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Souhrn

Interakce predator-kofist fidi vyvoj mnoha behavioralnich a morfologickych zmén u zivocichi.
Ve vodnim prostiedi chemické podnéty spolehlivé umoznuji kofisti posoudit a vyhnout se
riziku predace. P¥itomnost predatora ovliviiuje populace kofisti bud’ ptimou predaci snizenim
jeji poetnosti a zménou jejiho chovani, nebo modifikaci riznych ¢asti jejich zivotni historie.

Efekt vyvolany rizikem predace miize mit na populace siln&jsi dopad, nez pfimy efekt mortality

V poslednich desetiletich se &etnost a vyznam invaznich druhl zvysSuje piedevsim
v disledku neimérného ristu svétového obchodu se zvifaty a rostlinami. Neplvodni Zelva
nadherna (Trachemys scripta elegans) ma potencial narusit vodni ekosystémy ve stfedni
Evropé kvili svym silnym konkurenénim schopnostem a oportunni stravé. Tato prace pfinasi
vysledky experimentii, ovéfujicich vliv pritomnosti nepivodni a potencidln€ invazni Zelvy
nadherné na parametry Zivotni historie embryi a larev skokana hnédého (Rana temporaria).
Konkrétné se jedna o to, zda chemické podnéty prenasené predatory zplsobuji zmény v dobé
lihnuti, vyvojové fazi a velikosti téla pfi lihnuti pulct skokana a pfi jejich metamorfoze.
soucasné jsem experimentalné ovéfila dynamiku ontogeneze pulci v riznych casovych

vzorcich pritomnosti invazniho predatora.

Piitomnost predatora ovlivnila vSechny zkoumané faktory. Zjistila jsem, Ze pfi absenci
Zelvy se embrya vylihla za 12 dni, zatimco za pfitomnosti predatora bylo lihnuti urychleno
o dva dny. Embrya se se navic vylihla mensi a v niz§im stupni vyvoje nez bez pfitomnosti

predatora.

Pfitomnost Zelv zkratila dobu metamorfozy pulct ze 110+ 11,7 dnti na 93+ 13,0 dnti
(primér + S.D.). Prvni metamorfovani jedinci byli zaznamenani 65. den a 80. den od vylihnuti
v pritomnosti predatora a v kontrolni skuping, resp. Metamorfovani jedinci byli statisticky
vyznamné men$i (12,8+0,99 mm) v pfitomnosti predatora nez v kontrolni skupiné
(15,2+ 1,27 mm). Trajektorie rychlosti ristu byly podobné u obou variant. Obrana pulch

vyvolana predatory byla tedy evidentni ve vyssich rychlostech vyvoje a mensich velikostech

pii metamorfoze bez vyznamnych zmén v ristu.

hmotnosti, kdyz byl predator ptitomen v raném vyvoji, nez kdyz se pulci vyvijeli bez predatora.
Casna ptitomnost predatora napadné snizovala ristové piirGstky pulcd v raném vyvoji.

Po odstranéni predatora se rist zrychlil nad Groveri namétenou v podminkach, kdy byl predator



pfitomen v pozdni fazi vyvoje, i bez pfitomnosti predatora. Tyto rychlosti riistu vSak nepteséhly
rychlosti riistu stejné velkych pulcl v ostatnich treatmentech, a proto nebyly dostate¢né pro
kompenzaci zpomaleni riistu v prvni asti vyvoje. Piitomnost predatora v pozdnim vyvoji pulce

neovlivnila ani dobu do metamorfozy, ani velikost/hmotnost téla pfi metamorfoze.

Vysledky ukazuji spiSe vzacné dokumentované typy reakci kofisti obojzivelniki
na predatory. Tato studie rozsifuje okruh studovanych predatord, véetné vlivu na rizné faze

vyvoje potencialni kofisti.

klicova slova
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kairomony



Summary

In the last few decades, the frequency and importance of invasive species has been increasing
mainly due to the disproportionate growth of world trade in animals and plants. Predator-prey
interactions drive the evolution of many behavioral and morphological traits in aquatic animals.
In aquatic environments, chemical cues reliably enable prey to assess and avoid predation risk.
The presence of a predator affects prey populations either by direct predation by reducing its
abundance and changing its behavior, or by modifying various parts of its life history.
The effect induced by the risk of predation can have a stronger impact on populations than

the direct effect of mortality.

Non-native red-eared sliders (Trachemys scripta elegans) have the potential to disrupt
aquatic ecosystems in Central Europe because of their superior competitive abilities
and omnivorous diets. I investigated whether continuous predator-borne cues are tied
to changes in the hatching time, developmental stage, and body size at hatching of common
frog tadpoles (Rana temporaria). Whether the developmental rates, growth rates and sizes
at metamorphosis would alter in the presence of a predator and examined the dynamics

of the ontogeny of tadpoles under different time patterns of an alien predator presence.

The presence of a predator affected all factors examined. I found that in the absence
of the slider, the embryos hatched in 12 days, while hatching was accelerated by two days
in slider treatment. At the same time, the embryos hatched smaller and at a lower stage

of development with the slider than without it.

The presence of turtles shortened the time at metamorphosis of tadpoles
from 110+ 11.7 days to 93 + 13.0 days (mean + S.D.). The froglets were significantly smaller
(12.8 £ 0.99 mm) in the presence of the predator than in the control treatment (15.2 + 1.27 mm).
The growth rate trajectories were similar between the predator treatment and the control. Thus,
predator-induced tadpole defences were evident in higher developmental rates and smaller

sizes at metamorphosis without significant changes in growth.

I also found out that the tadpoles had a longer larval period and were smaller in size
at metamorphosis and lower in body mass when the predator was present in early development
than when the tadpoles developed without a predator. The early presence of a predator
conspicuously reduced the growth increments of the tadpoles at early development.

After the removal of the predator, growth accelerated above the level measured under



the conditions of both the late predator and no predator. However, these growth rates did
not exceed the growth rates of equally sized tadpoles in the other treatments and therefore were
not sufficient to compensate for the growth slowdown in the first part of development. The
presence of a predator in late tadpole development influenced neither the time

to metamorphosis nor size/body mass at metamorphosis.

Results show rather rarely documented types of amphibian prey responses to caged
predators. This study extends the range of predators studied, including the effect on different

phases of development of potential amphibian prey.

keywords

antipredator response, Rana temporaria, Trachemys scripta, adaptive plasticity, development

time, kairomones
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1. Uvod

Predace je vSudypfitomna. VSechny heterotrofni organismy jsou v urcité fazi svého zivotniho
cyklu kofisti pro ostatni a mnoho druht se po cely zivot setkava s jejim rizikem (MacCallum
et al. 1995). Uginky predace jsou riizné a zahrnuji sniZeni populace nebo dokonce eliminaci
druht z regionu, omezeni vyuzivani stanovist a Casu strdvené¢ho hleddanim potravy.
Tyto faktory ovlivituji rychlost rlstu a snizuji zdatnost a adaptaci prostiednictvim pfirozené

selekce na trvalé riziko predace (Polo-Cavia et al. 2010).

Predatotfi mohou zptsobit potencidlni kaskadu interakci prostiednictvim trofické site,
ptfimo ovlivnit kofist snizenim jeji pocetnosti a zménou jejiho chovani pii hledani potravy
a nepiimo ovlivnit dal§i druhy, s nimiz je kofist spojena jako potrava nebo jako konkurent.
Zmény v energetickych tocich a druhovém sloZeni mohou mit disledky pro vyuziti Zivin
a regeneraci. Predace mlze rovnéz spustit trofické kaskady, které maji disledky pro cely
ckosystém (Allan et al. 2021). Predator tak mize siln¢ ovliviiovat cely ekosystém,
I kdyz nezptisobi pfimou umrtnost kofisti (Lima 1998). Provedené experimenty a teoretické
prace dokonce naznacuji, ze efekt vyvolany rizikem predace miiZe mit na populace silngjsi
dopad, nez ptimy efekt mortality (Anholt et Werner 1995). Riziko spojené s piitomnosti
predatora zplsobuje zmény v chovani, morfologii a vyvoji jedince (Sih 1992,
Ferrari et al. 2010). Tyto zmény se projevuji zménami riznych parametrit v zivotni historii
jedince. Specidlnim ptipadem, jehoz vyznam nartistd v posledni dobé, jsou nepivodni
predatofi, z nichZ se fada v novém prostfedi dokazZe Gispésné §ifit a stat se invaznimi druhy.
Nerozpoznani kofisti pfispiva k uspéchu invazivnich predatorii a usnadiiuje jejich Sifeni
do novych prosttedi. Pokud nedojde u populace kofisti k vyhynuti kratce po ptichodu
invazniho predatora, rozpoznani predatorti a i€inna obrana proti nim se mohou vyvinout
béhem nékolika generaci a tim pfispét ke koexistenci kdysi invazivnich predatorti a jejich

puvodni kofisti (Allan et al. 2021).

V poslednich nékolika desetiletich vzrista ¢etnost a vyznamnost invaznich druhii kvali
nepfiméfenému rustu svétového obchodu (Daisie 2009). Celosvétovy obchod a cestovani
umoznilo mnoha druhiim rozsifit se do vzdalenych biogeografickych oblasti, které by jinak
nebyly schopné obsadit (Pimentel et al. 2005, Nentwig 2010). Spolu s dal§imi Géinky
na degradaci ekosystémti jako je zména klimatu, znec€isténi a pfemeéna biotopii, jsou biologické

invaze povazovany za jednu z hlavnich pfi¢in poklesu biologické rozmanitosti na celém svété



(Millennium Ecosystem Assessment 2005). Obvykle plati, ze ¢im je vétsi populace invazivnich
kontrola nebo vymyceni téchto druht. Z téchto diivodld se doporucuje co nejdiive reagovat

na invazivni druhy (Sakai et al. 2001, Wittenberg et Cock 2001, Leung et al. 2002).

Neptivodni druhy zivocicht i rostlin jsou lidmi zavlékany mimo sviij pfirozeny areal
rozsifeni jiz po tisicileti. Nicméné zlepseni dopravy, mezinarodniho obchodu a globaliza¢ni
procesy toto zavlékani velmi usnadnilo a do budoucna se predpokladd, ze Sifeni neptivodnich
druhti bude pokrac¢ovat (Sundseth 2014). Na rozdil od ptirozeného $ifeni druhti je u zavlékani
nepuvodnich druhl nezbytnym faktorem ¢lovék. Pravé jeho ¢innost napomahé neptivodnim
druhiim ptekondvat biogeografické¢ bariéry neboli hranice jejich piirozen¢ho prostoru.
Ve vétsing pripadi se neptivodni druhy nedokazi novému okoli prizplisobit a zavleceni je tedy
V horSim pfipad€ zacnou byt invazni, maji tudiZ negativni vliv na pfirozenou biodiverzitu.
Kromé¢ ohroZzeni biologické rozmanitosti pifedstavuji invazni neptvodni druhy také
ekonomickou hrozbu. Skody, které zptisobuji a naklady nezbytné na jejich kontrolu dosahuji
jen v Evropské unii kazdorocné nékolika miliard eur. Zaroven nesmime zapomenout
ani na jejich dopad na lidské zdravi, kvili schopnosti pfenaset parazity a patogeny (Cambray
2003). Z vySe uvedeného vyplyva, Ze neptivodni druhy jsou opravdu velkym problémem,
ktery je potieba fesit.

Piivodni spolecenstva jsou nucena ¢elit novym nezndmym predatorim, a obojzivelnici
nejsou v tomto sméru vyjimkou (Falaschi et al. 2020). Predatofi uvolnuji charakteristické
pachy, které kofist pouziva k detekci rizika predace. Schopnost detekovat, rozpoznat a reagovat
na tyto latky vylu€ované potencialnimi predatory je dulezitou soucasti antipredacniho chovani
obojzivelnikid ve vSech jejich vyvojovych stadiich (Johnson et al. 2003, Bennett et al. 2013).
Introdukce neptivodnich druhii pfinesla zna¢né problémy i na evropském kontinentu véetné
Ceské republiky. Je znamo, Ze obojzivelnici i jejich larvy jsou schopni rozpoznat a reagovat
na mistni predatory bez predchozi zkuSenosti, ale nemusi rozpoznat nové druhy, protoZe s nimi
nesdileli spole¢nou evoluéni historii. V Evropé je z tohoto hlediska jednim z nejvyznamné;jSich
invaznich druhi Zzelva nadherna (Trachemys scripta elegans). Jeji negativni dopad
na autochtonni faunu jiz byl zdokumentovéan v fadé zemi jizni Evropy. V Ceské republice je
jeji dopad prozatim omezeny, ale s rostoucim oteplovanim se da ocekavat jeho narust.

Cilem této prace bylo ziskat nové poznatky v oblasti autekologie vybranych vodnich



organismii na zakladé¢ sledovani vlivua pfitomnosti zelvy nadherné na parametry
ontogenetického  vyvoje embryondlniho a larvalniho stddia skokana hnédého

(Rana temporaria).



2. Obecna problematika invaznich druhu

2.1. Invaze

ZavleCeni druhii do oblasti mimo jejich ptivodni aredly bylo vysledkem lidské cinnosti
po tisicileti. B€hem této doby byly takové aktivity z velké ¢asti povazovany za piinosné
nebo nedulezité. Dnes vSak uz vime, ze zavleCeni cizi bioty zpusobené c¢lovékem
znecisténi, ztrata piirozeného prostiedi a zména klimatu (Kraus 2009). Neschopnost likvidace
vétSiny zavlecenych invaznich druht je skute¢né ¢ini problematictéj§imi nez mnoho jinych

ekologickych problémi (Sundseth 2014).

Invazni predatofti pii zavleceni casto zptuisobuji znacné ekologické a ekonomické skody
(Blackburn et al. 2004). Vymirani druhi, naruSeni potravinov¢ sité, zmény komunity, pfeména
ekosystémui, zmény v kolob¢hu Zzivin, kolaps rybolovu, degradace vodnich tokd, ztraty
v zemé&d¢lstvi, poskozeni budov a epidemie nemoci patii mezi destruktivni a casto
nepiedvidatelné ekologické a ekonomické dopady, které mohou cizi invazni druhy zpasobit

(Kraus 2009).

Piisobeni invaznich predatortt mizeme rozdélit na tii urovné. Invaze 1. Grovné nastava,
kdyZz kofist nerozpoznava riziko predace a nevykazuje antipredacni chovani.
Naptiklad nelétavi ptaci na Novém Zélandu, ktefi nemaji piivodni savéi predatory,
nerozpoznavaji invazni lasice nebo krysy, které tak maji katastroficky dopad na mistni avifaunu
(Blackburn et al. 2004). Invaze 2. urovné nastava, kdyz kofist rozpozna predatora, ale zvoli
Spatnou antipredacni odpoveéd’. Australské kolihy a mensi klokani v reakci na liSky zaujimaji
pozice pii kterych splyvaji s pozadim. Tato antipredacni strategie je Ui€inna proti vizualné
orientovanym predatoriim (ptéci), ale ne proti liSkam lovicim ¢ichem. Invaze 3. Grovné nastava,
kdyz kofist rozpoznd predatora jako nebezpecného, ma i vhodnou obranu, ale ,,pfekona*
ji vynikajici taktika lovu invaznich druhti. Klokani obrovsti (Macropus giganteus)
se v pfitomnosti liSek pasou ve vétSich skupinach a blize ukrytd (Moyle 1986),
piesto je populace stale ovlivnéna 1i§¢i predaci (Vermeij 1991). Tyto urovné invaze se vztahuji
na suchozemské i vodni ekosystémy a uptesniuji predpoklad jaky typ predatora mize ovlivnit

mistni faunu.



2.2.  Evolu¢ni historie

RozliSovani a rozpoznavani predatorit kofisti je rozdéleno podle toho, zda jou schopnosti
kotisti umérné dobé¢ trvani koevoluce (Blumstein 2002, Banks et Dickman 2007) nebo jsou
vysledkem ontogenetické zkuSenosti (Relyea 2003, Gazzola et al. 2017) s konkrétnimi
predatory, a nebo, zda kofist jednodusSe zobeciiuje svou reakci na vSechny predatory na zakladé
charakteristik sdilenych a obecnych mezi predatory (Cox et Lima 2006, Apfelbach et al. 2015).
Druhy, které mély dlouhou koevoluci s predatorem, mohou mit ,,pevné nastavené* antipredacni
reakce. Kofist tedy mize vykazovat vrozené schopnosti rozpoznavat a reagovat na predatora,
protoze se vyvijela spole¢né s predatorem (Blumstein et al. 2002, Apfelbach et al. 2005,
Monclus et al. 2005). Naproti tomu druhy kofisti, které nebyly evoluéné vystaveny predatorim,
se mohou prostfednictvim ontogenetickych zkuSenosti naucit rozpoznavat a reagovat
na ¢ichové podnéty predatort (Berger et al. 2001, Anson et Dickman 2013) nebo na jejich
vizualni podnéty (Atkins et al. 2016). Podle nékterych autorti schopnost kofisti rozpoznat
introdukované predatory zavisi na podobnostech mezi cizimi a plvodnimi predatory
a na obecnosti “informace” pouzivané ptivodni potencialni kotisti k posouzeni rizika predace

(Sih et al. 1987, Warkentin 1995).

I kdyZ druh vykazuje schopnost reagovat na oba typy predatori, intenzita reakce miize
byt rizna. Studie, které zkoumaly pozorovani schopnosti rozpoznavat pivodni a nepiivodni
predatory podobnych skupin napiiklad dokladaji, ze pulci Rana iberica reagovali na chemické
podnéty ptivodnich i neptivodnich druhii pstruhovitych ryb snizenim své aktivity, ackoli reakce
na puvodniho pstruha obecného (Salmo trutta) byla silngj$i nez na invazniho

sivena amerického (Salvelinus fontinalis) (Bosch et al. 2006).

Druhy sousedicich kontinenti by mély byt vici nepivodnim predatorim méné
zranitelné, 1 kdyZ jsou to konkrétné druhy, s nimiz se v evoluénim case nesetkaly
(Frankel et Soulé 1981). Dopad invaznich suchozemskych predatorti na sousedni kontinenty
je vyssi nez u ostrovil (Atkinson 1989, Short et Smith 1994). Kontinentalni (neendemické)
druhy na ostrovech se zdaji byt mén¢ nachylné k vyhubeni zavlecenymi predatory, nez ostrovni
endemické druhy (Atkinson 1985, Case et al. 1992, Blackburn et al. 2004). Introdukovana
kiepelka ¢inska (Coturnix chinensis) na ostrové Guam na rozdil od piivodnich druhi odolava
predaci bojgy hnédé (Boiga irregularis), ackoli mnoho z téchto introdukovanych ptaki nema
s timto hadem zadné evoluc¢ni zkusenosti (Fritts 1988). Kontinentalni suchozemsti zivo¢ichoveé

1 obyvatelé motskych ekosystémt jsou ziidka zranitelni viici novym predatorim kvali ¢astym



historickym a biotickym zménam. Naproti tomu sladkovodni ekosystémy vykazuji
v predacnich rezimech stdlost, ¢imZz vytvaii zranitelnost vici neptivodnim predatorim

(Diamond 1989, Case et al. 1992, Blackburn et al. 2004).

Existuji ur€ité vyjimky ze vzoru invaznich obratlovel s nizkym dopadem na sousedici
kontinenty. Napiiklad v Evropé norek americky (Neovison vison) snizuje populace ptivodniho
hryzce vodniho (Arvicola terrestris). I kdyZz hryzec rozpoznava norka jako predatora,
jeho obvyklé antipredacni chovani (potapéni se do vody, vyhrabavani substratu a schovavani
se v nofe) neni proti norkovi uc¢inné (MaCdonald et Harrington 2003). Kvuli migraénim
schopnostem ptakli vykazuji ptaci predatoii kosmopolitni historické rozsiteni oproti savctm.
V tomto srovnani by se tedy dalo ocekavat mensi ovlivnéni vysazenim ptacich predatort.
Introdukce savct ma vice nez 12krat vétsi pravdépodobnost, ze povede k velkym negativnim
dopadim neZ u ptakt (Ebenhard 1988, Blackburn et al. 2004). Existuji v8ak né€které piiklady
ni¢ivych invazivnich ptacich predatort jako chiastal weka (Gallirallus australis) na ostrovech
kolem Nového Z¢landu (Ebenhard 1988).

Bezobratlym predatorim se obecné dostdvd mensi pozornosti nez zavleCenym
obratlovcim. Vzhledem k omezenému historickému rozsiteni budou mit pravdépodobné velky
vliv, zejména na ostrovech. Suchozemsky plz Euglandina rosea napiiklad zdecimoval piivodni
populace n¢kolika druht m¢kkyst na Havaji a jinde v Pacifiku (Loope et al. 1998). Na Havaji
také prispéli k ubytku mnoha ptvodnich ¢lenovct nepiivodni mravenci a vosy. Mravenec
Solenopsis invicta v USA mimo jiné vyrazné potlacuje pfirozenou kofist bezobratlych (Allen
et al. 2004).

2.3.  Vlastnosti invaznich druhu

Rané studie o invaznich druzich se sklddaly pfedevSim z popistt uspe€Snych predatora.
V poslednich letech ekologové analyzovali nejen Sifeni neptivodnich druhil a jejich Skodlivé
ucinky na mistni komunity (Elton 2020), ale zacali se zabyvat spole¢nymi rysy, které oddéluji
Gisp&§né predatory od neusp&snych (Ehrlich 1986, Warkentin 1995, Simberloff 2013). Uspé&ch
invaze zavisi na dvou skupinach vSeobecnych vlastnosti, které umoziuji lepsi predikci druht.
A to vlastnosti, které umoznuji neptivodnim druhtim osidlit nové stanovisté (disperze)
a schopnosti v ném uspét (Ehrlich 1986). Studie z povodi feky Colorado zjistila, Ze invazivni

rybi druhy byly charakterizovany brzkym rozmnozovanim a produkci menSich vajicek



ve vétsich poétech (Olden et al. 2006). Piesto mnoho druhti patéi mezi velké ryby s velkymi

vaji¢ky a/nebo druhy s pé¢i o potomstvo (Lates niloticus, Salmo trutta).

Geograficky rozsah a tolerance daného prostiedi jsou také uziteCnymi prediktory
uspéchu invaze. Mezi invazivnimi druhy sladkovodnich a moiskych bezobratlych a ryb jsou
zastoupeny druhy s vét§im zemépisnym rozsahem (Kolar et Lodge 2002, Bates et al. 2013).
Navic druhy s vyssi toleranci vici teplu maji tendenci byt ve vysSsi pocetnosti, coz ma zavazné
dusledky pro interakce mezi invazivnimi druhy a zménou klimatu (Bates et al. 2013).
U nékterych uspésné invaznich druhti byla také zaznamenéana zvysena tolerance k znecisténi
ve srovnani s puvodnimi druhy (Karatayev et al. 2009, Friih et al. 2012). Invazni me&kkysi
pouzivaji rychly rust a reprodukci k rychlému zotaveni populace po jejim kolapsu nebo

po velkém snizeni jejiho poctu (McMahon 2002). To zvySuje jejich koloniza¢ni schopnosti.

Uspé&sné invazni druhy budou mit pravdépodobné vlastnosti, které zahrnuji Sirokou
toleranci prostiedi, kombinaci nepohlavniho rozmnoZovani a vysoky reprodukéni pocet, nebo
budou zavleéeni do sladkovodniho prostiedi (Havel et al. 2015). Pfedvidani invazi nicméné

zavisi také na charakteristikach ohrozenych ptivodnich druhd.

Mira zasazeni
invazemi:

Obrazek 1: Rozsifeni invaznich druhii na Zemi. (Cim tmavsi barva, tim vyssi podil invaznich druht)

(http://atraktivnibiologie.upol.cz/docs/pdf/Biologicke%20invaze.pdf).



http://atraktivnibiologie.upol.cz/docs/pdf/Biologicke%20invaze.pdf
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Obrazek 2: Celosvétové rozsifeni Trachemys scripta a zaznamy o rozmnozovani na danych lokalitach
(Heidy et al. 2010).

2.4. Naklady a dopady invaznich druhi

Vy¢isleni nakladl na dopady biologické invaze poukazuje na skute¢nost, ze tyto invaze mohou
mit obrovské ekonomické dusledky. Odhad provedeny pro vodni ekosystémy USA ukazal
pfiblizné ro¢ni ndklady 7,7 miliard USD spojené se Skodami zplisobenymi invaznimi druhy.
Tyto néklady jsou spojeny hlavné s rybami (cca 5,4 miliardy), mékkysi (2,2 miliardy)
a vodnimi rostlinami (0,1 miliardy) (Pimentel et al. 2005). Tyto odhady nakladt jsou zalozené

jak na pfimych ztratach a Skodach, tak na nakladech na eradikaci.

Ryby zplisobuji vyhynuti pivodnich druhi, u kapra navic naptiklad sniZeni kvality
vody. Invazivni slavicky (Dreissena sp.) snizuji mnozstvi potravu a koncentraci kysliku pro
puvodni faunu a ucpavaji potrubi a filtry (diillezité pro ¢lovéka a primysl). Invazivni vodni
rostliny blokuji svétlo ptivodnim rostlinam, dusi vodni toky, méni kolob¢h Zivin a omezuji

rekreacni vyuziti fek a jezer.

Dals§im problémem mohou byt kombinované dopady vice invaznich druhti. V jezerech
jsou bézné mnohonasobné invaze (Mills et al. 1993). Jsou jejich u¢inky doplitkové, synergické
nebo antagonistické? Lze tyto interakéni efekty prozkoumat pomoci faktoridlovych
navrhovych experimentll provadénych v dostatetné velkém méfitku, aby byly zachyceny

klic¢ové odpoveédi?



Analyzy nakladii a pfinosi pro fizeni a hodnoceni rizik vyzaduji lepsi metodiku
pro kvantifikaci dopadt (Simberloff 2013). Je potfeba piesunout pozornost od dopadi vylucné
souvisejicich s biodiverzitou na hodnoceni funkénich zmén, protoze ztrata biodiverzity
a nekonzistentni metodika odrazi dramaticky dopad a reorganizaci, kterou zaziva mnoho
biologickych komunit (Dornelas et al. 2014, Pandolfi et Lovelock 2014). Samotna biologicka
rozmanitost Casto neodrazi zakladni funkéni zmény (Séterberg et al. 2013). Je zapotiebi dalSich
praci ke kvantifikaci a interpretaci téchto funkénich zmén ve sladkovodnich ekosystémech.
Jednim z odraz lidskych hodnot je pohled na invazni versus ptivodni druhy. Probéhlo nékolik
debat o tom, zda by se s invazivnimi druhy mélo zachéazet stejn€ jako s piivodnimi a bylo
dokonce navrzeno ukonceni biologie invaze (Valéry et al. 2013). Proti této myslence
Simberloff a Vitule (2014) poskytuji ptesvéd¢ivy argument, ze se invazivni druhy zasadné 1isi
od vétsiny pivodnich a mohou vytvaiet dopady az po ¢asovych prodlevach (Simberloff 2013).
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pfemnozenim puvodnich druhti (Simberloff et Rejmanek 2011, Hassan et Ricciardi 2014).

V neposledni fad¢ je otazka s cilem omezit zavleCeni naptiklad prostiednictvim lepsi
legislativy tykajici se prepravy druhi napfi¢ zemeémi a mezi povodimi. Opatieni v oblasti fizeni
a eradikace jsou Spatn¢ koordinovany. Krome¢ toho existuje potieba adekvatnich distribu¢nich
databazi pro sledovani invazivnich druhli a pro stanoveni priorit pii fizeni akei
(Bobeldyk et al. 2015). Pokud jsou pfedpovédi o zmén¢ klimatu a invazivnich druzich spravné,
ekosystémy pociti rostouci tlaky od invazivnich druhii. Zemé¢ a regiony budou muset
zdvojnasobit usili v oblasti prevence invazivnich druhti a v oblasti eradikace nové zavle¢enych
druhti. Historické ,,vyckejte* piistupim k invazivnim druhiim nebude Zivotaschopné

a k zachovani soucasnych ekosystémi bude nutny agresivnéjsi pfistup k prevenci a eradikaci.

2.5. FEradikace invaznich druhu

Je moZzné vyhubeni invazivnich druhi? Neplvodni druhy napadly mnoho lokalit,
a proto se s nimi musime vypotadat nyni 1 v budoucnu. Studie navrhly, Ze je potieba zaméftit
usili na vcasnou detekci a rychlou reakci na eradikaci k invazivnim druhtm
(Westbrooks et Eplee 2011). Tento pfistup se osvédcil u nékterych suchozemskych a vodnich
rostlin (Westbrooks 2004). Vidime rostouci diraz kladeny na eradikaci a obnovu stanovist’

do podminek, v nichz se nachazely pied zavle¢enim neptivodnich druhti. Naptiklad kombinace



zaplaveni a odstranéni dvou invaznich rostlin umoznila rychlé obnoveni piivodnich rostlin
a zvySené bohatstvi pivodnich ryb v tropické australské nivé (Perna et al. 2012). Tam, kde se
obnova zda jako obtizna nebo nemozna, se ekologové zaméfili na strategie, které minimalizuji
potencidlni dopady. Eradikace neplvodnich druhii byla uspésna jak v suchozemskych,
tak ve vodnich komunitach (Simberloff 2013). Invazivni druhy byly izolovany a stanovi$té
bylo chemicky osetfeno nebo vysuseno. V potocich nebo na vice otevienych vodnich plochach
takové pristupy pravdépodobné praktikovat nelze. Fyzické odstranéni odchytem napt. raki
(Hansen et al. 2013) nebo vytrhavanim rostlin mize vyrazné snizit hustotu, ale nedokaze zcela
vymytit populaci. Neékolik studii uvadi, Ze po odstranéni nepivodnich druhii doslo

k Gspésnému vraceni dominance druhiim ptivodnim (Perna et Burrows 2005, Perna et al. 2012).

Ryby a vyssi obratlovci se vyznacuji vétsi odolnosti jako invazni druhy. Jakmile
se redukce populaci zastavi, dochazi k vysSs$i popula¢ni hustot¢ (Gaeta et al. 2015).
Knapp a kol. (2007) zjistili, ze mala populace vzacnych puvodnich Zab se zacala rychle
zotavovat po odloveni pstruhd (Oncorhynchus spp. a Salvelinus fontinalis) z vysokohorskych
jezer. Pokud byl pstruh pfitomen déle nez 50 let, obnova zooplanktonu byla pomalejsi a nékteré
ptvodni druhy nedokdzaly populaci obnovit (Knapp et Sarnelle 2008). Stejné jako casto
existuje ¢asova prodleva mezi kolonizaci zavlecené¢ho druhu a naslednymi dopady na vodni
spolecenstvo, je evidentni také Casova prodleva v obnové plivodnich druh po UspéSném

odstranéni invazivniho druhu.

Komplexni piehled uspésnych invaznich eradikaci v Evrop€ ukazal, ze vétSina projektt
zahrnovala likvidaci konkrétnich suchozemskych druhli z ostrovli nebo neptivodnich savci
(Genovesi 2005). Napiiklad za ucelem ochrany pivodnich populaci malych savci
v severovychodnim Skotsku byly tymy dobrovolnika proskoleny na odchyt norkli americkych
(Neovison vison). Odchyt probihal od vysokohorskych jezer a dal pokracoval po fekach. I kdyz
existovala dobfe koordinovana a systematicka strategie pro odstranéni invazivniho savce,
nebyla uplné Gspésnd. Veédci doufaji, ze norkové mohou byt zlikvidovani v severnim Skotsku,
ale bude to viceleté dobrovolnické Usili s velkymi ekonomickymi naklady (Bryce et al. 2011).
Tento ptiklad ndm pfipomina, ze co se tyka invazi, méli by se ekologové zaméfit na prevenci,

protoZe obnova miZe byt obtizna, ne-li nemozna.
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2.6. CRaEvropa

Existuje fada ptipadl, kdy neuvazené vysazovani (introdukce) druhti ptineslo zna¢né problémy
i na evropském kontinentu (Daisie 2009, Kraus 2009, GISD 2022). Pfipomefime jen historii
expanze ondatry pizmové (Ondatra zibethica), ktera je dodnes vaznym problémem pro umélé
hraze v Nizozemsku, psika myvalovitého (Nyctereutes procyonoides), ktery likviduje unikatni
ptaci kolonie na mnoha mistech baltského pobiezi, ¢i norka amerického (Neovison vison) jehoz
rostouci populace vznikla ze zvitat ze zaniklych farem, urychlila vymizeni norka evropského
(M. lutreola) a za¢ina ohrozovat potravni konkurenci a predacnim tlakem existenci dal§ich
ptavodnich druht (Hacklander et Zachos 2020, Hutterer et Krystufek 2020). Problémy spojené
s nepivodnimi druhy nejsou pochopitelné¢ omezeny pouze na savce. Existuje dlouhy seznam
nepuvodnich druhti z celé zivocisné fise, ktefi stejnym zplisobem zaséhly do vyvoje ptirodnich
spolecenstev nebo se projevily jako Skidci na polnich ¢i lesnich kulturach (Lowe et al. 2000,
Kraus 2009, GISD 2022). Sta¢i pfipomenout mandelinku bramborovou (Leptinotarsa
decemlineata), ¢i problém poslednich let — klinénku jirovcovou (Cameraria ohridella),
drobného motyla decimujiciho stromotadi jirovct v celé stfedni Evropé. Dalsim ptikladem je
stievlicka vychodni (Pseudorasbora parva), ktera diky rychlému reprodukénimu cyklu
dosahuje v rybnicich v kratké dobé takové biomasy, Ze predstavuje vazného potravniho

konkurenta komerénim druhtim ryb (Van der Veer et Nentwig 2015).
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3. Obojzivelnici a invazni druhy

3.1.  Predace obojzivelnikii a jeji detekce

Aby koftist mohla aktivovat obranné strategie vuci riziku predace, musi spravné rozpoznat
a vyhodnotit zdroj rizika a jeho intenzitu (Ferrari et al. 2010). Rozpoznani predatora je klicové
pro preziti jedincd, a proto se u riznych druhii vyvinulo Siroké spektrum zptsobi, jak predatora
rozpoznat. Mechanismy pouzité pti ziskdvani informaci z prosttedi se dale mohou liSit
Vv zavislosti na typu zdroje, na morfologii jedince a denni aktivité (Sazima et Eterovick 2000).
Ve vodnim prostfedi je nejcastéjsi detekce vizudlni, mechanicka a chemicka (Relyea 2002,

Relyea 2007).

Ve sladkovodnich biotopech mohou byt predatofi pfitomni regiondlng, lokalné
nebo mohou zcela chybét. Jedna se o sladkovodni ,,ostrovy”, kde se nevyskytuje vétSina
predatorti. To vytvaii vhodné podminky pro rozvoj invaze, vyslednou ekologickou zranitelnost
a mize zpusobit 1 podstatné zmény v populaci jejich kofisti. Naptiklad vysazovani pstruhti
do izolovanych jezer v pohofi Sierra Nevada mélo za nasledek téméf uplnou eliminaci vétSiny
obojzivelniki, bentickych zivocichti a zooplanktonu (Knapp et al. 2001). Kdyz se invazivni
druhy chovaji jako ekosystémovi inZenyii, mohou rychle transformovat celé ekosystémy

(Strayer 2012).

Mnoho obojzivelnika, ktefi obyvaji proménlivé prostiedi, musi projevit urcitou
fenotypovou plasticitu, aby dokézali Celit a pfizpisobit se nahlym zméndm stanovist,
které obyvaji. Predace je pro larvy a vajicka obojZivelniki jednim z limitujicich faktort v tomto
prostfedi. Predatofi mohou v urcitych piipadech vyhubit veskeré spolecenstvo pulct,
které se vyskytuje na dané lokalité¢ (MacCallum et al. 1995). U vajec obojZzivelnikt by se dalo
ocekavat, ze budou obzvlaste¢ zranitelna zejména kviili tomu, ze jsou mald, relativné
nechranéna, a hlavné€ se nemohou premistit, aby unikla pfed predatory. AvSak predatofi mohou
byt odrazeni ochrannymi adaptacemi vajec, v€etné chemické nebo mechanické obrany oballl
vajicka. Pfeziti embryi muze byt ovlivnéno spravnym nacasovanim reprodukce. U vajec
obojzivelniku jde nejen o spravné nacasovani kladeni snliSek, ale také o nacasovani lihnuti.
U Rana temporaria dochazi k synchronizované reprodukci. Jedna se o strategickou odpoveéd
na kanibalismus pulct. Pulci, kteti se vylihli diive, Casto konzumuji ostatni vajicka. Aby tomu

bylo zamezeno, dochézi k synchronizovanému lihnuti (Crump 1986).
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U pulct se ke snizeni predac¢niho tlaku vyvinula fada obrannych mechanismu,
které se projevuji ve zménach morfologickych, fyziologickych i behavioralnich (Harvell 1990,
DeWitt et al. 1998, Tollrian et Harvell 1999). Pro detekci predatora pulec vyuziva nékolik
senzorickych podnéti, vcetné dotykovych, vizudlnich a chemickych. Mezi obranné
mechanismy patii nepozivatelnost (Brodie et Formankowicz 1987), zména velikosti téla,
nacasovani doby metamorfozy (Richards et Bull 1990), shlukovani (Nicieza 1999) a snizeni

pohybové aktivity (Skelly 1994, Relyea 2001, Polo-Cavia et al. 2010).

Ptitomnost predatora miize také snizit dostupnost a pfijem potravy, a tim ovlivnit
rychlost larvalniho ristu a dobu metamorfozy (Laurila et Kujasalo 1999, Gomez-Mestre
et al. 2010). Snizena rustova rychlost, ktera je zptisobena pritomnosti predatora, nebo mensim

pfisunem potravy, aktivuje produkci Zlaz s vnitini sekreci, které vyvolavaji metamorfozu

vvvvvv

podminkach bez piitomnosti predatora (Richards et Bull 1990).

3.1.1.  Chemické podnéty

Larvy obojZivelnikl ke zjiSténi mozné predace nevyuZivaji jen zrakové a mechanické podnéty,
ale 1 podnéty chemické. Ve vodé rozpuSt€né chemické latky jsou vodnimi organismy
vyuzivany k rozpoznani rizika predace zejména proto, ze poskytuji specifickou informaci
0 identit¢ kofisti a predatora a o mife ohrozeni (Ferrari et al. 2010). Kofist mize detekovat
jak predatora, ktery je v klidu, tak samotny akt predace. Chemické stimuly mohou byt
produkovany predatorem i samotnou kofisti. Bylo zji$téno, Ze pulci reaguji na predatora
pomoci registrace urcitych chemickych latek obsazenych v sekretech predatora,
ale i v sekretech vlastnich (Maag et al. 2012). N¢které larvy obojzivelnikli nemaji vrozenou
reakci na chemické latky produkované predatorem, a proto se musi naucit rozpoznat tyto latky,
aby na n¢ mohly reagovat (Gonzalo et al. 2009, Chivers et al. 2015). V disledku toho jsou
behavioralni a fyziologické reakce na predatora Casto zavislé na piredchozi zkuSenosti s danym

predatorem (Orr et al. 2009, DeSantis et al. 2013).

Nékteré studie prokazaly, Ze nejen chemické latky produkované predatorem,
ale i slozeni jeho potravy muze vyvolat antipredacni chovani (Schoeppner et Relyea 2005,

2009). Pulci navic dokazi rozeznat chemickou stopu od predatora, kterou vylucuje soucasné
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pii zvykani a traveni kofisti (Schoeppner et Relyea 2009). V riznych ekologickych systémech
mohou byt preferovany rizné druhy podnéti. Ve vodnim prostiedi - a to zejména v zakalenych
chemickych signala (Kats et Dill 1998, Tollrian et Harvell 1999, Bronmark et Hansson 2000).
Schoeppner a Relyea (2009) pozorovali signifikantni snizeni pohybové aktivity pulct
Rana pipiens v piipadech, kdy predator Anax junis Zvykal kofist a kdy ji travil. Dale pozorovali,
ze pulci se vice skryvali v pfitomnosti latek z rozmackanych tél pulcd. Pulci Rana temporalis
posuzuji hrozbu predace zaloZenou vyhradné na chemickych podnétech pochazejicich
Z potravy predatora. Jsou-li v potravé predatora ptitomny latky pochdzejici z pulct stejného
druhu, pulci vnimaji hrozbu a reaguji na ni antipredacnim chovanim. Vystaveni pulct
vizualnim podnétim mozné predace a vystaveni pulcii chemickym latkdm z hladovéjiciho

predatora nevyvolalo antipreda¢ni chovani (Mogali et al. 2012).

Ve studii G¢inki chemickych podnétl vylucovanych predatorem na vliv pohybové
aktivity u dvou larvalnich stadii zab Rana temporaria a Bufo bufo vykazovaly oba druhy mirné
snizeni aktivity plavani pfi konfrontaci s chemickymi latkami od sympatrickych predatort
(Marquis et al. 2004). Také Takahara (2008) se ve své studii zabyval zménou aktivity plavani
pulct Hyla japonica v ptitomnosti predatora nymf vazky Anax parthenope Julius. Rychlost
plavani byla vyssi a uplavana vzdalenost delsi u pulct, ktefi byli vystaveni chemickym latkdm

od nymf.

Cast4 je zména trajektorie pohybu a snaha tiniku pied predatory, coz zpravidla vede
ke sniZeni ristu kofisti (Sih 1987, Relyea et Werner 1999, Berec et al. 2016). Ur¢ita mira
vnimavosti latek produkovanych predatorem je mozZna jiz u vajec pii embryondlnim vyvoji.
Naptiklad Orizaola a Brafia (2004) zkoumali charakteristiky lihnuti a morfologii vylihlych
larev ¢tyt druhti ¢olkt (rod Triturus), jez byly vystaveny chemickym latkam signalizujicich
ptitomnost predatora, kterym byl pstruh obecny (Salmo trutta). Jedinci vystaveni nebezpeci
se lihli v ran€j$im stadiu vyvoje a byli také pomérné mensi. V porovnani s kontrolni skupinou
zde byly ptitomné také zmény v morfologii hlavy a ocasu, avSak podle autort takovato zména
v morfologii nezvySuje pravdépodobnost pieziti pod predacnim tlakem. Warkentin (2000,
2007) naopak zjistila, Ze ur¢ité zmény v nacasovani lihnuti a jisté zmény v morfologii mohou

u pulcti napomahat piezivani vii€i predaci.
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Obrazek 3: Vliv pfitomnosti predatora (detekce pomoci chemickych latek)

na nacasovani lihnuti, metamorf6zy a morfologie (Mitchell et al. 2017).

3.2.  Antipredaéni chovani

Obranné neboli antipredacni chovani obojzivelnikii miize mit n€kolik forem. Nejobvyklejsi
obrannou strategii mobilnich zvitat je utéct co nejrychleji od svého potencialniho predatora,
ale mnoho druhti také vyuziva pasivni obrany (Toledo et al. 2011). Existuje vSak Siroka skala
obrannych strategii, které¢ se alternativné pouzivaji ke zvladnuti rizika ptfedstavovaného

predatorem.

Riizné obranné strategie plisobi v rGznych fazich predace: lokalizace, identifikace,
odhaleni, poziti a trdveni. Primarni (nezavisi na pfitomnosti predatora) a sekundarni (vyvolané
pritomnosti predatora) obranné strategie se vyvinuly, aby zabranovaly nebo zamezily utoku

predatorti (Van Buskirk 2004). Krypticky zbarveni obojzivelnici se vyhnou detekcei a jedovati
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pozieni. Nasledkem toho je vyvoj obrannych strategii pfimo spojen se smysly, které predatoii

pouzivaji k nalezeni své kofisti (Greenbaum 2004).

Pulci se tak svou zranitelnost snazi snizovat pozménovanim svého fenotypu, naptiklad
vznikem kryptického zbarveni (Caldwell 1982), rlistem do vétsi velikosti téla (Persson 1988,
Wilbur 1988, Moore et Townsend 1998), vlastni nechutnosti (Formanowicz et Brodie 1982,
Brodie et Formanowicz, 1987), vyvinem koznich jedovych zlaz - zpravidla maji svou
jedovatost spojenou s aposematickym zbarvenim (Crossland 1998) nebo nejriiznéjSimi
modifikacemi ocasni ploutve, jako jeji zvySena pigmentace upoutavajici predatorovu pozornost
od dulezitéjsich ¢asti t€la (Van Buskirk et al. 2003, Mclintyre et al. 2004), nebo efektivnéjsim
uzpusobenim svych proporci pro lepsi unik pied predatorem (Mclntyre et al. 2004, Teplitsky
et al. 2005).

Zvlaste u tropickych zab je pomérné cCasto vyuzivany pasivni zplusob obrany,
kdy ptislusny druh spoléhd na svou nenapadnost danou piedev§im kryptickym zbarvenim,
popf. i tvarem téla a kdy pfi setkani s predatorem setrvava v nehybné pozici (napt. Bufonidae,

Hylidae, Odontophrynidae, Megophryidae) (Jablonski 2014).

3.2.1.  Vyvojova a fenotypova plasticita

DalSim zplisobem reakce na pfitomnost predatora je fenotypova plasticita. Fenotypova
plasticita je schopnost organismu reagovat na vnitini nebo vnéjsi podnéty zménou fenotypu
(West-Eberhard 2003), piesnéji FeCeno schopnost jednoho genotypu produkovat
vice alternativnich fenotypi v zavislosti na zivotnim prostiedi. V takové situaci miize dochazet
ke zménam morfologie (McCollum et Van Buskirk 1996, Van Buskirk et Schmidt 2000),
rychlosti vyvoje, pohybu, chovani (Stearns 1989, Skelly 1997, Nylin et Gotthard 1998, West-
Eberhard 2003) nebo nacCasovani bodi zivotni historie (Wilbur et Fauth 1990,
Sih et Moore 1993, Warkentin 1995). Fenotypova plasticita muze jedinci pfinaset fadu vyhod.
Napftiklad plasticita v chovani a vyvoji mizZe vybalancovat pozadavky na pfijem potravy
a vyhybani se predatorovi. V disledku toho vede plasticita k vy$Simu fitness u organismil,

jejichz velikost v dospélosti ovliviiuje schopnost rozmnozovani (Laurila et al. 2004).

Organismy obyvajici prostfedi s proménlivym, ale pfedvidatelnym slozenim predatort,

si Casto vyvijeji alternativni fenotypy, které zvysuji jejich preziti (Tollrian et Harvell 1999).
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U obojzivelniki je jednim z nejdiilezitéjSich faktora Zivotniho cyklu trvani larvalniho obdobi -
nacasovani lihnuti (Sih et Moore 1993, Warkentin 1995) a metamorfozy (Wilbur et Fauth 1990,
Hensley 1993). Toto nacasovani je ovlivnéno nejen geneticky, ale také environmentalnimi
faktory. V kone¢ném dusledku je vyjadfeno prostiednictvim zmén v ¢innosti nékolika zlaz
s vnitini sekreci (Wilbur et Collins 1973, Laurila et Kujasalo 1999). Druhy Zijici v lokalitach,
které jsou stalé a predvidatelné, maji obecné delsi larvalni obdobi, zatimco druhy, které obyvaji
prostiedi s nepiedvidatelnymi a ménicimi se podminkami, maji toto obdobi kratsi a maji tedy
rychlej§i rist a vyvoj. Plasticita napfiklad umoziiuje druhiim chovanym v poustnich
podminkach individudlni prodlouzeni larvalniho obdobi a tim dosazeni maximalni velikosti

potiebné pro metamorfozu (Stephens et al. 2017).

Limitujici zména plasticity mize vzniknout, pokud fenotypovy vyvoj je Casové
zpozdény nebo doslo k nepfedvidatelné zméné prostiedi. To miize snizit miru fenotypové
odpovédi. Cas potiebny k vytvofeni fixace fenotypovych znakil je omezen nebo miize dojit
k nesouladu mezi fenotypem a prostiedim (Van Buskirk 2002). Nékolik modeld ukazuje,
ze Casové rozmezi reakce na zménu prostiedi mize ovlivnit rozsah plasticity (Clark et Harvell
1992, Moran 1992, Padilla et Adolph 1996, Gabriel 1999). Plasticitu zptsobuji vlastnosti,
které 1ze rychle upravit béhem zmén okolniho prostiedi. U takovych vlastnosti je fenotypova
odezva v tzkém vztahu se signaly stavu prostiedi a také zvySuje pravdépodobnost, ze fenotyp

ey

bude vhodny pro podminky, ve kterych Zivocichové ziji (West-Eberhard 1989).

Denver (1997) se zabyval fenotypovou plasticitou pulcti obojzivelnikll. Zamétoval
se zejména na biochemické a fyziologické mechanismy, které zprostfedkovavaji reakci
organismu na podminky prostfedi. Rizné kombinace biotickych a abiotickych faktord
ovliviiuji nejen vyvoj obojzivelniki, ale také jejich rist (Wilbur 1980). Mezi biotické faktory
patii dostupnost zivin, vnitrodruhové vztahy, konkurence, kvalita potravy, ale také predace.
Abiotické faktory piisobici na obojzivelniky jsou zejména teplota, fotoperioda a mnoZzstvi vody
(Wilbur et Collins 1973, Smith-Gill et Berven 1979, Pandian et Marian 1985, Alford et Harris
1988, Ruthsatz et al. 2019).

Utinky faktort Zivotniho prostfedi se mohou lisit v zavislosti na konkrétni fazi riistu
a vyvoje organismu. Stejny faktor mize plisobit inhibi¢né na riist organismu, pokud se nachazi
v larvalnim obdobi, nebo miize stimulovat rozvoj, pokud je pfitomen v pribéhu
prometamorfozy - faze rastu, kdy se zalind tvofit Stitna Zzldza (Denver 1997,

Ruthsatz et al. 2019).
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Vyzkumy dokézaly, Ze obojzivelnici zijici v neptedvidatelnych podminkach dokazi
urychlit pribéh metamorfézy v disledku vysychani vody v rybnice, zatimco druhy zijici
ve stalych podminkach tuto schopnost neovladaji. Bufo americanus chovany v do¢asnych
rybnicich byl schopen urychlit metamorfézu v reakci na vysouSeni rybnika. Oproti tomu
Rana utricularia, ktery se vyskytuje v trvalych vodnich tinich, nebyl schopen metamorfézu
pii vysychani vody urychlit. Pravdépodobné se tato vlastnost vyvinula béhem ontogeneze
Vv zavislosti na pfirodnim vybéru (Newman 1992). Dalsi podminka, kterd miize vyvolat
fenotypovou plasticitu u obojzivelniki, je teplota vody. Teplota prosttedi pozitivné koreluje
s rychlosti metamorféozy a rlGstu. Newman (1989) zjistil, Ze teplota mélkych rybniki
byla pii vysychani zvysena o nékolik stupni oproti hlubsimu rybniku. Pokud je tedy rychlejsi
metamorfoza vyvoldna vysychanim rybnika, je tedy pohanéna i zvysenou teplotou rybnika.

Dalsi studie provedend v Izraeli (Blaustein et al. 1999) uvadéla, Ze slune¢ni zafeni,

které ovliviiuje teplotu u periodickych vod, silné ovliviiovalo tempo rtstu pulct Hyla savignyi.

3.21.1.  Morfologické zmény

Jednim z ptikladd antipredacni strategie v piitomnosti predatora je vznik morfologické obrany
(Mikolajewski et Johansson 2004). Predace miZe zvyhodnit jedince kofisti s odlisnou
morfologii nebo chovanim a tim zvysit variabilitu znakt v jeji populaci. Vystaveni predatorovi
na pouhé 3-18 dni zahdji u pulci morfologické zmény, které se liSi v zavislosti na druhu
predatora. Vystaveni bezobratlym predatorim maé za nasledek pozd&jsi vylihnuti z vajicek
(Ireland et al. 2007), snizeni ristu a zkraceni velikosti téla pro zvySeni unikové rychlosti
(Wilson et Lefort 1993, Relyea 2001, Maher et al. 2013). Ryby maji podobné ucinky
na morfologické zmény, ale pulci navic vice rozvijeji svaly ocasu (Relyea 2001,
Teplitsky et al. 2005).

Van Buskirk a McCollum (2000) také zkoumali vliv tvaru ocasu pulcii na jejich
schopnost pohybu. Za timto t¢elem chirurgickym zakrokem zredukovali délku ocasu o 21 %,
34 % a 55 %. Vysku ocasu zredukovali o 11 %, 34 % a 59 %. Pokles maximalni rychlosti
a zvySeni doby potiebné k uplavani vzdalenosti 2,5 cm doslo u nejvice redukovanych ocast,
at’ uz u jeho délky nebo vysky. V ptipadech redukce ocasu v mensi mife (11-34 %) nebyl
prokdzan vyznamny vliv na pohybové vlastnosti. Trajektorie a thel utéku nevykazoval

zavislost k zddné mife redukce ocasu. Morfologické zmény vyvolané vlivem predacniho tlaku
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vedouci ke zvétseni vysky ocasu (Van Buskirk a Relyea 1998) nezvysuji pohybové vlastnosti
pulci, proto se piedpokladd, Ze maji vyznam v jiném obranném mechanismu

(Laurila et al. 2001, Relyea 2001).

Vysledky studie Van Buskirka (2002) ukazuji, ze pulci reagovali na zvySujici se riziko
predace tim, Ze snizovali svou aktivitu a viditelnost, snizovali délku a $itku t€la, délku ocasu,
ale Sitka ocasu se zvySovala. Tato zména v morfologii zvySuje Sanci na pieziti pulce, moznost
rychleji se vyhnout utoku predatora a opustit mista jeho pravdépodobného vyskytu.
Vétsi ocasni ploutev pak mulize byt uzite¢na i v predatoroveé nepifitomnosti, protoze zvysuje
pohybové schopnosti larev, a tak i naptiklad vys$§i moznost ptijmu potravy (Van Buskirk 2000,

2002).
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Obrazek 4: Zmény v morfologii pulcti vlivem puisobeni predatorti. Bezobratly predatoti (Anax spp.)
indukuji mensi télo s relativné vétsim a vyssim ocasem, které zvysSuji rychlost uniku (Maher et al. 2013),
ryby indukuji vEétsi ocasni svaly, mensi velikost téla a Sir§i ocasy (Teplitsky et al. 2005,

Mitchell et al. 2017).
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3.2.1.2. Riistové strategie

Obecné existuji dvé mozné strategie, jak uniknout riziku predatora. Minimalizovat kontakt
s predatorem zkracenim doby vyvoje nebo rychlym rustem, aby méla kofist vétsi nez ideélni
velikost pro pfitomného predatora, avSak pfitomnost neznamého predatora zvysuje riziko
pro larvy a tim nelc¢innost velikostni strategie. VétSina predatorti bere velikost kofisti
Vv omezeném rozsahu, takze né€které larvy obojzivelnikt jsou nakonec pfili§ velké na to, aby je
bylo mozné poztit (Heyer et al. 1975, Caldwell et al. 1980, Brodie et Formanowicz 1983,
Crump 1984, Alford 1986, Cronin et Travis 1986, Formanowicz 1986, Semlitsch et Gibbons
1988). Ptestoze se vliv velikosti pulct lisi podle typu predatora a velikosti predatora, pulci
se s rtstem obecné stavaji méné zranitelnymi (Alford et Richards 1999). Zda se, Ze to vyplyva

z vétsi schopnosti velkych pulct uniknout predatorim.

Obecné plati, ze rychlost plavani pulce roste s rostouci velikosti (Huey 1980,
Richards et Bull 1990), i kdyz lokomo¢ni vykonnost muze klesat, kdyz pulec dosahne
metamorfozy (Brown et Taylor 1995). Nékteti predatoti jsou v zachdzeni s velkymi pulci
zkusengj$i nez jini a vétSina druhd pravdépodobné nikdy nedosahne velikosti, ktera je ¢ini
zcela nezranitelnymi vici utoku. Nektefi vodni a suchozemsti predatofi, jako jsou ptaci, mohou
Tejedo 1993). Nicméné, predace je pravdépodobné dillezitou selektivni silou pusobici
narychlost rdstu larvalnich obojzivelniki (Travis 1984, Semlitsch et Gibbons 1988).
Travis (1983) prokazal genetické variace v rychlosti rustu larev, pficemz vysoké rychlosti
korelovaly s vysS§im prezitim. Wilbur a Collins (1973) pfedpokladali, Zze kazdy druh
ma charakteristickou minimalni velikost, které musi byt dosaZeno, neZz muze dojit

k metamorfoze, a maximalni velikost, kterou nelze v larvalnim stadiu piekrocit.

Pulci jsou pfi predaci nuceni urychlit svij rast v disledku velikostné selektivni predace,
aby se rychleji dostali do mén¢ zranitelnych stadii (Travise 1984). VéEtsi velikost pulce
umoznila uniknout preda¢nimu tlaku nejvice studovanych velikostné selektivnich bezobratlych
predatord (Notonecta, Anax a larvy brouki). Na druhou stranu, Trachemys scripta muze
piedstavovat druhy, velikostné neselektivni typ predatora, u kterého strategie vétsiho téla neni

adaptivni.
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4. Cile disertacni prace

Cilem této prace bylo experimentalné ovétit, zda pritomnost invazni zelvy Trachemys scripta

elegans ovliviuje:

1) embryonalni vyvoj Rana temporaria, dobu lihnuti a vyvojové stadium, ve kterém se

embrya lihnou;

2) parametry ontogenetického vyvoje (velikost pfi metamorfoze, délku larvalniho vyvoje)

larvalniho stadia Rana temporaria pii kontinualni pfitomnosti zelvy;

3) dynamiku ontogeneze (velikost a hmotnost pti metamorfoze, délku larvalniho vyvoje)

pulcti Rana temporaria v pfipad¢ pfitomnosti zelvy v riznych etapach jeho vyvoje.

21



5. Vliv invazni Zelvy niadherné na vyvoj pulci skokana hnédého v

riznych etapach jeho vyvoje

Ptitomnost predatorii predstavuje jednu z nejvyznamnéjSich vyzev pro uspésnou reprodukci
obojzivelniki. Pro velkou vét§inu zab vyzaduje stanovisté pro vajicka nebo pulce urcitou formu
stojat¢ vody (Wells et Schwartz 2007) a vybér vhodného mista k rozmnozovani bude
pravdépodobné zvlasteé dilezity, protoze vétSina téchto druhli neposkytuje zadnou rodi¢ovskou
pé€i, embrya a larvy jsou tedy ohrozené predaci az do metamorfozy
(Binckley et Resetarits 2003). Vodni prostiedi pfedstavuje idedlni médium pro rozptyleni
rozpustnych chemickych sloucenin (Wisenden 2000), které jsou charakteristické pro predatory
a mohou kofisti poskytnout dilezit¢ informace k bezprosttednimu riziku predace

(Bronmark et Hansson 2000).

Predatofi mohou zpusobit nejen pifimou umrtnost mlad’at, ale mohou také vyvolat
morfologické, behaviordlni a imunologické zmény larev, které mohou ovlivnit pfeziti
Vv postmetamorfnich stadiich (Wilbur 1997, Relyea 2007, Groner et al. 2013). Konkurenti
mohou nepfimo ovlivnit preziti larev a dobu larvalniho vyvoje a velikost pfi metamorfoze
(Wilbur 1987) a mohou zpiisobit Skodlivé prenosové efekty v pozdéjsich fazich Zivota (Wilbur
1997, Van Allen et al. 2010, Groner et al. 2013).

Aby doslo k rychlé evoluci, musi byt selekéni tlak vyvolany neplivodnim predatorem
silny a konzistentni a plivodni populace musi byt geneticky variabilni, pokud jde o nachylnost
k predatorovi (Strauss et al. 2006). Néktera kofist je vSak schopna vrozené detekovat a vyvolat
adaptivni reakce na podnéty novych predatorti i1 pres absenci spolecné evolu¢ni historie
(Epp et Gabor 2008, Peluc et al. 2008, Rehage et al. 2009, Nunes et al. 2014). Tato schopnost
muze byt disledkem fylogenetické nebo fenotypové podobnosti s piivodnimi predatory,

kteti se vyskytuji spolecné s kotisti (Epp et Gabor 2008, Rehage et al. 2009).

Pfedmétem této prace je Zelva Trachemys scripta elegans, ktera predstavuje v Evropé
novy druh predatora s negativnim vlivem na mistni faunu. Ve svém pivodnim arealu
je Trachemys scripta oportunni vSezravec. VSechny velikostni tfidy zelv konzumuji vyznamny
podil ZivociSné hmoty, coZ je ¢ini potencialné nebezpecnymi pro pitvodni druhy (TTWG 2017,
GISD 2022). Tento druh Zelvy je v soucasné dobé celosvétoveé nejrozsifenéjsi sladkovodni
zelvou, protoze byl Siroce introdukovan at’ uz zamérné nebo jako vedlejsi efekt obchodu

s exotickymi zvifaty, a to po celém svéteé s vyjimkou Antarktidy (Kraus 2009,

22



Ficetola et al. 2012). Invazivni potencial a oportunni strava zelvy nadherné maji vyznamny

dopad na ptvodni obojzivelniky (Ernst et Lovich 2009).

Pulci dvou testovanych druhti zab Rana nigromaculata a R. limnocharis byli schopni
reagovat na puvodni zelvu Reevesovu (Chinemys reevesii), ale ne na invazni Zzelvu
Platysternon megacephalum (Zhang et al. 2015). Podobn¢ v jedné z pouhych dvou piedeslych
studii (Berec at el. 2016, Polo-Cavia et al. 2010), ve kterych byla Trachemys scripta konkrétné
pouzita jako potencidlni invazni predator, v jedné zjistili neschopnost rozpoznat neptivodni
zelvy jako predatora u ¢tyt druhti zab Bufo calamita, Hyla arborea, Pelobates cultripes
a Pelophylax perezi (Polo-Cavia et al. 2010). Naproti tomu druha studie potvrdila stejné
vysledky jako v mé praci, Zze pulci Rana temporaria reaguji na invazni zelvu Trachemys
scripta, bez predchozi expozice nebo kontaktu a jsou schopni vrozené rozpoznat a reagovat
na chemické podnéty zelvy pienasené vodou, konkrétné zménou jejich plaveckého chovani
(témef o 50 %) (Berec et al. 2016). Ocekava se, Ze tento typ antipreda¢niho chovani bude nést
naklady ve smyslu kratSich casovych pfilezitosti k hleddni potravy. Zkoumala jsem,

zda puvodni pulci Rana temporaria reaguji adaptivné na piitomnost Zelvich kairomond.

5.1. Pritomnost nepivodni Zelvy urychluje lihnuti pulci skokani hnédych

(Rana temporaria)

Vodrazkova M., Setlikova 1., Navratil J., Berec M. (2022) Presence of an alien turtle
accelerates hatching of common frog (Rana temporaria) tadpoles. NeoBiota 74: 155-169.

Q1 (Animal Science and Zoology; Aquatic Science; Ecology; Ecology, Evolution, Behavior

and Systematics)

2021 Journal Impact Factor: 3.94

Zaby jsou schopny rozpoznat piitomnost predatorti nebo konkurentii v misté rozmnozovani
a podle toho se rozhodnout, zda vejce nebo pulce nakladou nebo nekladou (Buxton et al. 2016).
Toto rozhodnuti predpoklddd minimalné soucasny vyskyt predatora a reprodukéniho chovani
zab nebo predchozi vyskyt predatora na lokalité. Takové rozhodovani v§ak neni mozné, pokud

ulozeni vajicek nebo pulct predchazi ptitomnost predatora na lokalité. Jako prvni obojzivelnici
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se na jafe zacinaji rozmnozovat hnédé zbarveni skokani (rod Rana) (Speybroeck et al. 2016).
V té dobé mnoho jejich potencialnich predatort stale hibernuje, a tak dochazi ke kontaktu

S potencialnimi predatory az po nakladeni vaji¢ek nebo béhem vyvoje larev.

Zmény v nacasovani lihnuti v dasledku pfitomnosti predatorii mohou vést
k morfologickym rozdilim mezi vylihnutymi mladaty (Buckley et al. 2005,
Touchon et Warkentin 2008). Krat$i nacasovani lihnuti mize naznaovat mensi velikost pfi
lihnuti a v nizsich vyvojovych fazich (Sih et Moore 1993, Moore et al. 1996, Warkentin 1999,
Benard 2004). Odlozeni lihnuti mtze larvdm umoznit dosdhnout vétsi télesné velikosti
a pokrocilejsiho vyvojového stadia a zvysit tak pravdépodobnost jejich pteziti pod rizikem
predace (Sihet Moore 1993, Moore et al. 1996). V ptitomnosti predatoru specifickych
pro stddium mohou obojzivelnici modifikovat trvani pfislusSné vyvojové faze
(Chivers et al. 2001, Ireland et al. 2007, Mitchell et al. 2017). Konkrétn¢ u zabich embryi bylo
vétsinou prokazano, ze piitomnost predatort vaji¢ek vyvolava ¢asné lihnuti embryi (Warkentin
1995, 2000, Chivers et al. 2001, Laurila et al. 2001, Johnson et al. 2003, Segev et al. 2015),
zatimco predatofi pulct vyvolavaji opozdéné lihnuti (Sih et Moore 1993, Laurila et al. 2002,
Schalk et al. 2002, Mitchell et al. 2017), ¢imZ zvySuji svou Sanci na pieziti tim, ze unikaji
moznym utoktim (Obrazek 5). Laurila a kol. (2002) zjistili, Ze se pozd&ji vylihla embrya
Rana temporaria vystavena predaci koljusky tfiostné (Gasterosteus aculeatus), ktera je

predatorem larev.

Studie zkoumajici ucinky predator na rychlost vyvoje vajicek i larev jsou vzacné,
protoZe jen malo predatori konzumuje vajicka i1 larvy sou€asné. Zajimavé je, ze soucasna
expozice predatori vajec a predatorti pulcl (pijavice a nymfy véazek) nezptlisobila Zadnou
zménu v nacasovani lihnuti (Ireland et al. 2007). Trachemys scripta vSak neni predatorem
specifickym pro stadium, protoze je schopna konzumovat vajicka i larvy obojzivelnika
(Storm et al. 1995, Chen 2006, Ernst et Lovich 2009). V mé¢ studii ptitomnost nepiivodniho
predatora predstavuje stimul, pii kterém embrya zkracuji dobu lihnuti, snizuji velikost
pii lihnuti a lihnou se v nizsi vyvojové fazi. To je v souladu s Mandrillon a Saglio (2007)
a Marquis a kol. (2004), ktefi uvadi, Ze expozice vyhladovélych predatord ovlivnila
behavioralni reakci u ropuchy obecné (Bufo bufo) a snizila plavecké chovani u dvou druhii zab
(Rana temporaria, Bufo bufo). Capellan a Nicieza (2007) uvedli stejny vysledek pro

Rana temporaria s predatorem vajec - pijavici Haemopsis sanguisuga.
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Obrazek 5: Vliv ptfitomnosti predatora (detekce pomoci chemickych latek) na nacasovani lihnuti,

metamorfozy a morfologie (Mitchell et al. 2017).

Pouhd dvoudenni (30%) zména v nacasovani lihnuti listovnice cervenooké
(Agalychnis callidryas)  ovlivnila  zivotaschopnost larev a metamorfni  fenotyp
(Touchon et al. 2013). Vonesh a Bolker (2005) zjistili, Ze 30% snizeni velikosti vylihnutych
zab Hyperolius spinigularis vyrazn¢ zménilo miru imrtnosti larev (o0 90 %) a po vylihnuti doslo
k malému (tj. <10%) pfirtistku velikosti vylihnutych larev, coz odpovida vyraznym zméndm
Vv preZiti. Snizena velikost vylihnutych mlad’at mize tedy mit za nasledek vyssi mortalitu larev
Vv prostfedich s intenzivni predaci, protoze malé larvy jsou vici predatorim zranitelné;si
(Nicieza et al. 2006). Navic jediny predator mize zlikvidovat celou sniisku vajec, coz ma

za nasledek kazdoroc¢ni selhani reprodukce jedince (Grozinger et al. 2012).

V této studii bylo cilem zjistit, zda se doba lihnuti, vyvojové stadium a velikost téla
pii vylihnuti embryi Rana temporaria zméni v pfitomnosti invaznich Zelv

Trachemys scripta elegans jako predatora. Pfitomnost predatora ovlivnila v§echny zkoumané
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faktory. Zjistila jsem, Ze pii absenci Zelvy se embrya vylihla za 12 dni, zatimco za pfitomnosti
predatora bylo lihnuti urychleno o dva dny. Embrya se se navic vylihla mensi a v niz§im stupni

vyvoje nez bez pritomnosti predatora.
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Abstract

The presence of a predator affects prey populations either by direct predation or by modifying various
parts of their life history. We investigated whether the hatching time, developmental stage, and body size
at hatching of common frog (Rana temporaria) embryos would alter in the presence of a red-eared slider
(Trachemys scripta elegans) as a predator. The presence of a predator affected all factors examined. We found
that in the absence of the slider, the embryos hatched in 12 days, while hatching was accelerated by two
days in slider treatment. At the same time, the embryos hatched smaller and at a lower stage of develop-
ment with the slider than without it. Our study extends the range of predators studied, including the
effect on different phases of development of potential amphibian prey.

Keywords
Antipredator defence, embryonic development, invasive predator, predator-cued hatching, predation risk,
Rana temporaria, Trachemys scripta elegans

Introduction

The impacts of invasive species on native communities are still difficult to generalise
due to the limited number of species and environments researched (Rolim et al. 2015;
Tricarico et al. 2016; Griesemer et al. 2018; Ramirez-Albores et al. 2019). However,
inappropriate responses of individuals to invasive predators can strongly affect native
populations (Mooney and Cleland 2001). In amphibians, predation can account for a
significant proportion of the total mortality of all their developmental stages (Nystrom

Copyright Magda Vodrazkova et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
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etal. 1997; Chivers et al. 2001; Laurila et al. 2002; Gunzburger and Travis 2005). The
ability to detect, recognise, and respond to potential predators is, therefore, an impor-
tant part of antipredatory behaviour (Bennett et al. 2013; Polo-Cavia and Gomez-
Mestre 2014), and native populations can have especially serious problems facing the
presence of new alien predators (Polo-Cavia et al. 2010; Gomez-Mestre and Diaz-
Panjagua 2011; Nunes et al. 2019). In general, embryonic and early larval stages are
the most vulnerable to predation (Laurila et al. 2002; Wells 2007), and the ability to
respond to the presence of a predator can therefore significantly increase the fitness of
an individual and thus the viability of the entire population (Warkentin 1995; Vonesh
and Bolker 2005).

Whether intentionally or unintentionally introduced, the recent wide occurrence
of the red-eared slider (Zrachemys scripta elegans) in Europe (GISD 2021) presents a
new opportunity to investigate the responses of naive native amphibian populations
to a new predator. Although the red-eared slider (hereafter referred to as slider) is not
reproductively successful throughout Europe (Cadi et al. 2004; Ficetola et al. 2009;
Mikd4tova and Sandera 2015; Standfuss et al. 2016), even the mere presence of adults
may pose a certain risk to native species. In previous studies, we found that the pres-
ence of the sliders affects several life history parameters of common frog (Rana tempo-
raria) tadpoles, such as movement activity, trajectory of movement (Berec et al. 2016),
time to metamorphosis, or size at metamorphosis (Vodrazkovd et al. 2020). Although
sliders are usually still hibernating at the time of common frog breeding (Gibbons et al.
1990; Speybroeck et al. 2016), which eliminates the risk of direct predation, chemical
cues (kairomones) released by sliders into the aquatic environment provide amphibians
with information about their presence. Since the slider is an opportunistic predator
and can consume frog eggs (Ernst and Lovich 2009), some response of common frog
embryos is to be expected.

For frog embryos, there are two basic strategies for avoiding predation or signifi-
cantly reducing its effects: the development of egg unpalatability and hatching plastic-
ity (Wells 2007). The unpalatability of eggs is a passive strategy in which the embryo
relies on the predator’s inability or unwillingness to consume eggs, which imposes costs
on its host even if the host never comes in contact with the predator; environmentally
cued hatching is characterised by an embryo’s active capability to alter the time of hatch-
ing according to the conditions it encounters during embryonic development. Hatch-
ing plasticity has been documented many times in amphibian embryos, and predator
presence has been shown to trigger early hatching from eggs incubated in both air and
water (Chivers et al. 2001; Warkentin 2011). In terrestrially laid eggs, hatching can be
stimulated by vibrational cues during the direct physical attacks of predators, such as
snakes (Warkentin 1995; Jung et al. 2019), frogs (Vonesh and Bolker 2005), katydids
(Poo and Bickford 2014), wasps (Warkentin 2000), or egg-eating fly larvae (Vonesh
and Bolker 2005). In aquatic environments, these responses are induced mainly by
chemical cues from predators (kairomones) or by chemical cues that are released from
injured prey during predation events (Petranka et al. 1987; Dodson 1988; Tollrian
1994; Nicieza 1999, 2000; Laurila et al. 2002; Smith and Fortune 2009).
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This study aimed to shift our previous focus (Berec et al. 2016; Vodrézkov4 et al.
2020, 2022) to a different developmental stage, namely, embryos in eggs. We inves-
tigated whether the presence of a slider can alter the hatching time of common frog
embryos. We hypothesised that the presence of a slider would accelerate the hatching
time, so the ontogenetic stage and body size at hatching were also measured. The
uniqueness of this study lies in the use of a stage-nonspecific predator, which is virtu-
ally absent in the literature. At the same time, it is an alien predator from a taxonomic
group to which the prey has no common history.

Materials and methods

Five freshly laid clutches of common frogs were collected in a pool between Holubov
and Vrdbce, South Bohemia, the Czech Republic (48.9078633°N, 14.3485608°E),
on 2 April 2021. Collection locality was monitored daily to collect egg clutches laid
during the night before. Neither the slider nor any other species of turtle occurs at the
collection locality, so the eggs and their parents are naive prey relative to the turtles.
The experiment was performed in six glass tanks — three replications with the slid-
ers and three replications of control without the sliders. Glass tanks (size: 100 x 55
x 50 cm) filled with 20 cm of aged tap water were equipped with a Claro 300 filter
pump (300L.h™") and rinsed three times a week. The room temperature was set at
15 °C and the datalogger (Dostman LOG200 PDF) recorded a mean air tempera-
ture of 14.8 £ 0.4 °C (£ S.D.; measured at hourly intervals) during the experiment.
Fluorescent tubes (2 x 36 W) with a light regime of 12 h/12 h were used. During the
dark phase of the day, the glass tanks were illuminated with red light to allow perma-
nent monitoring of egg hatching.

Three adult sliders (carapace length: 18 c¢m, 20 cm, and 21 cm) were used as
predators. A slider was placed in each of three glass tanks over the course of three
days to release kairomones into the water before the experiment was initiated and fed
three times a week with ReptoMin Tetra turtle gammarus. To prevent physical but not
chemical contact between the slider and frog eggs, a glass barrier was placed inside each
glass tank with a 6 cm gap at both ends so that water could flow freely throughout
the tank. On the other side of this barrier, five perforated opaque boxes (20 x 14 cm)
with holes 1 mm in diameter were glued to the bottom of the glass tanks to contain
the eggs (Fig. 1).

Six fragments of approximately 150 eggs each were taken from the collected clutch
and randomly placed in five boxes, one in each glass tank. This procedure was repeated
for all five clutches, so that there were five boxes in each tank with a fragment from
each clutch. Each glass tank was continuously monitored using a camera (Niceboy
Stream Pro) to distinguish hatched tadpoles occasionally returned to the inside of the
egg capsules from tadpoles just before hatching. Hatched tadpoles were counted every
24 h. Hatching was defined as the moment at which the whole hatchling had left the
protective jelly of the eggs. To maintain a good processing of the camera recordings
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Figure |. Diagram of the glass tank showing the position of the slider (if present) and the boxes for
clutch fragments. These were placed randomly in the boxes in each glass tank (see Materials and methods).
Three replications with the sliders and three replications without them (control) were used. Slider drawing

by Jakub Berec.

(the large number of hatched tadpoles in a small box makes it difficult to count them),
hatched tadpoles were transferred every six hours to a depot tank. At the time when
half of the eggs in each box had hatched, two tadpoles were taken from the group
of tadpoles hatched in the last six hours. These tadpoles were photographed under a
stereomicroscope (Olympus SZX 7) and measured (to the nearest 0.01 mm) using
QuickPHOTO MICRO 3.2 software. Their developmental phase was determined ac-
cording to Gosner (1960).

Three different dependent variables connected with different aspects of the hatch-
ing of common frog tadpoles with/without the presence of a slider were measured as
described above: hatching time, developmental stage, and size at hatching. The poten-
tial impact of four independent variables — (1) slider: presence/absence, (2) glass tank:
three tanks with slider and three controls without slider, (3) box: five boxes in each
glass tank at the same position within the glass tank, and (4) clutch: six fragments of
each clutch — on each of the dependent variables was then analysed. Thus, three sepa-
rate analyses were performed to fulfil the aim of the present study. According to the
experimental design, a linear main effect ANOVA model from the general linear model
family (GLM) was used for analysis of experimental data (Quinn and Keough 2002).
The factor ‘slider’ was set in all three analyses as a fixed factor, as both levels of this fac-
tor (presence/absence) were of direct interest to our study and are not interdependent.
The other three factors (glass tank, clutch, and box) were set as random factors (Allen
2017). The overall fit of all parameters in the GLM was tested using a test of the sum
of squares of whole model versus sum of squares of residuals. An overparameterized
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model based on the indicator variable approach (Midway 2019) was used in type III
sums of squares test (TTBCO 2017) to represent the effects of all four independent
variables (factors) on the dependent variable. Adjusted R-squared was used in the over-
all fit of all parameters as a measure of the variability explained by the GLM because
more than one independent variable was used in the model. The effect sizes of all four
partial factors were evaluated using partial eta-squared (Richardson 2011). Given the
number of eggs, the statistical significance was assessed at the 99.9% level (Steel et al.
2013). All calculations were performed in Tibco Statistica (TIBCO 2017).

Results

The GLM for hatching time with the effects of all factors analysed (overall fit of all
parameters) was statistically significant (all effect: F| | .. = 809.2, p<<0.001; adjusted
R? = 0.75). In the partial effects analysis, we found a significant difference in hatch-
ing time between the presence and absence of the slider (F .. = 8672.4; p<<0.001).
The effect of this factor on hatching time (partial eta-squared 0.74) prevailed over
the effect of the other factors. In the absence of the slider, the embryos hatched in
12 + 0.6 days (mean + S.D.). The presence of the slider accelerated hatching by two
days (10 = 0.6 days) (Fig. 2A). The partial effects of the random factors were also
significant: glass tank (Fz,z9ss = 11.7; p < 0.001), box (F4’2988 = 7.6; p < 0.001), and
clutch (F, o = 44.15 p<<0.001). However, compared to the effect of slider presence,
the effect sizes of these factors were negligible (partial eta-squared for clutch: 0.06, glass
tank: 0.01, and box: 0.01) (Suppl. material 3: Table S1).

The GLM for developmental stage of all the factors analysed (overall fit of all
parameters) was statistically significant (all effect: F, = 33.2, p<<0.001; adjusted
R? = 0.86). In the analyses of partial effects, the presence of the slider was the only
significant factor in the model (F = 358.0; p<<0.01). In the presence of a slider,
embryos hatched at developmental stage 20 £ 1.5 (mean * S.D.), while in control,
freshly hatched embryos had developed to stage 23 + 1.0 (Fig. 2B). The develop-
mental stage was not significantly influenced by glass tank, clutch, and box (Suppl.
material 3: Table S2).

Similarly to the previous life history parameters, the GLM for size at hatching of
all factors analysed (overall fit of all parameters) was statistically significant (all effect:
F 4 =23.8, p<<0.001; adjusted R* = 0.81). In the analyses of partial effects, the sig-
nificant difference was found between the size of freshly hatched embryos in the pres-
ence of the slider and without it (F, ,, = 245.3; p<<0.001). In the presence of a slider,
the embryos hatched with an average size of 5.92 + 1.460 mm (mean * S.D.), while
in the control, the average size of the freshly hatched embryos was 10.77 £ 1.042 mm
(Fig. 2C). As for developmental stage, the presence of the slider was the only significant
factor in the model (Suppl. material 3: Table S3).
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Figure 2. Histogram of A hatching time B developmental (Gosner) stage, and € size at hatching of the
embryos of common frogs in the presence of red-eared slider and control.

Discussion

Developmental plasticity is an adaptive response of anuran embryos and larvae to the
risk of predation (Altig and McDiarmid 1999; Benard 2004; Warkentin 2011). Here, we
present evidence for the developmental plasticity of common frog embryos in the pres-
ence of a red-eared slider and, in addition to a previous study (Vodrdzkovd et al. 2020),
provide a comprehensive insight into the influence of this alien predator on the early
phases of the common frog life cycle. We have previously shown (Vodrazkovd et al. 2020)
that, in the slider presence, tadpoles of common frogs are capable to modify the duration
of larval development. In the present study, we confirmed a similar response in common
frog embryos, which hatched earlier in the presence of a slider. At the same time, the em-
bryos were smaller and less developed when exposed to the chemical signals of a predator.

In the presence of stage-specific predators, amphibians can modify the duration
of the relevant developmental stage (Chivers et al. 2001; Ireland et al. 2007; Mitchell
etal. 2017). In anuran embryos, specifically, the presence of egg predators has mostly
been shown to induce early hatching of embryos (Warkentin 1995, 2000; Chivers et
al. 2001; Laurila et al. 2001; Johnson et al. 2003; Segev et al. 2015), while tadpole
predators induce delayed hatching (Sih and Moore 1993; Laurila et al. 2002; Schalk
et al. 2002; Mitchell et al. 2017), thus increasing their chance of survival by escap-
ing possible attacks. However, the slider is not a stage-specific predator, as it is capa-
ble of consuming both amphibian eggs and larvae (Brown et al. 1995; Chen 2006;
Ernst and Lovich 2009); thus, the allocation of risk between developmental stages of
the frog may be more complex in this case (Warkentin 2011). Studies that examine
predator effects on the developmental rates of both eggs and larvae are rare because
few predators consume both eggs and larvae simultaneously. Muraro et al. (2021) used
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a stage-nonspecific predator (Procambarus clarkii) and found, in concordance with
our results, a reduction in hatching time in Rana latastei embryos. However, they did
not study larval development. Ireland et al. (2007) solved the problem of predator
stage specificity by simultaneously exposing frog eggs to stage-specific predators of eggs
(leech: Nephelopsis obscura) and larvae (dragonfly: Aeshna canadensis nymphs), which
resulted in no change in hatching time, while tests with separately acting predators
produced the expected response of a reduction in hatching time in the egg predator
treatment and an increase in hatching time in the larval predator treatment. This study
on embryos and a previous study on tadpoles (Vodrdzkovd et al. 2020) jointly clarify
that the embryos/tadpoles of the common frog responded to the presence of a predator
by shortening the stage of development during which the embryo/tadpole would be
exposed to the predator. It would be interesting to analyse how common frog tadpoles
react to the presence of a slider if the entire development from eggs to metamorphosis
was taking place with this predator present.

However, some studies have shown that frog embryos, including the common
frog, do not always respond specifically to stage-specific predators by shortening hatch-
ing time (Laurila et al. 2001, 2002; Schalk et al. 2002; Saglio and Mandrillon 2006;
Touchon et al. 2006; Capelldn and Nicieza 2010; Touchon and Wojdak 2014). The
published differences in embryo responses may correspond to different signal intensi-
ties of the presence of a specific predator, and thus the responses to indirect waterborne
cues might be weaker than those to the direct, mechanical cues of a predator attack
(Warkentin 2011). An evident response to water-borne cues of sliders may be related
to a markedly stronger signal of a much larger-sized predator in our experiment com-
pared to commonly tested invertebrate predators. The ability to scale predator danger
and adjust hatching time accordingly has been found, for example, in embryos of
southern leopard frogs (Lithobates sphenocephalus) (Johnson et al. 2003). Moreover, a
possible absence of a change in hatching time does not necessarily imply a complete
lack of response to the presence of a predator. It may be manifested by other types of
response, such as changes in the body shape of tadpoles (Laurila et al. 2001; Saglio and
Mandrillon 2006; Mandrillon and Saglio 2007; Touchon and Wojdak 2014) or their
behaviour (Saglio and Mandrillon 2006; Touchon and Wojdak 2014).

Native and naive prey can fail to detect the novel predator adequately as a dangerous
threat, resulting in no (Cox and Lima 2006; Sih et al. 2010) or inefficient antipredator
responses to counter the predator’s attack strategies (Strauss et al. 2006; Sih et al. 2010).
However, when responses in hatching time in naive prey are detected, they are often
explained by the presence of syntopic, taxonomically related predators (Sih et al. 2010;
Melotto et al. 2021; Muraro et al. 2021), although the time since invasion may also play
an important role (Gomez-Mestre and Diaz-Paniagua 2011; Nunes et al. 2013). Our
results suggested that a common evolutionary history is not necessary for a detectable
response. Such a result has already been published for tadpole development time (Stav
etal. 2007; Vodrazkovd et al. 2020), but as far as we know, it has not yet been published
for the hatching time in frog embryos. An explanation for embryo response to an alien
slider may be in the ability of embryos to detect a kind of general “smell of fear” that is
elicited by most predators, regardless of taxonomic classification (Sih et al. 2010).
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Finding a general tendency in the phenotypic plasticity responses of prey across
a broad range of animal predators (different taxa and feeding spectra), environmen-
tal and experimental conditions is a challenge even in anurans themselves (Relyea et
al. 2018). However, in frogs, the earlier hatching time was generally associated with
smaller size at hatching (Chivers et al. 2001; Laurila et al. 2002; Capellén and Nicieza
2007; Ireland et al. 2007) and lower developmental stage (Chivers et al. 2001; Laurila
et al. 2002; Capelldn and Nicieza 2007; Ireland et al. 2007; Muraro et al. 2021), and
our results confirm this relationship. In some cases, earlier hatched tadpoles performed
higher growth rate and reached the size of later hatched tadpoles at metamorphosis
(Capellédn and Nicieza 2007). However, if tadpoles are unable to compensate for their
smaller size at hatching, this can impose significant costs in later developmental phas-
es. These costs have been demonstrated through increased mortality during the larval
stage (Smith 1987; Warkentin 1995; but see Vonesh and Bolker (2005) where early
hatchlings survived better), reduced size at metamorphosis (Vonesh and Bolker 2005;
Vodrézkovd et al. 2020), lower post-metamorphic survival (Berven 1990; Altwegg and
Reyer 2003), change of behaviour (Buckley et al. 2005; Capelldn and Nicieza 2007),
delayed maturity (Smith 1987) and lower reproductive success (Smith 1987).

The hatching time was also influenced by the clutch, glass tank, and box. The
clutch effect can be explained by a possible difference in the age of the collected clutch-
es. Although freshly laid clutches were always collected in the morning after the actual
reproductive event, differences of several hours in the age of the clutches cannot be
excluded. The box effect could be attributed to the different distances of each box from
the pump filter and/or the slider compartment. We can rule out a temperature gradi-
ent in the experimental room as the most likely cause of the glass tank effect, as regular
temperature measurements during the experiment did not detect one. Nevertheless, all
partial eta-squared of clutch, glass tank, and box are an order of magnitude lower than
partial eta-squared for slider presence/absence. This confirms the importance of the
slider presence/absence on the hatching time. Moreover, the statistical significance of
the above-mentioned random factors need not be functionally relevant.

Although the results are fairly straightforward, we are aware of certain limitations
of our experiment. First, the five clutches used originated from a single pool. For this
reason, the general validity of our results cannot be confirmed, as some studies also
point to a genetic component of variability in some features of ontogenetic develop-
ment (Lind et al. 2008; to our knowledge, the genetic component of hatching time
variability in frogs has not yet been investigated). An additional potential statistical
complication could be the placement of multiple boxes in a glass tank and multi-
ple eggs (a fragment of clutch) in a box. Having individual eggs in individual tanks
with their own maintenance system and with a separate water supply from the glass
tank with or without a slider would prevent this issue. At the same time, it solves the
problem of different box distances from the pump filter and/or the slider compart-
ment. However, although this solution is technically feasible, division of the clutches
into individual eggs remains problematic in terms of embryo survival.

Our work added a slider as an additional predator inducing changes in the embryonic
developmental rate in Ranidae. Since the impact of earlier embryo hatching (lower body
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size and lower stage of development) on fitness has been confirmed in several frog species
(Warkentin 1995; Laurila et al. 2002; Vonesh and Bolker 2005; Touchon et al. 2013), the
same impact can be expected for the common frog. The existence of defensive responses
in slider-exposed embryos may reduce the threat that the spreading of this invasive species
poses in Europe. On the other hand, the reduced size at hatching and developmental stage
of common frog hatchlings represents additional risks of negative fitness impacts, and at
the very least, the presence of sliders in non-native areas should receive increased attention.
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slider presence (0/1), glass tank (1-6), box (1-5), and clutch (1-5) (n = 3000).
Copyright notice: This dataset is made available under the Open Database License
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(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Developmental stage, size

Authors: Magda Vodrézkovd, Irena Setlikovd, Josef Navrétil, Michal Berec

Data type: excel file.

Explanation note: Data of developmental (Gosner) stage and size at hatching (mm)
with four independent variables — slider presence (0/1), glass tank (1-6), box (1-5),
and clutch (1-5) (n = 30).
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use this Dataset while maintaining this same freedom for others, provided that the
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original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.74.82250.suppl3


http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.74.82250.suppl2
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.74.82250.suppl3

5.2. Chemické podnéty invazivni Zelvy sniZuji dobu vyvoje a velikost pri

metamorféze u skokani hnédych

Vodrazkova, M., Setlikova, I., & Berec, M. (2020). Chemical cues of an invasive turtle reduce
development time and size at metamorphosis in the common frog. Scientific Reports, 10(1), 1-
6.

Q1 (Multidisciplinary)

2020 Journal Impact Factor: 4.379

Novy predator ve vodnim prostiedi mize zasadn& narusit biotop pro larvy obojzivelniki.
Vystaveni predatorim miize také zménit rychlost vyvoje smérem k metamorféze. VétSina
studii prekvapiveé prokazala, Ze vystaveni predatorim mélo za nasledek delsi nebo stejnou dobu
trvani larvalniho obdobi a véts$i nebo stejnou velikost pii metamorféze. Flexibilita nacasovani
a velikosti pfi metamorfoze mize byt adaptivni, cozZ umoziiuje larvdm obojzivelnikil reagovat
na zmény v kvalité jejich vodniho prostfedi (Stearns 1989, Newman 1992, Gomez-Mestre
et al. 2010) a zvysit Gspésnost vyvoje (Semlitsch et Caldwell 1982, Denver 1997, Kishida et
al. 2014).

Vyvojova plasticita u Zab, véetné¢ skokani hnédych, byla jiZ mnohokrat prokazana
(Laurila 2000, Wells et Schwartz 2007 a odkazy v nich uvedené). Pulci riznych druht zab v§ak
na noveého predatora nereagovali konzistentné. Kiesecker a Blaustein (1997) prokézali,
ze syntopicti pulci skokana rudonohého (Rana aurora) vyrazné snizili svou aktivitu a zvysili
vyuziti ukryti, kdyZ byli vystaveni chemickym podnétiim jak pulci, tak dospélych jedinct
skokana volského (Rana catesbeiana), kteti se jimi zivi. Naopak alotopicti pulci své chovani

nezmeénili.

Pulci se snazi uniknout pted predatorem tim, ze rychleji vyrostou, a tudiZ by byli velci
na pozieni, nebo se snazi opustit vodni prostiedi co nejdiive, ale bohuzel dosdhnou minimalni
velikost, pii které mohou metamorfovat. Zkracuji tim larvalni obdobi, coz nakonec snizuje
expozici predatorim (Bulen et Distel 2011, Benard 2004). Naptiklad pulci Bufo boreas, kteti
byli vystaveni dravym znakoplavkam (Notonecta) nebo podnétiim od zranénych pulct, doséhli

metamorfozy rychleji nez pulci bez pritomnosti predatora (Chivers et al. 1999). Tento vysledek
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byl interpretovan jako adaptivni zména v historii Zivota, ktera umoznila pulcim uniknout
Z nebezpecnych podminek ve vodnim prostiedi. VEtsi velikost pfi metamorféze ma za nasledek
lepsi fyziologické a pohybové schopnosti v suchozemském prostiedi, vétsi Sance na pieziti
(Wilbur et Collins 1973, Smith 1983, Benard 2004). Vysoka rustova rychlost umoziuje pulcim
rychle metamorfovat, a tim co nejdiive uniknout vodnim predatorim. Jedna se tedy o velmi
Casty trade-off: jedinci, ktefi zlstavaji déle ve vodnim prostiedi doristaji vétsi velikosti
pfi metamorféze, a tak dosahuji i vétSich velikosti v dospélosti. VéEtsi velikost béhem
metamorfozy je spojena se zvySenym fitness dospélych jedinctu (Wilbur et Collins 1973,
Vonesh et Bolker 2005, Bennett et al. 2013), avsak ve vodach, kde jsou pfitomni predatofi,
zvySuje rychly larvalni vyvoj a brzka metamorféoza miru pieziti. Tento trade-off jsem
pozorovala i ve svém pokusu. Potvrdilo se, Ze u pulcti, kde probihal larvalni vyvoj v ptitomnosti
predatora, dortistali jedinci mensi velikosti a diive metamorfovali. Neprojevilo se vSak zvySeni
rychlosti ristu oproti jedinciim, ktefi se vyvijeli bez pfitomnosti predatora a mohli tak dortst
do vétsi velikosti bez obavy z predace a tim zvysit svou budouci zivotaschopnost. Pulcim
se podatrilo zkratit trvani larvalniho obdobi urychlenim jejich vyvoje, ale nikoli rychlosti ristu,
kdyz byli vystaveni neustalé pfitomnosti zelvich chemickych podnéti (Van Buskirk et Schmidt
2000, Capellan et Nicieza 2007, Bennett et al. 2013).

U obojzivelnikl je vétsi velikost pii metamorféze spojena se zvySenym rustem
v dospélosti a prezitim, vétsi velikosti téla v dospélosti a zvySenym reprodukénim tuspéchem

(Relyea 2002, Vonesh et Bolker 2005, Takatsu et Kishida 2013). Naopak pozd&ji

Cvwr

Rozdily ve velikostech pfi metamorféze mohou vyplyvat ze zmén bud’ ve vyvoji
a/nebo rychlosti ristu. Relyea (2007) identifikovala pomalejsi tempo jak ve vyvoji larev,
tak v ristu, jako nejbéznéjsi vzorce reakce pulct na tlak predatora. V. mém experimentu vSak
zustala rychlost rastu (na zakladé celkové délky) po celou dobu vyvoje stabilni mezi pulci
chovanymi s Zelvou i bez ni s jednou vyjimkou ve tietim vyvojovém obdobi (29. - 42. den).
To je vsouladu s nalezy vysledky Laurily a Kujasala (1999), ktefi prokazali zrychleni
vyvojové rychlosti pulcti, které se neprojevilo ve zménach velikosti téla v pfitomnosti larev

vazek béhem ran¢ho obdobi vyvoje.
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V této studii jsem tedy zkoumala, zda chemické podnéty produkované predatory maji
vliv na zmény ve vyvojové rychlosti, rychlosti ristu a velikosti pfi metamorféze pulct
Rana temporaria. Vysledky ukazuji spise vzacné dokumentované typy reakci kofisti
obojzivelniki na predatory. Pritomnost zelv zkratila dobu metamorfozy pulct
ze 110+ 11,7dnd na93+13,0 dni (primér + S.D.). Prvni metamorfovani jedinci byli
zaznamenani 65. den a 80. den od vylihnuti v pfitomnosti predatora a v kontrolni skuping,
resp. metamorfovani jedinci byli statisticky vyznamné mensi (12,8 £ 0,99 mm) v pfitomnosti
predatora nez v kontrolni skupiné (15,2 £ 1,27 mm). Trajektorie rychlosti riistu byly podobné
u obou variant. Obrana pulcl vyvolana predatory byla tedy evidentni ve vySSich rychlostech

vyvoje a mensich velikostech pfi metamorfoze bez vyznamnych zmén v rustu.
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Chemical cues of an invasive turtle
reduce development time and size
at metamorphosis in the common
frog

M. Vodrazkova®=, |. Setlikova® & M. Berec

In aquatic systems, chemical cues are one of the major sources of information through which animals
can assess local predation risk. Non-native red-eared sliders (Trachemys scripta elegans) have the
potential to disrupt aquatic ecosystems in Central Europe because of their superior competitive abilities
and omnivorous diets. In this study, we examined whether continuous predator-borne cues are tied to
changes in the developmental rates, growth rates and sizes at metamorphosis of common frog tadpoles
(Rana temporaria). Our results show rather rarely documented types of amphibian prey responses

to caged predators. The presence of turtles shortened the time at metamorphosis of tadpoles from
110+ 11.7 days to 93 1+ 13.0 days (mean % S.D.). The first metamorphosed individuals were recorded
on the 65" day and on the 80" day from hatching in the predator treatment and in the control group,
respectively. The froglets were significantly smaller (12.8 +-0.99 mm) in the presence of the predator
than in the control treatment (15.2 4= 1.27 mm). The growth rate trajectories were similar between the
predator treatment and the control. Thus, predator-induced tadpole defences were evident in higher
developmental rates and smaller sizes at metamorphosis without significant changes in growth.

Alien species are recognized as important drivers of global environmental change!?. Although only a fraction of
alien species become invasive?, the massive increase in the rate of biological invasions due to rapid globalization
of trade is reflected in the corresponding increase in research into the impacts of invasive alien species*. In addi-
tion to damage to human health and economies’, alien species can have a significant impact on the functioning of
parts of communities, entire communities or local ecosystems®’. Alien species can interfere with the life histories
of autochthonous fauna in many ways, including through predation, competition, transmission of new diseases,
immune system compromisation, or hybridization®’.

Many amphibian species are unable to respond to non-native predators'® however, there is a plethora of stud-
ies that documented measurable behavioural, physiological or morphological reactions. The ability to detect and
recognize potential predators is an important component of the anti-predatory behaviour of amphibians in all
their developmental stages'!. Prey responses to the threat of predation are multi-faceted and include increased
refuge use'>'?, increased distance from the threat'*, reduction of activity'>~'%, shortening of feeding time'*?°,
change in development time?!-?, change in growth rate?, reduced size at metamorphosis®, changes in body
shape?®28, changes in colour® and inedibility'**.

Werner?! predicted that the exact point at which metamorphosis is favoured depends on the equilibrium of
size-specific growth and mortality rates in aquatic and terrestrial habitats. A new predator in the aquatic envi-
ronment can fundamentally impairs the habitat for amphibian larvae. A rapid growth theoretically provides the
best protection against the costs of predation risk. Exposure to predators can also alter rates of development and
progress toward metamorphosis. Surprisingly, the majority of studies demonstrated that exposure to predators
resulted in longer or the same time of aquatic phase duration and larger or the same size at metamorphosis®.

In their native range, red-eared sliders (Trachemys scripta elegans) are opportunistic omnivores. All turtle
size classes consume significant proportion of animal matter, which makes them potentially dangerous to native
species®***. This turtle species is currently the world’s most widespread freshwater turtle, because it has been
widely introduced, both purposely or as the side effect of the pet trade, all over the world with the exception of
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Antarctica®?¢. Although turtles were not mentioned among the non-native predators of amphibians®, our previ-
ous research’® revealed that tadpoles of common frogs (Rana temporaria) recognize red-eared sliders as potential
predators. In that study'®, we documented that in the presence of turtle kairomones, tadpoles significantly reduce
their movement activity (by almost 50%) and modify their swimming paths into more zigzagged trajectories.
Because this type of antipredator behaviour is expected to convey costs in terms of lost foraging opportunities,
we examined whether naive common frog tadpoles respond adaptively to the presence of turtle kairomones®”.
Specifically, we asked if the presence of turtle cues accelerate the developmental or growth rate in tadpoles of com-
mon frog in laboratory conditions as predicted by theoretical models®! or decelerate as was often experimentally
documented*. Secondly, we addressed the question of whether tadpoles respond to the presence of turtle cues by
shifting body size at metamorphosis.

Materials and methods

In the experiment, two adult red-eared sliders (carapax length: 18 cm and 21 cm) and the tadpoles of common
frogs were used. Six clutches of common frog eggs were collected in pools around Holubov, South Bohemia,
Czech Republic (48.9078633N, 14.3485608E) on 15-Apr-2017. Neither the eggs nor their parents came into con-
tact with red-eared sliders at this locality. Clutches were placed in a glass tank of 220 L volume with tap water
and a pump filter in a temperature-controlled laboratory room (20 £ 1 °C) for fourteen days. The pump filter
was rinsed twice a week. The turtles were fed three times a week with chicken meat and ReptoMin Tetra turtle
gammarus. The tadpoles were fed daily with TetraMin aquarium flakes for ornamental fish. The light source was
a fluorescent tube (2 x 36 W) with a light regime of 12h/12h.

Four glass tanks of 220 L volume (size: 100 x 40 x 55cm) and 6 cm water depth were used for the experiment.
A Claro 300 filter pump (300 L.h~!) was installed in each glass tank. To prevent physical, but not chemical, contact
between turtle and tadpoles, a glass barrier was placed inside each glass tank with a 6 cm gap at both ends so that
water could flow freely throughout the tank. On the other side of the barriers, 25 individual perforated opaque
boxes (8 x 8cm) with holes 2mm in diameter were glued to the bottoms of the glass tanks (5 rows with 5 boxes
in each row). Tadpoles of the same size (16.6 +0.16 mm) at stages 26 and 27 according to Gosner®® were stocked
individually in each box, and turtles were placed in two of the glass tanks prior to the experiment. During the
experiment, the same feeding regime as that in the preparation phase was used. The tadpoles were photographed
under a stereomicroscope (Olympus SZX 7) and measured using the QuickPHOTO MICRO 3.1 program every
14 days for 112 days. Tadpoles who died prior to metamorphosis (2%; one individual in each control glass tank)
were eliminated from the experiment.

Linear regression between size and time was used to obtain slopes of individual growth trajectories (for all
cases, R?>0.820, P < 0.05). A hierarchical ANOVA with predator presence/absence as a fixed factor and glass
tank identity (1-4) as a random factor nested in predator was used to test the differences in development time,
final size of froglets at metamorphosis and slopes of individual growth. The normality and the homogeneity of
the variances were checked using the Shapiro-Wilk test and the Bartlett test, respectively. All data analyses were
performed in Statistica 13.

All methods were carried out in accordance with relevant guidelines and regulations. All experimental proto-
cols were approved by the Czech Ministry of Agriculture, Department of Animal Welfare according to article No.
15, section 2 of the act registered under number 9103/2009-17210.

Results

The time to metamorphosis differed significantly between the treatment with predator presence and control
treatment (F, , =56.99, P = 0.017). The average time to metamorphosis were 93 £ 13.0 days and 110 £ 11.7 days
(mean =+ S.D.) in the group where tadpoles were exposed to the predator and in the control group, respectively
(Fig. 1). In the predator treatment group, the first metamorphosed individuals were recorded on the 65 day after
hatching. The tadpoles in the control group achieved metamorphosis for the first time on the 80" day. The impact
of the individual glass tanks was not proven for time to metamorphosis (F, o, =0.74, P =0.481).

Similarly, we found a significant difference in the size at metamorphosis of froglets raised with the predator
and without it (F, , = 130.76, P = 0.008). The froglets were significantly smaller (12.8 +-0.99 mm) in the presence
of the predator than those in the control group (15.24+ 1.27 mm) (mean =+ S.D.) (Fig. 2). The impact of the indi-
vidual glass tanks was not proven for size at metamorphosis (F, ¢, =0.81, P =0.447). Slopes of individual growth
trajectories did not differ between the treatments (F, , =0.51, P = 0.549), although individual glass tanks differed
significantly (F, o, =8.18, P =0.001), specifically one control tank differed from the others (Fig. 3).

Discussion

This study clearly shows that common frog tadpoles recognize the presence of alien red-eared sliders through
water-borne chemical cues and react to the potential danger by shaping their developmental trajectories through
a physiological life-history shift, in which final size was traded off against development rate. Our previous study'®
of common frog tadpoles from the same population showed that naive tadpoles without any previous exposure
or contact to red-eared sliders are able to innately face and respond to the water-borne chemical cues of the tur-
tles by modifying their swimming behaviour. This study further corroborates these findings by finding that the
presence of alien turtles also induces developmental plasticity of tadpoles. Invasive predators may often not be
recognized as enemies by native prey (“prey naiveté hypothesis”)*-*!. The red-eared slider was specifically used
as a potential alien predator of tadpoles in only two studies what we are aware of, in which an ability to recognize
non-native turtles as a predator was either demonstrated'® or not*. If alien predator is innately recognized as an
enemy, this ability is attributed to the cue similarities between alien and native predators or to the generality of the
cues used by naive prey to assess risk predation*>**. However, this might not be the case in our study, because the
tadpoles in our experiment originated from a population that lives in a geographic area with a complete absence
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Figure 1. Time to metamorphosis of Rana temporaria tadpoles in the presence of predator (Trachemys scripta
elegans) and those in the control group (mean =+ S.E.). The average time to metamorphosis were longer when
tadpoles were exposed to the predator. Each point represents one glass tank.
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Figure 2. Size at metamorphosis of Rana temporaria froglets in the presence of predator (Trachemys scripta
elegans) and those in the control group (mean =+ S.E.). The average size at metamorphosis were larger when
tadpoles were exposed to the predator. Each point represents one glass tank.

of turtles. An alternative explanation, although much less probable**-*, would assume the similarity of the cues

between the red-eared slider and some of the non-turtle native predators.

The flexibility of the timing of and size at metamorphosis can be adaptive, allowing amphibian larvae to
respond to changes in the quality of their aquatic environment*>*#® and to increase developmental success**. In
this experiment, tadpoles managed to shorten the duration of the larval period by accelerating their development
rate, but not growth rate, when exposed to the constant presence of turtle chemical cues. Specifically, tadpoles
metamorphosed on average 17 days earlier and at smaller size (by 16% on average) in the continual presence of
the turtles than in the control treatment. This is consistent with the model of amphibian metamorphosis®"*'.
However, this type of response was only rarely demonstrated in amphibians - smaller size at metamorphosis was
confirmed in only 14% of the studies, and a shorter time to metamorphose in only 5% of the studies reviewed by
Relyea®, i.e., in the northern red-legged frog, Rana aurora®, and in the common toad, Bufo bufo, for shorter time
to metamorphose only>. Comparison of growth trajectories is missing in the literature, the metamorphic changes
are expressed only as body size (body mass) at the time of metamorphosis and/or time to metamorphosis®.
However, it is also evident from these data that although acceleration of growth is one of the predicted options to
avoid predation pressure, this method is very rare in amphibians®***. Like most other amphibians tested, tadpoles
of common frog did not accelerate growth.

The question arises, why our results are consistent with the model predictions®>! unlike most other studies
demonstrating mostly longer time to metamorphosis at the same size in the presence of a predator®’. Reduction of

31,51
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Figure 3. Growth trajectories of tadpoles of Rana temporaria in the presence of the predator (Trachemys
scripta elegans) (black) and in the control group (grey). Slopes of growth trajectories were similar between the
treatments but differed among the glass tanks. Each time interval corresponds to 14 days from the start of the
experiment (mean =+ S.E.). Each line represents one glass tank in the presence of the predator and in the control

group.

tadpoles’ activity due to predator presence itself is sufficient to induce earlier metamorphosis at the smaller size>
via the increase level of corticotropin-releasing hormone®**”. We previously documented that common frog tad-
poles decrease their activity in the presence of turtle cues'®. A red-eared slider used as a predator model expanded
the spectrum of less used vertebrate predator types and is exceptional in some features among experimental
predators used so far. Moreover, this turtle is by far the largest predator ever used in this type of experiment which
could lead to a significantly greater amount of released kairomones. Big size difference between predator and prey
clearly limited the efficiency of tadpole to avoid predator pressure by achieving larger size®. Turtles therefore
can act as a super stimulus and the tadpoles thus clearly responded to their presence by a rapid metamorphosis.
Tadpoles try to avoid predator pressure by growing faster to be too large to become prey or to try to leave the
aquatic environment as soon as possible, i.e., when tadpoles reach the minimum size at which they can metamor-
phose®. In addition, Relyea® suggested that developmental plasticity can be phylogenetically constrained. Thus,
the ratio of published outcome possibilities may be also biased because some of the results are due to the absence
of the ability to plastically change the developmental trajectory under any conditions*.

In conclusion, our results suggested that common frog tadpoles are, despite the absence of a common evolu-
tionary history with red-eared sliders, innately able to discriminate predator-specific scents of the invasive turtles
and to subsequently respond to the predation risk by shortening their larval period in exchange for a smaller
body size, which may affect the survival and fitness of a metamorphosed individual®"*. Given the probability of
creating stable populations within Europe only at its southern edge, the red-eared slider is considered to have a
limited impact on indigenous fauna®. However, the ability of escaped or released individuals to survive for a long
time in the suboptimal conditions in the more northern parts of Europe® makes them a potential threat to frog
populations in this region. It would be very appropriate to pay future attention to the study of demecology of the
post-metamorphic phase of development.
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5.3. Ruzné casové vzorce piitomnosti Zelvy nadherné ovliviiuji dynamiku

ontogeneze pulci skokani hnédych

Vodrazkova, M., Setlikova, L., Navratil, J., & Berec, M. (2022). Different time patterns of the
presence of red-eared slider influence the ontogeny dynamics of common frog tadpoles.
Scientific Reports, 12(1), 1-9.
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Koexistence a interakce mezi druhy v daném spoleCenstvu nezévisi pouze na samotném
druhovém slozeni, ale také na vzorcich ¢asové aktivity ptislusnych druht (Gerber et al. 2012,
Zapata-Rios et Branch 2016, Azevedo et al. 2018). Specifické vzorce aktivity jsou dilezitym
atributem chovani druhu a jsou utvafeny riznymi faktory, jako jsou fyziologické adaptace
(Willmer et Stone 2004), abiotické podminky (Scheibe et al. 1999) a Zivotni strategie druht
(napt. socialni organizace, vyhybani se konkurenci) (Ferrari et al. 2008,
Kloskowski et al. 2020). Jakakoliv zména sezonni aktivity u jednoho druhu miize mit disledky

na interagujici druhy v ramci trofickych trovni i mezi nimi (Damien et Tougeron 2019).

Obojzivelnici pravdépodobnéji reaguji na predatory, kdyz jsou jejich potomci viici
predatorovi vysoce zranitelni (tj. predator zpisobuje vysokou umrtnost), kdyZz se predator
vyskytuje nerovnomérné v celé krajin€ a je relativné bézny a predvidatelny (napt. predator
nevstupuje a neopousti lokality nahodn¢), a kdyz dospé€li maji na vybér fadu dostupnych mist
k rozmnozovani. Tyto podminky jsou Casto splnény u Zzab, které umistuji své snlsky
do docasnych nebo periodickych tini (Blaustein et al. 1999, Chivers et Ferrari 2013).
Vzhledem k tomu, Ze jedinci jsou schopni vnimat rozdily v mife rizika, méli by se rozhodnout,

zda nakladou sntiSky do tiini bez téchto biotickych rizikovych faktori.

Predace béhem ranych fazi Zivota, kdy jsou organismy vnimavé k biotickym
I abiotickym faktorim, bude mit pravdépodobné vSudyptitomné ucinky na vyvoj populace
(Vieira et al. 2012). Jak predace v ranych Zzivotnich etapach ovliviiuje slozeni spoleCenstev
je daleko méné¢ znamé. Neékteré studie naznacuji, ze predace b&hem raného obdobi

po vylihnuti, kdy jsou jedinci obecné¢ mali a stale se nemohou branit, mize urovat pocetnost
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a distribuci  populaci nezavisle na predaci dospélych (Young et Chia 1984,
Epelbaum et al. 2009, Willink et al. 2014). Obojzivelnici jsou zvlasté dobrym modelem
pro studium fyziologickych a behavioralnich reakci na plasticitu ristu, protoze velikost

pfi metamorfdze pozitivné koreluje s prezitim v naslednych stadiich terestrické zivotni faze.

Stejné jako v mé studii i Laurila a Kujasalo (1999) uvadi, ze na zacatku experimentu
se pulci v pfitomnosti predatort vyvijeli pomaleji. Pfi metamorféze neméla ptitomnost larvy

vazky zadny vliv.

V tomto ¢lanku jsem sledovala dynamiku ontogeneze pulcti Rana temporaria v riznych
¢asovych vzorcich piitomnosti predatora Trachemys scripta elegans. Zjistila jsem, Ze pulci
m¢éli del$i larvalni obdobi a byli mensi velikosti pii metamorfoéze a nizsi télesné hmotnosti,
kdyZ byl predator piitomen v raném vyvoji, nez kdyz se pulci vyvijeli bez predatora. Casna
pritomnost predatora napadné snizovala rastové piirtistky pulcti v raném vyvoji. Po odstranéni
predatora se rist zrychlil nad urovent namétfenou v podminkach, kdy byl predator ptitomen
Vv pozdni fazi vyvoje, i bez ptitomnosti predatora. Tyto rychlosti riustu vSak neptesahly rychlosti
rstu stejn€ velkych pulct v ostatnich treatmentech, a proto nebyly dostatecné pro kompenzaci
zpomaleni rastu v prvni ¢asti vyvoje. Pfitomnost predatora v pozdnim vyvoji pulce neovlivnila
ani dobu do metamorfozy, ani velikost/hmotnost téla pfi metamorféze. Zavérem lze fici,
ze predator mél vliv na znaky metamorf6zy pouze tehdy, pokud byl pfitomen v raném vyvoji

pulct.
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Different time patterns

of the presence of red-eared slider
influence the ontogeny dynamics
of common frog tadpoles

M. Vodrazkova®", |, Setlikova®, J. Navratil® & M. Berec

The coexistence of species in a given community depends on the set of species involved and the
timing of their interactions. Many native communities are increasingly forced to face both direct

and indirect pressures from new alien predators, which, in extreme cases, can lead to the extinction

of prey populations. In this study, we examine the dynamics of the ontogeny of common frog

(Rana temporaria) tadpoles under different time patterns of an alien predator—the red-eared slider
(Trachemys scripta elegans) presence. We found that the tadpoles had a longer larval period and were
smaller in size at metamorphosis and lower in body mass when the predator was present in early
development than when the tadpoles developed without a predator. The early presence of a predator
conspicuously reduced the growth increments of the tadpoles at early development. After the removal
of the predator, growth accelerated above the level measured under the conditions of both the late
predator and no predator. However, these growth rates did not exceed the growth rates of equally
sized tadpoles in the other treatments and therefore were not sufficient to compensate for the growth
slowdown in the first part of development. The presence of a predator in late tadpole development
influenced neither the time to metamorphosis nor size/body mass at metamorphosis. In conclusion,
the predator had the effect on metamorphosis traits only if it was present in the early development of
tadpoles.

The coexistence of species in a given community depends on the set of species involved"*. Any change in species
composition can have consequences on interacting species, both within and among trophic levels®=, the result
of which depends on the timing of presence/activity of individual species®~®. Globally, many native communities
are currently increasingly forced to face new alien predators'®, which, in extreme cases, can lead to the extinction
of whole prey populations'%. In addition to these predators causing direct mortality, current theoretical and
empirical studies of trophic cascades suggest that the indirect effect of the "landscape of fear" created by preda-
tors may be more important than direct killing'*-'¢.

Amphibians are a particularly good model for studying morphological, physiological, and behavioural
responses to changes in community composition'”. These responses can, inter alia, consist of changes in body
morphology'®!®, behaviour®, or timing of life-history switch points, such as hatching®-** or metamorphosis?*-°.
Specifically, predation during early life-history stages, when organisms are particularly susceptible to both biotic
and abiotic factors, is likely to have pervasive effects on community development?. The fitness consequences of
phenological shifts that appear early in the ontogeny of a species can also be fundamentally different from the
effects observed at later ontogenetic stages. For example, the relatively early seasonal appearance (or accelerated
developmental rate) of a prey species may decrease its predation risk early in life, but increase the negative effects
of competition with its former predator later in life?.

Tadpoles of various frog species respond differently to novel predators. Some species innately detect and elicit
adaptive responses to stimuli of novel predators in the absence of a common evolutionary history**-!. In others,
no such responses have been documented®>**. One of the 100 worst world invaders® is a red-eared slider (Trache-
mys scripta elegans), which is also among the most widespread animal species outside its native range*>*. Berec,
et al. *” and Vodrazkova, et al.*® recently found a response in the behaviour and growth of common frog (Rana
temporaria) tadpoles to the presence of red-eared sliders in the form of reduced movement activity associated
with more zigzagged movement trajectories, smaller size at metamorphosis, and shorter time to metamorphosis.

Faculty of Agriculture and Technology, University of South Bohemia in Ceské Budéjovice, Studentska 1668, Ceské
Budé&jovice, Czech Republic. “email: vodrazkova@fzt.jcu.cz
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In these studies, the response of the common frog tadpoles was examined under the continuous presence of
a red-eared slider throughout larval development. However, such a situation may not correspond to reality, as
turtles frequently change their place of occurrence in a habitat during a period of activity®; therefore, at least
in areas where the red-eared slider does not naturally reproduce and thus its density is relatively low, different
populations may encounter red-eared sliders at different parts of development and for different time intervals.

In this study, we examine the dynamics of the ontogeny of common frog tadpoles under different time pat-
terns of red-eared slider presence. Because the presence of red-eared sliders reduces the activities of tadpoles
and consequently their growth rates®”*%, we expect that the presence of turtles in any part of larval ontogenesis
will lead to a growth slowdown. As the level of this slowdown decreases with increasing size as an effect of better
movement abilities in terms of faster escape reaction to predator**-*%, we expect that the presence of red-eared
sliders in the early stages of ontogeny will have a more pronounced effect than their presence in the later stages.
In the early red-eared slider presence, this could lead to a smaller size and/or weight of tadpoles at metamor-
phosis with the same time to metamorphosis as in tadpoles with the late red-eared slider presence*® or to the
same size and weight of tadpoles at metamorphosis with a longer time to metamorphosis than the tadpoles with
the late red-eared slider presence*. Alternatively, if it is more advantageous for tadpoles to leave the hazard-
ous environment with tadpoles as soon as possible, we might expect a reduction in the time to metamorphosis
together with a smaller total size.

Materials and methods

Common frog tadpoles originated from six clutches that were collected in pools near Holubov, South Bohemia,
Czech Republic (48.9078633°N, 14.3485608°E) on 5 April 2020. Clutches were placed in a 220 L glass tank with
tap water in a temperature-controlled laboratory. Each glass tank was equipped with a pump filter that was
cleaned twice a week along with removing debris from the bottom of the tanks, and the tanks were replenished
with an equal volume of the tap water (up to 5% of glass tank volume). The acclimatization temperature was
gradually raised from 16 to 21 °C for fourteen days. The tadpoles were fed ad libitum with TetraMin aquarium
flakes for ornamental fish. The light source was fluorescent tubes (2 x 36 W) with a light regime of 12 h/12 h.

Six glass tanks that were each 220 L (size: 100 X 55 x 40 cm) with an 8 cm water depth were used for the
experiment. A Claro 300 filter pump (300L h™!) was installed in each glass tank. Two adult red-eared sliders
(carapax length: 21 cm and 18 cm) obtained from Hluboka nad Vltavou zoo were used as the predators. Turtles
were placed in two of the glass tanks before the experiment and were fed three times a week with ReptoMin
Tetra turtle food consisting of Gammarus. To prevent physical, but not chemical, contact between a turtle and
tadpoles, a glass barrier was placed inside each glass tank three days before the start of the experiment with a
6 cm gap at both ends so that water could flow freely throughout the tank. On the other side of the barriers, 21
individual perforated opaque boxes (8 x 8 cm) with holes 2 mm in diameter were glued to the bottoms of the
glass tanks (7 rows with 3 boxes).

Tadpole development was observed in three treatments, each with two independent repetitions (glass tanks).
Based on a pilot experiment, the development time at a given temperature was determined to be approximately
six weeks. In the first treatment, tadpoles were present in the tanks with red-eared sliders for the first three weeks
of development (predator early—PE). In the second treatment, tadpoles developed with turtles from the start
of the 4th week until the completion of metamorphosis (predator late—PL). At the time of the switch of preda-
tor presence, the tadpoles of the PE treatment were exchanged with those of the PL treatment and vice versa.
This transfer of tadpoles took place during the regular 7-day measurement period (see below), so handling was
the same in all treatments, although the tadpoles were returned to the same glass tank in the control. Water
maintenance in the glass tanks was carried out at regular intervals, that is, three days before the replacement of
tadpoles. In the control, the tadpoles developed without a slider all the time. Neither the eggs nor their parents
came into contact with a red-eared slider at the collection locality.

At the beginning of the experiment, similarly sized tadpoles (18.9 + 1.27 mm) at stages 26 and 27 according
to Gosner* were stocked individually in each box. During the experiment, the same feeding and light regime as
that in the acclimation phase was used. The water temperature was 21 1.7 °C (mean £ S.D.). During the experi-
ment, the tadpoles were photographed under a stereomicroscope (Olympus SZX 7) and measured (to the nearest
0.5 mm) using QuickPHOTO MICRO 3.2 software every seven days. After reaching metamorphosis (Gosner
phase 46), the time to metamorphosis was recorded in days, the size of every froglet was measured to the nearest
0.5 mm, and after gently blotting them dry on absorbent paper, each froglet was weighed to the nearest 0.01 g.

To compare the growth trajectories of tadpoles among treatments, the growth rate at a particular measurement
(time interval) and the growth rate related to a particular total size (body + tail length) were used. The growth
was expressed as a percentage increase in size between the two subsequent measurements. Negative growth
increment values, indicating the onset of metamorphosis, were not used. Individual linear growth curves (i.e.,
the relationship between growth increments and total size) were calculated. To determine the ability to compen-
sate for the reduced growth rate in the presence of a predator in the PE treatment, the slopes and intercepts of
individual growth curves (percentage of growth increment versus size) were compared among the PE treatment,
the PL treatment and the control. To eliminate the effect of absolute total size (due to the upper size limit, i.e.,
larger tadpoles have less potential growth capacity), we compared growth curves only in the tadpole size range
detected in the turtle-free period (i.e., from the 3rd time interval) in the PE treatment with the tadpole growth
rate of the same size interval in the PL treatment and the control.

The normality of the residuals and homogeneity of the variances were checked using the Shapiro-Wilk test
and the Bartlett test, respectively. Differences in time to metamorphosis among the treatments were tested by
survival analysis for comparison of multiple groups. To do this, a score was assigned to each survival time using
Mantel’s procedure and next a Chi-square value was computed based on the sums (for each group) of this score.

Scientific Reports |

(2022) 12:7876 | https://doi.org/10.1038/s41598-022-11561-6 nature portfolio



www.nature.com/scientificreports/

> 701
©
o 65 -
2 60 -
o
Q
g .E_ 55
= S 50
I 45 | & (5
=
9 40 -
B
E 15
2
8
() 14
25
"2
[ 13 1
et
()]
=
© 12 |
@ 0.35 -
2
% S
g .§_ 0.30 -
58
0
@ e 025 ]
=
-
o
0.20 ; . .
early late no
Predator

Figure 1. Time to metamorphosis and size and body mass at metamorphosis (median and interquartile range)
in the treatments.

Differences in final size and body mass at metamorphosis, the growth increments at particular time intervals
of development, and the slopes and intercepts of the individual growth lines among the treatments were tested
using repeated measures ANOVA (as tadpoles in one glass tank could not be handled as completely independ-
ent one from the another) with predator presence/absence as three-level categorical factor followed by post-hoc
comparisons using Tukey HSD method. All data analyses were performed using Survival Analysis and General
Linear Models in Tibco Statistica 13.

All methods were carried out in accordance with relevant guidelines and regulations. All experimental pro-
tocols were approved by the Czech Ministry of Agriculture, Department of Animal Welfare according to article
No. 15, Section 2 of the act registered under number MZP/2019/630/437. Appropriate permission (No. 2/2020)
was taken from the zoo authorities for obtaining the turtles. We adhered the recommendations in the ARRIVE
guidelines.

Results

Metamorphosis time and size. Time to metamorphosis (Chi-square=23.5, df=2, p<0.001), size
(F(2,3)=25.7, p=0.013) and body mass (F(2,3)=10.1, p=0.047) at metamorphosis did significantly differ
between treatments. Compared to the other treatments, in the PE treatment, tadpoles achieved metamorphosis
later and were smaller with respect to their size and body mass (Fig. 1). In contrast, the presence of a predator in
the later phase of development had no effect on all factors measured (Fig. 1). Specifically, the tadpoles without
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Different letters indicate a significant difference.

red-eared sliders metamorphosed in 46.5 days (median). In comparison to the control, the early presence of a
predator delayed metamorphosis by 8.5 days. In the PL treatment, the tadpoles metamorphosed in 46 days. Size
and body mass at metamorphosis were the lowest (medians 13.0 mm and 0.24 g) in the PE treatment. Tadpoles
metamorphosed at similar size (14.0 mm and 14.5 mm in the PL treatment and the control, respectively) and
body mass (0.28 g and 0.29 g in the PL treatment and the control, respectively) in the other two treatments
(Fig. 1).

Furthermore, the presence of a predator increased the interquartile range in the time to metamorphosis of
the tadpoles in the PE treatment to 13 days in comparison to 4 days in both the PL treatment and the control,
while the interquartile range in size at metamorphosis was comparable among all treatments (Figs. 1 and 2). The
first individuals metamorphosed on the 41st day in the PE treatment and on the 42nd day in the PL treatment
and the control. The last individual metamorphosed on the 68th day, 61st day and 56th day in the PE treatment,
the PL treatment and the control, respectively (Fig. 2).

Growth of tadpoles. The growth increments significantly differed in each time interval (F(2,3)=306.6,
p<0.001, F(2,3)=31.4, p=0.010, F(2,3)=9.2, p=0.049, F(2,3)=78.2, p=0.003, F(2,3)=20.0, p=0.047). In the
PE treatment, the growth increments of the tadpoles differed from those in the PL treatment and the control at
all time intervals, while they were similar in the PL treatment and the control (Fig. 3). The presence of predators
conspicuously reduced the growth increments of the tadpoles at early development. After the removal of the
predator, growth accelerated above the level in the PL treatment and the control (Fig. 3). The growth increments
decreased with time and size in the PL treatment and the control (Figs. 3 and 4).

However, the growth rate increase after the removal of the predator in the PE treatment was not enough to
compensate for the previous growth slowdown (see final size at metamorphosis; Fig. 1). The slopes and intercepts
of the individual growth trajectories calculated for the same tadpole size ranges (from 21.5 to 43.0 mm, i.e., the
size range available for tadpoles in the PE treatment for intervals 3-5) in all treatments did not differ (Fgpe
(2,3)=0.1, p=0.899, Fipercept (2,3)=0.2, p=0.862). Thus, the growth increments of tadpoles that were the same
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Figure 4. Relationship between growth increment and size throughout two intervals of development.

PE treatment—early development: regression NS (p=0.14), PE treatment—late development: GI (growth
increment) =—1.76 size + 77.24, R-square =0.73; PL treatment—early development: GI=-1.77 size + 82.37,
R-square=0.56, PL treatment—late development: GI=-1.03 size + 52.87, R-square =0.34; control—early
development: GI=-2.13 size +92.36, R-square =0.76, control—late development: GI=-1.39 size + 67.00,
R-square=0.71.
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Figure 5. Relationship between growth increment and size for the size categories from 21.5 to 43.0 mm.
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size in the PE and PL treatments and the control were comparable (Fig. 5). Growth compensation after predator
removal was therefore not indicated in the PE treatment.

Discussion

The interaction between predator and prey was investigated in a less frequently studied vertebrate-vertebrate
model without the prey being able to attain a “size refuge” (i.e., prey cannot avoid the risk of predation by reach-
ing a threshold size*é) and with caged predators present only for a defined part of larval prey development. Most
previous studies*’~*’ and references there in have addressed the permanent presence of an invertebrate predator
and/or fish that occur together throughout the development of tadpoles. In contrast to these studies, we have
studied the response of tadpoles to a large gape-unlimited vertebrate predator, which is able to frequently alter its
presence in water bodies where tadpoles develop*. Moreover, the red-eared slider represents a completely new
type of predator in specific places as it is able to colonize even localities in which no other species of turtles live.

Most studies have shown that the continuous presence of a predator has no effect or prolongs the time to
metamorphosis and at the same time has no effect or increases the size of the body at metamorphosis'®#°0->3. Our
results do not match any of these combinations, which could be due to the type of predator used®. In accordance
with previous results®, when a red-eared slider was specifically used as a permanently present predator, com-
mon frog tadpoles reached a smaller size at metamorphosis and metamorphosed earlier than without predator.
In the present study, we divided the presence of the predator into two intervals, which led to different responses
in time to metamorphosis and size/body mass at metamorphosis. The early presence of a predator prolonged
the developmental time by 8.5 days (18%), and tadpoles metamorphosed when they were 1.5 mm smaller size
(10%) and 0.05 g (17%) lighter than those in the control, while the late presence of a predator did not affect any
of these parameters.

Since the presence of a predator reduces the movement activity of tadpoles”, and, therefore, food consump-
tion rate, we can compare our results with experiments in which the ontogeny was studied at different food
availability>*°. The growth trajectory of tadpoles in the PE treatment exactly matches the situation described
by Leips and Travis®. At an early age, most of the incoming resources are allocated to development, and some
resources are allocated to growth; development takes priority. Decreases in food level (corresponding to reduced
movement activity’” and therefore reduced food intake rate in our PE treatment) at this stage will delay develop-
ment and prolong the time to metamorphosis. Beyond a certain point of development (late predator presence),
the rate of development is fixed, and changes in food level affect only size at metamorphosis®. The fact that in our
case the PL tadpoles were similar in size and body mass to the control tadpoles may be due to the fact that our
switching point lies later than where the developmental rate is fixed, and thus the tadpoles do not have enough
time for the difference to become apparent.

Our results for the PL treatment are consistent with the predictions of the Travis model of anuran
metamorphosis* (see also Fig. 2b, curves 2 or 3 in Alford and Harris®*). However, for PE treatment, our results
fit neither the Wilbur-Collins* nor the Travis model (see Figs. 1a and 2a, in Alford and Harris®®). While the
Wilbur-Collins model predicts the same size of tadpoles at different times to metamorphosis, the Travis model
predicts different sizes at the same time to metamorphosis. We believe that PE tadpoles in our case could grow
in agreement with the Wilbur-Collins model. The difference in body size between PE tadpoles and the control,
which is not predicted by the model, could then arise because tadpoles are forced to metamorphose within a
certain period of time®>*, and this time from the release of predator pressure in the PE treatment was not suf-
ficient to allow tadpoles to grow to the same size as tadpoles in the control.

Tadpole vulnerability to predation by both vertebrate and invertebrate predators appears to decrease with
increasing tadpole size and age until the onset of metamorphosis**>$-¢1. The lower susceptibility of larger tadpoles
to a predator is often explained by the increase in their swimming ability®>** and the decrease in the foraging
efficiency of predators on larger tadpoles®. The nonsignificant 3% reduction of both size (0.5 mm) and body
mass (0.01 g) at metamorphosis in the presence of a red-eared slider in later development with larger tadpoles
in comparison to that in the control supports these predictions.

Growth increments were similar in the PL treatment and the control throughout development. In contrast,
in the PE treatment, the tadpole increments were conspicuously lower in the presence of a predator and higher
in the absence of a predator than in the PL treatment and the control. This result is consistent with the results
of Laurila and Kujasalo®, where common frog tadpoles developed more slowly early in the experiment in the
presence of predators (dragonfly larvae). Yet, their tadpoles metamorphosed later and at larger sizes and were able
to catch up with the delay. Other studies have similarly described that when developing individual is placed in
better conditions after a period of nutritional deficiency, compensatory growth can occur®. However, although
tadpoles in our study grew faster in the PE treatment after removal of the predator compared to same-age tadpoles
in the PL treatment and the control, they were unable to grow to the same size at metamorphosis. The observed
higher growth rate in the tadpoles with the early presence of red-eared sliders was the result of the higher growth
capacity of smaller tadpoles in this treatment alone, as the growth rates of tadpoles of the same size in the PL
treatment and the control were the same. Thus, in our experiment, tadpoles were unable to initiate faster growth
above the usual level at a given size after removal of predation pressure but only delayed the normal growth rate
until later development.

Conclusion

The timing of predator-prey interactions has fundamentally different effects at various ontogenetic stages of
prey. The predator had the effect on time to metamorphosis, size, and body mass at metamorphosis only if it was
present in the early development of tadpoles. In our experiment, the common occurrence of red-eared sliders
and common frog tadpoles in early development resulted in a longer time to metamorphosis and a smaller size/
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body mass of tadpoles than when they occurred together in the later stages of larval development. In amphib-
ians, later metamorphosed individuals may often have a lower survival rate and growth, and a smaller size at
metamorphosis is also associated with a smaller size at maturity and reduced reproduction®*®-%, but see also”*"".
Future studies on post-metamorphic stages may provide additional insights into the role of alien predators in
common frog antipredator defences.
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54. Vyvolava i kratkodoba pritomnost neptuvodniho predatora u pulci Zaby

chronicky stres?

V dalsi sérii experimentll nad ramec cilii této prace jsem studovala reakce na invazniho predatora
stanovenim miry stresu u pulci méfenim kortikosteronu (CORT) - hlavniho stresového hormonu
u obojzivelnikti. M¢feni glukokortikoidnich hormont jako primarniho medidtoru stresu
spojen¢ho se stresovou reakci u obratloveli poskytuje zptsob, jak kvantifikovat fyziologické
reakce na stresory. Pokud je expozice stresorim chronickd, jedinci pocituji néklady
na opétovné zahdjeni glukokortikoidové reakce a dochazi ke zméné hormont
osy hypotalamus—hypofyza—interrendlni, jako jsou glukokortikoidy. U obojzivelniku je tato
osa primarnim endokrinnim systémem fidicim fyziologickou a behavioralni reakci na vnégjsi
stresory prostiednictvim regulace kortikosteronu. Testovala jsem, zda novy invazivni
typ predatora Trachemys scripta elegans, vyvolava chronickou hormonalni odpovéd’ u pulct.
Hladina CORT v celém téle u pulcti byla méfena u jedincti chovanych za trvalé a docasné
ptitomnosti predatora (pulci ve stddiu 46 dle Gosnera 1960). V obou treatmentech méli pulci
niz§i hladinu CORT neZ pulci bez vlivu predatora (12,6 + 7,56 ng.g?). Srovnatelné
hodnoty hladiny CORT v trvalé a kratkodobé piitomnosti zelvy (6,8 + 3,81 ng.g™ oproti
5,4+ 2,52 ng.g}) naznacovaly, e i kratkodoby kontakt s predatorem vede k hormonélni
odezvé¢ na uroveil chronického stresu. Chronicky stres je obvykle spojen s trvale snizenymi
hladinami CORT, coZz muize byt Skodlivé a miZe nepfizniv€ ovlivnit rGst a vyvoj

postmetamorfnich jedinct.

PtiloZend verze rukopisu je nedokoncenou pracovni verzi, ktera dosud neprosla recenzi.
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Abstract

Amphibian tadpoles show extensive phenotypic plasticity against predators. Among others,
they reduce locomotor activity and develop smaller and earlier when exposed to predators.
Measuring glucocorticoid hormones as the primary stress mediator associated with the stress
response in vertebrates, provides a way to quantify physiological responses to stressors.
When exposure to stressors is chronic, individuals experience the cost of reinitiating
a glucocorticoids response and there is a change in the hormones of the hypothalamic—
pituitary—interrenal axis such as glucocorticoids. In amphibians, this axis is the primary
endocrine system controlling the physiological and behavioral response to external stressors
via the regulation of corticosterone (CORT). In our experiment, we tested whether a new
invasive type of predator of frog tadpoles, the slider (Trachemys scripta elegans), induces
a chronic hormonal response in common frog tadpoles (Rana temporaria). The whole body
CORT-level of froglets of common frog was measured for individuals reared under permanent
and temporal presence (i.e. tadpoles from Gosner stage 46) of caged slider. In both slider
treatments, the tadpoles had a lower CORT-level than the tadpoles reared without it
(12.6 + 7.56 ng g!). Comparable CORT-level values in the permanent and short-term presence
(6.8 +3.81 ng g versus 5.4 + 2.52 ng g!) of the slider indicated that even short-term contact
with the slider leads to a hormonal response at the level of chronic stress. Chronic stress
is usually associated with persistently reduced CORT-levels, which can be detrimental and can

adversely affect the growth and development of post-metamorphic individuals.
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Introduction

Nowadays, it is considered indisputable that the combination of multiple sources
of environmental disturbance threatens the biodiversity of fauna. Amphibians are one
of the most affected groups of animals globally (Stuart et al. 2004, Cox et al. 2022). Stressors
that contribute to amphibian population decline include global climate change, invasive
species, over exploitation, emerging infectious diseases, pesticides/pollution, and habitat
loss/alteration (Collins et Storfer 2003, Wake et Vredenburg 2008, Rollins-Smith 20009,
Blaustein et al. 2010, Hof et al. 2011). Understanding stress responses to sublethal
anthropogenic changes has become an important issue because stress-related physiological
variables can predict population declines and, consequently, can be effective tools

in conservation management.

Responses to stress are often divided into two categories: acute and chronic. Acute responses
are those that take place in response to short-term stressors and have a definitive onset and last
for only a few hours. Chronic stress is defined as either multiple, frequent exposure to stressors
and/or long term constant exposure to stressors, and is usually measured by changes
in hormones of the hypothalamic—pituitary—interrenal (HPI) axis such as glucocorticoids (GCs)
and corticotropin releasing factor, the catecholamines epinephrine and norepinephrine,
and changes in immune factors such as cytokines and lymphocytes. These hormones
and cytokines are often referred to as primary stress mediators (reviewed in McEwen 1998,
Cyr et Romero 2009).

A way to quantify physiological responses to stressors is provided by measuring glucocorticoid
(GC) hormones associated with the stress response in vertebrates. In amphibians,
the hypothalamo—pituitary—interrenal (HPI) axis is the primary endocrine system controlling
the physiological and behavioral response to external stressors via the regulation
of corticosterone (CORT), the main glucocorticoid hormone in amphibians (Idler 2012).
When individuals are exposed to acute or short-term stressors, circulating CORT levels
frequently become elevated (Romero 2004). When a perturbation is perceived as a stressor

64



by the brain, the hypothalamus secretes corticotropin releasing hormone (CRH) which induces
the pituitary gland to release adrenocorticotropic hormone (ACTH). ACTH is transported
by blood to the adrenal cortex, which then releases glucocorticoids (GCs) (Denver 2009).
This adaptive temporary increase in CORT mobilizes available energy by down-regulating
functions not essential to immediate survival, such as reproduction, immune function
and growth (Sapolsky et al. 2000, Bridges 2002, Jermacz et al. 2020). In the short term, a GC
response is advantageous as it increases the chances of surviving a life-threatening situation;
however, it can have detrimental effects on the future fitness of an individual, particularly when
stress situations occur frequently or become chronic (Sapolsky 2002). When exposure
to stressors is chronic, individuals experience costs of repeatedly mounting a CORT response,
and may eventually lose the ability to respond physiologically (Cyr et Romero 2009). Hence,
the GC response, initially evolved to survive stressors, can also contribute negatively to many
fitness components, such as reproductive output, growth and developmental rate
(Moore et Jessop 2003, Ellis et al. 2006). Reduction in metamorphic size and lipid levels can
lead to slower growth and lower survival rates during the terrestrial stage (Altwegg et Reyer
2003, Scott et al. 2007). Additionally, frequent exposure to early life stressors can alter the
CORT response to stressors at later life stages. Tadpoles exposed to frequent stressors grow
more slowly and have downregulated CORT responses to handling stress, as well as reduced
fat storage and growth rates as adults, although some individuals have exhibited catch-up
growth depending on the stressor they experienced (Hu et al. 2008, Warne et Crespi 2015).

While the deleterious effects of chronic stress are theoretically well described, few empirical
studies showing the loss of fitness or pathology and subsequent demographic consequences
of allostatic overload in wild populations have been published so far (Boonstra 2013,
Jessop et al. 2013, see also Sapolsky et al. 2000). Exceptions include several studies in wild
populations that have shown that predation pressure causes indirect and negative
glucocorticoid-mediated effects on individual fitness, leading to reduced prey population
growth (Boonstra et al. 1998, Creel et al. 2009, Zanette et al. 2011). Additionally, a number
of studies attribute population declines to the effects of chronic stress in wild mammals
(Boonstra et Singleton 1993, Pride 2004, Charbonnel et al. 2008, Middlemis et al. 2013).

Whether intentionally or unintentionally introduced, the recent wide occurrence of the red-
eared slider (Trachemys scripta elegans) in Europe (GISD 2022) presents a new opportunity

to investigate the responses of naive native amphibian populations to a new predator. In their
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native range, red-eared sliders are opportunistic omnivores (Ernst et Lovich 2009). Although
turtles were not mentioned among the non-native predators of amphibians
(Bucciarelli et al. 2014), our previous research (Berec et al. 2016, Vodrazkova et al. 2020,
2022a, 2022b) revealed that tadpoles of common frogs (Rana temporaria) recognize red-eared
sliders as potential predators. Specifically, we found that the presence of the sliders affect
several life history parameters of common frog (Rana temporaria) tadpoles, such as movement
activity, trajectory of movement (Berec et al. 2016), time to metamorphosis, or size
at metamorphosis in the permanent presence of a predator (Vodrazkova et al. 2020), hatching
time and Gosner stage during hatching (Vodrazkova et al. 2022b) and if the red-eared slider
is present early in tadpole development, individuals grow more slowly and metamorphose

to smaller sizes and lower body mass (Vodrazkova et al. 2022a).

Here, we studied the stress response of common frog tadpoles under permanent and short-term
presence of a slider. Specifically, we quantified stress hormone (CORT) of tadpoles under
permanent presence of predator and short-term presence of predator shortly before
metamorphosis. If predator presence is perceived as an acute stressor, then we predicted higher
CORT level than CORT level in tadpoles kept without predator. Contrary, if predator presence
is perceived as a chronic stressor, then we predicted comparable or lower CORT level
than CORT level in tadpoles kept without predator. These results can be of great importance

in slider management in non-native areas.

Methods (in preparation)

Experimental design: Each of three treatments (permanent presence, short-term presence
(3 days prior to metamorphosis), and control) contained two glass tanks, for a total of 6 tanks
in the experiment, with each glass tank containing 24 tadpoles. In the control treatment,
no slider was added to the glass tanks. In the permanent and short-term slider presence

treatments, one slider was added to each of the two replicate glass tanks in each treatment.
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Statistical analysis

The data of CORT-level was normalized using log transformation. We tested the effect of slider
presence on CORT-level using an analysis of covariance (ANCOVA) with measurement time
as an independent continuous variable. Slider presence/absence and glass tank were used
as independent discrete variables. We confirmed the homogeneity of regression slopes of day
time on CORT-level in all treatments. The normality and the homogeneity of the variances
were checked using the Shapiro-Wilk test and the Bartlett test, respectively. All data analyses
were performed in Statistica 13.

Results

The presence of the slider significantly influenced the CORT-level of tadpoles (F(2,67)=11.44,
p<0.001). In both slider treatments, the CORT-levels were approximately half of that
in the control (Fig. 1). The values of CORT-levels in the permanent and short-term slider
presence were 6.8 +3.81 ng gt and 5.4 £2.52 ng g}, respectively, while in the control the mean
CORT-level was 12.6 + 7.56 ng g* (mean + S.D.). The effects of both the measurement time
and the glass tank were insignificant (F(1,67)=1.28, p=0.261 and F(1,67)=0.88, p = 0.351,

respectively).
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Fig. 1. Concentration of corticosterone (ng g) in the treatments. The ends of the boxes define

the 25" and 75" percentiles, with a line at the median and error bars defining the 10" and 90" percentiles.

Discussion (in preparation)

Whole-body corticosterone determination is useful as a general indicator of stress. The stress
response is being used increasingly asa biomonitor for potentially threatened populations
(e.g. Creel et al. 1997, Wasser et al. 1997), and elevated glucocorticoid concentrations
may be useful in predicting survival of individuals in stressed populations (Romero et Wikelski
2001). Glucocorticoid hormones are released in response to stressful environmental stimuli
(such as predators) and can have beneficial short-term effects, such as temporary suppression
of reproduction, increased foraging, immune system regulation and increased gluconeogenesis
(e.g.Wingfield et al. 1997, Romero et Wikelski 2001). If the stressor is long lasting
(i.e. chronic), however,glucocorticoids can have negative consequences for an animal, such
as shutdown of reproduction, chronic suppression of both immune function and growth,
and neuronal cell death (Sapolsky 1992, Romero et Wikelski 2001). Evidence from many
species indicates that robust corticosterone increases in response to an acute
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stressor(e.g. capture) are indicative of a healthy individual free of long-term chronic stress
(Romero et Wikelski 2001).

Our results are consistent with the study Bryant et al. (2022), amphibian larvae responded
to the presence of invasive predators by lowering corticosterone levels than individuals
without predators. These studies indicate that predator presence alters glucocorticoid

regulation, which may allow species to better cope with native and introduced predators.

Our studies (Vodrazkova et al. 2020, 2022a, 2022b) suggest that the corticosteroid pathway
may mediate tadpole morphological response to perceived predation risk. Our results suggest
that corticosteroid adjustment may impact prey survival through phenotypic change upon
exposure to predation risk and thereby suggest a possible functional role of this hormonal

pathway in amphibian physiological ecology.
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6. Zavér

Tato studie pfindSi nové poznatky v oblasti autekologie vodnich organismi na zakladé
sledovani rychlosti ontogenetického vyvoje skokana Rana temporaria ovlivnéného kairomony

zelvy Trachemys scripta elegans.

Pritomnost invazni Zelvy, jako predatora, ovlivnila v§echny zkoumané faktory uvedené
v této praci. V pfitomnosti predatora se embrya lihla dfive, mensi a v niz§im vyvojovém stadiu
vyvoje nez bez n¢j. Kontinudlni pfitomnost zelv v larvalnim stadiu zkrétila dobu metamorfozy
a vysledna velikost pfi metamorféze byla mensi nez v kontrolni skupiné. Pokud byl predator
pfitomen v raném vyvoji larvalniho obdobi, v dobé metamorfozy méli jedinci pfi metamorfoze
mensi velikost a niz§i télesnou hmotnost nez pulci, kteti se vyvijeli bez predatora.
Casna piitomnost predatora navic snizovala riistové piiristky pulctl. Vysledky ukazuji spise
vzacné dokumentované typy reakci kofisti obojzivelnikl na predatory. Tato studie rozsifuje

okruh studovanych predatorti, véetné vlivu na rizné faze vyvoje potencialni kofisti.

Zavérem lze konstatovat, ze vysledky mého vyzkumu naznacuji, Ze pulci
Rana temporaria jsou, navzdory absenci spole¢né evoluéni historie s zelvou
Trachemys scripta, schopni rozliSovat chemické stimuly tohoto druhu specifické pro predatory
a nasledné reagovat na riziko predace zkracenim larvalniho 1 embryonalniho obdobi svého
vyvoje. Prestoze uspé€$né rozmnozovani Trachemys scripta nebylo zaznamenano ve vsech
oblastech jejiho nepiivodniho arealu, véetnd Ceské republiky (Heidy et al. 2010,
Ficetola et al. 2012), jeji schopnost dlouhodobého pieziti v suboptimalnich podminkach z né;

¢ini hrozbu pro populace naSich obojzivelnikd.
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Volume estimation of the wildlife trade is crucial for effective biodiversity protection. Recently, Mair et al. (Biol.
Conserv. 2019, 239, 108260) used the number of shipments reported in the CITES Trade Database as an estimate
of the total traded volume of species to rapidly assess the appropriateness of species listings in CITES Appendices.
The aims of the present study were to (1) test the presumed relationship between the number of shipments and
the volume of various traded terms converted to whole organism equivalents (WOEs) and (2) compare the
distribution of species in defined trade volume categories based on different calculation methods. The number of
shipments did not reflect traded volume in 15% of species. Different calculation methods led to different cate-
gorisations for more than one-third of the species. In general, the number of shipments underestimates the
volume of species traded in small-sized terms that allow trade in larger and less-frequent shipments and vice
versa. In contrast, WOEs quantification does not consider the species that are traded in non-convertible terms (e.
g., meat) or units (e.g., kilograms). Due to the structure of the data in the CITES Trade Database, it is not possible
to find the only objective method of trade quantification for the whole data set. However, we recommend to use
shipments approach only to exclude species with zero trade, and evaluate the real volume using WOEs where

possible.

1. Introduction

Limited resources for nature conservation (economic, spatial and
human activity) force conservationists and scientists to select species
that need immediate protection (Davies et al., 2018; Waldron et al.,
2013; Wilson et al., 2006). This requires objective criteria according to
which species can be classified for nature conservation purposes (Faith,
1992, 2018). Several different approaches and frameworks, such as the
IUCN Red List (Mair et al., 2019; Scheffers et al., 2019) and evolutionary
distance (Gumbs et al., 2020; Stein et al., 2018), have been used to
categorise species and are currently in use.

CITES (the Convention on International Trade in Endangered Species
of Wild Fauna and Flora) seeks to protect species actually or potentially
endangered by their trade. The publicly accessible CITES Trade Data-
base (UNEP-WCMC, 2020) collects and publishes data on volumes,
trading countries, terms, purposes and sources of species listed in the
CITES Appendices. Mair et al. (2019) recently used the CITES Trade
Database to assess the degree of trade threat to vertebrates, on the basis
of which they propose a highly desirable revision of the presence of

* Corresponding author.
E-mail address: mslabova@zf.jcu.cz (M. Slabova).

https://doi.org/10.1016/j.biocon.2020.108917

species in CITES Appendices. Using the simplification of the number of
reported trade shipments as an estimate of its total traded volume, Mair
et al. (2019) divided CITES-listed vertebrates into discrete groups: spe-
cies that were highly traded and also in high threat categories according
to the IUCN were identified as species of high concern, while the in-
clusion in CITES Appendices of species that were not highly traded and
also in a low threat category according to the IUCN was questioned.
Although the shipment-based approach is understandable and un-
avoidable because the individual units of traded quantities used are not
comparable, evaluating all relevant data in the Database is not neces-
sarily a robust approach either. Moreover, Mair et al. (2019) used
shipments reported by both exporters and importers; however, for Ap-
pendix II species, the importer is not always required to report trade
(Robinson and Sinovas, 2018). Counting both importer- and exporter-
reported shipments overestimates the real frequency of trade, whereas
the magnitude of this overestimation is unknown. This method of data
processing can thus affect relevant interpretations and outcomes.

To avoid these two methodological ambiguities, we decided to
analyse only shipments reported by exporters by testing their correlation
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to trade volume using the same data source as Mair et al. (2019). The
aims of this study were (1) to test the presumed relationship between the
number of shipments and the volume of various traded terms converted
to whole organism equivalents (WOEs) and (2) to compare the distri-
bution of species in defined trade volume categories based on different
calculation methods.

2. Methods

We downloaded the full CITES Trade Database in the shipment-per-
shipment format on 14 March 2020 (UNEP-WCMC, 2019). We selected
the years 2006-2015 in order to match the time period of Mair et al.
(2019). From this dataset, we extracted the Appendix II vertebrate
species (n = 2779) assessed by Mair et al. (2019). This resulted in
4,830,737 individual shipments reports (Table Al). To avoid over-
estimation of the traded volume, we used only exporter data (Reporter.
type: E) without re-exports (i.e., all shipments with blank Origin.permit.
Random ID). The shipments with an Origin.permit.Random ID was used
only if Origin.permit.Random ID was identical with Export.permit.
Random ID, and simultaneously both Origin and Export country were
the same (if the country of origin is blank, the country of export is also
the country of origin (CITES, 2013)). We used only shipments in
numbers of individuals (Unit: blank). This procedure further reduced the
number of shipments to 1,288,630 (27% of the original dataset)
(Table Al).

Instead of using shipments as a proxy of traded volume, we trans-
formed traded volume to whole organism equivalents (WOEs) (Harfoot
et al., 2018). WOEs enable the heterogeneous types of products reported
in the CITES Trade Database to be summarised. We used the methods
and conversion factors of Harfoot et al. (2018) (i.e., bodies, carapaces,
fingerlings, fins, genitalia, heads, live, skeletons, skins, skulls, swim
bladders, tails, trophies, and tusks in Monodon monoceros equal to 1;
ears, horns, sides, and tusks (except that of Monodon monoceros and
Loxodonta africana) equal to 0.5; feet equal to 0.25; tusks in Loxodonta
africana equal to 0.532; teeth in Hippopotamus amphibius equal to 0.083).
The resulting numbers were rounded up to whole individuals. We
assumed that different terms were sourced from independent animals
because there is no information indicating whether different terms came
from different or identical specimens. The terms that could not be
converted to WOEs were excluded from further analyses. The final list
contained 1100 species and 235,761 individual shipments (Table A1).

Next, we tested the correlation between the number of WOEs and the
number of shipments for each species that was traded in a sufficient
number of years for correlation analysis (i.e., at least three years during
the study period). To obtain results comparable to those of Mair et al.
(2019), the species were categorised into eight categories according to
the trade volume with the same range (but note the different units -
mean number of traded WOEs per year) as the following WOE cate-
gories: no trade; > 0-10; > 10-50; > 50-100; > 100-500; > 500-1000;
> 1000-5000; and > 5000. For species that had a non-zero traded
volume in WOEs, we compared the categorisation between this study
and that of Mair et al. (2019). Thus, only species present in both lists
were used for comparison. All analyses were performed using STATIS-
TICA StatSoft® 13.0 software.

3. Results and discussion

Mair et al. (2019) assumed that more frequent trade records indicate
a larger number of individuals being traded and suggested that the
number of shipments should be used as a proxy for trade quantity when
designing a rapid risk assessment framework to improve the efficiency of
CITES. We quantified trading volume using WOEs as a more accurate
measure of traded volume. This approach led to a reduction in the
number of vertebrate species monitored to 1100, as 1679 species were
not traded in WOE-converted forms during the study period.

Overall, 413 out of 1100 species were traded in only one or two years
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during the study period; therefore, a correlation with the number of
shipments could not be established. Of the 687 species that were traded
in at least three years in a given period, we found that there was no
correlation between the number of shipments and WOEs in 102 (or 15%)
of species (Table A2). Conversely, this correlation was significant in 585
species (mean R%? = 0.83 + 0.16 (£ S.D.), 0.41-1.00 (min-max), p <
0.05). However, there are two important limitations of shipment data,
even if they correlate with WOE:s. Firstly, the probability of a significant
correlation is a function of the number of years in which species has been
traded (in our case, the proportion of non-correlating species increased
from 5% to 33% in species that were traded in three and ten years,
respectively; Fig. A1), and if a longer study period were used, the pro-
portion of non-correlated species would likely increase. Therefore, the
assumption of Mair et al. (2019) that the number of shipments equals
traded volume was not entirely confirmed, especially in frequently
traded species. Secondly, the number of shipments can be used as a
proxy of WOEs only in species with a correlation slope value close to one
(meaning that the number of shipments equals the volume traded, which
occurred in 14% of analysed species; Table A2). For example, in
Channel-billed toucan (Ramphastos vitellinus) the number of shipments
was 250 and the volume expressed in WOEs was 1184 individuals (slope
= 6.3). On the contrary, for species with a high slope, the increase in
WOEs per shipment number is much steeper. For example, Yellow-
spotted river turtle (Podocnemis unifilis) was traded in just five more
shipments (i.e., 255) than Channel-billed toucan, but the volume
expressed in WOEs was 652,834 individuals. This means that the num-
ber of individuals is on average four orders of magnitude higher than the
number of shipments (slope = 4668.7). Therefore, the value of slope
markedly influences species inclusion in the trade category. The ship-
ment approach resulted in the same trade category 4 for both species in
Mair et al. (2019), while Channel-billed toucan and Yellow-spotted river
turtle were evaluated in trade category 5 and 8, respectively, using our
method.

Using WOEs as a measure of traded volume, we obtained different
distributions of species in defined categories than those expressed in
terms of the number of shipments (compare our Fig. 1 to Fig. 1 in Mair
et al. (2019)) which was reflected by an increase in the share of species
in higher trade categories in all of the IUCN Red List categories
(Table A3). Subsequent comparison between these two categorisations
resulted in a change in the category of 409 out of 1100 species (i.e.,
37%), while 691 species (i.e., 63%) remained in the same category
(Figs. 2 and 3). In addition, WOE quantification ameliorates the short-
comings of the shipment-based approach. Given the nature of the
wildlife trade, the shipment-based approach leads to an underestimation
of the volume of trade in species traded in small-sized terms that allow
trade in larger and less-frequent shipments (e.g., fish fingerlings, sea-
horses, frogs, and tortoise juveniles). The predominance of species
traded in small terms was reflected by a 2.5-times greater number of
species for which the category has been increased compared to species
for which the category decreased (Fig. 2), which is reflected in the
higher proportion of species in WOE categories with a higher volume of
trade (Fig. 3). Conversely, the volume of trade in species traded in large
terms may be overestimated using shipment numbers. For example, the
African elephant (Loxodonta africana), Brown bear (Ursus arctos), Polar
bear (Ursus maritimus), Bald eagle (Haliaeetus leucocephalus), and Sand-
hill crane (Grus canadensis) decreased by three categories of trade.
However, for species that are traded either in terms or in units not
convertible to WOEs (which applies to bodies, meat, eggs and ivory
carvings expressed in kg), the actual volume of trade using our approach
may be underestimated; thus the approach using the number of ship-
ments is therefore superior. The two most significant cases we identified
were the meat of the European eel (Anguilla anguilla) and eggs of the
American paddlefish (Polyodon spathula), which formed dominant terms
of traded volume.

This is fair to note that there is a possibility to convert more data to
WOEs, especially the ones expressed in kilograms using average mass of
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Fig. 1. The number of vertebrate species within each category of trade volume (measured as average WOE per year) by species IUCN Red List conservation status (n
= 2411, the number of vertebrate species on Appendix II categorised on the IUCN Red List as LC, NT, VU, EN or CR). The size of the circles is indicative of the number
of species in each group. Trade category “0” depicts the species not convertible to WOEs under our methods or not traded at all.
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Fig. 2. Histogram of the relative frequencies of species (n = 1100; species without trade convertible to WOEs were excluded) according to trade category change (i.e.,
the difference between traded volume category according to WOEs and the number of shipments).
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Fig. 3. The relative number of species (n = 1100; species without trade
convertible to WOEs were excluded) according to the trade category (WOEs and
the number of shipments).

an organism or its part traded, although it concerns a few specific cases
(i.e., frog legs, gall bladders, horns, or pangolin scales (Schloegel et al.,
2009; Zhou et al., 2012)). However, even in these cases, the conversion
to WOEs is ambiguous, as the conversion values for the same term are
given differently, if at all. For example, estimates of average individual
weights of young yellow eels were reported at 3.5 g for Denmark, 20 g
for Germany, 33 g for the Netherlands and 90 g for Sweden (CITES,
2007). Similarly, Basson et al. (1991) state that the conversion factor,
which is related to the number of elephants killed and the weight of the
ivory, is not constant. Despite these inconsistencies, to further enlarge
the dataset of biologically sensible data, a standardized list of WOE
conversion indexes would be highly appreciated, but this is beyond the
aims of this study.

The need to quantify wildlife trade is crucial for the effective pro-
tection of species. Mair et al. (2019) published the first results of the
assessment of CITES-listed species based on data quantification. Here,
we provide a different method of an assessment using the same data
source. Both approaches have their advantages and disadvantages.
Despite some controversial approaches to the data set (use of importer,
exporter and also re-export shipments), the advantages of the Mair et al.
(2019) are the use of all shipments and rapid data processing, but it does
not reflect the actual volume of trade. In contrast, our method evaluates
data based on volumes expressed in WOEs that are closer to the actual
traded quantity, but at the cost of usability of only about a quarter of the
shipment data and the use of a complex counting algorithm. Here, we
have shown that the categorisation of species based on the CITES Trade
Database is highly sensitive to the selection of data and methods of their
processing. Unfortunately, because of the structure of the data in the
CITES Trade Database, in particular the use of several incomparable
volume units, it is not possible to find the only objective method of
quantification for the whole data set. If we were to recommend any
procedure, it would be as follows: (1) use shipments approach to exclude
species with zero trade, (2) evaluate the real volume using our method
for the species with non-zero shipment numbers and terms and units
convertible to WOEs, (3) no unambiguous method is applicable for the
species with non-zero shipment numbers and no terms and units
convertible to WOEs.
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ARTICLE INFO ABSTRACT

Article history: To improve the usability of the CITES Trade Database, UNEP-WCMC recently released data on
Received 4 January 2021 ) trade in CITES species in a new shipment-by-shipment format. The aims of this study were to
Received in revised form 12 April 2021 determine the extent to which the shipments of CITES Appendix I species reported by

Accepted 11 May 2021 exporters and importers can be matched with respect to individual identifiers and the

reported volume of individual combinations of terms and units. The CITES Trade Database

Iéf%o;\f;endixl contains 618,750 rows (with 373,031 individual identifiers (IDs)) on the trade in animals
CITES Trade Database listed in CITES Appendix I for the period 1996-2018. Only 18.1% of IDs were usable for tracing
Shipment-by-shipment format the movement of CITES samples and appeared in 216,041 (34.9%) rows. Almost two-thirds of
Volume calculation IDs appeared only once in the dataset and are therefore not usable in terms of trade tracing.
Wwildlife trade Although another 63,603 IDs appeared more than once in the dataset, they always appeared

in only one of the identifier fields and at the same time only as either a reporter type
E (exporters) or type I (importers) and therefore also have zero value for trade tracing.
Furthermore, no identifier was assigned to shipments in 35,395 rows (5.7%). For the highest
number of combinations of terms and units, the matchable volume represented a maximum
of 10% of the total volume of trades. Importantly, for the most traded combination of term
and unit, i.e., live animals reported in the number of individuals, more than half of the traded
volume (56.3%) was in matchable shipments.
© 2021 The Authors. Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

The CITES Trade Database (https://www.trade.cites.org) has been widely used recently to assess the volume of trade in many
of the animal and plant taxa listed (Auliya et al., 2016a, 2016b; D'Cruze and Macdonald, 2016; Harfoot et al., 2018; Harris et al.,
2015; Hierink et al., 2020; Luiselli et al., 2016). However, the challenges and limitations of working with the CITES Trade
Database are well known and have been widely described (Berec et al., 2018; Foster et al., 2016; Robinson and Sinovas, 2018).
Despite repeated criticisms, there is still no unambiguous or recommended algorithm for accurately calculating trade volumes.
The different calculation methods used in various studies have resulted in highly disparate observations of total trade volumes
for the given taxa without the ability to determine which of the results corresponds best to reality (Berec et al., 2018; Janssen
and Indenbaum, 2019). Alternatively, the authors (Andersson and Gibson, 2018; Bruckner, 2001; Carpenter et al., 2004; Nijman
and Shepherd, 2010; Pernetta, 2009; Russo, 2015; Vall-llosera and Cassey, 2017) report only the results of one of the possible
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methods of quantification, knowing this is only one of the possible approaches. To improve the usability of the CITES Trade
Database, UNEP-WCMC (UN Environment Programme - World Conservation Monitoring Centre) recently released data on trade
in CITES species in a new shipment-by-shipment format, consisting of an impressive 20,217,368 rows (v2019.2; downloaded 1
April 2020). The availability of this data structure soon led to new analyses of trade volume (Harfoot et al., 2018; Hierink et al.,
2020; Mair et al., 2019).

Reportedly, unlike the aggregated format, the only format previously available, individual shipments with permit numbers
(in the form of unique ten-character alphanumeric identifiers) are now downloadable to “facilitate the tracking of shipments
over time and can enable matching import and export shipments, which helps to identify discrepancies for further in-
vestigation” (CITES, 2018a). Previously, the aggregated format offered data only in the form of records (rows) in comparative
tables, which contain the traded volume reported by the exporting and importing country aggregated for each year, individual
taxa, term, purpose and source (this data format is still available). A maximum of 19 variables can be provided for each
shipment report (row) in the non-aggregated shipment format, of which the first 14 are identical to those in the aggregated
format: Year, Appendix, Taxon, Class, Order, Family, Genus, Term, Unit, Importer, Exporter, Origin, Purpose and Source. The data
on the traded volume and type of reporting country (exporter or importer) are addressed differently between the two formats.
In the shipment format, the Reporter.type column indicates whether the shipment data originate from an exporter (E) or
importer (I), and the traded volume is reported separately in the Quantity column (Table S1). The traded volume is indicated in
the Exporter Reported Quantity and/or Importer Reported Quantity columns in the aggregated format. Three completely new
entries are devoted to unique identifiers (IDs): Import.permit.RandomID (I ID), Export.permit.RandomID (E ID), and
Origin.permit.RandomlID (O ID) (Table S1), which can be useful in terms of identifying the flow of goods.

Here, we analyse the potential of a new shipment-level format for evaluating the volume of trade. For our analysis, we chose
the CITES Appendix I species because, unlike for the CITES Appendix II species, the reports of both exporters and importers on
trade in these species are obligatory (CITES Convention text, Article IIl). Therefore, to comply with the above mentioned
requirement to match shipments for CITES Appendix I species (Robinson and Sinovas, 2018), each unique identifier for the
exporter should have at least one identifier identical to the importer and vice versa, and the total volume traded should be the
same between the exporter and the importer for identical identifiers. To estimate the usability of IDs, we tested whether and to
what extent shipments of CITES Appendix I species reported by exporters and importers match with respect to (1) the
individual identifiers and (2) the reported volume for individual combinations of terms and units.

2. Methods

We analysed trade in CITES Appendix [ animal species from 1996 to 2018 using the CITES Trade Database maintained by the
UNEP-WCMC on behalf of the CITES Secretariat, specifically the recently released shipment-level dataset (v2019.2; downloaded
1 April 2020) to test the usefulness of this new data format. Shortly after the manuscript of this article was completed, a new
version of the CITES Trade Database in shipment-by-shipment format was released; we assume that if the new data affect our
results, the impact will be insignificant, as the new data expand the original dataset by 7% (1418,294 rows). If the listing of a
taxon in the Appendices changed during study period, we used only shipments during the time when the taxon was traded as
an Appendix I species. We have also limited the analysis to data after 1996 because the data is more credible and better
controlled beginning in that year (CITES, 2013). Shipments for the year 2018 were included in the analyses, despite probably
being incomplete at the time of download.

First, we analysed how much of the CITES Trade Database in terms of shipments and trade volumes could be connected
through identifiers (IDs). We assumed that the full trade record would include matchable (i.e., reciprocal) reporting from both
the exporter and importer, i.e., the shipment would appear in at least two rows of the shipment-level data. It may include
different combinations of shipments from the exporter and importer (e.g., one record from the exporter and several records
from the importer).

An ID can be listed as useful in terms of identifying the flow of goods (or “enabling the matching of export and import
shipments”) if it appears in at least two combinations of Reporter.type and ID at the same time (Fig. 1). Thus, the movement of
goods can be identified either (1) within a single column (e.g., if a shipment was reported under the same identifier in E ID at
least once by the importer and at least once by the exporter) (1a+1b in Fig. 1) or (2) between columns (e.g., if a shipment was
reported under the same identifier at least once in the E ID entry and at least once by the importer in the I ID entry) (2a+2b in
Fig. 1). If an ID appears multiple times in one column and always only as the importer or exporter, it only indicates that the
shipment was exported or imported in multiple parts, but nothing can be determined about the shipment’s movement. Origin
IDs, indicating re-exports, were not used for shipments matching because all shipments with an O ID should be simultaneously
connectable via the E ID and I ID (CITES, 2018a). For the matchable shipments, the share of the number of shipments and
volume of trade was calculated for individual combinations of terms and units.

3. Results and discussion

The CITES Trade Database contained 618,750 shipments for trade in animals listed in Appendix I for the period 1996-2018
(Table S2). For this selected dataset on CITES Appendix I animal species, it turns out that the usability of IDs for tracking
shipments appears to be relatively limited for three main reasons.
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la | Reporter.type | EID | 11D 1b | Reporter.type | EID | 11D

E X E X

I x | X

2a |Reporter.type | EID | IID | 2b |Reporter.type | EID | 11D

E % E %

I x | x

Fig. 1. Types of matchable shipments. Within-column selection for (1a) E ID: same E ID for both the E and I Reporter type, each at least once as the E Reporter
type and at least once as the I Reporter type and (1b) I ID: same I ID for the E and I Reporter type, each at least once as the E Reporter type and at least once as
the I Reporter type. Between-column selection for the same E ID and I ID, each reported at least once as the E Reporter type and at least once as the I Reporter
type: (2a) E ID as the E Reporter type and I ID as the I Reporter type and (2b) E ID as the I Reporter type and I ID as the E Reporter type. Note: Reporter.type
E (exporters) and I (importers), E ID: Export.permit.RandomID, I ID: Import.permit.RandomID x: 10-digit alphanumeric code, e.g., 599cfb92b.

unr;(fi;geigpj:?rhits? 1 7 3, 3 2 1 i n d .

A ————————————— reported by importers

\ matched through IDs 32,336ind. ‘

201,123 ind. unmatchable s 140,985 ind.

Fig. 2. Volume (number of individuals) in shipments matchable and unmatchable through IDs for live Scleropages formosus reported by exporters and importers
in 2015 (n=3927).

33,196ind.

In the first place, IDs were not always uniquely used. In 618,750 shipments, a total of 373,031 IDs appeared either as E ID,
[ID, or O ID. Unfortunately, some of them were apparently misallocated because they combine unrelated shipments. Indeed, for
24,934 of the 290,651 E IDs, more than one exporting country is listed (maximum of 76 countries are listed for E ID e85fb541b7),
although the rules for export permitting allow only one country to be listed (CITES, 2018b). Similarly, 30,174 out of 290,651 E IDs
reported trade in more than one year (18 years out of the 23 we covered for E ID 5d567958a6), whereas a permit is valid for a
maximum of half a year (CITES, 2018b). If we admit the possibility of exporting specimens at the end of one year and importing
at the beginning of the following year (i.e. one E IDs for two subsequent years), the number of E IDs listed in more years would
be reduced to 20,950.

Secondly, IDs were missing or did not have a counterpart. In 35,395 shipments (5.7% out of 618,750), no ID was assigned and
this occurred four times more often for shipment reports from importing countries (Table S2). However, it is definitely good that
these cases are declining over time, as the number of shipments with no ID has been below the overall annual mean
(1539 + 860 shipments) since 2010. In fact, almost two-thirds of individual IDs (242,005 out of 373,031) appeared only once in
the dataset and are therefore not usable in terms of trade tracing (of course, if the ID is not given later). Furthermore, although
the other 63,603 individual IDs appeared more than once in the dataset, they always appeared in only one of the identifier fields
(EID, 11D, or O ID) and at the same time only as either a Reporter.type E or I, and therefore also have zero value for trade tracing.
This means that the remaining 67,423 (18.1%) individual IDs were usable for tracing the movement of CITES samples. These
usable IDs appeared in 216,041 (34.9%) shipments. For the most traded combination of term and unit—live animals reported in
the number of individuals— matchable shipments accounted for less than half the number of unmatchable shipments (13.9% vs.
28.4% of the total number of shipments, respectively).

Finally, shipments matchable through IDs accounted for only a minor portion of the total traded volume. For the highest
number of combinations of terms and units, the matchable volume represented a maximum of 10% of the total volume of trades
(Fig. 3). Importantly, for the most traded combination of term and unit, i.e., live animals reported in the number of individuals,
more than half of the traded volume (56.3%) was in matchable shipments (65th in order from the highest volume share in
matchable shipments of the 263 total combinations).

To illustrate the problem, we are trying to point out, we choose the example of Scleropages formosus traded in 2015.
According to exporters, a total of 234,319 live fish were traded that year. In contrast, importers reported only 173,321 live fish
(Fig. 2). The difference of 60,998 individuals is usually explained as a result of unrealized permits (Robinson and Sinovas, 2018).
In fact, this could be true if import and export data were connectable for all 173,321 fish reported by importers by using the
same IDs by both trading parties (which, reportedly, is the goal of introducing the use of IDs; CITES (2018a)). However, due to
the disconnectivity of the majority of the data in this example, nothing like this can be stated with certainty and the actual
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Fig. 3. Relative number of combinations of terms and units (n=263) by shares of traded volume in matchable shipments relative to the total volume
(all shipments). The arrow shows the median.

number of traded individuals may be higher, as the absence of reports on both sides of the trade cannot be ruled out. In our case,
a total of 2440 IDs were listed for both types of reports. Of them, 301 IDs connected export and import data in 825 out of 3927
shipments. In volume, it represents 33,196 fish reported by exporters or 32,336 fish reported by importers. All other fish can be
the same individuals, reported under different IDs, but also different individuals, reported only by one trading Party. To sum up,
out of the total number of 234,319 exported fish, only 32,336 individuals (13.8%) can be matched by connecting unique E IDs or
IDs listed by both the exporter and the importer. Other individuals could or could not be the same.

4. Conclusions

We commend UNEP-WCMC for managing of trade data and making them available to the public to explore one of the major
threats to biodiversity. Unfortunately, it is clear that the use of new descriptors in the form of unique IDs is not currently helping
progress be made in deciphering the volume of trade in CITES Appendix I species. The main problems with the CITES Trade
Database are highly varied levels of compliance with CITES reporting requirements across Parties in terms of report submission
and report quality and substantial amounts of missing data (Foster et al., 2016), whether unintentional or intentional due to the
absence of this requirement from CITES trade rules (e.g., import reports for CITES Appendix II species are not required unless
specified by national legislation).

As further use of the CITES Trade Database can be envisaged to assess the impact of trade on threats to plants and animals,
unnecessarily complex methods of calculating the traded volume could be replaced by reporting only the actual traded quantity.
If it is not possible and Parties have to report permitted quantity, they should indicate this in the permit (CITES, 2018b, 2019).
Unfortunately, this information is currently not available in the Database. Tightening the rules at a time of increasing the
absolute global trade volume is highly desirable; monitoring through the quantities reported by importing countries appears to
be a good way of control.

Overall, it is essential that CITES Secretariat should increase pressure on CITES Parties to provide the most complete trade
reports possible. If the situation does not improve, the calculation of trade volume will remain a quixotic effort.
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