 1 and 0, t is
the exposure time at selected temperature, and a is a parameter describing the shape of

the curve (how quickly the survival declines).

RESULTS

Supercooling points of all species had symmetric distribution, means and medians were
similar (difference from 0 to 0.4°C). Mean SCP differed among species (ANOVA:
F3,60 = 47.00, p<10-6). Erebia epiphron showed the lowest mean SCP, followed by E.
medusa and E. sudetica, which attained similar values (Tukey HSD test: p=0.36, all
other comparisons p<10-3), while E. tyndarus displayed the highest value (Tab. 1).
Caterpillars of E. medusa survived these SCP measurements, suggesting that they were
freeze-tolerant.

Lower lethal temperature calculated for 24 hours exposure was close to mean SCP
in two species, E. sudetica and E. tyndarus (Tab. 1). In E. epiphron, LLT was by 5
degrees higher, which means that there was a substantial chilling injury not caused by
freezing. On the other hand, LLT in E. medusa was lower by 4 degrees than SCP, which

confirmed the freezing tolerance of this species. Lethal times at temperatures a few
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degrees above LLT showed that the caterpillars were really able to survive prolonged

harsh conditions with slowly accumulating chilling injury.

Table 1. Origin of the populations of studied butterflies, their mean supercooling point
(SCP * standard deviation and letters indicating differences according to post hoc test
following ANOVA), lower lethal temperature after 24 h exposure (LLT) and lethal time

(Lt) at selected temperature + standard error.

species original locality latitude |longitude | altitude 'SCP [°C] |LLT [°C] |Lt[days]
[°N] [°E] [m]

Erebia Cesky Krumlov, 48.83 14.32 600 -17.0 -21.1 (-18°)
medusa  Czech Republic +2.3° 6.8+1.3
Erebia Praded Mt., Czech 50.08 17.23 1320 -15.1 -15.1 (-13°)
sudetica  |Republic +4.4° 5.2+0.7
Erebia Praded Mt., Czech 50.06 17.23 1460 -22.0 -17.1 -
epiphron  Republic +3.2°

Erebia Soélden, Windachtal, 46.96 11.08 1950 -84 -8.1 -
tyndarus  Austria +2.8°

DISCUSSION

Comparison among species

Among four butterflies from the genus Erebia forming a cline from lowland to
high alpine species, overwintering larvae of the high-alpine specialist E. tyndarus
displayed the lowest tolerance to low temperatures during diapause, regarding both
supercooling point and the lower lethal temperature. In the three other species, the
situation differed for supercooling point and lowest lethal temperature. For the former,
the lowland E. medusa and mountain E. sudetica exhibited intermediate and identical
values, whereas the subalpine E. epiphron displayed the lowest value. For the latter, the
subalpine E. epiphron and the mountain E. sudetica displayed identical intermediate
values, while the lowland E. medusa survived the lowest temperatures. Both measures
of cold hardiness thus reveal a non-intuitive trend of species occurring in the highest
elevations being less tolerant to low temperatures than species from lower elevations.

Perhaps the most surprising result is the poor ability of E. fyndarus to survive low
temperatures. This butterfly inhabits the highest altitudes among the four species
studied, with optimum in the alpine belt (30, 53). This counterintuitive finding suggests

that although E. #yndarus has to cope with a harsh and unpredictable alpine climate

34



during the vegetation season (cf. 3, 18), its diapausing larvae do not experience many
low subzero temperatures during overwintering. This must be facilitated by
overwintering below continuous and thick snow cover, whose insulating properties
ensure rather mild and stable conditions. Exceptional is also the relatively small
difference between SCP and LLT in freeze tolerant E. medusa. The interspecific
comparison was facilitated by using unified acclimation conditions (constant +5°C) for

all species; real conditions in the field may differ among the localities of origin.

Role of snow cover

It has been convincingly demonstrated that thick snow cover significantly
increases soil temperature (11, 22) and can significantly increase survival of hibernating
moth larvae (60, 29, 31, 32) and gall-forming wasps (47). In connection with recent
climate changes, decreasing duration of snow cover was observed at many localities (8,
24). However, central European mountains are humid and snow accumulates during
autumn before very low temperatures occur (62).

Ambient temperatures in the overwintering habitats of E. sudetica and E. epiphron
often drop below their supercooling points, suggesting that insulation by snow cover is
important. In the Jesenik Mts., E. sudetica occurs mainly in wind-shielded valley
headwalls with a high snow accumulation (28), but also at lower-elevated clearings,
where the snow cover is less predictable. In the same mountains (27) and elsewhere in
Europe (4, 10), E. epiphron survives at summit grasslands, where the snow may get
quite low locally due to blowing winds (16). Among ladybirds (Coleoptera:
Coccinellidae), differences in cold hardiness are known to be bound to differences in

overwintering microhabitats on hill slopes and summits (34).

Freeze avoidance and tolerance

The three mountain/alpine species are freeze intolerant, i.e., not able to survive
freezing of their body liquids (62), and avoid this by lowering their supercooling point.
In contrast, the lowland representative Erebia medusa displayed a freeze tolerance
strategy, surviving the freezing of body liquids. This was shown by both survival after
cooling the body back to the supercooling temperature, when gradual freezing of body
water was observed as the exotherm, and by the difference between mean SCP and LLT.
Cumulative chill injury is probably present at least in E. sudetica (35), which thus

belong to the cold hardiness class Snow White (in sense of 36).
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Freeze avoidance appears as a more common and evolutionary ancestral situation
in hexapods in cold environments (50), even in such extremes as in the Antarctic
springtail Gomphiocephalus hodgsoni Carpenter (Collembola) (49). Freeze avoiding
ectotherms are better adapted to climatically stable environments, where they invest into
metabolically costly cryoprotective substances (48). In contrast, freeze tolerance is
favoured in climatically unstable environments, such as the southern hemisphere
oceanic regions with unpredictable frosts (50).

Higher incidence of freeze tolerance evolved in colder arctic and boreal areas (59),
e.g. in the moth Gynaephora groenlandica (Wocke), which repeatedly overwinters in
the high Arctic (25). The incidence of freeze tolerance in the temperate zone was
significantly higher in habitats more exposed to temperature changes (higher probability
of freeze-thaw cycles, 48), which is in line with the adoption of freeze tolerance in E.
medusa, a species of lower-altitudes with unpredictable snow cover. Relatively higher
temperature under snow cover increases utilisation of nutrients. Important metabolic
suppression by freezing was observed in the freeze-tolerant arctiid caterpillar
Pyrrharctia isabella (JE Smith) (32). Freeze tolerance is energetically less costly, and
the evolution of freeze tolerance also in E. medusa appears quite logical.

In contrast with the other three species investigated, E. medusa overwinters as
relative large, third-instar larva (53). Larger body size physically increases the
supercooling point (13) and it, again, may prioritize the freeze tolerance strategy. It is
intriguing in this context that the two largest European Erebia, E. euryale (Esper) and E.
ligea (L.), that inhabit mountain woodlands, overwinter as eggs, and display partial
biennial development (63).

Conclusion

To summarise, the low temperature limits found for the four FErebia
representatives covered by this study form an altitudinal cline opposite to superficial
suggestions as stated in the aims of this study. The patterns found illustrate a great
diversity of ecophysiological adaptations to sustain winter frosts, even within a single
genus. They show that in predicting responses of cold-adapted species to warming
climate we must consider the complexity of both intrinsic (ecophysiology) and extrinsic
(climatic and microclimatic patterns) factors, defining the distribution limits of
individual species. In addition to larval diapause, requirements of both immature and
adult stages during vegetation seasons may have a decisive role. We are still at the

beginning of understanding the species-specific factors, considering the distribution
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changes of habitats, which by definition encompass all the combined needs (6). Last,

but not least, the diversity of winter-surviving strategies in the cold-adapted Erebia

butterflies represents a fascinating challenge for the use of the phylogenetic comparative

method (52).
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Souhrn:

Zlutasek bortivkovy (Colias palaeno (Linnaeus, 1761)) je motyl s boreomontannim
roz$itenim, centrum jeho evropského rozsifeni je v severni ¢asti kontinentu. Ve stfedni
Evropé se vyskytuje lokdIn€ na ostrivcich vhodnych biotopt v horach a na raseliniStich
a v mnoha regionech patti k ustupujicim druhtim.

Studovali jsme ekofyziologii pfezimujicich housenek (chladova odolnost, slozeni
kryoprotektantli, prezivani po ukonceni diapauzy) z dvou rozdilnych populaci (horska
raSelini$tni populace ze Sumavy a vysokohorské populace z italskych Alp).

Ptezimujici housenky motyla jsou citlivé k zmrznuti, jejich letdlni teplota se
pohybovala tésné nad (velmi nizkym) bodem podchlazeni (25 az —27°C). Pti delSich
expozicich housenek z ceské populace teploté —26°C stoupala s delsi dobou expozice,
polovina experimentalnich jedincti zahynula pti dobé expozice 9,4 dne.

Ob¢ populace se znacné liSily v obsahu kryoprotektantt v téle. Housenky z ceské
populace obsahovaly celkové vice kryoprotektivnich latek, ptedevSim glycerolu (5%
hmotnosti) a cukri (trehaldza 0,8%, glukoza 0,2%) nez populace alpska (glycerol 0,3%,
trehaloza 0,6%, glukoza 0,3%). Tyto vyznamné rozdily vSak nemély vliv na chladovou
odolnost housenek, ktera byla u obou skupin srovnatelna, konkrétni role jednotlivych
kryoprotektivnich slozek v procesu chladové odolnosti tak zasluhuje dalsi vyzkum.
Glycerol pravdépodobné zajistuje vysokou odolnost hosenek k vyschnuti. Ve stadiu
piezimujicich housenek je tak motyl velmi odolny k nizkym teplotam 1 vyschnuti pti
srovnani s dal§imi zkoumanymi stfedoevropskymi druhy hmyzu.

Srovnani jarniho vyvoje housenek, umisténych pies zimu v rozdilnych teplotnich
podminkach (konstantni teplota 5°C vs. pfirodni podminky) neukédzalo Zadny rozdil
v piezivani a schopnosti vyvoje k imagu. Rozdil byl pouze v niz§i hmotnosti po
piezimovani u larev umisténych ve vysSi teploté, tento rozdil byl vSak pozdé&ji
kompenzovan pii ptijmu potravy.

Celkové tedy Zzlutédsek bortavkovy patii k velmi odolnym druhiim z hlediska
tolerance k nizkym teplotdm a vlhkosti, coZ pfispiva k jeho schopnosti piezivat na celé

Skale drsnych klimatickych podminek v celém velkém arealu.
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Abstract

Colias palaeno (Linnaeus, 1761) (Lepidoptera: Pieridae) is a butterfly with boreal
distribution with declining populations in peat bogs and subalpine habitats in Central
Europe. We investigated the cold tolerance of overwintering caterpillars from one
mountain population from Czech Republic (960m a.s.l.) and one alpine population from
Italy (2000m a.s.l.). The caterpillars were freeze-avoiding, with lower lethal temperature
close to their very low supercooling point (-25 to —27°C). The Czech mountain
population accumulated high concentrations of glycerol (5% fresh mass) and sugars
(trehalose 0.8%, glucose 0.2%), while the Italian alpine population only moderate
amounts of glycerol (0.3%) and sugars (trehalose 0.6%, glucose 0.3%) without effect on
their cold hardiness. We hypothesize that the high concentration of glycerol contributes
to the high desiccation tolerance. Larvae that overwintered at 5°C had a lower body
mass than those overwintering in natural conditions, indicating a metabolic weight loss,

but both groups survived equally well.
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INTRODUCTION

Low temperatures affect insect survival, particularly in extremely cold environments,
e.g. polar regions and mountains. In such regions, insects have to complete their
development in a very limited part of the season (39) and have to deal with temperature
extremes during overwintering (15, 31). On the other hand, some characteristics of these
unique habitats may contribute to the survival of overwintering insects. Predictable
snow cover insulates grounddwelling organisms against low ambient temperatures,
improving their survival if compared with organisms living in areas with unpredictable
snow cover (10, 33, 52). Similarly, humid Sphagnum tussocks in boggy habitats buffer
against microclimatic fluctuations (49). Survival of extreme winter conditions on these
sites depends on complex adaptations, including various cold hardiness strategies
combined with selection of an appropriate microhabitat (27, 54). From a conservation
point of view, recent changes of temperature and (or) precipitation regimes should be
risky for species inhabiting limited extrazonal habitats, e. g. cold peat bogs or high

mountains (40, 14).

Physiology of overwintering

Each of the two main strategies of coping with subzero temperatures, freeze
tolerance (ability to survive freezing of body liquids) and freeze avoidance (mechanisms
preventing freezing of body liquids) (e.g. 42), is advantageous in certain climatic
contexts (50). Supercooling capacity and protection against chill injury are both
enhanced by the synthesis and accumulation of cryoprotective substances, including
glycerol, glucose, sorbitol and trehalose (45, 38). Glycerol functions as an antifreeze,
decreasing the freezing temperature, and as a cryoprotectant binding free water (32) and
preventing protein denaturation (7). However, the mere accumulation of glycerol does
not provide freeze tolerance (45), it seems to provide cryoprotection only in
combination with other physiological changes (9). Decrease of water content is not

necessary for decreasing supercooling point (SCP) or enhancing survival of insects (30).
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Model species distribution and activity

Colias palaeno (Linnaeus, 1761) (Pieridae), a member of the species-rich and
cosmopolitan genus Colias Fabricius, 1807, is a Boreal zone butterfly, inhabiting a vast
circumpolar range in northern Eurasia, from approximately the 50° parallel northwards.
In addition, it forms multiple relic populations situated more southerly, in higher-
elevated and cooler areas of the temperate zone (51). In North America it is replaced by
the vicarious Colias chippewa Edwards, 1872, inhabiting similar habitats with
Vaccinium host plants (26, 51).

Within its huge range, C. palaeno occurs in a wide range of habitats, provided that
its host plant, Vaccinium uliginosum L., is present. In temperate Central Europe, C.
palaeno occurs as a glacial relic at two main habitat types: cold peat-bogs, i.e. azonal
oligotrophic wetlands in submountain and mountain elevations, from approximately
400m altitude onwards, and open, sometimes drier, heathlands at and above the
timberline in high-elevations of the Alps (5, 6, 47). Adults usually occur from late May
to early August, depending on elevation and weather conditions, males patrolling the
habitat, females ovipositing singly on host plant leaves. Larvae are commonly reported
to overwinter on dry leaves attached to the stems by silk fibre or falling with the leaf to
the ground, mainly in the lower parts of the host plant (19, 28); recent observations from
southern Bavaria, however, show that most caterpillars leave the host plant already in
August and overwinter at Sphagnum covered ground (Dolek et al., unpublished).

Many of the relic populations at southern outposts of the range of C. palaeno are
declining at present (8, 37). This particularly applies for the populations inhabiting
Sphagnum-bogs within submontane and mountain elevational zones. The species is thus
extinct in Belgium (the Ardennes) as well as in northern and some central states of
Germany.

A stronghold of Central European importance is the prealpine hill and bog area in
southern Bavaria, containing hundreds of localities. Since the 1990s, a loss of about
50% of localities occurred in this area (6). Concurrently in the Czech Republic, the
species lost about 40% of its mid-20th century distribution. Local extinctions are also
known from the lower mountains of Austria and Switzerland. In the Alps, C. palaeno
exploits both drier and wet habitats above the timberline, from approximately 1800 m
onwards. Although precise quantitative data on past and current distribution are not

available, the species does not seem to be threatened in the Alps (11).
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Central European populations and high altitude alpine populations are considered
as different subspecies, C. p. europome (Esper, 1778) and C. p. europomene
(Ochsenheimer, 1808), respectively. Direct exchanges of individuals between the
prealpine bog and hill area and the Alps are unlikely.

Several reasons have been implicated to explain the losses of lower-elevation
populations, including habitat degradation (drainage, successional changes) (8), and
climatic warming (cf. 41). Any such conjectures are premature, however, as there is
practically no information regarding the ecophysiological limits of the species’
persistence. Obtaining such information may shed some light on persistence patterns of
northern species in more southerly latitudes, and thus on their future prospects.

In this paper, we investigated the lower thermal survival limits of C. palaeno
diapausing larvae. We compared larvae from two contrasting southerly-situated
populations, one from mountain-zone peat bogs in the Sumava Mts., Czech Republic,
and one from the timberline in the Alps, Italy. We measured how these two
geographically and altitudinally distinct populations differed in their cold hardiness,
expressed as supercooling point, lower lethal temperature and postdiapause survival.
We also studied their physiological adaptations to cold winter conditions through

analysis of body content of cryoprotectants.

MATERIALS AND METHODS

Rearing experimental individuals

We used hibernating caterpillars of C. palaeno, originating from two distinct
localities in the Czech Republic and Italy. The Czech mountain population (Sumava
Mts., 49°02'N, 13°40'E, 960 m a.s.l) inhabits a mosaic of Sphagnum-bog, wet
grasslands and waterlogged Picea abies — Betula pubsecens woodlands. Here, fertilized
females (n = 45) were captured in July 2010, and transported to an outdoor rearing
facility. The Italian alpine population (Alpi Lepontine, 46°10'N, 8°10'E, 2000 m a.s.l.)
inhabits dwarf shrubland habitats at the timberline containing the host plant Vaccinium
uliginosum. Here, we directly collected 30 third-instar larvae from V. uliginosum leaves
in September 2011, and transported them to the same rearing facility.

The rearing facility, located in lowland semi-natural conditions (a half-shaded

garden corner) in Ceske Budejovice, Czech Republic (49°00'N, 14°25'E, 400 m a.s.l.)
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consisted of wired cages (50 x 50 x 100cm) covered by nylon mesh. Each of the cages
contained a flower pot with a V. uliginosum plant.

From the mountain population, we released up to five females into each cage and
fed them with a 5% sucrose solution to increase their life span and hence the number of
eggs laid. After the larvae hatched, we let them develop without disturbance, except for
watering the host plants. In the first decade of November, after the larvae stopped
feeding and entered winter diapause, being rolled in dry leaves of V. uliginosum
attached to stems, we transferred the pots to an air-conditioned room with constant 5°C
temperature and about 40% humidity. The plants were regularly sprayed with water to
avoid desiccation.

Larvae from the alpine population were already showing signs of entering
diapause when released to the cages. After a few days in the rearing facility, they were

treated identically as the mountain ones.

Cold hardiness measurements

In January, we removed individual larvae from the host plant and measured their
cold hardiness. The supercooling point (SCP) was measured individually in sixteen
individuals per population using a line recorder with hand-made thermocouples (18),
which were attached to the body of the experimental caterpillars (12). Larvae were
gradually cooled above liquid nitrogen and cooling rate was controlled at 1 degree per
minute. After the exotherm appeared on the line recorder, the larva was kept in the
cooling device until its body temperature decreased again to the value of crystallization
temperature. The chamber was then removed from the cooling device to an ambient 5°C,
the body temperature was left to increase (after body ice melted). The larva was then
removed from the chamber and kept in a Petri dish at 5°C for 24 hours. Survival was
subsequently checked at 20°C as presence of spontaneous movement or reaction to
mechanical stimuli.

To measure lower lethal temperature (LLT), groups of ten larvae were put on dry
filter paper in a Petri dish, and placed in a pre-cooled incubator. The dishes were
situated in a box insulated by plastic foam and granular ice from its surroundings to
provide slow cooling on a negative exponential basis to the set up temperature measured
inside the dish by resistor thermometer. Series of temperatures close to and above SCP

were used. Larvae were removed after 24 hours and treated as above to check their
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survival. LLT50 was calculated using the logistic regression method in Statistica 10 (46)
software package.

We also measured lethal time (Lt) at selected temperature above SCP using the
same method as for LLT, with exposure times from one to seven days. Again, Lt50 was

calculated using logistic regression.

Analysis of cryoprotectants

Eighteen individuals from the mountain population and seven individuals from the
alpine population were analyzed individually. Diapausing larvae were frozen at —80°C,
then melted, homogenized in 70% ethanol, samples centrifuged, supernatant derivatized
with O-methylhydroxylamine (oximation) and trimethylsilylimidazol (silylation). After
derivatization, the concentrations of low-molecular mass sugars and polyols (putative
cryoprotectants) were determined by gas chromatography coupled to mass spectrometry
(23, 25). Chemicals used during analysis were purchased from Sigma-Aldrich Co.
Concentrations were expressed as pug/mg fresh body mass. Differences between the two
populations were analyzed using ¢-test with independent samples (Statistica 10).
Standard probability value of 0.05 for decision of significance was lowered in this series
of several parallel tests (Table 1) using the Sidak correction (1).

In addition to #-tests, we also used the redundancy analysis (RDA), a constrained
ordination method that compares the entire composition of samples with respect to
external predictors; in this case, entire polyol profiles with respect to the origin of the
individuals. We used the CANOCO programme, statistically testing for the difference

between populations using the Monte-Carlo permutation test with 999 repetitions (29).

Postdiapause growth

Ten caterpillars from the mountain population that overwintered outdoors and ten
that overwintered at constant 5°C were transferred in April to laboratory rearing
conditions: 14L:10D photoperiod and 20°C. They were placed individually into Petri
dishes (15 cm diameter) and fed with V. uliginosum twigs with young leaves. Their
body mass was measured after the transfer and then after one and two weeks. Pupation
and adult eclosion were recorded, sex of the adults was determined. Differences
between the two treatments were analyzed by ¢-test with independent samples (Statistica

10).

48



RESULTS

Cold hardiness

Overwintering larvae of Colias palaeno did not survive SCP measurements with
freezing of their body fluids, and thus exhibited the freeze-avoiding strategy. Mean SCP
(£SD) were —24.84+3.9°C (mountain population) and —26.8+2.7°C (alpine population);
the difference was not significant (z-test: 30 = 1.72, P = 0.10). The lower lethal
temperature, estimated for the mountain population only (—26°C), was very close to the

SCP. Survival of overwintering larvae of the mountain population at —26°C decreased
ol 56-0.167. £D
1.56-0.167.ED , Lt50 was

with exposure duration according to logistic regression 5=

1+e
9.4 days. It follows that hibernating larvae of C. palaeno are highly cold-resistant, able

to survive extreme winter conditions.

Polyols

The Czech mountain population larvae exhibited much higher total concentrations
of polyols and sugars, mainly glycerol and trehalose, than the alpine Italian population.
On the other hand, the alpine population larvae had a higher concentration of glucose
(Tab. 1). Glycerol formed by far most of the osmotically active body substances in the
mountain population, whereas trehalose, followed by glucose and glycerol in
comparable concentrations, were most prominent in the alpine population. Another
sugar that had concentration about 1 pg/mg was saccharose, in both populations,
whereas the other compounds were present in concentrations too low to substantially
contribute to cold hardiness and they did not differ between the two populations. RDA
analysis (Fig. 1) also pointed to a highly significant difference between the two

populations in the composition of cryoprotective polyols.
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Table 1: Contents of cryoprotectants in overwintering caterpillars of Colias palaeno
expressed in ug per mg fresh mass. Differences between the Czech mountain and
Italian alpine populations significant on the adjusted probability level are expressed in
bold.

Czech mountain Italian alpine

Mean SD Mean SD t P
Glycerol 4772 2153 2901 2.155 5.43 0.000016
Arabinitol 0.167 0.032 0.191 0.073 1.17 0.25
Ribitol 0.031 0.013 0.031 0.019 0.01 0.99
Fructose 0.360 0.068 0.442 0.129 2.09 0.048
Glucose 1994 0417 2971 0.958 3.62 0.0014
Mannitol 0.159 0.027 0.210 0.071 2.61 0.016
Sorbitol 0.248 0.041 0.304 0.109 1.91 0.068
Myo-inositol 0 0 0.036 0.094 1.66 0.11
Saccharose 1.163  0.391 0.841 0.271 1.99 0.059
Trehalose 8.397 1.860 5.237 2509 3.46 0.0021
Threitol 0.041 0.028 0.055 0.018 1.26 0.22
Erythritol 0.078 0.067 0.127 0.044 1.78 0.088
Ribose 0.099 0.058 0.150 0.046 2.05 0.052
p3 6046 2154 1350 3.947 5.66 0.000009
© Glycerol
© Saccharose
Trehalose ibitol Threitol Ribose
Glucose Mannitol
<C . Myo-inositol >~
Z i It
ErythritOI Fructose Arabinitol
< Sorbitol
o
! L t t t t
1.0 1.0

Fig. 1. Profiles of polyols in the Czech mountain (Cz; n=18) and ltalian alpine (It; n=7)
overwintering larvae of the butterfly Colias palaeno. RDA ordination diagram (1st and
2nd ordination axes). The origin of samples (Cz vs. It) explained 68% of variation in the
polyol profiles; the proportional variation attributable to individual ordination axes was
0.678 (1st), 0.270 (2nd), 0.040 (3rd) and 0.006 (4th). Monte-Carlo test: F = 48.5,
P < 0.001.
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Postdiapause growth

The initial body mass of caterpillars after overwintering in natural conditions was
slightly higher (10.8+2.1mg) than after overwintering at constant 5°C (8.6+2.2mg; 16 =
2.18, P =0.044). The difference after one week (54+14mg vs. 37+20mg; 114 = 1.86, P =
0.083) was not significant due to a high variability in the 5°C treatment. The smaller
individuals that overwintered at constant 5°C grew more slowly than the larger ones,
however, so that the individual differences in body mass increased. After two weeks,
differences in body mass between the two treatments were not significant (238+79 vs.
212+115 mg; ¢12 = 0.49, P = 0.640), although the individual differences within 5°C
treatment were still apparent. Pupation was delayed in the smaller individuals; the post-
diapause larval development lasted 19 days in the fastest individual and 31 days in the
slowest one. However, the differences in body mass and duration of development might
be influenced by the bias in sex of individuals, because there were more females
(6F:1M) in the outdoor treatment and more males (2F:5M) in the 5°C treatment.
However, the mass after two weeks did not differ between the two sexes (females:
247490, males: 261£32 mg; 110 = 0.27, P = 0.691). Postdiapause survival was 7 out of

& and 7 out of 10 individuals in the two treatments.

DISCUSSION

Cryoprotectants

Interestingly, the two populations differed substantially in the content and composition
of cryoprotectants. Although the samples differed in their previous history and year of
sampling, the long acclimation procedure was equal for them. It seems that the high
content of glycerol, found in the mountain but not in the alpine population, is not
necessary for efficient cold hardiness. There are examples of other Lepidoptera with
both positive and no relationship between glycerol content and cold hardiness. Changes
in glycerol content from November through December to March correlated with SCP in
the Asiatic rice borer Chilo suppressalis (Lepidoptera: Pyralidae): 34, 41, 22% of
haemolymph; —11, —13, —5°C; while trehalose content did not (21). For field-collected
larvae of the European corn borer Ostrinia nubilalis (Lepidoptera: Pyralidae), SCP
remained low in November and December (—24 and —24.5°C) and increased in February

(-23°C), while the glycerol concentration increased during this period (probably 0.6, 2.8,
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10.5% — there is a mismatch in magnitudes in the article) and trehalose content
remained about 0.1% (3). In the forest tent caterpillar Malacosoma disstria (Lepidoptera:
Lasiocampidae), glycerol content was about 16% dry weight in November and January
while only about 3% in August and April. However, SCP remained between —30°C and
—35°C all year round (48). In larvae of Sesamia nonagrioides (Lepidoptera: Noctuidae),
mean SCP values decreased from —6 to —9°C from November to December together
with an increase of trehalose concentration from 0.7 to 5.2% fresh weight, while
glycerol content remained at about 5%. However, SCP was lowest in February (-9.2°C)
while both trehalose and glycerol contents dropped (0.3; 0.5%) (4).

The higher concentration of glucose in the alpine population can be explained as
retaining the initial intrinsic higher content of the source for synthesis of other
cryoprotectants, while in the mountain population, the source was mostly utilized for
this purpose. Such inverse pattern was found in the forest tent caterpillar, Malacosoma
disstria (Lepidoptera: Lasiocampidae) (48).

The high glycerol concentration in C. palaeno may rather function as a protection
against desiccation since glycerol is hygroscopic. The caterpillars survived several
months of exposure at constant 5°C and low relative air humidity with no apparent
changes in body structure. Unfortunately, we did not measure their water content. Under
snow, in the Alps, humidity is 100% from November until April. Snow cover may be
temporarily low in the Bavarian and Czech mountains, and twigs with caterpillars
exposed. Low temperatures in field (Fig. 2) interact with low humidity on twigs. The
relationship between drought and glycerol content during winter was studied in larvae
of the rice stem borer Chilo suppressalis: glycerol concentration was significantly
higher (48% of haemolymph) and SCP lower (-10°C) at low soil moisture (25%) than
at higher moisture (35%, —7°C). Trehalose concentration displayed an opposite trend

(20).

Survival

Overwintering caterpillars of the butterfly Colias palaeno were freeze-avoiding,
with lower lethal temperature close to the supercooling point. The measures of cold
hardiness in two widely separated populations were extremely low in comparison to
numerous insect species occurring in temperate Central Europe (e.g., SCP in ladybirds
Coccinella septempunctata: —15°C, Ceratomegilla undecimnotata: —19°C (36); bugs
Pyrrhocoris apterus: —15°C (22); Graphosoma lineatum: —17°C to —18°C (44); five
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gerrid semi-aquatic bugs: SCP: —10.5 to —-20.5°C, LLT: -8 to —16°C (16). The
supercooling point was similar in magnitude to the mountain bark beetle Ips
typographus: —20 to —22°C (24), and the alpine butterfly Erebia epiphron (—22°C),
which inhabits similar habitats as the C. palaeno mountain and alpine populations,
respectively. E. epiphron nevertheless displayed higher values of LLT (-17°C), while
two of its congeners of alpine habitats, E. tyndarus and E. sudetica, displayed still
higher values: —8 to —15°C (52). In three other species of Colias butterflies, both
lowland and alpine, SCP was much higher (-18 to —14°C) (53).

In any case, the values found for C. palaeno document a safe survival of low
temperatures by its overwintering larvae. Furthermore, the two C. palaeno populations
did not differ in cold hardiness, although the Czech mountain population likely
experiences occasional snow-melts, while the Italian alpine population is likely
insulated by snow for most of the winter. This is well illustrated using temperature
measurements from the Italian alpine population, and from a population in Bavaria,
inhabiting conditions similar to the Czech mountain population studied here (Breitmoos
peat bog, 47°45'N, 12°46'E, altitude 400 m) (Fig 2). Evidently, low subzero
temperatures are never experienced by the larvae overwintering in the moss layer and
insulated by snow. They can be, however, experienced by larvae spending winters at
host plant twigs. It would be worth to quantify the fraction of individual populations
overwintering in these frost-exposed situations, contrary to those overwintering in the
moss layer, because only the former larvae might be threatened by deep frosts. Even at
the twigs, however, temperatures below -20°C occurred for only brief periods of time,
while several days of continuous exposure to such frosts would be necessary for
substantial mortality. The role of snow cover for survival of lepidopteran larvae was

recently stressed (34, 52).
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Fig. 2. Comparison of minimum and maximum daily temperatures likely experienced by
overwintering larvae of the butterfly Colias palaeno. a) A mountain population
(Breitmoos peat bog, southern Bavaria), measurements taken next to twigs of the
Vaccinium uliginosum host plant (plant) and on the ground (moss layer). b) An alpine
population (Alpi Lepontine, Italy), measurements taken at 1.5 m and near the ground

(10 cm, where larvae start overwintering diapause). Note that the two measurements
cover different periods of time.

The C. palaeno larval overwintering at constant temperature, which was relatively
higher than the temperatures experienced outdoors, was probably accompanied with a
higher metabolic rate, and resulted in higher mass loss. Depletion of energetic reserves
even at moderately low winter temperatures was reported in caterpillars of the oak
processionary moth Thaumetopoea processionea (Lepidoptera: Notodontidae) (35) and

the parasitic wasp Aphidius colemani (Hymenoptera: Aphidiinae) (13). Our caterpillars
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survived the unnatural conditions of constant 5°C well, compensating for their mass loss
after the onset of feeding and successfully developing into adults.

In any case, the unusually high cold hardiness and desiccation tolerance arguably
contribute to C. palaeno’s wide distribution. Its larvae experience a wide diversity of
conditions, from northern tundra and boreal woodlands to high altitudes, and may even
experience deep frosts if overwintering at host plant twigs in more continental parts of
their ranges.

The reasons of the C. palaeno low latitude populations’ recent decline remain
unexplained, the overwintering abilities of the larval stage safely rule out overwintering
larval mortality as the responsible factor. Neither relatively higher average winter
temperatures that appear as a consequence of climate warming nor very low
temperatures and low humidity that may occur in the overwintering microhabitat due to
decreased snow cover would cause a substantial larval mortality. Causes of the declines
should be sought for in other factors, such as (possibly climate-driven) changes in host
plant quality (cf. 2), possible phonological mismatches between larval spring emergence
and host plant leaves flushing (cf. 43), or perhaps increased infestation by pathogens or
parasitoids (cf. 17) or microclimatic conditions during summer development. In any
case, results of this study highlight the efficiency of low temperature adaptations of
cold-adapted insects, and point to a possibly high diversity of physiological mechanisms

to achieve their impressive cold hardiness.
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Souhrn:

Studie se zabyva body podchlazeni u ptezimujicich housenek ¢tyt sttedoevropskych
motyli z celosvétoveé rozsiteného rodu Colias. Vybrané druhy reprezentuji riizné typy
biotopa v riznych klimatickych podminkéch, od suchych stepnich trdvniki po chladné
alpinské hole a raSelinisté.

Zjisténé  hodnoty dobie reflektuji velkou diverzitu adaptaci k rliznym
enviromnentdlnim podminkam. Nejniz§i hodnota (-24,8°C) byla zjiSténa u
raseliniStniho a horského Zlut'dska bortvkového (Colias palaeno), vyssi hodnoty byly
zjistény u stepniho specialisty C. alfacariensis (—18,6°C), nizinného generalisty C.
hyale (—14,5°C) a specialisty alpinskych travnika C. phicomone (—13,8°C). Housenky
vSech studovanych druhti byly citlivé ke zmrznuti. Housenky teplomilného
sttedomoiského migranta C. crocea vesmes nepiezily dvoutydenni aklimaci pfi teploté
5°C, coz ukazuje, ze trvaly vyskyt motyla je pravdépodobné limitovan na nejteplejsi
sttedomofiské pobiezi a ostrovy.

Srovnani bodi podchlazeni téchto druhli je pouze prvnim krokem k pochopeni
jejich komplexnich ekofyziologickych adaptaci, mohou vSak jiz reflektovat diverzitu
podminek v obyvanych oblastech a biotopech. Obdobné jako u diive studovanych
okaci rodu Erebia, nesleduji zjisténé hodnoty klimaticky gradient od teplejSich oblasti
k chladnéj$im, ale reflektuji spiSe mikroklimatické podminky na mistech, kde housenky

prezimuji s pravdépodobné vyznamnym vlivem piitomnosti snéhové pokryvky.
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Contrasting supercooling ability in lowland and mountain European
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Abstract  We report different values of supercooling points (SCP) of overwintering larvae of
4 European species belonging to the globally-distributed butterfly genus Colias. The selected
species represent diverse habitat and altitude preferences, from dry and warm steppe grasslands
to alpine meadows and peat bogs. The Mediterranecan migrant C. crocea Geoffroy did not
survive the acclimation temperature of 5°C. All 4 remaining species were freeze-susceptible.
Colias palaeno (L.), a peat bogs species, showed a high degree of cold hardiness (mean SCP:
—24.8°C). It was followed by the steppe grassland specialist C. alfacariensis Ribbe (—18.6°C).
Alpine C. phicomone (Esper) (—13.8°C) and lowland generalist C. hyale (L.) (—14.5°C)
exhibited similar high values. We argue that besides ambient temperature, the specific
microclimate at overwintering sites, and continentality influencing snow cover influence the

diversity of cold hardiness in Colias butterflies.

Key words  butterfly ecology, diapause, frost survival, mountain habitats, grasslands,

Palaerctic region, Pieridae

Temperature is one of the most important environmental factors influencing insect
survival. This is particularly prominent in cold mountain or polar regions, where insect
activity is restricted to only short periods of the year and complex strategies of winter
period survival have evolved (Roff 1980, Boggs and Inouye 2012). The bulk of
Lepidoptera cold hardiness studies target pest species (e.g., Andreadis et al. 2008, Hou

et al. 2009), with only few studies focusing on species native to arctic or alpine (Dillon
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et al. 2006, Vrba et al. 2012) environments. These species, however, may be particularly
sensitive to temperature-mediated habitat loss caused by recent climatic warming
(Boggs and Murphy 1997, Dirnbock et al. 2011, Konvicka et al. 2003). The
ecophysiological adaptations and constraints restricting cold-adapted specialists to cold
environments remain largely unknown.

Each of the 2 insect cold hardiness strategies (freeze tolerance and freeze
avoidance) seems to be advantageous in certain climatic contexts (Turnock and Fields
2005). The role of microclimate at overwintering sites is also important, mainly the
buffering role of snow cover or moss hummocks (Marshall and Sinclair 2011b, Vrba et
al. 2012). Winter survival, thus, depends on combinations of physiological mechanisms
and microhabitat use (Layne et al. 1999, Wagner et al. 2012). Because freezing is lethal
for freeze avoidant species, their SCP is slightly lower than, or equal to, their lower
lethal temperature, and SCP gives a rough estimation of their cold hardiness.

The species-rich globally-distributed butterfly genus Colias (F.) (Lepidoptera:
Pieridae) is remarkable for its diversification in a wide range of nonforested habitats,
from tropical savannas and temperate grasslands to arctic and alpine tundras (Verhulst
2000 - 2001). Out of about 80 species described to date, 9 species occur in Central
Europe, but even here, they display remarkable diversity of altitude ranges (lowland to
alpine), habitats (wetlands to dry steppes), and life histories (sedentary, partial and
obligatory migrants) (Tolman and Lewington 2008). All species overwinter as larvae,
which facilitates comparison of larval cold hardiness.

We report here how overwintering larvae of 5 ecologically divergent European
Colias species differ in their cold hardiness, mainly supercooling points, and related
cold-survival strategies. We initially hypothesised that species inhabiting cooler
mountain environments should exhibit lower SCP wvalues than lowland species.
Alternatively (cf. Vrba et al. 2012), species occurring in regions and habitats with
reliable insulation by snow cover may abandon the investment to antifreeze adaptations,
which may result in higher SCP values than in species overwintering in habitats with

little snow.

Materials and Methods

The 5 studied species form an altitudinal cline from alpine cold habitats to warm

lowlands (Verhulst 2000 - 2001, Tolman and Lewington 2008). Colias phicomone
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(Esper) 1s an alpine species, restricted to Europe and distributed in the Cantabrian Mts.,
Pyrenees, Alps and Eastern Carpathians. Its altitudinal range is 900 - 2500 m, its
habitats include alpine grasslands and pastures, its larvae feed on various Fabaceae (e.g.,
Astragalus, Medicago, Trifolium). The development is univoltine, with one generation
per year.

Colias palaeno (L.) is a widely-distributed species of the Eurasian Boreal zone,
with more southerly outposts in mountainous regions between France and Japan. Its
habitats include open taiga woodlands, peat-bogs and alpine heathlands, provided that
its single host plant, Vaccinium uliginosum L., is present. The altitude range in Central
Europe 1s 400 - 2200 m. A single generation occurs per year.

Colias hyale (L.) is distributed from Central Europe to NE China. In Central
Europe, it occurs from sea level up to approx.. 1800 m on a wide-range of nonforested
habitats, preferring farmlands with Fabaceae fodder crops used as larval host plants (e.g.,
Medicago sativa, Trifolium spp.). The species is polyvoltine, regularly forming three
generations per year in lowland Central Europe, and behaves as a highly mobile partial
migrant in northern part of its range.

Colias alfacariensis Ribbe, 1905

This steppe grasslands specialist is distributed from southwestern Europe to
Central Asia. In Central Europe, it displays a distinct association with dry and warm
seminatural grasslands in lower-elevated regions. Its larval hosts include Coronilla
varia and Hippocrepis comosa. Polyvoltine species with three generations per year in
Central Europe.

Colias crocea (Fourcroy, 1785)

an obligatory migrant, permanently surviving in the Mediterranean region and
regularly advancing toward Central and Northern Europe with progression of season. It
can reach Central Europe already in early summer, but the highest numbers are
encountered from late August to October, corresponding to the third or fourth annual
generation. Often encountered on Fabaceae field crops.

Wild-captured fertilized females of each studied species were left to oviposit in an
outdoor rearing facility in lowland seminatural conditions in Ceske Budejovice, Czech
Republic (49°00°N, 14°25°E, 400 m a.s.l.). Colias crocea, C. hyale and C. alfacariensis
were captured as the autumn generation in lowlands of the Czech Republic. The two

univoltine species, C. palaeno and C. phicomone, originated from mountain peat-bogs
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in Sumava Mts., SW Czech Republic (49°00°N, 13°34’E, altitude 400 m) and Otztaler
Alps, Austria (46°58°N, 11°05°E, altitude 2000 m), respectively.

The rearing facility, situated in a half-shaded garden corner, consisted of wired
cages (50 x 50 x 100 cm) covered by nylon mesh. Each cage contained 2 flower pots
with the respective host plants. We released up to 5 females into each cage, fed them by
5% sugar solution to maximize their life span and hence the number of eggs laid. After
the larvae hatched, we left them to develop without disturbance, except for watering the
host plants.

During November, we transferred the dormant larvae from outdoor cages to a
constant laboratory temperature of 5°C for standardized acclimation. They remained
stored at this temperature until early January.

Sixteen larvae per species were used to estimate the supercooling point (SCP),
using a thermocouple device (Brunnhofer et al. 1991). The cooling rate was controlled
at 1 degree per minute. After the exotherm appeared, the larva was kept in the cooling
device until its body temperature decreased again to the value of the crystallization
temperature. The chamber was then removed from the cooling device, the body ice left
to melt and the body temperature was left to increase to 5°C. The larva was then
removed from the chamber and kept in a Petri dish at 5°C for 24 h. Subsequently, it was
transferred into the laboratory, and survival was checked as presence of spontaneous

movement or reaction to mechanical stimuli.

Results

Of the 46 C. crocea larvae tested, none survived the acclimation temperature
(5°C). They were gradually dying in the cold room, and no surviving larvae were found
after 2 weeks.

The remaining 4 species exhibited the freeze-avoidant strategy, not surviving
freezing of their body fl uids. The mean SCP differed among species (F' = 11.73, df = 3,
P < 0.0001). The strongest degree of cold hardiness, with the extremely low value of
SCP =-24.8 + 3.9°C, was found in the mountain butterfl y C. palaeno, whose SCP was
significantly lower than in all 3 remaining species (Tukey HSD: P < 0.05). The steppe
grasslands specialist C. alfacariensis displayed the second lowest value (—18.6 = 8.1°C);

it differed from C. palaeno, but not from the remaining 2 species (Tukey HSD:
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P < 0.05). Still higher and similar values were found in the alpine species C. phicomone

(—=13.8 £ 3.5°C) and the common farmland species C. hyale (—14.5 + 4.0°C) (Fig. 1).

Discussion

Identification of supercooling point and cold hardiness strategy represents just the
necessary first step toward understanding of how insects survive cold parts of the year.
The differences among 5 Colias butterflies inhabiting Central Europe, however, nicely
reflect the diversity of conditions within their distribution ranges.

Colias palaeno, the most cold-hardy species, inhabits a huge northern geographic
range, within which it occupies a variety of habitats including humid bogs of European
low mountains, heathlands above the timberline, boreal forest openings, and treeless
tundra (Verhulst 2000 - 2001). Whereas, snow cover insulates the diapausing larvae
from deep frosts in oceanic parts of the range, the frosts become deeper and snow cover
less reliable in more continental regions of Eurasia. We show elsewhere (Vrba et al.,
unpubl data) that C. palaeno’s lowest lethal temperature (—26°C) is very close to the
SCP in this species and that, at this temperature, 50% of individuals survive for almost
10 days. Colias palaeno larvae, thus, appear adapted for surviving extremely cold
temperatures, even without insulation by snow, which makes it one of the most cold-
hardy butterfly species assessed so far.

The distribution of C. alfacariensis, with the second-lowest SCP value, includes
steppic grasslands of continental Eurasia. In these continental areas, its larvae likely
encounter deep continental frosts with little snow cover (c¢f. Li and Zachariassen 2006),
requiring good cold hardiness adaptations. The SCP value found for this species,
however, is within the range commonly reported for temperate Lepidoptera (e.g.,
Dennis 1993).

A counterintuitive situation applies to C. phicomone, a species of alpine
grasslands with low ambient winter temperatures. We have shown elsewhere, using the
predominately mountain butterfly genus Erebia Dalman, that species of the high alpine
habitats can display higher SCP (E. tyndarus Esper: —8.4 + 2.8°C) than related species
of the mountain belt (E. sudetica Staudinger: —15.1 + 4.4°C) or lowland species (E.
medusa Denis & Schiffermiiller: —17.0 = 2.3°C) (Vrba et al. 2012). The most obvious
explanation is again insulation by snow cover (Marshall and Sinclair 2011a,b), which is

durable and hence reliable at high altitudes in European mountains, probably allowing C.
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Fig. 1. ANOVA comparison of supercooling points among four European species of
Colias butterflies. Means and SD of values measured in sixteen diapausing
3rd instar larvae per species.

phicomone and other high alpine butterflies to abandon their freeze protection, in
contrast to congeneric butterflies of continental steppes. A corresponding difference was
found in 2 syntopic ladybird beetles; whereas Ceratomegilla undecimnotata (Schneider)
overwintering exposed to air had a mean SCP of —19°C, Coccinella septempunctata (L.)
overwintering at ground level insulated in plant material had a SCP of —15°C (Nedved
1993).

Due to unpredictable snow cover, C. hyale frequently encounters snowless
episodes in lowlands of temperate Europe. Its SCP value, however, was similar to that
of alpine C. phicomone, seemingly contradicting the snow cover explanation for the
alpine species. On the other hand, C. hyale is a highly mobile species, considered as
“partial migrant” by some authors and not able to overwinter in more northerly

countries (Asher et al. 2001). Its high SCP value provides indirect evidence that its
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occurrence in more northerly locations depends on immigration from regions with
milder winters.

The Mediterranean migrant C. crocea did not survive the acclimation temperature
of 5°C. At such a temperature, the majority of lepidopteran larvae would stop feeding,
entering a quiescence, if not already being in diapause. Ability to increase cold
hardiness during cold acclimation is generally dependent on previously entering the
diapause state (Kost'al et al. 2011). This result confirms that no proper diapause exists in
C. crocea (cf. Tolman and Lewington 2008), but also suggests that C. crocea winter
larvae cannot survive in those parts of the Mediterranean basin where temperatures drop
below 5°C for continuous periods of several weeks, precluding them to heat up and feed
for at least parts of days. This effectively restricts C. crocea winter distribution to such
thermally favorable parts of the Meditarranean as islands and coastal lowlands.

Given the diveristy of Colias SCP wvalues, it is tempting to speculate on
phylogenetic apsects of the pattern. Unfortunately, no comprehensive Colias phylogeny
has been published, and the existing studies focus on either North American (Pollock et
al. 1998, Wheat and Watt 2008, Schoville et al. 2011) or European (Brunton 1998)
representatives, with minimum overlaps in taxa sampling. The phylogeny by Brunton
(1998) suggests that northern and presumably cold-hardy species (represented by C.
palaeno n this study) should be ancestral, with subsequent radiation into a clade
containing temperate species with moderate SCP values (including C. hyale, C.
alfacariensis and C. phicomone), and a clade containing Mediterranean and/or migrant
species (including C. crocea). From this hypothesis, efficient cold hardiness in ancestral
Colias spp., weakened as their descendants dispersed toward warmer areas, is
expectable. This is contradicted by Pollock et al. (1998) or Wheat and Watt (2008), who
proposed the Palaearctic migrants C.crocea and C. erate (Esper) as ancestral. Until a
more comprehensive phylogeny encompassing both Eurasian and American
representatives is available, speculations onto the evolution of cold hardiness variation
within Colias remain premature.

In conclusion, the values of the supercooling point in the freeze avoiding larvae of
European Colias butterflies do not follow a simple temperature-related gradient, and
both very low and moderate SCP values exist in both mountain and lowland species.
Besides ambient temperature, individual species thermal niches are influenced by the
reliability of snow cover (continentality gradient), and the migration ability allowing

some species to regularly recolonise thermally suboptimal habitats.
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Summary

Our research on hibernating larvae of four Erebia butterflies showed that even closely
related (congeneric) species may employ contrasting strategies of cold hardiness: freeze
tolerance (ability to survive freezing of body tissues) and freeze avoidance (decreasing
freezing temperature using cryprotectants). The only species exhibited freeze-tolerant
strategy was the predominantly lowland representative, Erebia medusa; this species also
showed the lowest lethal temperature (—21°C). Mountain representatives E. epiphron
and E. sudetica displayed intermediate values; in E. epiphron the lethal temperature was
about 5°C higher than supercooling point, which points to sensitivity to accumulating
chill injury, not connected to freezing. The highest lethal temperature (—8.1°C) was
found in the alpine species E. tyndarus. Related Erebia butterflies thus form a
counterintuitive altitudinal cline of cold hardiness, with lowland species displaying
strong cold tolerance, whereas alpine species cannot withstand extremely low
temperatures; this is likely due to insulation of their mountain habitats by snow,
contrasting with lowland habitats exposed to fluctuating temperatures.

Overwintering larvae of Colias palaeno, boreo-montane species inhabiting cold
peat bogs, exhibit extremely strong cold and desiccation tolerance. Using freeze-
avoiding strategy, lethal temperatures by short-term expositions was about —26°C. By
comparing two geographically distinct populations, substantial differences in contents
of cryoprotective substances was found; surprisingly with no effect on their cold
hardiness, which was comparable. Comparing postdiapause survival of larvae
overwintering in different temperature treatments (constant 5°C vs natural conditions)
showed no differences in survival and development into adults. Hovewer, initial spring
body mass of larvae overwintering in warmer treatment was lower, but compensated by
spring feeding. Thus, this species is apparently able to survive in wide variety of harsh
conditions in cold northern and boggy habitats.

Identifications of supercooling points of four related Colias butterflies hibernating
larvae confirmed a wide diversity of adaptations on environmental conditions. The
mentioned species C. palaeno exhibited the lowest value (—24.8°C), followed by steppe
grassland specialist C. alfacariensis (—18.6°C), lowland generalist C. hyale (—14.5°C)
and alpine grassland specialist C. phicomone (—13.8°C). Additionally, our attempts of
ascertain these values for the mediterranean migrant C. crocea failed due to death of all

experimental larvae in acclimation temperature (5°C) during two weeks, which
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probably limits its permanent occurence to the warmest mediterranean coast and islands.
Although this comparison represents only the first step in understanding in their overall
cold hardiness, it convincingly reflects the diversity of conditions within distribution
ranges and habitats. All studied species were freeze-avoiding, distribution of values of
their supercooling points (counterintuitivelly, analogically to the Erebia group) did not

follow temperature-related gradient of their habitats.

Future perspectives

Our results of winter cold hardiness and survival of temperate butterflies allowed us
insight to the diversity of strategies used for winter survival, however, in confrontation
with existing literature and our experiences with captive rearing, brought more
questions than answers. We are still on the beginning of understanding, how individual
species cope with very complex environmental and microhabitat conditions.

Focusing on temperature, more complex and ecologically relevant experiments are
needed, especially longer-term survival of different temperature regimes in various
stages of diapause, including invetigations of temperature fluctuations. This will
posssess a more realistic tool for predicting insect winter survival, taking into account
potential reparatory mechanisms of non-freezing cold injury or longer-term influence on
metabolim of an overwintering insect. In association with this, the potential effect of
environmental humidity must be taken into account, because it can influence the cold
tolerance fundamentally, as we show in Chapter I.

In association with cold tolerance, more detailed investigations of the role of
cryoprotective substance in various stages of the season (diapause) is needed, because
their role in specific stages of winter cold hardiness is not sufficiently known (Chapter
II.). And finally, the phylogenetic aspect of cold tolerance diversity should be
investigated, namely in the genus Colias, where no comprehensive phylogeny has been

published so far (Chapter III.).
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Appendix

Supercooling points (SCP) of hibernating larvae of Erebia butterflies when body was in

contact with ice

species original locality latitude | longitude | altitude | SCP Survival
[°N] [°E] [m] [°C] after 24h

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -3,35 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -4,59 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -5,56 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 2,1 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -7,31 No
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -0,26 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -1,06 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -2,33 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -3,44 Yes
Czech republic

Erebia medusa Cesky Krumlov, 48.83 14.32 600 -0,18 Yes
Czech republic

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -4,77 Yes
Austria

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -2,58 Yes
Austria

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -2,17 Yes
Austria

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -1,03 Yes
Austria

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -2,67 Yes
Austria

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -3,66 Yes
Austria

Erebia tyndarus So6lden, Windachtal, | 46.96 11.08 1950 -2,06 No
Austria

Erebia sudetica Praded Mt., Czech 50.08 17.23 1320 -5,36 Yes

Republic
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