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1. Shrnout zndmé udaje o vlivu teplotnich zmén na stabilitu druhovych interakci
a jejich dasledkt pro potravni sité.

2. Provést laboratorni experiment za UCelem zméfeni intenzity predace a rychlosti
metabolismu predatora i kofisti ve tfech teplotach.

3. Ziskané udaje vyhodnotit pomoci modernich statistickych metod.



Uvodni komentar

Klimatické zmény

Globalni zmény v oblasti zivotniho prostfedi, zejména klimatické zmény
a zvySovani prumérnych teplot, podtrhuji dilezitost zkoumani vlivi kli¢ovych abiotickych
a biotickych faktor ovliviiujicich nejen samotné druhy, ale | druhové interakce (Tylianakis
et al. 2008; Shurin et al. 2012; Cahill et al. 2013). Tyto zmény jsou povazovany za hlavni
ohrozeni globalni biodiverzity, jez muze vést k vymieni tisict druh zivoc¢icht b&hem

ptistiho sta let (Barnosky et al. 2011; Bellard et al. 2012).

Pfimé vlivy teploty na jedince a populace

Piimé vlivy zahrnuji disledky teplotnich zmén piisobici piimo na jedince daného
druhu. ZvySeni teploty miize mit pozitivni vliv, nebot’ v ur¢itém rozsahu teplot zrychluje
metabolické procesy a vede k rychlejSimu rastu jedinct a tim i rychlejSimu populacnimu
rastu (Stachowicz et al. 2002).

Mezi hlavni negativni piimé vlivy zvySeni teploty okolniho prostfedi se fadi
zejména piekroceni horni teplotni hranice fyziologické tolerance druhu. Nejvice ohrozené
jsou tak zejména druhy pfisedlé a druhy s omezenou termoregulaci (napf. tropicky hmyz:
Deutsch et al. 2008; plazi: Huey et al. 2009). U pohyblivych zivo¢ichti mize zvyseni teplot
krom¢& piehfati organismu tlumit pohybovou aktivitu a zaroven zvySovat energetické
naklady, coz muze vést k vyhladovéni organismu a nasledné smrti (napf. varan
Rosenbergiiv: Kearney, Shine & Porter 2009). U vodnich organismti mtize zvySeni teploty
vody zpusobovat zrychleni metabolismu a tim vyssi spotiebu kysliku jedinci, ale zaroven
dochazi k jejich ohroZzeni diky snizenému obsahu kysliku ve vodnim prostiedi (napi.
slimule zivoroda: Portner & Knust 2007).

Oteplovani miiZe plsobit na rizné biologické procesy v ramci jednoho organismu
riznym zpusobem (Zuo et al. 2011). Mnoho studii potvrdilo, Ze zvySena teplota
u ektotermi urychluje vyvoj vice nez rust (Daufresne, Lengfellner & Sommer 2009;
Forster, Hirst & Atkinson 2012) ajedinci pak dordstaji mensi velikosti
(tzv. temperature-size rule). Zatimco zmény ve velikosti téla vlivem vyssi teploty byvaji
u terestrickych organismii rtizné, mens$i velikost v dospélosti je pozorovana zejména
u vodnich organismi (Forster et al. 2012; Horne, Hirst & Atkinson 2015), pravdépodobné

Vv souvislosti se snizujicim se mnozstvim kysliku (Atkinson, Morley & Hughes 2006).



Navic u vétsich vodnich druhii dochazi k vyraznéjSimu zmensSeni velikosti téla oproti

mensim, zatimco U terestrickych je tomu naopak (Horne et al. 2015).

Nepriimé vlivy teploty na jedince a populace

Neptimé vlivy klimatickych zmén se mohou projevovat ztratou vhodnych stanovist
a zménami interakci s ostatnimi druhy ve spoleCenstvu. Nedostatek srazek a vysychani
zpusobené vys§imi teplotami muze vést ke ztraté vhodného prostiedi pro ryby (Trape
2009) a jiné vodni organismy véetné skupin zijicich ve vodé v ur¢itém stadiu vyvoje, napf.
obojzivelniky (McMenamin, Hadly & Wright 2008). Ubyvajici vodni prostfedi tak mize
pro nekteré druhy piedstavovat vyssi riziko vyhynuti nezZ samotné zmény teploty.

Teplotni zmény mohou dale ohroZovat druhy prostiednictvim negativniho vlivu na
populace druh niz$ich trofickych Grovni, na nichZ jsou zavisli, jako naptiklad predator na
kofisti (Harvey & Moore 2017) ¢i bylozravec na rostliné (Schweiger et al. 2008). Stejné
tak mohou teplotni zmény naopak zvyhodnovat kompetitory (Wethey 2002), predatory
(Harley 2011), patogeny (Pounds et al. 2006) nebo invazivni druhy (Cheng,
Komoroske & Grosholz 2017) a zesilovat tak jejich negativni vliv na daného jedince ¢i

populaci druhu.

Vliv teplotnich zmén na mezidruhové interakce

Zmény teplot ovliviiuji vSechny organismy. Odpovédi jedincti na teplotni zmény
jsou primarn¢ fyziologické (napf. zména rychlosti metabolismu ¢i pohybu nebo odlisné
strategie reprodukce), ale hraji roli 1 Vv mezidruhovych interakcich. Jelikoz se ale odpovédi
mezi jednotlivymi stadii, druhy ¢i populacemi mohou lisit (Dell, Pawar & Savage 2011),
mohou tyto rozdilné odpovédi jedinci vést ke zménam mezidruhovych interakci vcetné
vztahi konzument-zdroj (Gilbert et al. 2014; Sentis, Hemptinne & Brodeur 2014). Tyto
interakce jsou zdkladem potravnich siti a jejich naruseni mize dale zptisobovat kaskadovy
efekt na vyssich trofickych arovnich a ovlivnit tak cely ekosystém (Barton & Schmitz
2009; Rall et al. 2010; Kratina et al. 2012). Pochopeni dusledkt klimatickych zmén pro
mezidruhové interakce a jejich dalekosahlé dopady na funkci ekosystémut ptesto dosud
bylo vénovano relativné malo pozornosti (Vasseur & McCann  2005;
Vucic-Pestic et al. 2011; Sentis et al. 2016b).

Dell, Pawar a Savage (2014) ve své studii popisuji tii nejb&éznéjsi typy asymetrii
v odpovédich na teplotni zmény ve vztahu konzument-zdroj (Obr. 1). Prvnim je rozdilna

urovenl vyjadieni odpovédi konzumenta a zdroje, obé ale skdluji s teplotou stejné (a),



druhym rozdilna intenzita odpovédi, tj. rozdilné zvySeni ¢i snizeni intenzity odpovédi
uobou druhi na zmény teploty (b). Tomuto typu také odpovidd situace, kdy jeden
Z interagujici dvojice je endotermni ana zmény teploty nereaguje. Tteti typ asymetrie
v odpovédich predstavuji posunuté kiivky odpovédi s rozdilnou teplotou odpovidajici
maximalni mife odpovédi (¢). Vlivem teplotnich zmén miize k takovymto asymetriim mezi
druhy dochazet cCastéji a k naruSeni interakci mize postacit jiz mala teplotni zména

(Davis et al. 1998; Post et al. 1999; Sanford 1999).
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Obr. 1: Tti obecné scénate rozdilnych reakci na teplotu v rdmci jedinci ¢i populaci.

Vliv teplotnich zmén na rychlost metabolismu a intenzitu predace

Oteplovani miiZze stabilizovat ¢i destabilizovat interakce a ndsledné¢ dynamiku
populaci v zavislosti na zménach v rychlosti metabolismu a pfijmu potravy, které mohou
vést ke zmé€nam v poméru energetického zisku avydeje predatora ikofisti

(Vasseur & McCann 2005; Sentis, Morisson & Boukal 2015). Metabolismus je souhrn



biochemickych déji, béhem kterych je ziskana energie a ziviny pfetransformovéna do
vykonavani zivotnich funkci a vzniku télesnych struktur. Teplota obecné urychluje
metabolické déje a s nimi se zvySuji pozadavky na ptisun energie (Rall et al. 2010; Vucic-
Pestic et al. 2011). Piijem potravy tak vétSinou vykazuje podobnou zavislost na teploté
jako rychlost metabolismu.

Zmény rychlosti metabolismu a piijmu potravy v zavislosti na teploté a télesné
velikosti  pfedstavuji  kontroverzni téma, které je predmétem mnoha studii
(Brown et al. 2004; Glazier 2005; Sentis et al. 2014). Podle metabolické teorie ekologie
Skaluje rychlost metabolismus s teplotou a télesnou velikosti s exponentem 3/4 (Brown et
al. 2004). Tento exponent potvrzuji také nékteré dalsi prace (Savage et al. 2004; Vucic-
Pestic et al. 2011), ale soucasné studie spiSe ukazuji, Ze exponent 3/4 nelze vztahovat na
vSechny organismy za vSech podminek, protoze zalezi na fadé dalsich faktort, jako je
druh, stafi, velikost, aktivita ¢i na tom, zda se jednd o endotermni Ci ektotermni
organismus. Pozorovany Skalovaci exponent byva vétSinou v rozmezi hodnot 2/3 al
(Glazier 2005; Niven & Scharlemann 2005; Glazier 2010; Glazier 2015).

Intenzita predace souvisi kromé teploty rovnéz s mobilitou
(Vucic-Pestic et al. 2011), pohybovou rychlosti (Dell et al. 2014) a pomérem télesnych
velikosti (Brose et al. 2008) predatora a kotisti. Vucic-Pestic a kol. (2011) naptiklad ve své
studii prokazali, Ze intenzita Gtoku stfevliki stoupa s teplotou pouze v piipadé€, ze predator
uto¢i na pohyblivou kofist (dospé€lou octomilku), zatimco Cetnost Gtoki na nepohyblivou
kotist (larvy potemnika) byla na teploté prostiedi nezavisla. Vlivem oteplovani dochazi
U pohyblivych organismu k vyS$i aktivité a Castéj$im setkanim, respektive se zkracuje
rychlost hledani kofisti (Vucic-Pestic et al. 2011; Dell et al. 2014). S teplotou a télesnou
velikosti predatora se zkracuje rovnéz doba zpracovani Kkofisti predatorem
(Garcia-Martin et al. 2008; Vucic-Pestic et al. 2011), ktera se ale naopak prodluzuje
s télesnou velikosti kofisti (Vucic-Pestic et al. 2010).

Rada  studii (napt. Aljetlawi, Sparrevik &  Leonardsson  2004;
Vucic-Pestic et al. 2010) popisuje unimodalni vztah mezi intenzitou predace a pomérem
télesnych velikosti predatora akofisti. Zatimco cetnost Utokl se zvySuje s velikosti
predatora (vétsi predator napiiklad dale dohlédne neZ predator mensi), tspésnost uloveni se
s velikosti predatora snizuje, paklize dojde k piekroceni optimalniho poméru t&lesnych
velikosti predatora a koftisti (Aljetlawi et al. 2004; Brose et al. 2008). Divodem pro nizkou
uspéSnost lovu mize byt rovnéz mensi motivace predatora lovit malou kofist

(Petchey et al. 2008).



Vedle vlivu teploty na rychlost metabolismu a pfijem potravy je podstatné rovnéz
zkoumani energetické u¢innosti predatora, neboli poméru ziskané a vydané energie (Binzer
et al. 2012; Sentis et al. 2015). Rychlost metabolismu a pfijem potravy totiz nemusi na
teploté zaviset stejné. V nékterych ptipadech dochazi vlivem oteplovani k rychlejsimu
metabolismu a zaroven niz§imu pfijmu potravy predatora. Poté ale predator nemusi pokryt
své energetické pozadavky, coz muze vést k jeho hladovéni a ptipadné vyhynuti celé
populace (Petchey et al. 1999; Vucic-Pestic et al. 2011). M¢éfeni energetické G¢innosti je
proto dulezité pro zkoumani sily druhovych interakci a jejich dusledkii pro stabilitu

potravni sité a ekosystému (Berlow et al. 1999).

Vliv teploty a dostupnosti potravy na vyjadieni fenotypové plasticity

Z fyziologického hlediska je vliv teploty prostfedi a dostupnosti potravy dulezity
rovné€Z pro vyuziti schopnosti fenotypové plasticity u kofisti i predatora, zejména je-li mezi
nimi rozdil ve velikosti. V reakci na intenzitu predace miize kotist ménit své morfologické
vlastnosti tak, aby se stala pro predatora méné¢ vyhodnd, a predator tak, aby mohl snaze
konzumovat i vétsi kotist (Kopp & Tollrian 2003; Kishida, Mizuta & Nishimura 2006;
Edgell & Rochette 2008; Kishida et al. 2010).

Zvysena teplota muze zvysit intenzitu predace, atim nepfimo zvySovat poticbu
obranného fenotypu u kofisti (Laurila, Lindgren & Laugen 2008; van Uitregt,
Hurst & Wilson 2013). Morfologické zmény ¢i zmény v chovani (napf. snizena aktivita ¢i
agregacni chovani) sice riziko predace snizuji, ale soucasn¢ mohou zpomalit rist a vyvoj
a snizit tak Sanci na pfeziti kvali niz§imu pfijmu energie (Tollrian & Harvell 1999; Van
Buskirk 2000; Stav, Kotler & Blaustein 2007). Pro vyjadieni obranného fenotypu kofisti
vici predaci je tak podstatnd dostupnost potravy. Zatimco dostatek zdroji mize vyjadieni
obranného fenotypu kofisti posilit, omezené zdroje mohou naopak zpomalit rist a vyvoj
kofisti a tim riziko predace zvysit (Werner & Anholt 1993; Van Buskirk 2000; Bennett,
Pereira & Murray 2013).

Intenzitu predace déale nepfimo ovliviiuje zména télesné velikosti predatora nebo
kofisti s teplotou, zejména U vodnich organismu (Atkinson et al. 2006), nebot’ pomér
velikosti predatora a koftisti uréuje intenzitu predace (Brose et al. 2008; Boukal 2014) a tim

nepiimo ovliviiuje stabilitu potravnich siti (Sentis et al. 2016a).



Vliv teplotnich zmén na intenzitu predace a fenotyp u obojZivelniki

Vyznamnou skupinu z hlediska ohrozeni nejen globalnim oteplovanim pifedstavuji
obojzivelnici. Jedine¢nou skupinu v ramci Ctyfnozcl z nich déla slozity Zivotni cyklus
a fenotypova plasticita, respektive schopnost odpovédi larev na podminky prostiedi
(Wells 2007; Denver 2009; Enriquez-Urzelai et al. 2013).

Pro evoluci fenotypové plasticity obojzivelnikii je podstatna heterogenita prostiedi.
Typickymi ptiklady heterogenniho prosttedi jsou mélké rybniky a jiné mensi vodni plochy
charakteristické pravidelnymi zménami vysky vodni hladiny, kde vysychani predstavuje
pro larvy obojzivelnikd nejvetsi ohrozeni (Newman 1992; Loman & Claesson 2003).
Fenotypova plasticita ve smyslu urychleni vyvoje v dusledku vysychani vody je znama
U mnoha druhti obojzivelnikt (napt. Bufo calamita (Tejedo & Reques 1994), Hyla gratiosa
(Leips, McManus & Travis 2000), Rana temporaria (Laurila & Kujasalo 1999). V téchto
systémech je pro obojzivelniky piechod z vodniho prostredi v odpovidajici velikosti a stafi
rozhodujici pro nasledujici zivot na pevniné (Rowe & Ludwig 1991).

S vysychanim vodniho prostfedi souvisi dale také vySsi hustota predatort a tedy
vys$i riziko predace. Dravy vodni hmyz, zejména larvy vazek, jsou efektivnimi predatory
larev obojzivelnikti a predstavuji tak vyznamné riziko pro jejich pfeziti, zejména
Vv doCasnych vodach a nadrzich bez ryb. Jejich vzajemné interakce jsou Siroce studovany
(Caldwell, Thorp & Jervey 1980; Travis, Keen & Juilianna 1985; Semlitsch 1990). Cetnost
setkani pulcti a ¢ihajiciho predatora, napiiklad jiz zminéné larvy vazky, je dana zrakovymi
schopnostmi predatora artznymi pohybovymi schopnostmi pulce (Chovanec 1992).
Woodward (1983) vysvétlil zvySené ohroZeni predaci pulct druhti zijicich v docasnych
vodnich prostfedich jejich neustalym pohybem atedy vysSim vystavovanim se riziku
predace, zatimco pulci druhi zijicich v permanentnich vodnich prostfedich se pohybuji
spise sporadicky. Neustala pohybova aktivita pulcti rodu Bufo (véetné B. bufo) z nich déla
snadnou kofist pro larvy vazek (Heyer, McDiarmid & Weigmann 1975; Lawler 1989).
Ackoliv  toxicita ropuch je vyznamnou obranou proti mnoha predatorim
(Wassersug 1971), vici bezobratlym predatoriim je net¢inna (Chovanec 1992).

V ptipadé ohroZeni predaci larvy obojzivelnikd snizuji svoji aktivitu a doba jejich
vyvoje se prodluzuje na rozdil od wurychleni vyvoje béhem vysychani vody
(Ball & Baker 1996; Laurila, Kujasalo & Ranta 1998). Kombinovany vliv zvySenych
teplot (resp. rizika vysychani) a rizika predace na fenotyp larev obojzivelnikll byl testovan
napiiklad u pulct Rana temporaria (Laurila & Kujasalo 1999), ktefi vice reagovali na

ubytek vody neZ na pfitomnost larvy vazky a vyvoj urychlovali. Nicméné vliv zvysené



teploty a rizika predace na mortalitu larev obojzivelnikii zatim nebyl studovan. Lze ale
predpokladat, ze zvySujici se intenzita predace vlivem vyssi teploty bude mit i pfes
schopnost larev obojzivelnikli urychlovat sviij vyvoj vyznamnéjsi dopad na jejich populace
vyjma ptipadi, kdy teplota piekroci horni letdlni prah nebo povede k vyschnuti stanovisté

pred dokoncenim jejich vyvoje.

Shrnuti

Klimatické zmény a dostupnost zdroji maji vyznamny dopad nejen na jednotlivé
druhy, ale i na jejich vzajemné interakce a v disledku toho na populace a celé ekosystémy.
Zvysena teplota pluisobi na organismy piimo skrz zékladni procesy ovliviwjici piijem
a zpracovani energie, zejména rychlost metabolismu a pfijmu potravy. Diky rozdilnym
reakcim na teplotni zmény mezi predatorem a kofisti mize dochazet k naruseni jejich
interakci a nasledné¢ ke zménam v potravnich sitich. Zatimco fada studii se zabyvala
vlivem teploty a télesné velikosti na rychlost metabolismu ¢i piijem potravy jednotlivych
druht, spole¢na zavislost predatora i kofisti byla studovana zatim jen okrajové. Zkoumani
toho, jak rizné faktory prostiedi ovliviiuji vlastnosti jedinct atim ijejich vzajemné
interakce, je ptfitom dilezité stejné jako odpovédi jednotlivych druhli na zmény prostedi.

Ukolem piedkladané experimentalni studie bylo ve tiech teplotnich rezimech zjistit
vliv teploty na rychlost metabolismu predatora i kofisti a to, jak teplota a télesna velikost
predatora ovliviuji intenzitu predace. K tomuto ucelu jsem pouzila larvy vazky Aeshna
cyanea jako predatora a pulce ropuchy Bufo bufo jako kofist. V souladu s dal$imi studiemi
jsem ocekavala, ze (1) ve vyS8i teploté budou mit larvy vazky ipulci rychlejsi
metabolismus a zvysi se intenzita predace a (2) intenzita predace a celkova mortalita
kofisti zahrnujici i letalni zranéni zpisobena predatorem poroste spolu s velikosti
predatora. Dale jsem se zaméfila na ptipadné rozdily ve skalovani rychlosti metabolismu
aintenzity predace s teplotou atélesnou velikosti predatora, coz by mohlo vést
k predatorové nizsi energetické ucinnosti a riziku hladovéni. Tyto rozdily jsem zkoumala
ptedevs§im v ramci jednotlivych instart predatora. Vzhledem ke schopnosti pulct urychlit
vyvoj vlivem vyssi teploty jsem také srovnala, jak rychlost jejich metabolismu Skaluje

s teplotou v porovnani s intenzitou predace.
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Summary

1. Increasing temperatures influence individuals and species interactions, which can
destabilize population dynamics and lead to cascading ecosystem effects. It is thus
important to understand how temperature alters species interactions and energy budgets of
consumers and their resources to predict the impacts of global warming on community

dynamics.

2. We experimentally investigated the impact of temperature on the predation and
metabolic rates of predator and on the overall mortality (including both eaten and fatally
injured individuals) and metabolic rates of the prey, using larvae of the dragonfly Aeshna
cyanea and Bufo bufo tadpoles as a model system. To evaluate the size dependence of
feeding and metabolic rates of the predators, we used three last instars of the dragonfly
larvae. We ran short-term experiments to measure predation rates and prey mortality and
measured standard respiration rates in short-term trials as a proxy for metabolic rate.

3. Temperature had a significant effect on the intensity of predation, prey mortality, and
metabolic rates of both predator and prey. Feeding rates of dragonfly larvae and prey
mortality increased with temperature and predator size across all predator instars.
Surprisingly, feeding rates and prey mortality decreased with predator size within instars.
Metabolic rates of predators and prey also increased with temperature and size, but the size
scaling differed between predators and prey and within predator instars. While the scaling
exponent of tadpoles was close to 0.75, the exponents within each dragonfly larval instar

were much steeper and consistent with isometric or even supra-isometric scaling.

4. The results indicate higher developmental costs of dragonfly larvae, especially in the
penultimate instar. These costs are covered by elevated predation rates early in each instar,
which implies that details of species ontogeny can substantially alter the currently used

standard models of size- and temperature-dependent predator-prey interactions.

5. Moreover, global warming and predation risk are ubiquitous threats to amphibians
worldwide. Our results contribute towards more accurate predictions of the effects of
climate change on survival of amphibians and predator-prey interactions in structured

populations.
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Introduction

Climatic changes, especially increased global temperature, and changes in food
enrichment are the most important factors influencing biodiversity of species (Sala et al.
2000; Nelson 2005; Binzer et al. 2012). Nearly all metabolic and biological processes are
sensitive to temperature (Brown et al. 2004), and exceeding the upper thermal limit can
even lead to extinction of some species (Thomas et al. 2004; Cahill et al. 2013) and
consequently threaten persistence of whole communities. Therefore, it is not sufficient to
observe responses to climate changes only in individual species, but focus on interactions
among species as well (Dunson & Travis 1991; Davis et al. 1998).

Trophic interactions, including predator-prey links, represent the most common
interaction type in freshwater communities. They determine the flux of energy and
materials towards higher trophic levels as well as across communities and ecosystems.
Interacting individuals can respond to climate change differently and the responses can
differ between life stages, populations and species (Dell, Pawar & Savage 2011, 2014).
This means that even a slight temperature change can generate cascading effects to other
trophic interactions across the food web (Post et al. 1999; Sanford 1999; Tylianakis et al.
2008). Thus, temperature can indirectly influence structure and dynamics of ecosystems
including food web stability (Yvon-Durocher et al. 2011; Binzer et al. 2012; Nelson,
Bjornstad & Yamanaka 2013).

To predict the consequences of warming on interaction strengths and subsequently
the stability of ecosystems and biodiversity, it is important to understand how temperature
changes affect biological rates, especially feeding rates (i.e., energy gain) and metabolic
rates (energy loss; Vasseur & McCann 2005; Rall et al. 2010) of both predators and prey.
For example, warming can increase predator consumption rates due to higher demands for
energy (Rall et al. 2010; Vucic-Pestic et al. 2011) that can lead to reduction of resources
(top-down effect; Anderson et al. 2001; O'Connor et al. 2009; Hoekman 2010). On the
other hand, acceleration of predator metabolism combined with limitation of resources can
conversely lead to growth restriction and extinction risk of consumers (bottom-up effect;
Rall et al. 2010; Vucic-Pestic et al. 2011).

Some studies (Rall et al. 2010, 2012; Vucic-Pestic et al. 2011) showed that
metabolic rates increase more strongly with temperature than feeding rates. This
decreasing energetic efficiency can lead to starvation and even to extinction of consumers
(Petchey et al. 1999; Rall et al. 2010; Rall et al. 2012). Further, prey can grow faster and
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escape predation by reaching a size refuge (Costa & Kishida 2015). Thus, temperature and
food availability together impact pairwise interactions and food web stability. However,
this impact is not sufficiently explored (Hoekman 2010; Shurin et al. 2012; Sentis,
Hemptinne & Brodeur 2014).

Thermal conditions are particularly important for predator-prey interactions
involving ectotherms such as amphibians (Anderson et al. 2001) and insects (Thompson
1978). Ectotherms are vulnerable to warming because their physiological functions (e.g.,
activity, growth rate, reproduction) directly depend on temperature of environment in
contrast with endotherms, which can maintain constant body temperature (Frazier, Huey &
Berrigan 2006). Recent studies of terrestrial ectotherms (Thomas et al. 2004; Tewksbury,
Huey & Deutsch 2008) show that physiological impacts of higher temperature often
decrease with latitude, and tropical or subtropical organisms are most threatened by
climate warming. Tropical species have narrower thermal tolerance to temperature than
species at higher latitudes because they live close to their optimal temperature (Deutsch et
al. 2008; Huey et al. 2009; Duarte et al. 2012).

Thermal response curves of biological rates of ectotherms are in general unimodal
and organisms typically experience a wide temperature range between their minimum
critical temperature and peak temperature, at which the trait value becomes maximized
(Huey & Berrigan 2001). The response curve is usually asymmetric with shallower slope
in the increasing part and highly negative slope beyond the optimum temperature (Dell et
al. 2011) due to rapidly inhibited metabolic processes (Ratkowsky, Olley & Ross 2005) or
oxygen limitation in aquatic environments (Portner & Knust 2007). However, most studies
focus on the rising part of thermal response curve (Savage et al. 2004; Deutsch et al. 2008)
that is important for understanding initial responses to warming.

Asymmetries in thermal responses of interacting species can cause changes in
predator—prey dynamics. Dell et al. (2014) described three general scenarios that can affect
consumption rate: differences in the levels of performance of the response of consumer and
resource, differences in rates of response, and differences in temperature for peak
performance. Moreover, these asymmetries can be stronger due to climatic changes, as
species change their geographical distributions and phenology. Although feeding rates and
other biological rates depend on predator and prey body masses and environmental
temperature, the exact scaling relationships are often unknown (Rall et al. 2012). For
example, Smolinsky and Gvozdik (2014) investigated activity levels of newt larvae as prey

and dragonfly larvae as predators when exposed to thermal stress. While predators

17



increased activity levels in rising temperatures, prey responded by reduced movement,
possibly due to predator avoidance or physiological limitations.

Intensity of predation can also be influenced by phenotypic plasticity in
behavioural, morphological, physiological and life-history traits of both predator and prey
(Kishida et al. 2014). This complicates the assessment of temperature impacts on
consumption rates. For example, increased temperature can accelerate predator growth
rates as well as shorten their searching and handling time and consequently increase
consumption rates. However, prey can evolve various strategies to avoid predation, such as
improved escape ability (Anderson et al. 2001; Vucic-Pestic et al. 2011; Sentis et al. 2014).
These adaptive responses to environmental changes, including higher predation risk,
play important role for size-dependent predation when intensity of predation is determined
by factors influencing both predator and prey growth (Cohen et al. 1993; Anderson et al.
2001; Kishida, Trussell & Nishimura 2009; Costa & Kishida 2015).

Predator-amphibian interactions are subject of many studies focusing on predator-
prey interactions (e.g., Travis, Keen & Juilianna 1985; Semlitsch 1990) but the impact of
climate change on their interactions is little explored. To fill this gap, we experimentally
investigated effect of temperature on intensity of predation and metabolic rate both
predator and prey in three temperature regimes using larvae of the dragonfly Aeshna
cyanea (Odonata: Aeshnidae) as predators and toad Bufo bufo (Anura: Bufonidae) tadpoles
as prey. Amphibian-insect interactions provide a useful model system to study the
responses of predator-prey interactions to changing temperatures in freshwater ecosystems
(Smolinsky & Gvozdik 2014). Predatory aquatic insects, including dragonfly larvae or
water bugs, are effective natural enemies of tadpoles (Caldwell, Thorp & Jervey 1980).
Moreover, Bufo tadpoles are palatable to some aquatic insect predators including dragonfly
larvae (e.g., Pantala flavescens, Heyer, McDiarmid & Weigmann 1975; Aeshna cyanea,
Chovanec 1992) and their continual and slow movement makes them greatly visible and
easy prey for dragonfly larvae as compared to, e.g., Rana tadpoles (Chovanec 1992;
Alvarez & Nicieza 2006).

We expected that predator feeding rates and both predator and prey metabolic rates
will increase allometrically with temperature and predator body mass according to the
scaling predicted by the theory of metabolic ecology. We compared if the body mass and
temperature scaling was the same for both predation and metabolic rates or not, leading to
dependence of predator energetic efficiency on body size or temperature. From the prey

perspective, we compared if the metabolic rate (as a proxy for developmental rate) scaled
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differently than predation with temperature, which could indicate the existence of thermal
optima in a food-web context for the tadpoles.
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Material and Methods

Laboratory experiments

Experiments were carried out from 11 June to 8 July 2015 in the laboratory at the
Department of Ecosystem Biology, Faculty of Science, University of South Bohemia in
Ceské Budgjovice, Czech Republic. The experiments were carried out in temperature-
controlled incubators (Lovibond BSK ET 650) at three temperatures, hereafter referred to
as 15, 20 and 25°C (mean + SD: 15.5 + 0.36°C, 20.4 £+ 0.36°C, 25.2 + 0.35°C,
respectively) and 18L.:6D photoperiod.

Larvae of Aeshna cyanea were collected in a forest pond near the village of Zliv,
Czech Republic, and tadpoles of Bufo bufo were collected in a small pond in Ceské
Bud¢jovice, Czech Republic. We used three larval stages of Aeshna (F-2, mean + SD dry
weight: 0.039 + 0.004 g; F-1, 0.070 + 0.010 g; F-0, 0.125 + 0.015 g; see below for details
of weighing and wet-to-dry weight conversion). The tadpoles (dry weight: 0.020 + 0.006 g)
were at mean Gosner stage 36 (range 35-37) (Gosner 1960) at the start of the experiment.

Before the experiments, dragonfly larvae were acclimated individually in plastic
cups filled with 0.1 L of aged tap water and a piece of peat moss (Sphagnum sp.) in
a temperature-controlled room (19.0 + 0.5°C, 16L:8D photoperiod) and fed for at least two
days daily ad libitum with mosquito larvae and tubifex worms. Tadpoles were kept
together in large plastic boxes with aerated water at 20°C (18L:6D photoperiod) and fed
with TROPICA flake food for fish (Dajana pet, Czech Republic).

Experiment 1. Effect of temperature and predator size on intensity of predation

Before the start of the experiment, larvae of dragonfly were starved and acclimated
for 24 hours at the experimental temperature in the incubators. Every larva was kept
individually in a plastic cup filled with 0.1 L aerated tap water aged for at least 24 hours
with a stripe of green plastic mesh and a piece of Sphagnum sp.

As experimental arenas, we used transparent plastic jars (width x length: top
12.0 x 17.0 cm, bottom 10.0 x 14.5 cm, height 12.5 cm) filled with 1.5 L of min. 24 hours
aged aerated tap water, with ca. 1 cm of fine crystalline sand (diameter < 1 mm (Sentis,
Morisson & Boukal 2015) on the bottom and two pieces of plants with four leaves (length
16 cm, width 2.3 cm) made of a green plastic fabric (mesh size ca. 3 mm) and fixed with
a small stone (diameter ca. 2 cm). We first introduced eight tadpoles as prey and then (after

ca. 5 minutes) one dragonfly larva to each experimental arena. Mortality of tadpoles was
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assessed after 24 hours and their natural mortality was measured in controls without
dragonfly larva. Each dragonfly larva was gently dried with a cotton pad and weighed to
the nearest 0.0001 g using the Kern ABJ 120-4M (Kern & Sohn, Germany) balance at the
end of the experiment. We did not weight the larvae before the experiment to minimize the
effect of handling on their feeding performance. Wet weights (w) were converted to dry
weight (dw) using the species-specific allometry dw = 0.162 w*% based on previously
measured individuals (Boukal et al. unpublished data). We performed eight replicates for
each dragonfly instar and eight controls without predator in each temperature.

To account for variation in the amount of ingested prey on the weight of predators
assessed after the predation experiment, we ran an additional feeding experiment to
quantify the weight gains of the predators as a function of the number of ingested tadpoles.
We used F-1 larvae (n = 44), which were starved and acclimated 24 hours in temperature-
controlled room with diffuse daylight (20°C + 0.5°C, 16L:8D photoperiod). The
experiment ran for 12 hours (8 a.m. to 8 p.m.) at 20°C in daylight conditions in the same
room. Transparent plastic arenas (width x length: top 8.5 x 10.2 cm, bottom 6.0 x 7.8 cm,
height 8.3 cm) were filled with 0.4 L of aged tap water and with a stripe of green plastic
mesh and a piece of Sphagnum sp. Each dragonfly larva was gently dried with a cotton
pad and weighed to the nearest 0.0001 g as above before the start of the experiment.
During the experiment, each larva was fed one tadpole at a time. Immediately after
consumption, they received another tadpole and all fecal pellets of the larvae and uneaten
remains of the prey were removed. Dragonfly larvae were gently dried and weighed again
after the end of the experiment. All prey remains and fecal pellets were frozen at -20°C and
subsequently dried at 60°C for 24 h, and weighed to the nearest 0.0001 g to obtain their dry
mass. Three larvae moulted during this experiment and were removed from the data.
Background weight changes were assessed in F-1 instar larvae that we kept the same way

for 12 hours but not fed any tadpoles (n = 15).

Experiment 2. Effect of temperature and body size on predator and prey metabolic rates
We measured respiration rate, which correlates with metabolic rate (Glazier 2005).
Before the start of the experiment, larvae of dragonfly and tadpoles were starved and
acclimated 48 hours in the same way as in Experiment 1. Dragonfly larvae that moulted
during acclimation were excluded. We measured respiration in sealed glass chamber
(mean = SD volume: 281.2 £ 1.6 mL) with a copper grid (to provide support for the

dragonfly larvae) and a small magnetic stirrer. Each chamber was filled with distilled
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aerated water that was conditioned by adding purified salt (Sera©, 0.14 g L) to achieve
the conductivity of ca. 200 pS cm™ representative of field conditions in natural habitats of
both species (Sentis et al. 2015) and placed for 12 hours in temperature-controlled
incubators as in Experiment 1 to achieve required temperatures. Before every
measurement, all equipment (bottle for the conditioned water, pots, sieve, magnetic
stirrers, copper grids, glass chambers for measuring of metabolism with glass plugs) were
sterilized with boiling water.

Initial concentration of oxygen was measured just before the introduction of
a dragonfly larva or tadpole. After introduction, glass chambers were immediately sealed
with a glass plug and placed back in the incubator. Final oxygen concentration was
measured after 5 hours at 15°C, 4 hours in 20°C and 3.5 hours in 25°C. These differences
were necessitated by the need to achieve measurable but not excessive oxygen depletion
(mean + SD = 0.074 + 0.048 ml h™) across all temperatures and predator and prey
individuals that differed substantially in size (see above).

Before each measurement, water in chambers was always mixed for 1 minute by
a magnetic stirrer. Oxygen concentrations were measured using the Unisense©
MicroOptode oxygen probe with the software SensorTrace Basic v3.2.3 (Unisense©).
After the experiment, each dragonfly larva was dried with a cotton pad and weighed as in
Experiment 1. Tadpoles were put to death in accordance with project permit 39/2014 and
frozen to obtain dried mass. We performed 11-35 replicates for each species/instar at each
temperature (Table S1). Background depletion of oxygen was assessed in 1-4 controls at
each temperature every day (total 22—24 controls per temperature).

Statistical analyses
Experiment 1. Effect of temperature and predator size on intensity of predation

Effect of size of predator and temperature on intensity of predation and probability
of prey mortality were analysed with a binomial GLM model with probability of predation
after 24 hours as the response variable and temperature (categorical, which covers both
linear and quadratic response to temperature) and predator instar (categorical) and initial
dry weight (continuous, logie-transformed prior to analysis) as explanatory variables.
Initial dry weight was calculated by subtracting expected mean weight gain during the
experiment (see below) from the final dry weight, which was calculated from the final wet

weight as explained above.
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We started with a full model including all explanatory variables and their
interactions and performed stepwise selection based on AIC criterion (Burnham &
Anderson 2002) to select the most parsimonious model. For calculation of feeding rates,
we used the number of tadpoles completely eaten by the predator during experiment.
Because tadpoles do not survive injuries (D. Modra pers. observ.), we included killed or
fatally injured tadpoles in the calculation of overall prey mortality. All tadpoles survived in
control treatments without the predator and we thus used raw data in the analyses.

Dependence of mean predator weight gains on the number of ingested tadpoles was
analysed with linear regression. In this analysis, final weight of each larva was corrected
by adding the fecal pellet weight and the number of eaten tadpoles was corrected by
subtracting the dry weight of uneaten remains divided by the average dry weight of a
tadpole. We removed outliers (n = 4) which were apparently caused by errors during the
weighing procedure (e.g., if the larva did not release all water from the branchial chamber

during one of the measurement).

Experiment 2. Effect of temperature and body size on predator and prey metabolic rates

The effect of temperature, identity and weight on metabolic rate of predator and
prey was analysed with linear regression with log-transformed body weight and oxygen
depletion. Oxygen depletion in the controls was low (mean + SD = 0.0004 + 0.0025 ml h™)
and did not differ significantly between days and temperatures (details not shown). We
thus subtracted mean oxygen depletion in the controls from the final oxygen concentration
in each replicate to correct for possible background depletion of oxygen. Three outliers
with extremely low oxygen consumption of two larvae in 15°C (one F-1 and one F-0
Aeshna larva) and one tadpole with extremely high oxygen consumption at 20°C were
excluded from the data together with two F-2/F-1 Aeshna larvae at 25°C, which we could
not assign unambiguously to instar.

All statistical analyses were performed using R software, version 3.3.2 (R
Development Core Team 2016).

23



Results

Experiment 1. Effect of temperature and predator size on intensity of predation

Analysis of the dependence of predator weight gains on the number of ingested
tadpoles after 12 hours indicated a linear relationship between mass gain of predator and
number of eaten tadpoles (intercept: estimated mean + SE =0.001 +0.003, t=0.14,
P =0.89; slope: 0.029 + 0.004, t = 7.99, P < 0.0001). That is, the larvae gained ca. 0.029 g
wet weight per eaten tadpole and predator weight loss due to starvation was negligible
(Fig. 1).

Probability of predation after 24 hours was significantly affected by temperature,
instar and initial weight of the predator. Moreover we found a significant interaction
between temperature and weight (Table 1). Probability of predation increased with
temperature for each instar. Similarly, intensity of predation increased with instar at each
temperature. However, we found different size- and temperature-dependent responses
within instars. Predation probability decreased with body mass but not the same way in all
instars. Predation pressure of F-2 larvae was independent of temperature, but the results
indicated that that F-1 and especially F-O larvae fed less at 15°C in comparison
to 20 and 25°C (Fig. 2).

These results were mirrored in total prey mortality including eaten, killed and
injured tadpoles, which was also was significantly affected by temperature, instar, predator
weight, and interaction between temperature and weight (Table 2). While mortality
increased with increasing temperature and instar, we found the same different size- and

temperature-dependent responses in total prey mortality within instars (Fig. 3).

Experiment 2. Effect of temperature and body size on predator and prey metabolic rates
Identity (species/instar; F3253 =490.8, P <0.0001), temperature (F2s3 =190.3,
P <0.0001), dry weight (F; 253 = 132.2, P < 0.0001), interactions between identity and dry
weight (Fs2s3 =6.2, P =0.0004) and interaction between identity and temperature
(Fs253 = 3.6, P = 0.0018) significantly affected oxygen consumption of predators and prey.
Separate analyses of the predator and prey data showed that the effects of
temperature and body size differed between both species and between instars in Aeshna
(Table 3). While the slope of the relationship between body mass and respiration rate was
very close to 0.75 in tadpoles as predicted by metabolic ecology (Table 4), the analysis

revealed isometric or even supra-isometric scaling of respiration rate with body mass in the
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dragonfly larvae, particularly in F-1 instar (Fig. 4), in which the confidence intervals of the
slope estimate no longer overlapped with the theoretically predicted value of 0.75.
Temperature dependence of oxygen consumption differed slightly between predators and

prey but was similar across all dragonfly instars (Table 4).
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Discussion

Temperature affects biological rates and consequently species interactions (Dell et
al. 2014; Gilbert et al. 2014). It is therefore important to understand its role in the impact of
global changes on ecological communities. Previous studies investigated the effects of
temperature on feeding rates (Rall et al. 2012), metabolic rates (Liu & Ban 2017) or both
(Brose et al. 2008; Rall et al. 2010; lles 2014). We tested impact of temperature on feeding
rates and metabolism of both predator and prey, which can further help our understanding

of food web complexity.

Mass- and temperature-dependent metabolic rates in predators and prey

According to the metabolic theory of ecology (hereafter: MTE), metabolic rate,
feeding and growth scales with organism body mass with an exponent of close to 3/4 and
increase exponentially with temperature (Brown et al. 2004). This allometric scaling of
metabolism with body mass is supported by many studies (Savage et al. 2004; Rall et al.
2010; Vucic-Pestic et al. 2011). However, Glazier (2005, 2010, 2015) argues that 3/4-
power scaling low is not universal, and that the value of the exponent may extensively
differ across taxonomic groups (mostly between 2/3 and 1) and even more so within
species. For example, the mean intraspecific metabolic scaling exponent of vertebrates is
about 2/3 (Glazier 2005). Across species, the metabolic scaling exponent in endotherms is
significantly less than 3/4 and closer to 2/3 (mammals: mean = 95% CI = 0.68 + 0.013,
birds: 0.64 = 0.03) compared to ectotherms in which it is usually larger than 3/4
(amphibians: 0.88 + 0.05, reptiles: 0.76 + 0.04, fish: 0.88 + 0.06; White, Phillips &
Seymour 2006). However, the value of the scaling exponent varies among species and life
stages of the same species, often with steeper scaling exponent (close to 1) in larvae and
juveniles as in, e.g., Oncorhynchus mykiss (larvae and young juveniles: mean + SE =
0.97 + 0.019, older juveniles and adults: 0.78 + 0.046; Post & Lee 1996).

Mean intraspecific metabolic scaling exponents of invertebrates also differs from
0.75 despite a wide variability among taxa and life stages (Glazier 2005). In insects, it was
investigated in a number of terrestrial species, but studies for aquatic taxa are lacking. Data
for terrestrial taxa suggest that complex changes in morphology and physiology and rapid
development of larvae may or may not associated with steep increase in metabolic rates.
For example, honeybee (Apis mellifera) larvae increase their body mass more than 400-

fold during 4 days and their mean metabolic scaling exponent is 0.9 (Petz, Stabentheiner &
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Crailsheim 2004). Within-instar mass-scaling exponent in Schistocerca americana
grasshoppers varies between 0.45 and 0.91 among instars (Greenlee & Harrison 2004b),
but is close to 0.75 (0.73) when calculated across the entire development (Greenlee &
Harrison 2004a).

In broad agreement with MTE (Savage et al. 2004; Deutsch et al. 2008), metabolic
rates of tadpoles and all dragonfly larvae instars in our experiment increased with
temperature. This suggests that they were within their respective ranges of suitable
temperatures between the thermal minimum and peak temperature (Deutsch et al. 2008).
Our results and observations of temperatures in the field (D.S. Boukal, unpubl. data)
further suggest that the highest temperature used in our experiment (25°C) could be close
to the peak temperature of both species.

The observed mass scaling of oxygen consumption in tadpoles (mean exponent +
SE: 0.77 £ 0.17) was very close to the theoretically expected value of 0.75. However,
mass-corrected respiration rates in the dragonfly larvae were independent of body size (F-
2, F-0 instars) or even tended to increase with body size (F-1 instar). This suggests that
respiration rates of dragonfly larvae accelerate towards the end of each instar, as the
individuals approach moulting. Our results corroborate the finding of instar-dependent
metabolic rates as in Greenlee & Harrison (2004b) but the observed mass scaling
exponents in Aeshna were higher than in Schistocerca (Greenlee & Harrison 2004b) and

much higher than in juvenile Oncorhynchus mykiss (Post and Lee 1996).

Mass- and temperature-dependent feeding rates

Both metabolic and feeding rates tend to increase with temperature (Sentis,
Hemptinne & Brodeur 2012; lles 2014), but only below the thermal maximum
corresponding to the peak trait performance. For example, predation rates of many active
foragers increase with temperature because predators are able to search and handle prey
faster than at colder temperatures (Rall et al. 2012; Sentis et al. 2012). Dell et al. (2014)
suggested that searching efficiency of predators also depends on the velocity of both
predator and prey, and simultaneously higher velocity of both due to increasing
temperature causes higher encounter probabilities. Because we used relatively small
experimental arenas, we assume that the effect of increasing temperature on search rates of
the dragonfly larvae was negligible in comparison to the effect on handling time.

Increasing intensity of predation at higher temperatures in our experiment thus probably
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stems primarily from faster processing and digestion of prey at higher temperature (Sentis
et al. 2013, 2015). This result is in qualitative agreement with MTE.

Feeding rates also scale with predator-prey body mass ratio (Vasseur & McCann
2005; Brose et al. 2008). The relationship in most predators appears to be hump-shaped,
reflecting constrains on predator feeding rates by relative size of prey, predator ability to
find and pursue small prey, and energetic profitability of small prey (Brose et al. 2008;
Vucic-Pestic et al. 2010; Rall et al. 2010, 2012). We used undefended prey of about the
same size to remove any effect of prey size.

Consistent with previous theory and empirical observations, we found that feeding
rates of dragonfly larvae increased with body size as they were higher in later instars.
However, feeding rates decreased with body mass within F-2 and F-1 larvae. This very
likely stems directly from higher activity and increased need for nutrients in smaller,
freshly moulted larvae. Moreover, larvae reduce or stop feeding before each moult
(Lawton 1971). Our result thus demonstrates the necessity of higher energy intake at the
start of each instar. Surprisingly, we did not find decreasing predation rates with body size
within F-0 instar. While the final stages of the F-2 and F-1 instar are difficult to detect, late
F-0 larvae are easily recognized (swollen wing pads, changes to head morphology) and
invariably stop feeding (Corbet 1999). They were thus not used in the experiment, which

may explain the lack of decrease in predation rates with body mass within F-0 larvae.

Comparison of feeding and metabolic rates

Metabolic rates sometimes increase faster with temperature than feeding rates
(Vucic-Pestic et al. 2011; Iles 2014) which can lead to less energetic efficiency of predator
at higher temperature. Metabolic demands may therefore exceed ingestion rates and cause
starvation of predators at high temperature (Petchey et al. 1999; Rall et al. 2010). In
agreement with these studies, we found higher effect of temperature on metabolic rates
than on feeding rates across all instars of Aeshna included in this study. Moreover, the
dragonflies (except possibly the largest F-O larvae at the highest temperature) were not
food limited in our experiment. This shows that these dragonflies can be negatively

impacted by increased temperatures.
Prey perspective

Not every predator attack is successful and sometimes predators reject caught prey.

Both types of events can cause lethal injuries of the prey that contribute to prey mortality
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but not to the energetic gain of the predators (Johnson, Akre & Crowley 1975; Corbet
1999). The most common injuries of uneaten tadpoles caused by dragonfly larvae in our
experiment were tattered or missing tail fins, which are necessary for tadpole movement
and always lead to death of the tadpole. Similar to predation rates, total mortality of
tadpoles increased with temperature and dragonfly instar. Moreover, within each instar,
smaller predators caused higher total prey mortality as the older larvae were feeding less.
Several studies demonstrated different thermal dependence of growth and
development (Forster & Hirst 2012; Zuo et al. 2012) and growth and metabolic rate
(Person-Le Ruyet et al. 2004; Chopelet, Blier & Dufresne 2008) of ectotherms. Bufo bufo
tadpoles and other larvae of amphibians can accelerate development at higher temperatures
to leave early the aquatic environment, but at the cost of smaller size at metamorphosis
(Brady & Griffiths 2000). Here, we found that metabolic rates increased with temperature
but the relatively short duration of the experiment did not allow us to assess the concurrent
temperature-dependent changes in growth and development. Further experiments can shed
more light on the joint thermal dependence of metabolic, growth and developmental rates

in tadpoles.

Conclusions

Temperature increases metabolism and intensity of predation (Sentis et al. 2012;
Sentis et al. 2015). In this study, we showed that warming affects biological rates of both
predator and prey and that these changes impact interaction strengths. We also show that
the feeding and metabolic rates can change dramatically during ontogeny, which might
lead to short-term but potentially serious consequences for individual fitness. Thus, our
results can help refine the prediction of the effects of climate change on ecological
communities.

On long time scales, intensity of predation is further affected by growth rates and
abundance of prey (Berlow et al. 2009). Our experiments ran for a short time and we tested
the effect of feeding and metabolic rates of predator on predation regardless of numerical
response in predator and prey abundance. To fully predict the impact of increased
temperature on interaction strengths, additional studies investigating long-term interactions

from both predator and prey perspective are needed.
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Moreover, the effect of multiple stressors can change the outcome in comparison to
studies based on single stressors. For example, tadpoles of many amphibian species
accelerate their development in response to desiccation stimuli (e.g., decreasing volume of
water or increasing density of tadpoles) as an impact of warming (Rudolf & Rodel 2007)
and in response to predation risk (Stav, Kotler & Blaustein 2007), but their combined
effects are little known.
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Figures

Fig. 1: Dependence of predator mass gains on number of eaten tadpoles. Solid lines =
mean model prediction, dashed lines = 95% prediction interval, symbols = individual

observations.

Fig. 2: Effect of temperature and body mass of dragonfly larvae on probability of predation
after 24 hours. Panels show individual dragonfly instars. Solid lines = mean model
prediction, dashed lines = 95% CI, symbols = individual observations; blue square = 15°C,

green triangle = 20°C, red circle = 25°C.

Fig. 3: Effect of temperature and body mass of dragonfly larvae on total mortality of

tadpoles after 24 hours. Panels, lines, symbols and colour coding as in Fig. 2.

Fig. 4: Effect of temperature and body mass on metabolic rate of dragonfly larvae and
tadpoles. Lines and colour coding as in Fig. 2; symbol shapes: circle = tadpole, triangle =

F-2 dragonfly instar, square = F-1 dragonfly instar, cross = F-0 dragonfly instar.
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Tables

Table 1: ANOVA table summarizing the effects of instar, temperature and predator dry
weight w on the proportion of tadpoles eaten by the dragonfly larvae after 24 hours of the

experiment based on the results of the most parsimonious binomial GLM.

Effect Df Residual df  Deviance P
Instar 2 69 121.7 <0.0001
Temperature 2 67 22.3 <0.0001
Log(w) 1 66 34.8 < 0.0001
Temperature x Log(w) 2 64 4.2 0.12
Residuals 78.8
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Table 2: ANOVA table summarizing the effects of instar, temperature and predator dry
weight w on total mortality of tadpoles after 24 hours of the experiment based on the

results of the most parsimonious binomial GLM.

Effect Df Residual df  Deviance P
Instar 2 69 126.6 < 0.0001
Temperature 2 67 26.0 <0.0001
Log(w) 1 66 27.0 <0.0001
Temperature x Log(w) 2 64 55 0.06
Residuals 78.5

43



Table 3: ANOVA table summarizing the effects of instar, temperature and predator dry
weight w on respiration rates of tadpoles and dragonfly larvae.

Effect Df F P

Bufo
Temperature 2 86.1 < 0.0001
Log(w) 1 43.5 <0.0001
Residuals 65

Aeshna
Instar 2 198.6 <0.0001
Temperature 2 106.8 <0.0001
Log(w) 1 88.3 <0.0001
Instar x Log(w) 2 3.1 0.05
Residuals 192
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Table 4: Coefficients of the most parsimonious model describing the effects of temperature
and dry weight w on respiration rates of tadpoles and dragonflies. Intercept respectively
denotes the predicted oxygen consumption (as logio O; ml.h™) of a 1 g tadpole or F-2
dragonfly larva (dry weight) at 25° C. Log(w) denote the respective size allometry
exponents; temperatures denote the respective differences from 25°C; F-1 and F-0 denote
differences from F-2.

Variable Estimate £ SE t P

Bufo
(Intercept) 0.11+0.23 0.48 0.64
Temperature (20°C) -0.18 + 0.04 -4.82 < 0.0001
Temperature (15°C) -0.46 £0.04 -12.01 <0.0001
Log(w) 0.77 +0.12 6.60 < 0.0001

Aeshna
(Intercept) 0.17+0.58 0.29 0.77
F-1 0.99 + 0.64 1.54 0.12
F-0 0.03 £0.62 0.05 0.96
Temperature (20°C) -0.12 +£0.02 -6.25 <0.0001
Temperature (15°C) -0.29+0.02 -14.46 < 0.0001
Log(w) 1.02+0.41 2.46 0.015
F-1 x Log(w) 0.86 + 0.47 1.81 0.07
F-0 x Log(w) 0.12+0.48 0.26 0.80
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Appendix

Table S1: Number of replicates in Experiment 2 (Effect of temperature and body size on

predator and prey metabolic rates).

Instar 15°C 20°C 25°C
F-2 11 12 13
F-1 24 23 22
F-0 30 30 35

Tadpole 23 24 23
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