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Uvodni komenta¥
Klimatické zmény

Dlouhodobé oteplovani podporované zvySenou koncentraci sklenikovych plynt
Vv atmosféte se projevuje klimatickymi zménami, které mohou v budoucnu déle silit a mit
drasticky dopad na planetu Zemi. Clovék svym chovanim pfispiva K probihajicim
klimatickym zméndm, které zahrnuji zvySeni teplot prostfedi a jejich zvySenou fluktuaci
véetné CastgjSich teplotnich extrémili a redistribuci destovych srazek, zpusobujici jejich
nedostatek nebo nadbytek v riznych ¢astech Zemé ve srovnani s referen¢nimi hodnotami
pted rokem 1850 (IPCC, 2018). Postupnym oteplovanim bude mimo jiné dochazet
K vyraznéj§imu zvySovani praimérnych teplot spoleéné s minimalnimi teplotami béhem zimy
a jara. Zaroven se pocet dni s extrémné vysokymi teplotnimi vykyvy (tzv. heat waves) bude
oproti studenym dniim navySovat a mit delSi dobu trvani a vyS$$i intenzitu, ktera bude
pfispivat k zvySenému odparu vody z krajiny a dlouhotrvajicimu obdobi sucha (IPCC,
2018).

Zvyseni teplot prostfedi miize mit ptimé i neptimé dopady na vétSinu organisma od
jednotlivce, po populace az cela spoleCenstva (Obr. 1). Ptimé vlivy teploty ptsobi na
samotného jedince, a to napiiklad zménami pribéhu fyziologickych déji a rozdilnym
chovanim (Obr. 1, Sipky 1 a 2). Neptimé vlivy teploty mohou zpisobovat zmény ve
struktufe a rovnovaze populaci a spolecenstev, napt. zménami chovani (Obr. 1, Sipka 3)
a mezidruhovych interakci (Obr. 1, Sipky 4 a 5), a tim nepfimo ovliviiovat jedince (Obr. 1,
Sipky 6-8; Anderson et al., 2001; Beveridge et al., 2010; Boukal et al., 2019). Z téchto
divodi je dulezité poznat, jak teplota ovliviiuje fyziologii a Zivotni cykly jednotlivych druht
a jejich vzajemné interakce. V nasledujici reSerSni Casti mé diplomové prace se vénuji
pfimym i nepfimym vlivim teploty a jejich vlivu na vybér mikrohabitatd u ektotermnich
zivo€ichii. Detailn¢ jsem se pak zabyvala vlivem vertikalniho teplotniho gradientu na

chovéani jedinct a mezidruhové interakce.
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Obr. 1: Ptehled popisujici ptimé vlivy oteplovani na fyziologické (Sipka 1) a behavioralni (Sipka 2) procesy
jedince pies druhové interakce (Sipky 4 a 5) az ke spoleCenstviim ($ipka 6). Kinetické vlivy prostfednictvim
teploty piimo a nepiimo ovliviiuji chovani a opozdéné reakce u jedinct (Sipka 3). Sipky 7 a 8 znazoriiuji
zpétnou vazbu zmén struktury a dynamiky spoleCenstva a druhovych interakei na jedince. Pievzato a upraveno

podle Boukal et al. (2019).

Primé vlivy teploty na studenokrevné Zivocichy

Teplota vyznamné ovliviiuje fyziologické pochody u vSech organismt (Obr. 1, Sipka
1). Ddalezita je predev§im pro studenokrevné zivoCichy (ektotermy), u nichz hraje teplota
prostiedi klicovou roli v regulaci zivotné dulezitych funkci organismu (Angilletta et al.,
2004; Boukal et al., 2019; Huey & Kingsolver, 1989). Oteplovani u nich zvySuje kinetickou
energii biochemickych reakci, a tak urychluje fyziologické procesy (Bernardo & Spotila,
2006; Dell et al., 2011; Portner & Farrell, 2008). Mezi hlavni fyziologické procesy spojené
S pfimymi vlivy teploty patfi metabolismus, jehoZ rychlost se méni s teplotou a velikosti téla
(Angilletta & Dunham, 2003). Metabolicka teorie ekologie popisuje zavislost mezi teplotou,
velikosti t€la a metabolismem, kdy se rychlost metabolismu vyznamné zvySuje u mensich
jedinct pii vyssich teplotach (Brown & West, 2004).

Rychlost metabolismu nasledné¢ ovliviiuje rychlost vyvoje a rustu ektotermnich
zivoCicht. Pti rychlejSim metabolismu dochézi k urychleni vyvoje ve vyssi mife nez u ristu,
a proto jedinci dosahuji menSi konec¢né velikosti té€la (Obr. 1, Sipky 1 a 3). Tento jev
charakterizovany asymetrii mezi teplotni zavislosti rychlosti vyvoje a rdstu je tzv.
temperature size rule, kdy teplota ovliviiuje velikost téla ektotermnich organismu (Angilletta
& Dunham, 2003; Daufresne et al., 2009). Zmény v rozsahu télesné velikosti se spolecné

s teplotou lisi napti¢ ektotermy a mezi vodnimi a suchozemskymi taxony, kdy suchozemské

2



taxony vystavené¢ proménlivym teplotam vykazuji méné vyrazné zmény ve velikostech téla
nez vodni taxony (Forster et al., 2012; Horne et al., 2015). Rozdilna velikost té¢la mize byt
ovlivnéna spolu s teplotou také mnozstvim dostupného kysliku, jehoz koncentrace ve vode¢ je
zavisla na teploté (Dodds & Whiles, 2010; Lampert & Sommer, 1997). N¢ktefti jedinci tak
mohou byt ve vyssi teploté naopak vétsi, pokud maji k dispozici dostatek kysliku pro pokryti
vyssich metabolickych nakladt (Atkinson et al., 2006; Frazier et al., 2001; Klok & Harrison,
2013).

Zrychleni metabolismu zvysSuje také energetické naroky jedinci pii vysSich
teplotach, které musi byt kompenzovany vys§im piijmem potravy nebo sniZzenim aktivity
(Obr. 1, Sipky 3-5; Lemoine & Shantz, 2016; Rall et al., 2012; Vucic-Pestic et al., 2011) pii
dlouhodobém a snizeném piijmu potravy jinak dochazi ke hladovéni, prodlouzeni doby
vyvoje (Sentis et al., 2012; Vucic-Pestic et al., 2011; Zuo et al., 2012) a pfipadné i vymirani
vyssich trofickych trovnich (Brose et al., 2006; Rosenblatt & Schmitz, 2016).

Otepleni miize také ovlivitovat chovani jednotlivych druht. Ektotermové jsou citlivi
K teplot¢ a méni své chovani, které mulize zahrnovat termoregulaci, teplotni orientaci a
adaptaci (Obr. 1, Sipky 1-3; Abram et al., 2017; Cadena & Tattersall, 2009; Johansson, 2000;
Rome, 2007). Zmény v aktivité a chovani ektotermti mohou byt pozorovany na Urovni
mezidruhovych i vnitrodruhovych interakci, napt. mezi predatory a jejich kofisti (Obr. 1,
Sipky 4 a 5; Abrahams, et al. 2007; Hammond et al., 2012; Pink & Abrahams, 2016).
Oteplovani totiz zvySuje aktivitu ektotermi a tim pfispiva K vy$§imu predaénimu tlaku na
koftist (Obr. 1, Sipka 4) diky vyssi pravdépodobnosti setkavani jedinct kofisti s predatory

(viz kapitola Vliiv teploty a rizika predace na vybér mikrohabitatu a chovani jedincii).

Nepiimé vlivy teploty na studenokrevné zivocichy

Nepiimé vlivy teploty neovliviiuji jedince piimo, ale mohou zplsobovat zmény
v interakcich mezi jedinci a populacemi. Mezi tyto neptimé vlivy patii naptiklad zmény
v mnozstvi a kvalité potravy, kompetitort nebo predatord (Obr. 1, Sipky 7-8; Beveridge et
al., 2010; Brose et al., 2006; Uszko et al., 2017), které nasledn¢ s dalsimi abiotickymi vlivy
ovliviuji strukturu a stabilitu spolecenstev.

Silu a komplexitu potravnich siti ovliviiuje kromé& poctu trofickych trovni a mnozstvi
predatorti také ptitomnost zdrojii a dostupnost riznorodé potravy. Potravni vybér a kvalita
potravy se mize u hmyzu a ostatnich ektotermti ménit vlivem teploty (Obr. 1, Sipka 1-3;
Carreira et al., 2017; Lemoine & Shantz, 2016; Rho & Lee, 2017; Rosenblatt & Schmitz,
2016). Napiiklad O’Gorman et al. (2016) ukazali, jak se vlivem oteplovani méni potravni

3



preference pstruha Salmo trutta v jeho pfirozeném teplotnim gradientu vi¢i dominujicim
larvam pakomart (Chironomidae) a méné pocetnym larvam muchni¢ek (Simuliidae), kdy
Vv teplejsi vode pstruzi preferovali praveé larvy muchnicek. Vyssi preference pstruha pro larvy
muchnicek v teplejSich vodach mohly byt ovlivnény potiebou vyssi energeticky hodnotné
potravy kvuli vyssim metabolickym pozadavkim.

Jak jiz bylo fefeno v piedchozi kapitole, zrychleni fyziologickych procesi pfi
vyS8ich teplotach vede k rychlejSimu zpracovani potravy a potencialné ¢astéjsimu hladovéni,
které ¢asto motivuje jedince k vyssi aktivité a hledani potravy (Obr. 1, Sipky 1 a 4; Sentis et
al., 2012; Vucic-Pestic et al., 2011). Pii nedostateéném mnozstvi dostupné potravy se proto
ektotermové snazi svou aktivitu naopak snizit, a tim zpomalit metabolickou cinnost
ptechodem do chladngjsiho prostiedi (viz kapitola Viiv vertikalniho gradientu teploty na
chovani ektotermit; Huey & Slatkin, 1976; Rho & Lee, 2017). Vliv teploty na rychlost
metabolismu a miru aktivity proto muze nepfimo ovliviiovat chovani ektotermi spojené
S predacnim rizikem (Obr. 1, Sipky 7 a 8).

Vliv teploty na mezidruhové interakce miiZe nepiimo pusobit na rychlost predace
(Obr. 1, Sipky 2 a 5) skrze teplotné podminéné zmény velikosti téla (viz temperature size
rule vyse, kapitola Primé viivy teploty na studenokrevné Zivocichy). Absolutni i relativni
velikost téla pfitom vyznamné ovliviiyje silu trofickych interakci a strukturu potravnich siti,
Které jsou u vodnich ektotermu silngji vazany na velikost jedincd nez u terestrickych druhtd
(Brose et al., 2006; Petchey et al., 2008; Sentis et al., 2017). Naptiklad rozdilné velké larvy
vazek druhu Libellula lydia a L. luctuosa se vice preduji oproti stejné velkym jedinctim, ktefi
mezi sebou pouze kompetuji o potravu nebo kvalitu stanovisté (Wissinger, 1989). Zmény
Vv pomérech velikosti mezi predatorem a kofisti tak mohou vést napf. k zjednoduSeni
potravnich siti nebo mit za nasledek kolaps vodnich potravnich siti (Obr. 1, Sipka 6; Binzer
et al., 2012; Sentis et al., 2017).

Celkem lze fici, ze vlivy vysSich konstantnich teplot na fyziologické procesy jsou
dobie znamy (Angilletta et al., 2006; Boukal et al., 2019; Brown et al., 2004). Rada studii se
zabyvala zejména vlivem kratkodobého otepleni (Abram et al., 2017; Dell et al., 2014;
Johansson, 2000; Sentis et al., 2015), zatimco studii vénujicich se vlivu teplotni variability
prostiedi na aktivitu, pohyb a trofické interakce ektotermi je nedostatek. Nasledujici ¢ast
reSerSe se proto vénuje predaci a teploté, které vyznamné ovlivituji chovani jedinct

predatora a kofisti spolecné s jejich mikrohabitatovymi preferencemi.



Vliv teploty a rizika predace na vybér mikrohabitatu a chovani jedinci

K vyznamnym procestim ovlivitujicim predaci patii vybér stanovisté (mikrohabitatu)
predatorem a kofisti. Kofist si v nepfitomnosti predatora obvykle vybira optimalni
mikrohabitat, kde jsou hojné potravni zdroje, ale v jeho pfitomnosti je ¢asto nucena vyuzivat
suboptimalni mikrohabitat méné bohaty na zdroje obzivy (Beerens et al., 2015; Luttbeg &
Sih, 2004; Schmitz, 2007), coz ma za nasledek napf. zpomaleni riistu a vyvoje ¢i snizeni
zdatnosti jedinci (Obr. 1, Sipky 7 a 8). Predatofi se naopak vyskytuji pievazné
v mikrohabitatech, kde jsou pocetné zdroje kofisti. Pokud jim ale navic hrozi riziko predace
Z vyssich trofickych trovni, miize to omezit jejich vybér mikrohabitatu podobné jako u jejich
vlastni kofisti (Lima, 2002; Rosenheim, 2004). Kvalita mikrohabitatu je tedy posuzovana
I podle intenzity preda¢niho rizika.

Pokud odhlédneme od rizika predace, tak se vybér jednotlivych mikrohabitati
U vétSiny druhti v prvni fadé 1i8i na zaklad¢ jejich fyziologickych omezeni, napf. teplotni
tolerance (Angilletta et al., 2006; Freitas et al., 2007; Huey & Kingsolver, 1989). Teplotni
podminky a tolerance ektotermti spole¢né s hodnotou teplotniho optima, tj. teploty idealni
pro prubéh vétsiny fyziologickych dé&ja (Angilletta et al., 2002), ovliviiuji miru a efektivitu
osidleni jednotlivych mikrohabitatii danym druhem. Naptiklad nizkd teplotni tolerance
omezuje aktivitu vodnich ektotermti pokud okolni teplota dosdhne extrémné nizkych ¢i
vysokych hodnot (Bates et al., 2013; Sears et al., 2011). Druhy s $irsi ekologickou nikou
jsou proto schopny obyvat vice mikrohabitatii nez druhy s tzkou ekologickou nikou.

Urceni teplotnich specialistii (stenotermnich druhli) ¢i generalistl (eurytermnich
druhtl) je v podstaté fizeno sménou znakd mezi optimalni télesnou teplotou a fyziologickou
vykonnosti druhu. Specialisté maji uzsi teplotni toleranci a vyskyt v blizkosti jejich
teplotniho optima jim umoziuje vét$i miru energetického zisku. Generalisté maji naopak
§irsi teplotni toleranci, a proto mohou obyvat vice mikrohabitati s odlinou teplotou, ale
maji v optimu napt. niz8i efektivitu traveni ¢i zpracovani potravy ve srovnani se specialisty
(Angilletta et al., 2006; Asbury & Angilletta, 2010; Mitchell & Angilletta, 2009).

Vybér stanovisté v teplotné heterogennim prostiedi se také fidi fyzickou kondici
jedince, mirou jeho pohybové aktivity a preferovanymi mikrohabitaty, ve kterych jsou
teploty blizko optimalnich hodnot. Ektotermové obecné uptednostiiuji vyskyt a aktivitu
v teplotach blizkych svému teplotnimu optimu, aby nemuseli vynakladat velké mnozstvi
energie (Angilletta et al., 2002). Naptiklad haterie Sphenodon punctatus je aktivni pii nizSich
teplotach beéhem vecera, kdy zac¢ina shanét potravu, ale pfes den se musi vyhiivat na slunci,

aby se jeji aktivita nesnizila pfi chladné noci. Haterie sice preferuje nizké teploty, ale
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zaroven potiebuje akumulovat teplo, aby mohla efektivnéji lovit. Toto termoregulacni
chovani haterii umoznuje travit delsi dobu v rozmezi jejich preferovanych teplot (Corkery et
al., 2013).

Spole¢né vlivy teploty a rizika predace mohou hrat zasadni roli v pfezivani jedincu,
ovlivitovat mezidruhové interakce a nasledn¢ strukturu potravnich siti (Obr. 1, Sipky 1, 2, 4-
6). Vétsina studii zabyvajici se termalni biologii ektotermti ale donedavna opomijela vliv
biotickych déju vetné interakci mezi predatory a jejich kofisti. Mitchell & Angilletta (2009)
proto vytvorfili tzv. termalni teorii her (thermal game theory), ktera zahrnuje vzajemnou
interakci abiotickych faktort (teplota) i biotickych faktort (predator-kofist), aby poukazala
na vliv trofickych interakci mezi predatorem a jeho kofisti na rozdilné teplotni
a mikrohabitatové preference v teplotné heterogennim prostiedi. Tato teorie predpovida, Ze
kofist vyhledava mikrohabitaty na zakladé¢ jeji teplotni preference a rizika predace, zatimco
predator upiednostiiuje mikrohabitaty na zakladé hustoty kofisti. Aby kofist snizila riziko
predace, muze reagovat napt. sniZzenim aktivity, pfechodem do mikrohabitatu s nizsi
teplotou, agrega¢nim chovanim v mikrohabitatu s vys$si teplotou, morfologickymi zménami
¢i omezenim piijmu potravy (Abrams, 2007; Orizaola & Brafia, 2003; Relyea, 2003;
Sandblom et al., 2016). Naopak predator reaguje na ptitomnost kofisti ¢ast&jSim vyskytem
Vteplém prosttedi pro urychleni fyziologickych pochodli (tj. metabolismus, traveni
a aktivita), které zvysuji efektivitu lovu kofisti. Tyto mechanismy tak potencidlné ovliviiuji
fyziologické pochody a teplotni preference kofisti (vyskyt v uzsim nebo Sir§Sim rozmezi
teplot) v zavislosti na aktivité predatora.

Nasledny rozvoj termalni teorie her vedl k novému pohledu na termoregulacni
chovani vodnich ektotermi. Naptiklad Gvozdik et al. (2013) testovali predikce této teorie
ularev Colku Ichthyosaura alpestris (kofist) v interakci slarvami vazek Aeshna cyanea
(predator) na vertikalnim gradientu teploty. Predikce termalni teorie her se potvrdily pouze
u kofisti, ktera se v pfitomnosti predatora vyhybala svému teplotnimu optimu (teplej$im
mikrohabitatim), zatimco predator se pohyboval napfic¢ gradientem nezavisle na pfitomnosti
¢i pohybu kofisti v prostoru. Tattersall et al. (2012) pak ukazali, jak kompetice a hierarchie
mezi raky Procambarus clarkii ovliviiuje jejich chovani a teplotni mikrohabitatové
preference. Dominantni jedinci zustavali vice V blizkosti jejich preferovanych teplot
V porovnani s podfizenymi jedinci, ktefi travili vice ¢asu v mikrohabitatech mimo jejich
teplotni optimum. Vliv hierarchie a kompetice na teplotni adaptace byla také prokdzana napf.
u jestérek Lacerta oxycephala. Dominantni jedinci se nachazeli ve vegetaci, kde vyuzivali

stiidani vysokych teplot a stinu, tj. optimalizovali svoji télesnou teplotu. Ostatni jedinci



Splhajici po skaldch a zdech byli po cely den vystaveni vysokym teplotdm mimo jejich
teplotni optimum (Scheers & Damme, 2002). Teplotni mikrohabitatové preference tak
u jedinct se stanovenou hierarchii odpovidaly predikcim termalni teorie her.

Vybér mikrohabitatd je dale ovlivnén celou fadou abiotickych a biotickych faktort
véetné rizika predace (Broitman et al., 2009; Pink & Abrahams, 2016; Schmitz, 2007).
Intenzita predace a teplotni variabilita v mikrohabitatech se naptiklad ¢asto 1isi v pribéhu
dne a noci, a proto se ektotermové museji t€émto zméndm pfizpasobovat. Typickym
ptikladem je denni vertikalni migrace zooplanktonu a nékterych druht ryb (Lampert, 1989;
Lass et al., 2000; Meester et al., 1995), ktera je kromé¢ teploty také podminovana predacnim
tlakem. Tento ptiklad ukazuje, Zze jedinci se musi pfizptisobovat ménicim se podminkam
prostfedi napiiklad pohybem v teplotné heterogenim prostfedi, kterym se zabyva nésledujici

¢ast reserse.

Vliv vertikalniho gradientu teploty na chovani ektotermi

Termalni stratifikace a vertikalni gradient podminek prostiedi ve stojatych vodach
Vertikalni gradient teploty se v pfirodnich podminkach ¢asto vyskytuje ve stojatych vodach,
tj. teplota se méni v zavislosti na hloubce (Dodds & Whiles, 2010; Lampert & Sommer,
1997; Wetzel, 1976). Pribéh sezony ovlivituje miru stratifikace stojatych vod spole¢né
s ¢innosti vétru umoznujici cirkulaci (promichdvani) vody. Vodni nadrZe se tak rozd€luji na
zakladé rozsahu cirkulace vody na amiktické vody (bez cirkulace, napf. jezero Vanda na
Antarktid¢é; Kalff, 2002), meromiktické vody (Caste¢né cirkulované, napi. jezero Malawi
v Africe; Pilskaln, 2004) a holomiktické vody (zcela cirkulované). Podle ¢etnosti cirkulace
vody se dale holomiktické vody dé€li na polymiktické vodni nadrze (promichéani nékolikrat za
rok, napf. jezero Miiggelsee v Némecku; Adrian et al., 1999), dimiktické vodni nadrze
(promichani 2x ro¢né, napf. jezero Mentoda v Severni Americe; Dodds & Whiles, 2010),
monomiktické vodni nadrze (promichani 1x ro€né, napi. jezero Titicaca v JiZzni Americe;
Cross et al., 2001) a oligomiktické vodni nadrze (zadné promichani, nebo maximalné 1x
ro¢ng).

Pro oblasti mirného pasu jsou typické dimiktické vodni nadrze, u kterych se teplotni
stratifikace objevuje v letnim a zimnim obdobi a k cirkulaci vody dochazi na jafe a na
podzim. Zvysujici se teplota béhem jara umoziuje roztati ledové plochy nadrze, a tak mtze
¢innosti vétru dochazet k promichédni celého objemu vodni nadrZe (tzn. shodna teplota v celé
nadrzi). Prvni teplotni stratifikace probiha v letnich mésicich, kdy horni vrstva vody blizko

hladiny byva ptisobenim slune¢niho zatfeni nejteplejsi a nejlehci, zatimco s hloubkou studena
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voda klesa kvili jeji vyssi hustoté. Vétrné podminky zptisobuji promichavani vodnich mas
po hranici teplotni sko¢né vrstvy, tzv. termokliny, v niz dochézi k prudkému poklesu teploty.
Teplotn¢ stratifikovana voda je proto v 1ét€ rozdélena na tfi teplotni vrstvy oznaované jako
svrchni epilimnion, stfedni pfechodny metalimnion a spodni hypolimnion (Obr. 2).
Ochlazovani na podzim zpiisobuje promichéni vody v epilimnionu a hypolimnionu, které tak
narusuje stratifikaci a vede k ustaleni teploty na 4°C v celém vodnim sloupci. K druhému
teplotnimu rozvrstveni vodni nadrze poté dochazi béhem zimy, kdy je povrch hladiny pokryt
vrstvou ledu a voda u dna nadrze ma teplotu okolo 4°C (Boehrer & Schultze, 2008; Dake &
Harleman, 1969; Lampert & Sommer, 1997).

EFILIMMION

METALIMMION

HYPOLIMNION

Obr. 2: Teplotn¢ stratifikovana voda ve vodni nadrzi se znazornénim jednotlivych vodnich vrstev a zménou
teploty v zavislosti na hloubce (Cervena barva = nejvyssi teplota, modra barva = nejniz§i teplota). Pfevzato

z prace Wetzel (1976).

Podobné jako teplota se méni béhem dne i koncentrace a rozpustnost kysliku ve
vodnim sloupci. Mnozstvi rozpusténého kysliku je ovlivnéno povétrnostnimi podminkami
spolu s teplotou prostfedi, mnozstvim primarni a sekundarni produkce. Vitr pfispiva
k promichavani vodni masy a vede tak k rovhomérné distribuci kysliku v zavislosti na
hloubce nadrze, ktera dale souvisi s prohfivanim vody. I kdyz vyssi teplota snizuje mnozstvi
rozpusténého kysiku ve vod¢, ve stratifikované vodni nadrzi byva nejvice prokysli¢eny teply
epilimnion, ktery je zasoben kyslikem ptredevsim z fotosyntézy a v mensi mife z atmosféry
prostiednictvim difize vzdusného kysliku. Naopak v hypolimniu obvykle dochazi
k ¢asteénému nedostatku kysliku (hypoxii) nebo jeho celkovému vycerpani (anoxii) diky
rozkladnym procesim a nizké intenzité svétla, ktera omezuje Cinnost fotosyntetizujicich
organismi (Dodds & Whiles, 2010; Lampert & Sommer, 1997).

Typickym ptikladem hypoxickych az anoxickych vod jsou proto stratifikovana
eutrofizovand jezera ¢i hlubsi tiné s velkym mnozstvim rozkladajici se organické hmoty na

dné, ktera spotiebovava kyslik. K eutrofizaci jezer dochazi pfi zvySeném obsahu fosforu
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a dusiku vedouci k pfemnozeni planktonu a sinic tzv. vodniho kvétu, ktery pfi odumieni
zpusobi nedostatek kysliku a nasledny ahyn ryb a dalSich organisma (Lampert & Sommer,
1997). Jinak je tomu u mélkych tini, které jsou béhem letnich mésict teplejsi a vétSinou
netrpi nedostatkem kysliku V zdvislosti na teplot¢ intenzit€¢ svétla a povéetrnostnich
podminkach (Zdorovennova et al., 2016). Tyto zmény ve vodnim prostiedi ovliviiuji aktivitu
a chovani ektotermu, kterému se vénuje nasledujici podkapitola: Vliv termalni stratifikace

a vertikalniho gradientu podminek prostfedi na chovani ektotermdi.

Viiv termalni stratifikace a vertikalniho gradientu podminek prostredi na chovani ektotermii

Teplotné stratifikované prostiedi umoziuje ekototermim vybirat Si mezi riznymi
typy mikrohabitatt v souladu s jejich preferencemi spojenymi s teplotou, mnozstvim kysliku
a dostupnosti potravy. V jednotlivych vrstvach vody se méni teplota i koncentrace kysliku
béhem dne. Na tyto zmény ektotermové casto reaguji, aby optimalizovali prib¢h
fyziologickych procest, tj. metabolismu, traveni, vyvoje a rustu (vizkapitola Primé viivy
teploty na studenokrevné Zivocichy, Angilletta et al., 2002). Rada pohyblivych ektotermi
uptednostiuje teplé a dostatecné okysli¢ené prostiedi pobliz hladiny v epilimnionu. Toto
chovani je vyhodné pfedevSim v prostfedi s dostatecnym mnozstvim potravy vzhledem
K rychlejsimu traveni (Hammond et al., 2012; Lampert et al.,2003; Lass et al., 2000).
Naopak pfi vy€erpani nebo nedostatku potravy se ektotermové piesouvaji do chladnéjsiho
prostiedi, aby tak snizili svou aktivitu a vydej energie (Angilletta et al., 2006; Scheers &
Damme, 2002).

U vétSiny ektotermil se také vyvinuly behavioralni termoregulacni mechanizmy
slouZzici k pfizplisobeni ¢i vyvarovani se suboptiméalnim télesnym teplotam (Obr. 1, Sipky 2
a 3). Termoregulace umoziiuje studenokrevnym Zzivo€ichlim pfiblizit se jejich stalé télesné
teploté v ménicich se teplotnich podminkach (Angilletta et al., 1999; Goller et al., 2014;
Kirchhof et al., 2017). Vodni organismy se tak mohou v teplotné stratifikované vodé
presouvat do riznych teplotnich vrstev v souladu s jejich teplotnimi preferencemi nebo se od
nich odklanét vlivem mezidruhovych interakci (Obr. 1, Sipky 2 a 5), napt. mezi predatorem
a kofisti (Abrams, 2000; Gvozdik et al., 2013; Mitchell & Angilletta, 2009), Cemuz se vénuje

nasledujici ¢ast reserSe.



Viiv termdlni stratifikace a vertikdalniho gradientu podminek prostiedi na interakce mezi
preddatorem a koristi

Vliv teplotné variabilniho prostfedi na chovéani predatora a kofisti spojené
s mikrohabitatovymi a teplotnimi preferencemi je popsan V termalni teorii her (Mitchell &
Angilletta, 2009). Tato teorie byla testovana pouze na larvach ¢olkt (Gvozdik et al., 2013)
araku (Tattersall et al., 2012; viz kapitola Viiv teploty a rizika predace na vybeér
mikrohabitatii a chovani jedincit). Ostatni studie se vétSinou zaméfovaly na tyto preference
oddélené a sledovaly spise antipredacni chovani kofisti nez obou druhti dohromady. I ptes
tyto odlisnosti jejich vysledky naznacuji ur¢ity soulad s termalni teorii her. Napiiklad studie
(EklI6v, 1997; Eklov & Persson, 1995) se zabyvala trofickymi interakcemi mezi piscivornim
okounem Perca fluviatilis (predator) a juvenily okouna a plotice Rutilus rutilus (kofist).
Ptitomnost predatora piimeéla juvenilni okouny ke snizeni aktivity a pfechodu na kryptické
chovani v chladném hypolimniu, které poskytovalo okounovi bezpeény ukryt pied
predatorem (Cech et al., 2005; Sajdlova et al., 2018). Tato behavioralni adaptace poméhala
okounovi snizovat predacni tlak a zvySovala tak jeho Sanci na pfeziti, zatimco juvenilni
plotice se aktivné pohybovala napfi¢ celym vodnim sloupcem, a tim zvySovala
pravdépodobnost setkdvani s predatorem. Zatimco vysledky pro juvenilni okouny jsou
v souladu s termalni teorii her, vysledky pro plotici ji odporuji a naznacuji, Ze termalni teorii
her je v tomto pfipadé nutné doplnit o dal$i mechanismy, napt. rozdilnou schopnost riiznych
druhti kofisti uniknout predatorovi.

DalSim pfikladem souvisejici s predikcemi termalni teorii her je denni vertikalni
migrace fady vodnich organismt (Loose & Dawidowicz, 1994; Meester et al., 1995).
Preference mikrohabitati ve vétSich hloubkach s nedostatkem kysliku, nizsi teplotou
a intenzitou svétla mohou byt vhodnou adaptaci snizujici predacni tlak predatord (Obr. 1,
Sipka 5), ktefi reaguji na pohybujici se kofist a jsou Casto pfitomni zejména v teplejSich
mikrohabitatech, typicky v epilimnionu (Lampert et al.,, 2003). Studie na rybach
a zooplanktonu prokazaly, jak predacni riziko nuti kofist posunout se do chladného
hypoxického hypolimnia, ktery by bez ptitomnosti predatora nevyuzivala (Domenici et al.,
2007; Lass et al., 2000; Sakwinska & Dawidowicz, 2005). Zvyseny predacni tlak v hornich
vrstvach vody (teplejsich) tak mize ovliviiovat pozici vertikaln¢ migrujiciho zooplanktonu
ve vodnim sloupci. Napiiklad hrotnatky Daphnia magna (teplotni optimum 20-21°C;
Giebelhausen & Lampert, 2001; Stich & Lampert, 1981) reaguji na ménici Se polohu
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predatora slunky Leucaspius delineatus piesunem z teplejSich mikrohabitatd blizko vodni
hladiny do chladnéjsich mikrohabitati u dna (Loose & Dawidowicz, 1994).

Teplota muze také ovliviiovat formu obrany kofisti pfed predatorem (Eklov &
Persson, 1995; Mitchell & Angilletta, 2009). Rada studii potvrdila, e kofist se vyhyba
teplotnim vrstvam vody obsahujici predatory nebo jejich chemické signaly (Gerald &
Spezzano, 2005; Lampert, 1989). Naopak ptitomnost chemickych signalt kofisti podporuje
utoné chovani predatora (Smolinsky & Gvozdik, 2012). Pol¢ak & Gvozdik (2014)
prokdzali, Ze Colci a mloci méni své obranné strategie na zaklad¢ aktudlni télesné teploty:
S vyssi teplotou se snazi predatorim vyhnout ptechodem do chladnéjsiho prostiedi, zatimco
pfi jejim poklesu dochazi ke strnulosti. Cast&jsi ptitomnost predatora v teplejsim prostiedi je
obvykle spojovana s utékem pronasledované kofisti predatorem do chladnéjsiho prostiedi.

Na zéklad¢é rozdili v pohybové zdatnosti a predacniho rizika si proto rtizné druhy
vyvinuly rozdilné strategie pohybu Vv teplotné heterogennim prostiedi pro vyrovnani se
s pfitomnosti predatora, napf. vyskytem v teplém prostiedi umoziujicim rychlejsi rust (Obr.
1, Sipky 1 a 4). Nekteré studie napft. zjistily, Ze pulci pti vysokém predacnim tlaku paradoxné
vyhledavaji teplejsi vodu, aby rychleji dosahli urcité velikosti, ktera znemoziuje predatorovi
(napt. larvam vazek) je chytit (Anderson et al., 2001; Travis et al.,, 1985). Podobna
antipredacni strategie byla zaznamenana u larev vazek rodu Leucorrhinia, které v teplé vodé
urychluji rdst hibetnich trnd (Mikolajewski & Johannes, 2004). Naopak tnik kofisti do
chladgjSich vod vlivem predace muze vést k pomalému rustu, jak bylo ukazéno napt.
u perloocek Daphnia magna (Fiksen, 1997; Loose & Dawidowicz, 1994; Moore et al.,
1996), nebo larev ¢olkl (Smolinsky & Gvozdik, 2009).

Vliv teploty spolu srizikem predace tedy mohou ovliviiovat mikrohabitatové
ateplotni preference ektotermti V teplotné heterogennim prostiedi. Zmeény spojené
s chovanim, aktivitou a predaci fizené pfimymi a nepfimymi teplotnimi vlivy tak mohou
ovlivitovat dynamiku populaci a strukturu potravnich siti. Z tohoto divodu je dulezité
studovat mechanismy a déje spojené s variabilni teplotou a interakcemi mezi predatorem
a kofisti, abychom mohli ptfedpovidat nasledky budoucich zmén klimatu na jedince,

populace a ekosystémy.
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Shrnuti

Teplota ovliviiuje u ektotermnich zivocichti celou skalu zivotnich pochodd od
metabolismu (Brown et al., 2004), pies vyvoj a rist (Angilletta & Dunham, 2003) az po
chovani spojené s aktivitou (Angilletta, 2009; Huey et al., 2012) a mezidruhovymi
interakcemi, naptikad mezi predatorem a jeho kofisti (Pink & Abrahams, 2016).

Sila trofické interakce mezi predatorem a kofisti je regulovana teplotou prostiedi,
ktera ovliviuje jejich chovani i miru aktivity (Berlow et al., 2009; Dell et al., 2014; Relyea,
2001). Pfitomnost predatora v teplejSich mikrohabitatech miize nutit kofist setrvavat ve vice
teplotné rozdilnych mikrohabitatech ¢i v chladnéjSich ¢astech mikrohabitatu. Mitchell &
Angilletta (2009) popisuji tyto d&je vtermalni teorii her, ve které kofist simultané
optimalizuje energetické ztraty termoregulaci a vyhyba se predatorovi, ktery zaroven reaguje
na chovani kofisti. Tato teorie poskytuje predikce toho, jak by méla aktivita a zranitelnost
kofisti ovlivilovat jeji vybér mikrohabitatu s urcitou teplotou.

Teplotni stratifikace stojatych vod pfispiva k rovnomémému rozmisténi celé fady
druhti vodnich ektotermti na zakladé jejich teplotnich preferenci a funkci v ekosystému
(Boscarino et al., 2007; Dodds & Whiles, 2010; Gray & Kingsford, 2003). Juvenilni okouni
se napfiklad v pfitomnosti preddtora stahuji do chladného hypolimnia, zatimco plotice
zUstavaji v teplém epilimnionu vzhledem Kk efektivni rychlosti plavani, které umoziuji
uniknout pred predatorem (Cech et al., 2005; Eklov & Persson, 1995; Henseler et al., 2020).
Vzhledem k nedostatecnému mnozstvi informaci popisujicich vliv teplotnich preferenci na
mezidruhové interakce u vodnich ektotermd v malych stojatych vodach jsem se ve svém
experimentu zamé&fila na larvy dvou béznych druhd vazek. Oba druhy (Aeshna cyanea jako
predator i Sympetrum sanguineum jako Kkofist) obyvaji strukturné podobna stanovisté
S ponofenou vegetaci a vyhledavaji i podobné teplotni optimum (Smolinsky & Gvozdik,
2009; Suhling et al., 2015). Cilem experimentu bylo otestovat, zda pfitomnost predatora ¢i
kofisti meéni teplotni preference druhého druhu ve vertikdlnim teplotnim gradientu.
Piedpokladala jsem v souladu s dosavadnimi publikacemi, ze (1) predator i kofist se budou
samostatné vyskytovat vétsinu ¢asu v blizkosti svého teplotniho optima, (2) riziko predace
bude kofist nutit travit vice ¢asu mimo jeji teplotni optimum v chladngjsi vode, 3)
Vv ptitomnosti kofisti se predator bude pohybovat smérem kni a opusti svoje teplotni

optimum.
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Abstract

Temperature dependence of species interactions can have a profound effect on food
web structure and community dynamics, but our understanding of species interactions in
thermally variable or thermally heterogeneous environments is limited. Standing waters are a
typical example of a habitat with widespread vertical thermal stratification, which affects
microhabitat choice of many freshwater ectotherms. Microhabitat choice in these habitats is
also affected by predation risk. However, little is known about the joint effects of thermal
stratification and predation risk on microhabitat and thermal preferences of freshwater
ectotherms and their consequences for predator-prey interactions. We tested how the
presence of a vertical thermal gradient and the interacting species affects microhabitat choice
and thermal preferences of the predators and their prey using dragonfly larvae (Aeshna
cyanea as predators and Sympetrum sanguineum) as a case study. We found that while the
predators stayed close to their thermal optimum along the thermal gradient, the vertical
position of the prey was driven mainly by their microhabitat preference. Interaction between
the predator and their prey lead to microhabitat shifts and hence different body temperature
of both species, but the vertical distance between predator and prey was little affected. We
conclude that testing thermal preferences of interacting species along natural thermal
gradients will contribute to better predictions of future consegences of the ongoing climate

change for freshwater biota.
Keywords

thermal preferences; dragonfly larvae, microhabitat shift; predator-prey interaction; vertical

thermal gradient; behavioural thermoregulation
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Introduction

Temperature has both direct and indirect influence on species interactions including
predation rates, which play a key role in food web and community structuring (Anderson et
al., 2001; Beveridge, Petchey & Humphries, 2010; Boukal et. al., 2019). High temperatures
typically increase short-term strength of predation rates through increased predator search
rates and decreased time required to handle and digest captured prey (lles, 2014; Rall et al.,
2012; Sentis et al., 2012). Higher temperature also elevates metabolic rate and hence
individual energy requirements, which can increase starvation risk when resources are scarce
(Binzer et al., 2012; Sentis et al., 2012; Vucic-Pestic et al., 2011).

Environmental temperature also affects individual behaviour and activity connected
with microhabitat shifts, which could lead to consumer-resource mismatches in time and
space (Amarasekare, 2015; Damien & Tougeron, 2019). While mobile predators may search
for places with a high prey density to increase foraging efficiency and hence their fitness
(Abram et al., 2017; Brose et al., 2008; Sih, Englund & Wooster, 1998), prey may respond to
predation risk by various behaviours (David, Salignon & Perrot-Minnot, 2014; Lima,
Mitchell & Roth, 2003). They can decrease individual activity (Johansson, 2000; Schmitz,
Rosenblatt & Smylie, 2016; Suhling & Lepkojus, 2001) or aggregate in conspecific groups
(Abrams, 2007; Johannesen, Dunn, & Morrell, 2014; Sih, 1984). One of the most common
strategies is predator avoidance, which could force the prey away from its optimal
microhabitat (Loose & Dawidowicz, 1994; Mitchell & Angilletta, 2009; Pierce, 1988).

Temperature dependence of species interactions is usually studied under constant
temperatures. This contrasts with our limited understanding of species interactions in
thermally variable or thermally heterogeneous environments (Boukal et al., 2019; Parmesan,
2006; Schér et al., 2004). Standing freshwaters are a typical example of a thermally
heterogeneous habitat because they are often thermally stratified, with the upper layers being
significantly warmer than the bottom (Boehrer & Schultze, 2008; Dodds & Whiles, 2010;
Lampert & Sommer, 1997). Predation is the dominant interspecific interaction shaping
freshwater food webs and communities, and it is therefore important to understand how
thermal stratification affects predator-prey interactions in order to predict future effects of
climate warming on freshwater food webs (Boukal et al., 2019; Pink & Abrahams, 2016;
Woodward et al., 2010).

Vertical thermal stratification commonly present in standing waters allows
individuals to choose preferred temperature across the gradient according to their thermal
preferences (Dodds & Whiles, 2010) and other factors such as prey availability or predation
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risk (Abrams, 2007; Huey & Slatkin, 1976; Sears, Raskin & Angilletta, 2011). Mobile
ectotherms thermoregulate by selecting microhabitats with close-to-preferred temperature to
reduce the variability of body temperature in thermally heterogenous environments (Dillon
et al., 2009; Kurdikova, Smolinsky, & Gvozdik, 2011; Mitchell & Angilletta, 2009). Their
microhabitat choice can be modulated by predation risk and prey availability as they
influence activity, behavioural thermoregulation, foraging rate of the predator and mortality
risk of the prey (Abrams, 2007; Luttbeg & Sih, 2004; Mitchell & Angilletta, 2009; Pierce,
1988).

Thermal game theory developed for ectothermic vertebrates predicts how predation
risk and thermally heterogenous condition affect thermal microhabitat use of predators and
prey: while prey should to stay in (colder) unpreferred patches under predation risk, predator
should track the prey but often remain in preferred warmer patches (Mitchell & Angilletta,
2009). On the other hand, thermal preferences could partially overlap with microhabitat
preferences especially in shallow water, where temperature does not vary much across the
entire water column.

A typical example of a pattern consistent with the thermal game theory is the daily
vertical migration of zooplankton (Gliwicz, 1986; Lampert, 1989; Meester, Weider &
Tollrian, 1995) to reduce their predation risk by moving into deeper and typically colder and
hypoxic strata (Domenici, Lefrancois & Shingles, 2007). Similar pattern is known for fish in
lakes and reservoirs (Cech et al., 2005; Hugie & Dill, 1994; Sajdlova et al., 2018). These
studies showed that prey moves away from the warm epilimnium to the cold hypolimnic
water to decrease predation risk.

Little is known about how thermal and microhabitat preferences jointly affect
interspecific interactions of aquatic ectotherms along realistic thermal gradients. Most
aquatic organisms occupy shallow waters with a well developed vertical thermal gradient
(e.g. shallow pond and littoral zones of lakes, shallow shelf sea; Tittensor et al., 2010),
leading to frequent predator-prey interactions in these habitats. Understanding their
interactions on the vertical thermal gradient would contribute to better predictions of future
consquences of warming on species interactions and local communities, but such studies are
surprisingly rare. Gvozdik, Cernicka, & Van Damme (2013) studied thermal preferences of
predatory dragonfly nymphs and newt larvae as their prey in a vertical thermal gradient.
They showed that predator and prey behaviour responded to each other by changing their
thermal microhabitat use, but prey was much more influenced by presence of predator and

moved to suboptimal temperaures in agreement with the predictions of the thermal game
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theory. However, little is known about how microhabitat and thermal preferences jointly
influence predator-prey interactions because most studies focused on only one of these
preferences. Moreover, these studies focused mostly on ectothermic vertebrates and omitted
aquatic insects, which represent the most abundant and diverse group of animals in small
freshwater pools (Hershey et al., 2010). Their interactions along natural thermal gradients
are essentially unknown.

To fill these gaps, we ran a laboratory experiment to quantify the effect of
interspecific interactions on thermal preferences of predators and their prey on a vertical
thermal gradient typically present in small standing water bodies. We used larvae of two
common dragonfly species, Aeshna cyanea as predators and Sympetrum sanguineum as prey.
We hypothesized that, in line with the thermal game theory, (1) predators and prey will spent
most of the time near their own thermal optimum in the absence of the other species, (2)
predation risk will force prey out of its thermal optimum to colder water, and (3) predators
will move closer to the prey when present and hence possibly leave their thermal optimum as
well (Fig. 1). We also tested the effect of thermal gradient compared to constant temperature
on vertical positions of the predator and prey to disentangle their thermal and microhabitat
preferences.

Material and methods

Laboratory experiment

Experiments were conducted in June 2019 in a walk-in room with controlled
temperature 11.7 = 0.2 °C in thermal gradient treatements and 20.2 + 0.04°C in constant
temperature treatments at the Institute of Vertebrate Biology in Studenec (Czech Republic).
We used last-instar larvae of Aeschna cyanea (total length: mean + SD = 3.74 £ 0.25 cm, N
= 76) as predators and intermediate-instar larvae of S. sanguineum (total length: mean + SD
= 0.78 £ 0.2 cm, N = 399). Both species are common and widespread in small standing
waters in central Europe and often occur together at localities with well-developed
submerged vegetation. Aeschna cyanea larvae use a mixture of sit and wait (ambush) and
active strategy to hunt for prey, while S. sanguineum larvae are more sedentary (Cham,
2012; Corbet, 2004; Dolny, Barta, & Harabis, 2016; Klecka & Boukal, 2014).

Aeschna cyanea larvae were collected in a small pond in Pofesin (GPS:
48.7741236N, 14.5001775E) and S. sanguineum larvae in a small sandpit near MladoSovice
(GPS: 48.9542333N, 14.6984639E). Before the experiment, all larvae were acclimated for at
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least three days to lab conditions in a walk-in room with 15L:9D photoperiod and daily
fluctuating temperatures (range: 8-17 °C; mean + SD: 12.1 + 2.2 °C) to mimic late spring to
early summer conditions in the natural habitats and prevent excessive moulting of the larvae.
Predators were kept individually in white plastic cups (water volume = 0.3L). Each cup
contained a small piece of submerged plant (Typha angustifolia) as a perching site. Predators
were fed daily ad libitum with commercially available chironomid larvae throughout the
experiment. Prey were randomly sorted in groups of five individuals and kept in cups of the
same type and with the same water volume as the predators, and fed daily ad libitum with a
mixture of zooplankton (mostly Daphnia gr. longispina and some Acanthocyclops robustus)
caught in a fishpond near the Studenec village (GPS: 49.2239500N, 16.0547572E)
throughout the experiment.

We used the same experimental design as in Marek & Gvozdik (2012) and Gvozdik
et al. (2013). The behavioural assays were run in eight glass aquaria (60 cm length x 10 cm
depth x 40 cm height) filled with 20 L of unchlorinated well water. An additional aquarium
with the same experimental setup was used to measure the vertical thermal gradient with
eight probes located each 5 cm in the water column and connected to two Hobo UX120-
006M dataloggers (Onset, USA) during the whole experiment. Aquaria were filled ca. 12
hours prior to each assay to accomplish thermal stratification of the water column (25.3 +
0.03 °C at the surface and 14.1 £ 0.14 °C at the bottom), achieved by a 50W heater
(Eheim/Jéager, Wiistenrot, Germany) located 5 cm below the water surface (Fig. S1).

The heater was separated from the rest of the aquarium by a plastic net (mesh size 2
mm) to keep the animals away from the heater. The aquaria were also equipped with a
sloping bottom covered by a grey plastic net (mesh size 2 mm), enabling individuals to move
throughout the water column across the thermal gradient. Individual aquaria were separated
by cardboard to prevent behavioural interference between individual replicates. After each
experimental day all water from aquarium was drained with cleaner syphon and then each
aquarium was refilled with new water.

The range of the thermal gradient used in the experiment was chosen to include
preferred temperatures of both dragonfly larvae. The experimental gradient corresponded to
typical water temperatures in small standing waters in Cental Europe in late spring and early
summer (V. Kolaf, D. Boukal, unpublished data), and covered the preferred temperature
(23.2 £ 1.1 °C) and most of the temperature range reported for another Czech population of
A. cyanea (19.6-26.4 °C; Smolinsky & Gvozdik, 2009). Thermal preferences of S.

sanguineum are unknown but are probably similar to the thermal optima of larval growth in
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the congeneric S. vulgatum (26.6 + 0.6 °C) and S. striolatum (28.4 + 0.9 °C; Suhling et al.,
2015). The temperature of the treatments without the vertical thermal gradient (19.1 + 0.3
°C, hereafter 19 °C) was chosen to fall within the range of the experimental gradient and
temperatures found in natural habitats.

All trials ran for 7 hours between 10:00am and 4:00pm. One hour before the start of
each trial (9:00am), five individuals of prey and in predator-prey treatment immediately
followed by one predator were successively released in the middle of the water surface of
each aquarium. Individuals were randomized across five experimental treatments differing in
the predator-prey combinations and in the presence of the thermal gradient: (1) only predator
at constant temperature (19 °C), (2) only prey at constant temperature (19 °C), (3) only
predator in thermal gradient, (4) only prey in thermal gradient, and (5) both predator and
prey in the thermal gradient. For logistic reasons, we could not concurrently run experiments
in the thermal gradient and in the constant temperature. On a given day, we thus ran either
treatments 1, 2 and 3 with the thermal gradient randomly assigned to individual aquaria, or
ran only treatments 4 and 5 with the constant temperature randomly assigned to individual
aquaria. In total, 25 replicates were run for each treatment.

During the trials, each aquarium was checked by one of us (ZL) every hour (i.e., 7
observations per trial). Vertical position of all individuals in the water column was visually
scored to the nearest 2.5 cm using lines drawn on the side of each aquarium. Vertical
position of all individuals was transformed into thermal position using recorded data from
eight probes of two dataloggers located in the additional aquarium (see above). Each animal
was used only once in the experiment. All individuals of predator (N = 76) survived; and
only 6 prey individuals died (N = 5 trials) and 21 were eaten by predator (N = 11 trials)
during the experiment. Results from these trials were discarded and replaced by new ones.

Data analyses

We used linear mixed effect models (LMMs, Bates et al., 2015) to test the effect of
thermal gradient and interaction of the predator and its prey on their vertical position and
thermal preference. We used the mean position of all five S. sanguineum individuals as a
measure of the prey response because they could not be individually marked and tracked in
time.

First, we tested if the thermal gradient as compared to constant temperature altered
the vertical position of prey and predator individuals to distinguish between the strength of

possible microhabitat and thermal preferences in each species. Second, we tested if the
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presence of prey and predation risk respectively altered the position of the predators and the
prey in the vertical thermal gradient to assess the impact of predator-prey interaction on
thermal and microhabitat preferences of the predators and their prey. We thus run this
analysis separately for prey and predators. Moreover, we chose to describe the response of
predator and prey individuals to the presence of the other species in the vertical thermal
gradient in terms of both vertical position and body temperature because the relationship
between local position and temperature was non-linear. Third, we estimated the effect of
predator-prey interaction on the distance between predators and their prey. To this end, we
calculated the mean distance between predator and prey during each observation in each trial
when both species were released together, and compared it to a “virtual” distance in the
absence of predation risk calculated as the mean distance between predator and prey during
each observation in trials when they were released separately. To determine the mean
“virtual” distance, we paired predator with prey based on replications of the same day and
time. Thus, in some cases because of unbalanced desing of experiment, one predator and/or
prey was used for calculation multiple times due to lack of treatments in each day.

Preliminary inspection of the data also suggested that the vertical position of the
larvae varied over time and the temporal change was often non-linear/approximately
unimodal. We thus included the time (hours from the start of the assay) as a second-order
polynomial in the analyses. Dates of assay and aquarium identity were included as random
intercepts in all models to account for potential variation in experimental conditions across
space and time. We did not detect any long-term trends in the data that would require the
inclusion of the date of assay as a continuous predictor.

Each analysis included a set of seven candidate models, where treatment and time
(linear or non-linear) and their all possible interactions except the model only with linear and
non-linear interaction were used (see Table S1). To identify the most parsimonious models
in each analyses, we used the Akaike information criterion corrected for small sample size
(AICc) and selected the most parsimonious model with the lowest AICc and identified other
plausible models with AAICc < 6 (Burnham & Anderson, 2004).

We ran all analyses in R software version 3.4.4 (R Development Core Team, 2018).
The LMMs were implemented in the Ime4 package version 1.1-12 (Bates et al., 2015),
significant differencies among treatment means were calculated using Post-hoc Tukey tests
in the Ismeans package version 2.30 (Lenth, 2018), model results summarized using the
sjPlot package version 2.3.1 (Liidecke, 2017), and model residuals checked using the
DHARMa package version 0.3.0 (Hartig, 2020).
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Results

Effect of thermal gradient on predator and prey microhabitat choice

Larvae of A. cyanea were found in shallow water and preferred shallower parts in the
thermal gradient (7.3 + 0.5 cm) as compared to a constant temperature (18.6 + 0.9 cm; Fig.
2a and Table S2), such that their body temperature was significantly higher in the thermal
gradient than in the treatment with the constant temperature (Fig. 2b and Table S2). On the
other hand, larvae of S. sanguineum preferred deeper water than the larvae of A. cyanea in
both the thermal gradient (mean depth + SE = 25.4 + 0.3 cm) and the constant temperature
(24.2 = 0.3 cm). Suprisingly, we detected no significant effect of the gradient on their spatial
position (Fig. 2a and Table S2). This also meant that their body temperature was
significantly lower in the thermal gradient than in the treatment with the constant
temperature (Fig. 2b and Table S2).

Microhabitat choice both prey (S. sanguineum) and predator (A. cyanea) in the
presence or absence of the vertical thermal gradient was best described by a full model
including the treatment, nonlinear change over time, and their statistical interaction; all other
models were clearly inferior (Tables S1 and 1). Larvae of A. cyanea larvae moved first
upward and then downward over time in the thermal gradient, whereas the temporal trend in
the constant temperature was weaker (Fig. 3a-3b). On the other hand, the larvae of S.
sanguineum tended to move upwards over time in the constant temperature, while we

detected no such temporal trend in the thermal gradient (Fig. 3c-3d).

Behavioural responses of predators and prey in the thermal gradient
Both predators and prey individuals responded to the presence of the other species in the
vertical thermal gradient, although their relative position remained unchanged: predators
always stayed in shallower water, whereas prey occured in colder water close to the bottom
of the aquarium (Fig. 2a and Table S2). Predators moved towards the prey when present
(mean depth + SE: prey absent, 7.3 + 0.5 cm; prey present, 10.7 £ 0.7 c¢cm). Prey shifted
closer to the bottom when assayed together with a predator (predator absent, 25.4 + 0.3 cm;
predator present: 27.5 + 0.3 cm; Fig. 2a and Table S2).

Spatial position of the predators and prey during the trial were best described by a
full model including the presence/absence of the other species, nonlinear temporal trend, and
their statistical interaction. Other models were clearly inferior (Table S1). Predator moved
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upward and then downward over time in both treatments. Prey tended to move downward
over time when assayed together with a predator, while there was almost no temporal trend
in the absence of the predator (Fig. 3e-3h and Table 1).

The results for predator and prey body temperature preferences were qualitatively
identical to the results for their spatial position, but we detected some minor quantitative
differences as the vertical thermal profiles varied between replicates. Predator body
temperature was higher in the absence of prey (mean temperature + SE: 23.2 + 0.7 °C) than
in the presence of prey (21.5 £ 0.9 °C). Prey preferred colder microhabitats in the absence of
the predator (15.0 = 0.4 °C) and especially in its presence (14.4 £ 0.5 °C; Fig. 2b and Table
S2).

Spatial position of the predators and prey during the trial were best described by a
full model including the presence/absence of the other species, nonlinear temporal trend, and
their statistical interaction. Other models were clearly inferior except one model describing
the prey body temperature without the non-linear temporal effect (Table 2). Prey body
temperature tended to increase over time in both treatments, while predators reached highest

body temperature in the second half of the trial in both treatments (Fig. 4a-4d).

Effect of predation risk on predator-prey distance in thermal gradient

The calculated distance between predator and prey individuals in the thermal gradient tended
to vary over time but the differences between both treatments (i.e., presence or absence of
the other species) were minor. That is, the distance at a given time was similar when both
species were assayed together (mean vertical distance + SE: after 1 hour: 16.4 £+ 1.0 cm; after
4 hours: 20.1 £ 0.9 cm; at the end 18.3 = 1.0 cm) and alone (after 1 hour: 18.4 + 1.1 cm; after
4 hours 20.7 = 1.0 cm; at the end 18.3 = 1.3 cm). Nevertheless, the model including all
explanatory variables with a non-significant effect of treatment, nonlinear trend over time
and their statistical interaction was the only parsimonious one (Tables S1 and S2). Based on
the model, the distance tended to peak halfway through the assay, especially when both
species were assayed together (Fig. 4e-4f and Table 2).
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Discussion

Temperature dependence of trophic interaction plays a major role in food web
structure and stability, with important implications for ecosystem functioning and
biodiversity due to increasing or decreasing in species interaction strengths (Boukal et al.,
2019; Uszko et al., 2017; Woodward et al., 2010; Zhang et al., 2017). Impact of temperature
on trophic interactions is well understood in the context of constant temperatures. On the
other hand, the effect of daily and seasonal variation and extreme temperatures on trophic
interactions is complex and available data more fragmentary (Boukal et al., 2019; Donat &
Alexander, 2012; Schar et al., 2004; Stoks et al., 2017). This also applies to the role of
spatial variation in temperature, which is particularly common in aquatic ecosystems.

Trophic interaction strengths are strongly affected by prey encounter rates (Dell,
Pawar & Savage, 2014), which can be modified by the mutual behavioural responses of the
predators and their prey, e.g. as described by thermal game theory (Mitchell & Angilletta,
2009). Our study focused on the impact of vertical thermal gradient on predator and prey

behaviour in a system mimicking small standing waters.

Effect of thermal gradient on predator and prey microhabitat choice

We found that vertical thermal gradient may differentially affect microhabitat
preferences of predators and prey. In our experiment, larvae of A. cyanea stayed mostly in
the middle of the water column when exposed to constant temperature and without prey, but
they switched to shallow parts of the experimental arena close to the water surface in a
vertical thermal gradient, which is typical for many smaller water bodies during the late
spring to early autumn growing season (J. Mocq et al., unpublished data). This contrasted
with the near constant spatial position of S. sanguineum larvae, which occured in deeper
parts of the experimental arena close to the bottom in all treatments.

This was surprising because the larvae of A. cyanea and S. sanguineum often occupy
shallow littoral zones with warm water and submerged macrophyte vegetation used as a
refuge or hunting place (Corbet, 2004; Dolny et al., 2016). Although nothing is known on
their thermal preferences and vertical positioning in natural environment, we obtained
similar preferred temperatures of A. cyanea as did Smolinsky & Gvozdik (2009). Preferred
temperatures of S. sanguineum are unknown; Suhling et al. (2015) reported optimum
temperature for growth in 15 species of Libelulidae (mean + SE: 28.1 £ 0.5 °C) including the
congeners S. vulgatum (26.6 + 0.6 °C) and S. striolatum (28.4 = 0.9 °C). We assume that S.
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sanguineum should have a similar thermal optimum, which is much higher than the mean
body temperature of S. sanguineum in our study (15.0 + 0.4 °C).

Mobile ectotherms can choose their preferred microhabitats based on the thermal or
water depth preferences, which may differ and hence lead to mismatches in one or both
criteria (Andersson, Krockenberger & Schwarzkopf, 2010; Sanders, Vogel, & Knop, 2015).
We found that the position of S. sanguineum was almost unchanged between constant
temperature and thermal gradient, which implies that S. sanguineum preferred a deep
microhabitat close to bottom independent of temperature in our experiment contrary to our
first hypothesis. In natural habitats, S. sanguineum larvae occur mainly near the bottom (V.
Kolai and D. Boukal, pers. observ.) and may thus strongly prefer this microhabitat. We
cannot exclude that the observed thermal preferences of the S. sanguineum larvae were
partially modified by thermal acclimation to the conditions during initial maintenance at
lower temperatures in the laboratory before the assays, but consider it unlikely given that
metabolic rates in Sympetrum do not change with long-term acclimation in different thermal
regimes and only respond to acute temperatures (Sentis, Morisson & Boukal, 2015).
Moreover, we found no trend of acclimation length on the behaviour of experimental
animals.

Except Gvozdik et al. (2013), who tested the thermal and microhabitat preferences of
aquatic ectotherms, we are aware of only two other studies focusing on terrestrial ectotherms
that also compared thermal and microhabitat preferences in a single-species setting. They
tested the preferences in the scincid lizards Carlia rubrigularis (Andersson, Krockenberger
& Schwarzkopf, 2010), C. pectoralis and C. munda (Valentine, Roberts & Schwarzkopf,
2007) for three microhabitat types differing in substrate, fully crossed with three different
temperatures. The lizards always selected warmer microhabitats regardless of the substrate.
This suggests that the relative importance of thermal and microhabitat preferences is taxon

specific.

Behavioural responses and predator-prey interactions in the thermal gradient

Temperature heterogenity and predation risk can modify thermal and microhabitat choice of
predator and prey individuals (Eklov & Persson, 1995; Gvozdik et al., 2013; Mitchell &
Angilletta, 2009). As we have just discussed, thermal preferences of both predators and their
prey in a vertical thermal gradient may not be fully separable from their microhabitat
preferences. Previous studies also showed that the thermal preferences can change

dynamically in the presence of the other species (Abram et al., 2017; Angilletta et al., 2006).
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For example, taking the refuge in cold hypolimnium is often an effective antipredator
strategy in fish (Cech et al., 2005; Sajdlova et al., 2018) and zooplankton (Lampert,
McCauley & Manly, 2003; Loose & Dawidowicz, 1994; Meester et al., 1995). This
behaviour gives rise to the diel vertical migration, during which the prey changes their
vertical position in the water column under predation risk, when stayed in their unpreferred
cold hypolimnium, sometimes with low oxygen level (Domenici et al., 2007; Lass et al.,
2000).

In our experiment, larvae of S. sanguineum in our experiment responded to predation
risk by moving to even deeper and colder water, which is in line with our second hypothesis.
The effects of predation risk on prey behaviour including their thermal preferences can also
be modified by prey defense traits such as escape capability. For example, slow-swimming
juvenile perch (Perca fluviatilis) typically occur in a less preferred rock habitat or in the cold
hypolimnion during the day and migrate to the warmer epilimnion only during night to avoid
predation from large piscivorous perch, while the faster-swimming roach (Rutilus rutilus)
can escape the predator and occupy the epilimnion with high predation risk even during the
day (Cech et al., 2005; Eklov & Persson, 1995). Daily vertical migration as an antipredator
strategy is also common in zooplankton (Lampert et al., 2003; Loose & Dawidowicz, 1994).
This implies that the growh-survival trade off influencing microhabitat and thermal
preferences shifts over time. We focused on these preferences only during the day in our
experiment and thus cannot exclude that they prey would have moved to shallower water
during the night.

Predators may pursue prey in colder water, which would decrease their fitness due to
slower development if they remained in such microhabitats for longer periods of time. We
found that A. cyanea larvae shifted to deeper and colder water in the presence of the
‘benthic’ prey. This suggests that the predator was motivated to approach the prey regardless
of temperature, which is consistent with our third hypothesis. On the other hand, frequent
occurrence in the upper warm layers of water is commonly related to maximization of the
physiological processes including feeding, growth and development to increase fitness
through faster metamorphosis and reproduction (Martin & Huey, 2008; Ward et al., 2010).
Predators thus often move to warmer water after foraging time to accelerate digestion and
decrease prey handling time (McPeek, 2004; Mitchell & Angilletta, 2009; Sentis et al.,
2012). Our experiment was not designed to observe this behaviour as we have kept the
predators satiated before the experiment and its duration was relatively short. Additional

studies with predators differing in hunger levels would be needed to explore this issue.
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Our observed behaviour of A. cyanea thus corresponds to the thermal game theory
(Mitchell & Angilletta, 2009) and corroborates the findings of previous studies on juvenile
fish (Cech et al., 2005; Sajdlova et al., 2018), newt larvae (Smolinsky & Gvozdik, 2012),
shrimps (Gal, Rudstam & Johannsson, 2004) and crayfish (Tattersall et al., 2012). Gvozdik
et al. (2013) findings partialy varied from predictions of the thermal game theory (Mitchell
& Angilletta, 2009) due to an asymmetric behavioural response of the predator dragonfly
larvae A. cyanea and the prey newt larvae Triturus alpestris: prey presence did not affect
habitat choice of the predator but the predator presence initiated a thermoregulatory
behaviour in the prey. These partly contrasting results signify the importance of
understanding links between shifts in microhabitat and thermal preferences in predator-prey
interactions in thermal gradients to predict the consequences of climate change on freshwater

food webs.

Effect of predation risk on predator-prey distance in thermal gradient

Distances between predators and prey are influenced by many factors such as visual
detection capabilities (Luttbeg, Hammond & Sih, 2009), predator lethality (Mitchell &
Angilletta, 2009), predator-prey cue intensity (Ferris & Rudolf, 2007). We found that the
distance between predator and average prey spatial positions was almost independent of the
presence of the other species, which could explain the similar distance between predators
and prey in both treatments. Our results are consistent with an initial fleeing response by the
prey, followed by a later pursuit in the water column by the predators. Nevertheless, the
response of the predators to prey presence was rather weak. Predators mostly did not attack
or hunt prey during the experiment, probably due to the fact that they were saturated before
the experiment. On the other hand, a sit-and-wait predator such as A. cyanea may stay in its
preffered microhabitat or hunting place to capture moving prey (Johansson & Suhling, 2004;

Pierce, 1988), and our results may hold across varying predator satiation levels.
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Conclusion

Varying temperatures can influence predator and prey microhabitat preferences and
alter predation rates (Buckley, Ehrenberger & Angilletta, 2015; Pink & Abrahams, 2016).
Vertical thermal gradients can be viewed as a spatial counterpart of the gradual temporal
changes in environmental temperature, typically assumed in studies on the effects of global
warming on biota (Boukal et al., 2019; Gvozdik et al., 2013). In our experiment, we found
that vertical thermal gradient affects microhabitat choice of the predators but not the prey,
which may alter predator-prey encounter rates and trophic interaction strengths in freshwater
ecosystems. The difference between expected thermal preferences and microhabitat choice
of the prey in our study suggests that temperature is not always the key factor determining
the spatial distribution of individuals in thermal gradients. On the other hand, the impact of
behavioural responses to predation risk and prey presence on the respective thermal
preferences of the prey and predators was relatively small, suggesting a limited role of
predator and prey behaviour in the effect of warming on trophic interactions. We conclude
that studies using more realistic thermal environments could contribute to better predictions
of the future impact of climate change on species interactions, community and ecosystem

functioning.
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Tables

Table 1: Plausible models of the effect of the constant temperature compared to the thermal
gradient on the vertical position (cm) of prey and predator individuals and the effect of
predator-prey interactions on water depth preferences in the thermal gradient of predator or
prey. Predictors: Trtl = constant temperature vs. thermal gradient, Trt2 = presence or
absence of the interacting species, Time = time from start of the assay; see Methods for more
details. Results given as parameter estimates (mean and 95% CI) with parameter significance
(p). Significant effects are in bold (p < 0.05). Intercept = location of predator or prey in
constant temperature (for Trtl) or predator or prey assayed alone (for Trt2) halfway during
the experiment after 3.5 hrs. o* = the fixed effects variance; ICC = the intraclass correlation
coefficient; to pae = random intercept variance of date; o aquariom = random intercept variance
of aquarium; N pye = Nnumber of experimental dates; N aqarivm = NUMber of aquaria; Marginal
R?= variance explained only by fixed effects, Conditional R? = total variance explained by the

entire model.

Table 2: Plausible models of the effect of predator-prey interaction on the thermal
preferences of predator and prey and their (hypothetical) vertical distance in the thermal
gradient, with parameter estimates (mean and 95% CI) and significance (p). Predictors: Trt2
= presence or absence of the interacting species, Trt3 = effect of the presence of the
interacting species on the distance, Time = time from start of the assay; see Methods for
more details. Significant effects in bold (p < 0.05). Intercept = body temperature of predator
or prey assayed alone (for Trt2) and vertical distance calculated from predator and prey
positions when assayed alone halfway during the experiment after 3.5 hrs in the thermal
gradient (for Trt3). For details see Table 1.
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Table 1

Predator Predator Prey Prey
(effect of gradient) (effect of interaction) (effect of gradient) (effect of interaction)
Predictors Estimates p Estimates p Estimates p Estimates p
(Intercept) 16.46 <0.001 27.69 <0.001 10.86 <0.001 9.52 <0.001
(14.16 — 18.76) (25.58 —29.81) (7.60-14.12) (7.40-11.64)
Trtl 11.15 <0.001 i i -2.23 0.2 i i
(8.18 -14.13) (-5.62 —1.16)
-3.06 <0.001 -1.39
e . - (-4.72 — -1.40) - - (-2.30_-0.49) 0003
. : 0.05 23.12 13.26 0.005 6.20
Time (-0.22—51.61) 318-4306) 902 | (392-2261) (-417-1656) 024
L, -10.64 0.42 -26.15 6.88 0.15 -3.07
Time (-36.55 — 15.28) (-46.09 — -6.22) 0.01 (-2.47 - 16.23) (-13.44 - 7.30) 0.56
. -2.35 0.90 -6.89 0.31
Trtl * Time - - - -
(-39.36 — 34.67) (-20.23 - 6.45)
. -15.78 0.40 -10.03 0.14
* 2 - - _ _
Ti=Time™ 55 79 21.24) (-23.37-3.31)
. ] 18.71 ) ) -14.63
Trt2 = Time (-9.49 — 46.90) 0.19 (-29.58 — 0.32) 0.06
2 ) 1.39 i i 9.64
Trtz = Time (-2681-2958) 092 (5.32-2459) 02
Random Effects
2
c 89.12 51.74 11.58 14.53
T0o Date 6.16 9.78 13.83 6.28
Too Aguarium 0 1.82 5.86 5.43
ICC - 0.18 0.63 0.45
N Date 23 16 23 16
N Agquarium 8 8 8 8
Observations 357 350 385 364
Marginal R? 0.28 0.11 0.05 0.03
Conditional R? NA 0.27 0.65 0.46
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Table 2

Predator Prey Predator-prey distance
(effect of interaction) (effect of interaction)
Predictors Estimates p Estimates p Estimates p
23.24 <0.001 14.99 <0.001 18.91 <0.001
(Intercept) (22.21 — 24.26) (14.30 — 15.69) (16.74 — 21.08)
-1.63 -0.48 0.003
e (291--034) 90| (0g0--017) - -
0.08 0.91
3 - - - - (-1.31 - 1.46)
_ 5.49 8.00 4.80
Time (-242-1340) Y | (@31-1159) 00011 (1138 2098  O°°
. -12.60 -3.04 -14.09
Time (-2051—-4.69) 0002 (-6.68 - 0.61) 0.10 (-30.27 — 2.10) 0.09
. 12.76 -4.39
* - -
Trtz = Time (157 —23.94) 0.03 (-9.64 — 0.87) 0.10
. -1.89 4.35
* 2 _ _
Triz* Time (13.08-930 074 (-0.91 - 9.60) 0.11
. 22.30
* - - - -
Trt3 * Time (-1.92 - 46.52) 0.07
. -16.37
* 2 _ _ _ _
Trt3 * Time (-40.59 — 7.85) 0.19
Random Effects
o’ 8.14 1.79 37.74
T00 Date 3.97 0.65 6.95
Too Agquarium 0.97 0.58 4.69
ICC 0.38 0.41 0.24
N pate 16 16 16
N Agquarium 50 8 8
Observations 350 364 392
Marginal R 0.12 0.06 0.04
Conditional R? 0.45 0.44 0.27
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Figures

Fig. 1: Hypothesized responses of the predators (A. cyanea; panels a and c) and prey (S.
sanguineum; panels b-c) to a vertical thermal gradient in the absence (a, b - the first
hypothesis) and presence (c — the second and third hypothesis) of the other species. Grey
silhouette = hypothetical position (based on the position when assayed alone), black
silhouette = observed position, black arrow = microhabitat/thermal preference shift, red
arrows = thermal optimum of each species; blue hatching = extent of the water column

accessible to the individuals. For details see Methods.

Fig. 2: Spatial (panel a) and thermal (panel b) preferences (mean + SE) of A. cyanea (red)
and S. sanguineum (blue) larvae in experimental tanks under constant temperature (19°C)
and thermal gradient conditions (13.2-25.4°C), pooled over all observations during the trial.
Location = depth (distance from water surface). Significant differences based on the post-
hoc Tukey tests (*: p < 0.05; **: p < 0.01 ; ***: p <0.001 ; n.s.: p > 0.05, see Table S2 for
details). Treatments: A_19 = Aeshna in 19 °C; A_G = Aeshna in thermal gradient; I_A =
Aeshna interacting with Sympetrum in thermal gradient; S_19 = Sympetrum in 19 °C; S G =
Sympetrum in thermal gradient; |_S = Sympetrum interacting with Aeshna in thermal

gradient.

Fig. 3: Temporal changes in predator (panels a-b, e-f) and prey (panels c-d, g-h) vertical
microhabitat preferences in thermal gradient (panels a, c, e-h) and in constant temperature
(panels b-d) when assayed separately (panels a-d, e and g) and together (panels f-h). Y — axis

the same for panels a-b; c-d; e-f- g-h.

Fig. 4: Temporal changes in thermal preferences of predator (panels a-b) and prey (panels c-
d) when assayed separately (panels a and c) and together (panels b and d) in thermal gradient
and temporal changes in calculated distance (= depth difference) between predator and prey
in the thermal gradient when assayed separately (panel e) and together (panel f). Y — axis the
same for panels a-b; c-d; e-f.
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Supplementary material

Table S1: Comparison of all models (value of AAIC., degrees of freedom df, and Akaike
weight w) linking vertical position (a, b), preferred temperature (c) and distance between
individuals (d) of the predators and prey to the presence or absence of the thermal gradient
(a) or to the presence or absence of the other intreacting species in the thermal gradient (b-d).
Only fixed effect predictors shown: Trtl = constant temperature or thermal gradient, Trt2 =
presence or absence of the interacting species, Time = time from start of the assay; see

Methods for more details.

a) Vertical position without the interacting species AAIC, df w
Aeshna cyanea

Water depth ~ Trtl * (Time + Time?) 0 9 0997
Water depth ~ Trtl + Time + Time? 119 7 0.003
Water depth ~ Trtl * Time 143 7 <0.001
Water depth ~ Trtl + Time 20.0 6 <0.001
Water depth ~ Trtl 309 5 <0.001
Water depth ~ Time 472 5 <0.001
Water depth ~ 1 58.2 4 <0.001
Sympetrum sanguineum

Water depth ~ Trt1 * (Time + Time?) 0 9 00977
Water depth ~ Trtl * Time 83 7 0.016
Water depth ~ Trtl + Time + Time? 104 7 0.006
Water depth ~ Trtl + Time 129 6 0.002
Water depth ~ Time 154 5 <0.001
Water depth ~ Trtl 235 5 <0.001
Water depth ~ 1 26.0 4 <0.001

b) Vertical position when interacting along the thermal gradient AAIC, df W

Aeshna cyanea

Water depth ~ Trt2 * (Time + Time?) 0 9 0997
Water depth ~ Trt2 + Time + Time? 11.8 7 0.003
Water depth ~ Trt2 * Time 21.1 7 <0.001
Water depth ~ Trt2 + Time 279 6 <0.001
Water depth ~ Time 39.7 5 <0.001
Water depth ~ Trt2 50.8 5 <0.001
Water depth ~ 1 62.2 4 <0.001
Sympetrum sanguineum

Water depth ~ Trt2 * (Time + Time?) 0 9 0.980
Water depth ~ Trt2 * Time 80 7 0.018
Water depth ~ Trt2 + Time + Time? 129 7 0.002
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Water depth ~ Trt2 + Time 155 6 <0.001
Water depth ~ Trt2 18.0 5 <0.001
Water depth ~ Time 226 5 <0.001
Water depth ~ 1 25.1 4 <0.001
c) Preferred temperature of interacting predator and prey along

the thermal gradient AAIC, df w
Aeshna cyanea

Temperature ~ Trt2 * (Time + Time?) 0 9 1
Temperature ~ Trt2 + Time + Time? 56.8 7 <0.001
Temperature ~ Trt2 * Time 68.3 7 <0.001
Temperature ~ Trt2 + Time 755 6 <0.001
Temperature ~ Time 89.2 5 <0.001
Temperature ~ Trt2 89.9 5 <0.001
Temperature ~ 1 103.2 4 <0.001
Sympetrum sanguineum

Temperature ~ Trt2 * (Time + Time?) 0 9 0911
Temperature ~ Trt2 * Time 52 7 0.069
Temperature ~ Trt2 + Time + Time? 87 7 0.012
Temperature ~ Trt2 + Time 96 6 0.008
Temperature ~ Time 144 5 <0.001
Temperature ~ Trt2 284 5 <0.001
Temperature ~ 1 329 4 <0.001
d) Distance between predator and prey AAIC, df w
Distance ~ Trt2 * (Time + Time?) 0 9 0963
Distance ~ Trt2 + Time + Time? 65 8 0.037
Distance ~ Trt2 * Time 21.8 7 <0.001
Distance ~ Trt2 + Time 29.8 6 <0.001
Distance ~ Trt2 38.8 5 <0.001
Distance ~ Time 289 5 <0.001
Distance ~1 379 4 <0.001
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749
750  Table S2: Results of post-hoc tests from the most parsimonious LMM model. SE = standard
751  error; DF = degrees of freedom; t = values of t-statistic. Significant values (p < 0.05) in bold.

Pairwise comparisons Estimates SE DF t p
Water depth preferences (cm)
Constant temperature vs. gradient

Aeshna -11.2 1.54 164 -7.26 <10*
Sympetrum 2.23 1.73 20 129 021
Only in thermal gradient

Aeshna alone vs. interacting with Sympetrum 3.06 0.87 265 3.51 0.001
Sympetrum alone vs. interacting with Aeshna 1.39 0.46 353 3.00 0.003

Thermal preferences (°C)
Constant temperature vs. gradient

Aeshna -11.2 1.54 164 -726 <10*
Sympetrum 4.44 0.44 201 1019 <10*
Only in thermal gradient
Aeshna alone vs. interacting with Sympetrum 1.59 0.40 267 402 <10*
Sympetrum alone vs. interacting with Aeshna 048  0.16 355 2.96 0.003
Predator-prey distance in thermal gradient
Aeshna and Sympetrum alone vs. interacting -0.08 0.72 384 -0.11 0.91
752
753
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754  Fig. S1: Front (left) and side view (right) of the glass aquaria used in the experiment. Left
755  panel: grey rectangle = heater, blue line = water surface, grey and black lines = sloping
756  bottom covered by grey plastic mesh. Right panel: example of the thermal gradient (°C) and
757  water depth (cm) at the positions used to score individual thermal and microhabitat

758  preferences of the larvae. See Methods for details.
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