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1 Uvod

1.1 Aposematismus

.....

strategii se muze zdat ukryti pied predatorem, at’ uz ve forme¢ zmény denniho rezimu (aktivita
ve dne nebo v noci), zivotem pod zemi ¢i kamuflazi nebo nenapadnym zbarvenim (Ruxton et
al. 2004). Naproti tomu stoji aposematismus, opacna strategie, kdy kofist, kterd je vybavena
sekundarnimi obrannymi mechanismy, signalizuje predatorovi pfitomnost této obrany pomoci
riznych vystraznych signalti (Ruxton et al. 2004).

Nad primarnim vyznamem téchto varovnych signali se zamysleli v druhé poloviné
devatenactého stoleti uz Charles Darwin a Alfred Wallace. Darwin se v té dobé kromé¢ jiného
vybérem. Kdyz ovSem narazil na pestfe zbarvené housenky, tedy larvalni stadium, kde
pohlavni vybér nemohl byt bran v sebemensi potaz, obratil se na Wallace s prosbou o radu
ohledné mozného vysvétleni tohoto fenoménu. Ten si uvédomil, ze k tomu, aby se kofist
se sekundarnimi obrannymi mechanismy vyvarovala zbytecnych napadeni, potiebuje si
vytvofit charakteristické znaky, které umozni predatorovi ji snaze rozeznat od kofisti jedlé
(Ruxton et al. 2004). Takze Wallace zahy pfiSel s domnénkou, Ze toto zbarveni je urceno
opticky orientovanym predatorim, které ma informovat o obrannych mechanismech (napf.
toxicita, nechutnost), kterymi je kofist vybavena (Komarek 2000). Nasledn¢ byla tato
hypotéza zformulovana jako ucelend teorie varovnych zbarveni (Wallace 1870, pfevzato
z Komarek 2000). E. B. Poulton nasledn¢ rozvedl tuto teorii a doplnil ji o nazor, Ze vystrazné
zbarveni nejen podporuje rozeznani nejedlé kofisti jiz zkuSenym predatorem, ale navic i
zvysuje efektivitu uceni a zapamatovani si nevyhodnosti napadani chranéné kofisti (Poulton
1890, prevzato z Ruxton et al. 2004). Poulton také vytvofil nomenklaturu skaly antipredacni
ochrany (Poulton 1890, pievzato z Ruxton et al. 2004), kde byl poprvé pouzit termin

»aposematismus* (Poulton 1890, pfevzato z Komarek 2000).

1.2 Vystrazné signaly

Koftist mize predatora upozoriiovat na svoji obranu jednim ¢i vice zptsoby, kdy Castéjsi je
pravé kombinace nckolika komponentl, neboli multimodalni signalizace (Exnerova et al.
2008; Rowe a Guilford 1999). Poulton si ptivodné myslel, Ze aposematicka kofist upozoriuje
predatora na své obranné mechanismy pouze vizualng€, nicméné v prubé¢hu let bylo toto
poznani rozsifeno a jiz je vSeobecn¢ znamo, ze v rozpoznani nebezpecnosti kofisti hraji roli 1

dalsi smysly nez jen zrak. Signalizace predatorovi je tedy vlastné kombinaci vizudlnich vjemt,



zvuku, pachut, chuti, pfipadné i néjaké typické morfologie kofisti a stylu chovani (Ruxton et
al. 2004). Pokud tyto slozky od sebe odd¢lime, mize se stt, Ze obrana kotisti mnohonasobné
poklesne a predator ji zatne mnohem vice napadat. Marples et al. (1994) testovali reakce
kiepelek japonskych (Coturnix coturnix japonica, Temminck a Schlegel 1849) na jednotlivé
komponenty obrany slunécka sedmitecného (Coccinella septempunctata, L. 1758), kdy
prezentovali bud’ celé slunécko v nezménéné podobé, nebo prezentovali naopak chutnou
kotist, na kterou byl pfenesen vzdy pouze vzor, pach ¢i chut slunécka. Proti napadeni
predatorem nebyla zadna slozka ani v paru, ani sama o sob¢ tak uc¢inna jako realné slunécko
se vS§emi znaky, které bylo chranéno pred napadenim nejvice.

I pfes multimodalni charakter signalizace, jsou nékteré jeji slozky vyznamnéjsi nez ty
zbyvajici. Primérni roli hraje signalizace vizudlni, kterd je urcena pro opticky orientované
predatory (Edmunds 1974), kterymi jsou v ptipad¢ terestrickych bezobratlych nejcastéji ptaci
(Sillén-Tullberg et al. 1982; Collins a Watson 1983; Roper a Marples 1997; Exnerova et al.
2006; Vesely a Fuchs 2009). Tento typ vizualizace se jesté navic sklada z nékolika podslozek.
Prvni z nich je barva (Collins a Watson 1983; Sillén-Tullberg 1985; Ritland 1998; Exnerova
et al. 2006; Pruchova et al. 2014). Proto, aby si predator co nejrychleji uvédomil vyznam
spojeni mezi zbarvenim kofisti a jejimi obrannymi mechanismy (napf. toxicitou), musi byt
barvy a jejich kombinace co nejjasnéjsi (Coppinger 1969; Harvey et al. 1982), kdy nejvice
vystrazné pusobi kombinace barev S Cervenou, oranzovou, zlutou barvou, vzacnégji i1 bilou
barvou, a kontrastni ¢ernou, popiipad¢ tmaveé hnédou, modrou (Cott 1940).

Barevné kombinace pak vétSinou tvoii n¢jaky jasné definovany kontrastni vzor, ktery
jesté vic umocnuje ucinnost varovného signalu (Lindstrom et al. 1999; Endler et al. 2005) a
muize mit i vyznam pro vnitrodruhovou komunikaci (Wallace 1889, pfevzato z Komarek
2000). Nicméné i pies svoji vyhodnost je vyznam vzoru az na druhém miste, nebot’ je to barva
Aronsson a Gamberale-Stille (2008) testovaly reakce naivnich kufat (Gallus gallus
domesticus, L. 1758) na um¢le vytvotfenou kofist s riznym vzory. Kufata se naucila odmitat
nechutnou kofist oznacenou tyrkysovou barvou od chutné kofisti oznaené barvou Sedou,
nicmén¢ reakce na rtizné vzory nesené nechutnou kofisti se od sebe priikazné nelisily.

Krom¢ kontrastni kombinace barev ma vzor i dal$i parametry, jako je jeho symetrie a
velikost, kdy ¢im veétsi a symetri¢téj$i vzor je, tim je 1 U¢inn€j$i a pro predatora snaze
rozpoznatelny a zapamatovatelny (Forsman a Merilaita 1999). Vzor mlze nést jesté dalsi
charakteristické prvky ¢i tvary, které se nezavisle objevuji u riiznych skupin zivocicht, jsou

to naptiklad o¢ni skvrny (Meadows 1993; Lyytinen et al. 2003).



Nicméné nékteré studie (Wuster et al. 2004; Niskanen a Mappes 2005) naznacuji, ze
vystrazny signal nemusi nutné zahrnovat napadné zbarveni proto, aby u¢inné odradil
predatora. Takovym ptikladem jsou jedovati hadi, konkrétn¢ zmije, ktefi se mohou ocitnout
jak v roli kofisti, tak v roli predatora, kdy potiebuji ziistat nenapadni, ale zaroven poticbuji
avizovat svoji nebezpecnost pripadnym pta¢im predatorim. Svoji jedovatost davaji najevo
pomoci vzoru klikaté ¢ary nesouciho na zadech, coz prokazaly pokusy s umélymi hady
s klikatym vzorem ¢i bez, kdy kofist nesouci vzor byla pritkazné vice chranéna (Wuster et al.
2004).

Krom¢ barvy a vzoru existuji i dal$i moznosti, jak mtze koftist opticky dat najevo svoji
nevyhodnost. Je to naptiklad typicky tvar téla, kdy byl vyznam této slozky prokazan u vos
(Kauppinen a Mappes 2003) ¢i slunécka sedmitecného (Dolenska et al. 2009), ¢i
charakteristické koncetiny a tykadla u mravencii (Merrill a Elgar 2000; Nelson et al. 2006).

Vizualni signalizace mize byt doplnéna signalizaci akustickou, ktera muze podpofit
proces ueni a zapamatovani si aposematické kofisti ve spojeni s vystraznym zbarvenim
(Rowe 2002). Zvukovy signdl je také nezbytny pro kofist s nocni aktivitou, kde vizualni
signalizace v podobé vystrazného zbarveni jaksi ztraci svij primarni vyznam. Takovym
prikladem jsou mury, které varuji netopyry pied svoji nechutnosti (Hristov a Conner 2005).

Dalsim typem signalizace je signalizace pachova. Ta je zplsobena vylu¢ovanim
chemickych latek do okoli kotisti. Castym piivodcem pachové signalizace jsou pyraziny, o
kterych je znamo, Ze mohou spoustét vrozené odmitavé reakce predatori na aposematickou
koftist, ktefi by jinak bez pfitomnosti pyrazini vystrazné zbarvenou koftist napadali (Lindstrém
etal. 2001). Tento typ signalizace je ptitomny naptiklad u vySe zminénych slunécek, ktera pti
napadeni reflexivné krvaci a dospélci vypoustéji tuto tekutinu z tibio-femoralnich spoji
(Marples et al. 1994; Dolenska et al. 2009). Dalsimi zivocichy, ktefi jsou vybaveni timto
typem vystrazného signalu, jsou rizni zastupci ploStic (Heteroptera), jmenovité napf.
ruménice pospolna (Pyrrhocoris apterus, L. 1758), plosti¢ka pestra (Lygaeus equestris, L.
1758), plosticka luéni (Spilostethus saxatilis, Scopoli 1763), knézice paskovana (Graphosoma
lineatum, L. 1758) a dalsi (Exnerova et al. 2008).

Za typ signalizace mizeme povazovat i typické chovani Zivo¢icha. Dobrym piikladem
takovéhoto vystrazného signalu, a viibec celkové multimodality signalizace, je tfeba Cerno-
bile zbarveny skunk skvrnity (Spilogale putorius, L. 1758), ktery pii setkani s predatorem
zacne dupat a zdvihne svij huiaty ocas do vztyCené polohy, ¢i severoamericky urzon
(Erethizon dorsatum, L. 1758), ktery svoji mechanickou obranu dava najevo zménou chovani,

pachovym signalem i akusticky (Ruxton et al. 2004).



Kombinovani riznych druht signali umoziiuje predéatorovi snadnéjsi rozpoznani
koftisti, uceni a jeji zapamatovani (Aronsson a Gamberale 2008). Signal zaroven musi byt
kontrastni vii¢i podkladu, aby mohl byt predatorem co nejsnadnéji a nejrychleji rozpoznan
(Gamberale-Stille 2001). Jedinci aposematického druhu navic Casto vytvareji shluky, které
jesté vice zvySuji silu vystrazného signalu (Alatalo a Mappes, 1996; Lindstrom et al. 1999;
Hatle a Salazar 2001). Ve vysledku pak predator po objeveni kofisti ito¢i pozdé&ji a méng,
nauci se vyhybat této kofisti rychleji, takze i k zabiti kofisti dochazi méné Casto (Gamberale-
Stille 2000).

Pokud se predator nauci a zapamatuje si urcité znaky koftisti, které si spojil s jeji
nevyhodnosti, nechutnosti ¢i nebezpec¢nosti, a je pak schopny tuto znalost pienést na jinou
vice ¢i mén¢ podobnou kofist, mluvime o jeho schopnosti generalizovat (Sillén-Tullberg et al.

1982; Hotova Svéadova et al. 2013).

1.3 Mimikry

Schopnost generalizace umoznila vznik mimeze. Pojem mimeze (z feckého mimésis —
napodobeni) ¢i mimikry (Kirby a Spence 1817, ptevzato z Komarek 2000) oznacuje jev, kdy
dva nepfibuzné organismy sdili za ucelem ochrany vzhledovou podobnost zplisobenou
selekénim tlakem predatort (Komarek 2000). Mimikry se dale d€li do dvou hlavnich skupin
podle vztahti mezi jejich pfislusniky.

Miillerovsk4 mimeze zahrnuje jedince riznych druht, kteti jsou vybaveni obrannymi
mechanismy a sdili spolecné znaky, napt. podobné vystrazné zbarveni, coZ jim poskytuje
vzajemnou ochranu (Miiller 1879, prevzato z Komarek 2000; MacDougall a Dawkins 1998).
Tato strategie je zaloZena na predpokladu, zZe naivni predator potfebuje usmrtit pouze omezeny
pocet jedinci, aby se naucil novy nevyhodny druh rozpoznavat, a také na tom, ze pokud dva
a vice chranénych druhii sdili vystrazny signal, sdili zaroveil i1 cenu této ochrany. Pfipadné
naklady v podobé¢ vlastniho uhynuti jsou tak minimalizovany, zatimco pocet chranénych druht
je maximalizovan diky sdileni varovného signalu (Speed 1999). Batesovska mimeze (Bates
1862, prevzato z Komarek) zahrnuje druhy, které nemaji obranné mechanismy, nejsou pro
predatora nebezpecni, ale naopak vyhodni, jenZe svym vzhledem pfipominaji aposematické
druhy, jejichZ ochrany vyuZivaji a na kterych parazituji. Klasickym ptikladem Batesovské
mimeze je podobnost zbarveni mezi monarchou stéhovavym (Danaus plexippus, L. 1758) a
bélopaskem (Limenitis archippus, Crammer 1776; Ruxton et al. 2004). Dalsim ptikladem jsou

napiiklad endemicti austral$ti mravenci (Merrill a Elgar 2000) ¢i ¢erno-zluté varovné zbarveni



mezi vosami (Hymenoptera) a pestfenkami (Diptera), kde ovSem neni podobnost uplné
dokonala (Lindstrom et al. 1997).

Batesovska mimeze je v piirodé pomérn¢€ vzacna, coz naznacuje, ze tento systém miize
fungovat jen za urcitych piedpokladii. Zaprvé, populace aposematického modelu musi byt
vys$si nez populace mimiki, aby predator m¢l dostatecné Sance se setkat s modelem a naucil
se ho odmitat na zékladé spojeni jeho vystrazného signalu a nevyhodnosti. Pokud by byl pocet
mimika pfili§ vysoky, snizuje se kvalita tohoto spojeni a predator za¢ne napadat jak mimika,
tak samotny model, ¢imz cely systém mimeze ztraci na uc¢innosti (Turner 1987). V praci
Lindstrom et al. (1997) byl tento vyznam vyssi frekvence vyskytu modelového organismu
potvrzen, kdy pocet napadeni modelu i mimika predatorem, zde sykora konadra (Parus major,
L. 1758), zavisel na poc¢tu modelovych organismu. Navic se zde uplatnila i mira nebezpecnosti
modelu, kdy ¢im vice byl model pro predatora nechutny, tim vice byl chranén i mimik
napodobujici tento model.

Krome frekvence vyskytu modelového organismu ma na efektivitu Batesovké mimeze
vliv také s jakou piesnosti je vystrazny signal modelu imitovan (Sherratt 2002). Cim piesn&jsi
je signal imitatora, tim vyssi bude pravdépodobnost, ze ho predator zaméni za model. Nicméné
tento vztah neni uplné linearni, takZe 1 zde je urcita tolerance v odliSnosti od modelového
organismu. Mimik nemusi pfili§ investovat do imitace, pokud je model velmi nevyhodny a
nebezpeény (Sherratt 2002). Batesovskd mimeze se vice objevuje v pfitomnosti velice
nevyhodnych modell, kde pravé jeho nebezpefnost mize ovlivilovat miru podobnosti.
Existuji dilkazy, Ze i nedokonaly mimik miize ptezit, pokud jeho model je extrémné
nevyhodny (Duncan & Sheppard 1956, ptevzato z Lindstrom et al. 1997). OdliSnost se toleruje
také v piipadé, pokud je mimik, jak vySe zminé&no, celkem vzacny nebo kdyZ mimik neni az
tak vyhodny, napf. mize byt sloZité ho chytit (Sherratt 2002). Nicméné je v z4jmu mimika,
aby jeho podobnost byla co nejvyssi, jelikoz postradd pravé ty nebezpecné prvky svého
modelu a s tim i jeho ochranu.

Kromé téchto dvou zakladnich typt mimeze se ovSem vyskytuje jeste dalsi typ, tzv.
quasi-Batesovské mimeze, ktery se v ptirod¢€ objevuje ziejme vibec nejcastéji (Speed 1993;
Speed 1999; Speed a Turner 1999). Aposematické navzajem si podobné druhy totiz vytvaieji
Miillerovské komplexy zalozené na piedpokladu, ze vSechny druhy tohoto komplexu jsou
chranéné stejnou mérou a vkladaji tak stejné mnozstvi energie do své ochrany. Speed (1993)
ovsem tvrdi, Ze teoreticky Zadné Miillerovské komplexy neexistuji, protoze skutecnost, zZe se
vSechny druhy podileji v komplexu stejnou mérou, je velice nepravdépodobnd. Pomoci

pocitacovych simulaci dokazal, ze i drobné rozdily v nebezpecnosti mezi jednotlivymi



nevyhodnymi druhy zpiisobi sniZzeni ochrany i jinych vysoce nevyhodnych druhti. Tyto druhy,
které jsou také chranéné, ale i tak poskozuji své modely, nazval pravé quasi-Batesovskymi
mimiky (MacDougall a Dawkins 1998; Speed a Turner 1999).

V praci Lindstrom et al. (2006) byly testovany reakce sykory konadry na umélé
mimetické komplexy, ve kterych se komimikové lisili vizudln€ a v mife nechutnosti. Ukézalo
se nejen, ze oba tyto faktory ovliviiuji predakcni tlak na Cleny komplext, ale navic i
skutecnost, ze rozdily v nechutnosti zvySovaly miru predace i u vysoce chranéné kofisti.
V dalsi praci s obdobnym vysledkem (Rowland et al. 2010) byly opét testovany reakce sykor
konader na umélou koftist, kdy bylo potvrzeno, ze mimikry mezi rozdiln¢ chranénymi
komimiky nemaji mutualisticky charakter. Zaroven byl potvrzen vySe zminény fakt o zvySené
abundanci mimiki a jeho vlivu na zvySené napadani modelové kofisti.

Aposematické druhy jsou zahrnovany do mimetického komplexu na zakladé¢ jejich
vizudlni podobnosti a antipredacnich ochrannych mechanismi. Abychom mohli pochopit
vztahy mezi jednotlivymi ¢leny tohoto komplexu, je nutné otestovat silu jejich varovného
signalu a obrannych mechanismil na jejich redlnych predatorech (Hotova Svadova et al. 2013).
Pokusy Evanse et al. (1987) ukazaly, ze kiepelka polni (Coturnix coturnix, L. 1758) je schopna
generalizovat mezi ttemi druhy fadu polok#idli (Hemiptera): Caenocoris nerii (Germar 1847),
Eurydema decoratum (Herrich-Schaeffer 1833) a Cercopis intermedia (Kirschbaum 1868),
které sdili Cerveno-Cerné zbarveni, ale 1i§i se vzorem a tvarem téla. Oproti tomu sykory
konadry v praci Sillén-Tullberg et al. (1982) nebyly schopny generalizovat mezi dospélci a
larvami plosticky pestré, které se liSi velikosti a pfitomnosti vystrazného vzoru. Navic je
mozné, ze existence jednotlivych mimetickych okruhii je podminéna druhem predatora a ze
v ramci jedné skupiny mimetickych druhi existuje hned n€kolik riiznych mimetickych okruht
definovanych riznymi druhy predatord. (Hotova Svadova et al. 2010).

Existuje pfedpoklad, Ze sttedoevropské aposematické druhy cerno-Cervené zbarveného
hmyzu tvofi spole¢né mimeticky komplex (Exnerova et al. 2008). VétSina Clenil tohoto
komplexu patii do podiddu plostic (Heteroptera) a ma podobné multimodalni antipredacni
obranné mechanismy, jako je vystrazné zbarveni, varovna stridulace ¢i chemické obrana rizné
urovné. Kromé plostic sem ziejmé patii i slunécka (Coleoptera, Coccinellidae) a pénodéjky
(Cercopis, Homoptera). Nicméné ani v pfipadé tohoto komplexu nejde o ¢isté¢ Miillerovskou
mimezi, jelikoz jednotlivé druhy hraji i zde rizné role.

Za modely v tomto komplexu jsou povazovany nejvice chranéné druhy plosticka pestra
a plosticka lucni. V praci Hotové Svadové et al. (2010) byly sledovany reakce ptacich

predatort praveé na tyto druhy spole¢né jesté s dvéma dal$imi, s ruménici pospolnou a knézici



paskovanou, které jsou téz zahrnovéany do stfedoevropského mimetického komplexu. Sykory
konadry se vyhybaly v§em témto druhtim uz pii zpozorovani z dalky; ¢ervenky (Erithacus
rubecula L. 1758) napadaly nejvice ruménici a zbytku se téméf striktné vyhybaly; strnadi
(Emberiza citrinella, L. 1758) reagovali na rtizné druhy odli$n¢, ale nejvice napadali také
ruménici, paradoxné v8ak i chranénou plosticku pestrou; kos ¢erny (Turdus merula, L. 1758)
pak casto napadal vSechny druhy bez rozdilu.

Reakce sykor konader na larvy plosticky pestré byly sledovany i v préaci Sillén-
Tullberg (1985). Tentokrat kofist piedstavovaly dvé formy larev tohoto hmyzu — jedna
aposematickd a druha mutantni Seda forma. Ptaci se naucili vyhybat obéma formam (protoze
Jsou obé¢ stejn¢ chemicky chranéné), nicméné mira pieziti aposematické kofisti byla mnohem
vyssi diky zvySené pocatecni neochoté napadnout tuto kofist, diky rychlejSimu nauceni
vyhybat se této kofisti a diky mensimu poctu usmrcenych aposematickych jedincii. U larev
tohoto druhu a také u plosti¢ky tolitové (Tropidothorax leucopterus, Goeze 1778; Hemiptera:
Lygeidae) byla studovéna jejich zavislost na hostitelské rostliné ve vztahu ke kvalité jejich
chemické obrany. Pokud byla plosticka pestrd krmena tolitou 1ékaiskou, byla predatorem
(kutata) napadana méné&, nez pokud ji byla dana alternativni potrava. Naproti tomu plosticka
tolitova byla chranéna v obou ptipadech stejn€, coz naznauje ptitomnost alternativnich
obrannych mechanisma (Sillén-Tullberg et al. 2000).

Plosticka tolitova je dalsim druhem, ktery je zahrnovan do tohoto mozného
mimetického komplexu. Larvy tohoto druhu byly pouzity jako kofist i v praci Gamberale-
Stille (2000), ktera sledovala vliv kompetice (pfitomnosti druhého predatora) a pospolitosti
(gregariousness) na rozhodovani predatora. Tim byla kufata, u kterych se ukazalo, Ze
Vv pfitomnosti druhého jedince napadaji aposematickou kofist rychleji a ¢astéji, a zaroven jim
trva déle naucit se této kofisti vyhybat. Dalsi vysledek ukazal, ze pokud byla kofist
prezentovana ve skupiné vice jedinctli, kufata se naopak ucila rychleji a sniZila se rychlost i
pocet napadeni. K podobnému vysledku doSel dal$i experiment s touto kofisti a naivnimi
kufaty jako predatorem (Gamberale a Sillén-Tullberg 1998), ktery sledoval, zda se 1isi reakce
kufat v zavislosti na poctu prezentovanych jedincti aposematické kofisti (skupiny larev
plosticky tolitové po 3, 9 a 27 jedincich). Se zvétSujici se velikosti skupiny se zde snizovala
pravdépodobnost napadeni, coZz naznacuje zesileni signdlu nechutnosti diky vys$Simu poctu
aposematickych jedinct prezentovanych pohromadég. V jiné praci téchto autorek (Gamberale
a Sillén-Tullberg 1996) byly sledovéany reakce na tfi rizné larvalni instary plosti¢ky tolitové,
které se liSily svou velikosti, a ktera ukazala, ze s rostouci velikosti kofisti rostla i neochota

kutat napadat piedlozenou kofist.



Dal$im druhem zahrnovanym do stfedoevropského mimetického komplexu je knézice
paskovand. Dospéli jedinci tohoto druhu vyuzivaji obou druhii ochrannych zbarveni.
V pozdnim 1été pred vstupem do diapauzy nesou dospélci krypticky ¢erno-rezavy paskovany
vzor, ktery jim umoznuje zustat nendpadni, kdyz se vyskytuji na svych hostitelskych
mitikovitych rostlinach (Johansen et al. 2010). Na jai'e se pak probouzi z diapauzy s napadnym
¢erno-Cervenym vystraznym zbarvenim. Vliv téchto zbarveni na zmény reakci predatord byl
sledovan v pracich Gamberale-Stille et al. (2010) a Johansen et al. (2010). V prvni praci byla
jako predator pouzita naivni kufata, kterym byl prezentovan jeden ze tfi typu kofisti —
krypticky zbarveny paty larvalni instar, krypticky zbarveny dospély jedinec ¢i aposematicky
zbarveny dospély jedinec. Ten byl nejvice odmitan, nasledovan dospélcem kryptickym a
larvami, kterym se predator vilbec nevyhybal a ani se to pozdéji nenaucil. Dospélé formy se
ptaci naucili odmitat obé. Pokud se ptak nejprve setkal s dospelou formou, byly néasledné pred
jeho utoky chranény i larvy, coz v opaéném piipade neplatilo. V druhé¢ praci (Johansen et al.
2010) predstavovala predatora sykora konadra, u které byla zjiStovana schopnost najit a
odhalit ob¢ dospélé formy knézice paskované v jejich pfirozeném prostiedi (sucha vegetace).
Vysledky ukdazaly, Ze najit krypticky zbarvenou dospélou knézici v tomto substratu trva
sykoram déle nez u aposematicky zbarvené formy, coz ukazuje na funk¢ni vyznam zmény
zbarveni u tohoto druhu.

Vlivem kontrastu pozadi, na kterém je knéZice paskovana prezentovana predatorovi,
se zabyvala také prace Veselého et al. (2006). Predatorem zde byly sykory modfinka
(Cyanistes caeruleus, L. 1758) a konadra, kterym byla nabizena aposematickd a
neaposematicka na hnédo natfena forma knézice, a to bud’ na kontrastnim bilém pozadi, nebo
na vzorovaném pozadi odpovidajicim vzoru mifikovitého kvétenstvi. Modfinky se vyhybaly
obéma formam knéZice nezavisle na jejich zbarveni, zatimco konadry napadaly obé formy,
pfi¢emz aposematickou formu o néco méné nez hnédou. Zaroven pokud aposematickd forma
byla prezentovana na vzorovaném podkladu, byla napadand o néco vice, nez pokud se
nachazela na kontrastnim bilém pozadi.

Dolenska et al. (2009) testovali reakce sykor konader na dalsi potencidlni modelovy
druh - na sluni¢ko sedmitec¢né, které bylo konadrou napadeno jen v péting piipadi, takze je
velmi dobie chranéno. Reakce na tuto koftist byly sledovany i u kiepelek japonskych ve vyse
zminéné praci Marples et al. (1994), kdy bylo slunécko rizn¢ modifikovano, nicméné nejlépe
chranéné se ukazalo byt vzdy jen v jeho ptirozené formé, tedy v pfitomnosti v§ech vystraznych
signali. V pokusech Prichové et al. (2004) byly testovany opét reakce sykor konader,

tentokrat ovSem na invazni slunééko vychodni (Harmonia axyridis, Pallas 1773), jehoz



barevny vzor byl modifikovan a ptaklim byly prezentovany rtzné barevné formy, které se
lisily ve zbarveni: pfirodni forma a barevné modifikace natfené cernou, ¢ervenou a hnédou
barvou. Konadry se nejvice vyhybaly ¢ernym a ¢ernym forméam, zatimco slunécka natiena
na hnédo byla chranéna méné. Pokud ovSem bylo slunécko natfeno hnédou barvou a zaroven
neslo i charakteristicky vzor slunécka, tedy cerné tecky, bylo chranéno 1épe nez slunécka bez
VZOru.

Ruménice pospolnd je kviali niz§imu stupni chemické obrany zifejmé quasi-
Batesovskym mimikem navrhovaného mimetického komplexu (Exnerova et al. 2003; 2008).
Variabilitu jejiho zbarveni a reakce ruznych ptacich predatort na ni testoval experiment
Exnerové et al. (2006). Jako koftist byla pouzita divoka cerveno-cerna forma, mutanti s bilym,
zlutym a oranzovym zbarvenim a jesté divokéd forma nabarvend na hnédo. Vysledky ukazaly,
Ze ¢erveno-cerna a oranzovo-cernd forma jsou chranény stejné a také ze pro predatory je pro
spravné rozpoznani urcité aposematické kofisti specifické zbarveni zasadni a vzor sdm o sobé
nestaci.

Sykory konadra a modfinka byly pouzity jako predatofi v pokusu, ktery sledoval jak
velikost kofisti i preddtora a barevny vzor kofisti ovliviiuji i€innost varovného signalu, kterym
je koftist vybavena (Prokopova et al. 2010). Tu zde predstavovaly dosp€lci a dva larvalni
instary ruménice pospolné. V prvnim setkanim s kteroukoli z kofisti neméla jeji velikost vliv
na to, zda ji predator napadl ¢i ne. V dalSich opakovénich zacala byt napadana a usmrcovana
Castéji mensi kofist. Zaroven vétsi sykory konladry napadly a sezraly vice ruménic (nezavisle
na form¢€) nez mensi sykory modiinky. Zde se tedy pfedpoklada, Ze velikost kofisti ovliviiuje
predatora skrze mnozstvi nechutnych latek spiSe nez velikosti optického varovného signalu.
Nicméné i ten zde hral svoji roli, protoze Cerno-Cerveny vzor dospélct jim poskytuje
dostatecnou ochranu, zatimco odliSné ¢erno-Cervené zbarveni larev ruménice nefunguje jako
plnohodnotny opticky signal a tak jsou larvy napadany vice nez dospéla forma.

Vyse zminéna prace Hotové Svadové et al. 2010 sledovala reakce v piirodé
odchycenych sykor konader na ctyfi druhy aposematickych plostic (Heteroptera)
z predpokladaného mimetického komplexu: plosticku pestrou, plosticku lu¢ni, ruménici
pospolnou a knéZici paskovanou, které jsou vybaveny riznym stupném ochrany. Tento pokus
byl pak zopakovan s naivnimi sykorami konadrami (Hotovd Svadova et al. 2013). Sykory
V prvnim testu nevykazovaly témét Zadné rozdily ve vrozené averzi vici témto ploSticim.
V dalsich testech zalezelo na druhu plostice, se kterym se sykory setkaly a naucily se mu
vyhybat. Nejméné chranény vybrany druh (ruménice pospolnd) tak tézil ze zkuSenosti ptaki,

ktefi se diive setkali s 1épe chranénym druhem, protoze tito ptaci prodlouzili latenci napadani,



byli v napadani opatrnéjsi a doslo k menSimu poctu thynu kofisti. Naopak prvotni setkani s
ruménici nesnizovalo riziko mortality pro dalsi vice chranéné druhy, takze i zde se ziejmé

jedna o quasi-Batesovsky vztah.

1.4 Vrozenost

Hmyzozravi ptaci jsou schopni v pfirozenych podminkach rozliSit nechutnou kofist tfemi
odlisnymi zplisoby ve tfech odlisnych stadiich (Pinheiro 2003). Kofist mohou odmitnout hned
po rozpoznani jako v piipadé vySe zminénych reakci sykory konadry na razné druhy plostic.
Toto je ovSem findlnim stddium predatorova uciciho procesu, kdy uz je ptak schopen spojit si
nechutnost kofisti a vystrazny signal (zbarveni, tvar, atd.) a na zéklad¢ tohoto spojeni je
schopen identifikovat model a jeho mimiky jako nevyhodnou kofist.

Dalsi dvé stddia najdeme spiSe u naivnich predatort. V druhém stidiu je kofist
zpozorovana, napadena, ale odmitnuta a nesezrana. Posledni stadium nastava az po pozieni
kofisti, po kterém predator trpi i€¢inky chemické obrany kofisti a kdy mize nasledovat napft.
vyzvraceni kofisti a dalsi averzivni druhy chovani. Naivni ptéci tak napadaji kofist, aby si ji
otestovali, vytvofili si pojem o jeji nechutnosti a ziskali tak zkusenosti do budoucna pro dalsi
setkani.

Ve findlnim stadiu predatorova uciciho procesu se tedy uplatiuji faktory, jako je uceni,
pamét’ ¢i schopnost generalizace, jejichz mira a uplatnéni je u riznych jedincti individudlni. U
nékterych ptakti mize dochazet ke zvySené opatrnosti pfi setkani s novou kofisti, kterd miize
byt vrozend a ktera miZe byt spuSténa napiiklad kombinaci vizualnich signalt a obrannych
mechanisml (Hotova Svadova et al. 2013).

Naivnim kufatim (Marples a Roper 1996) byla nabizena voda a jidlo, které byly
obarvené a nesly jeden z péti riznych druhl pachli a predstavovaly pro n€ neznamou kofist.
Kurata se vyhybala vodé¢ i potravé, pokud byly obarvené a se zadpachem pyrazini. Pouhy
zapach k vyvolani averze nestacil. U jiného nepiibuzného ptaciho druhu - zebfiC¢ky pestré
(Taeniopygia guttata, Vieillot 1817) dosli Kelly a Marples (2004) ke stejnému vysledku, tedy
Ze neznama potrava vystrazné zbarvena a se zapachem pyrazinl byla vice odmitané nez ta, u
Které vystrazné zbarveni chybélo.

Je mozné si vSimnout, Ze vrozend averze k aposematické kofisti byla vétSinou
zkoumana u nékolika mélo neptibuznych druhii ptacich predatorti. Exnerova et al. (2007)
naproti tomu testuje averzi u evropskych druhti sykor z ¢eledi Paridae. Ptaci této Celedi jsou,

jak je patrno z ptedchoziho textu, oblibenymi predatory hojné vyuzivanymi v aposematickych
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studiich. Nicmén¢ i takto blizce ptibuzné druhy vykazuji rozdily v piivodu jejich averze ke
kofisti. Zda se, Zze u nékterych druhti je naucena a u jinych vrozena.

Byly vybrany druhy: sykora konadra, sykora modfinka, sykora parukarka
(Lophophanes cristatus, L. 1758), sykora uhelnicek (Periparus ater, L. 1758), sykora luzni
(Poecile montanus, Conrad 1827) a sykora babka (Poecile palustris, L. 1758). V pokusech
S Vv ptirod¢ odchycenymi ptaky odmitala vétSina druhii vice aposematickou formu ruménice
pospolné oproti neaposematické hnédé nabarvené formé. Nasledné byl stejny pokus proveden
S naivnimi ptaky ¢tyf druhti sykor. Sykory modfinka a uhelnicek se chovaly podobné jako
Vv ptirod¢ odchyceni ptaci, zatimco reakce naivnich konader i parukarek se liSily od reakce
zkusenych ptakil, konadry dokonce napadaly oba typy kofisti témét ve vSech piipadech.
Protoze modfinky i uhelni¢ci byli schopni odmitat i hnédou neaposematickou formu rumeénice,
muze se zde jednat spiS o vrozenou neofobii nez o vrozenou averzi vic¢i varovnému zbarveni.

V jiz zminénych pracich (Hotova Svadova et al. 2010; Hotova Svadova et al. 2013)
byly sledovany reakce naivnich a v ptirod¢ odchycenych sykor konader na ¢tyii aposematické
druhy plostic (plosticka pestrd, plosticka luéni, ruménice pospolnd, knézice paskovand).
ZkuSené sykory se vyhybaly vSem témto druhiim ihned po rozpoznani kofisti. Tato reakce
muze byt zaloZena bud’ na individualni zkusenosti jednotlivych ptaka s kazdym z vybranych
druhti plostic, nebo na zkuSenostech s jakymkoli €erveno-Cernym druhem z mimetického
komplexu opfenych o Sirokou schopnost generalizovat. Naproti tomu naivni ptaci
nevykazovali Zadnou vrozenou averzi k jednotlivym druhim a aZ v nasledném generaliza¢nim
pokusu odmitali aposematickou kofist v zavislosti na jejich piedchozich zkuSenostech
s urcitym druhem.

Byly také srovnavany reakce konader na slunicko sedmitecné (Dolenska et al. 2009),
kdy v ptirodé odchyceni ptaci napadali tuto kotist ve 20 % ptipadi a naivni pak v 60 %
ptipadi, coz naznacuje ¢asteCnou vrozenou averzi k této kotisti. Podobné pokusy s dalSim
¢erveno-Cerné zbarvenym aposematickym druhem ruménici pospolnou (Wiklund a Jérvi
1982; Exnerova et al. 2007) tak vyraznou vrozenou averzi neprokazaly. Mozny vysvétlenim
je chemicka obrana obou druht, kdy pozieni ruménice miiZe sice vyvolat néjakou nepiijemnou
reakci (zvraceni), nicméné neohrozi to sykoru konadru na zivoté. Naproti tomu slunécko, které
je vybaveno kvalitn&jsi chemickou obranou (alkaloidy), je pro sykory velmi jedovaté, takze
selekéni tlak pro vznik vrozené averze na slunécka byl siln€j$i oproti averzi na ruménici
pospolnou. Je tedy mozné fici, Ze pritomnost vrozené averze se odviji od druhu predatora a

zaroven jeden predator miize mit riznou miru vrozené averze vici riznym druhiim hmyzu.
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1.5 Testovana zvirata

V mé praci je jako predator pouzita jiz nckolikrat vySe zminénd sykora komnadra. Je to
hmyzozravy ptak, s délkou téla okolo 14 cm a o vaze 14-23 g, ktery se vyskytuje napfic
Evropou, Asii i severni Afrikou. Je oblibenym predatorem v pracich studujicich aposematické
signaly bezobratlych diky jeho béznému vyskytu, snadné technice odchytu a rychlému
pfivykani na nové laboratorni podminky (Dingemanse 2002). Vyskytuje se Vv otevienych
smiSenych a listnatych lesich a jejich okrajich. Mizeme ji nalézt i na jednotlivych stromech,
V kulturni krajin€ pak i1 v parcich a zahradach. V nizs$i mife se vyskytuje 1 v jehli¢natych
porostech, Jedna se spiSe o niZinny druh, nicméné jeji roz$ifeni miiZe sahat aZ na horni hranici
lesa. Co se tyce chovani, tak je to pomérné odvazny druh, je bézné k vidéni a pftili§ se neboji
(Harrap 1996).

Kofist v mych pokusech predstavuje druhy a treti larvalni instar Svaba argentinského
(Blaptica dubia, Serville 1839, Dictyoptera: Blaberidae), na kterého je pienesen vystrazny
barevny vzor jednoho ze sedmi vybranych druhli aposematického €erveno-cerné zbarvené¢ho
hmyzu a ktery velikostné odpovida témto redlnym druhtim. Tato metodika jiz dfive prokazala,
Ze §vabi se vzorem ruménice pospolné jsou dobfe chranéni pred predatorem, pokud se §vaby
nemél predchozi skutenosti (Vesely a Fuchs 2009). Svab neni vybaven chemickou obranou,
pouze Vv ohrozeni mize vyvrhnout obsah volete, coz ale nevyvolava u sykor zddnou averzi.

Svabi pak v pokusech nesli na zadech jeden ze sedmi typi papirovych stitkd. Ty méli
na sobé vystrazny cerveno-cerny vzor realného aposematického druhu. Vybrany byly druhy
z navrhovaného stfedoevropského mimetického komplexu ¢erveno-cernych aposematickych
druhti (Exnerova et al. 2008) tak, aby pokryvaly diverzitu vystraznych vzora.

Prvni druh, jehoZz vzor byl pouzit, je ruménice pospolna (Pyrrhocoris apterus,
Hemiptera: Pyrrhocoridae). Jedna se o synantropni druh Zijici, na rozdil od dalSich vybranych
druhti plostic, na zemi, ¢asto v blizkosti lip ¢i slézovitych rostlin, od niZin aZ po horské pasmo
(Javorek 1978). Je to bézny druh stiedni Evropy, ktery obyva listnaté porosty, parky, zahrady,
casto 1 otevienou krajinu, kde rostou jejich hostitelské rostliny (lipa, trnovnik akat, sléz;
Exnerova et al. 2007), z kterych pak ziskdva chemickou obranu skladajici se prevazné
z kratkych fetézch aldehydii (Farine et al. 1992). Je vybavena Cerveno-Cernym zbarvenim
typickym pro vétSinu coreoidnich plostic (Heteroptera: Coreoidea) doplnéné navic o¢nimi
skvrnami. V navrhovaném mimetickém komplexu hraje roli spiSe quasi-Batesovského
mimika kviili niz§imu stupni chemické obrany (Exnerova et al. 2003, 2008; Hotova Svadova

etal. 2013).
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Dalsim vybranym druhem je knéZice paskovana (Graphosoma lineatum, Hemiptera:
Pentatomidae), ktera se nejcastéji vyskytuje na mitikovitych rostlindch, ze kterych ziskava
obranné latky, jako jsou alkany a 2-alkenaly (Stransky et al. 1998). Je to teplomilny druh,
ktery zije na lokalitach stepniho charakteru a u nas se vyskytuje v nizinach az pahorkatinach
(Javorek 1978). Jeji vzor se skladd z podélnych ¢ervenych a Cernych pruhil. Jesté nez ziska
toto Cerveno-Cerné zbarveni, jsou dospéli jedinci nejprve Cerno-hnédi a teprve v priab&hu
hibernace se hnédd barva zméni na Cervenou (Johansen et al. 2010). Pokud je v ohrozeni,
vypousti odpuzujici sekret a to 1 na vétsi vzdalenost. Stejné jako rumeénice tvoii ve volné
ptirod¢ shluky. Kromé zbarveni ji chrani jest¢ pomérné dobte sklerotizovana kutikula, takze
jako ¢len mimetického komplexu je téz dobfe chranéna (Exnerova et al. 2008).

Vroubenkovka ¢ervena (Corizus hyoscyami, L. 1758, Hemiptera: Rhopalidae) je dalsi
vybrany druh. Mlzeme ji nalézt od niZinnych poloh az po hory na suchych slunnych
lokalitach. Preferuje hvézdnicovité zivné rostliny (Javorek 1978). Jeji zbarveni je velmi
podobné ruménici pospolné, tvar téla je ovsem protahlejsi a podobny spis§ dalSimu vybranému
druhu — plosti¢ce pestré.

Plosticka pestra (Lygaeus equestris, Hemiptera: Lygeidae) také preferuje slunné
lokality nizin (Javorek 1978), najdeme ji bud’ na zemi, ale spiSe na jejich hostitelskych
rostlinach, ze kterych sekvestruje ucinné obranné latky kardenolidy a kterymi jsou tolita
lékatrska (Vincetoxicum hirundinaria) a hlavacek (Adonis spp.; Hotova Svadova et al.
2010; 2013). Kromé téchto toxickych latek je vybavena i1 dalSimi chemickymi latkami
repelentniho charakteru. Vystrazné zbarveni je téZ Cerveno-Cerné, tentokrat ovSem doplnéné 1
o prvky bilé barvy. Diky kvalitni chemické obrané tohoto druhu je povaZzovan za modelovy
organismus stfedoevropského mimetického komplexu (Exnerova et al. 2008).

Ze stejné Celedi je i dalsi vybrany druh plosti¢ka tolitova (Tropidothorax leucopterus,
Hemiptera: Lygeidae). Tento druh je teplomilny, zije v oblastech vyskytu jeho zivné rostliny
tolity 1ékafské a také klejichy hedvabné (Aclepias syriaca). Zbarveni je ¢erno-Cervené s bilou
skvrnkou ve stfedni ¢asti krovek. Stejné jako u plosticky pestré sekvestruje latky z hostitelské
rostliny, takZe je téz vybavenou chemickou ochranou. Kromé chemickych latek
sekvestrovanych z hostitelské rostliny je zfejmé vybavena i dal§imi alternativnimi obrannymi
mechanismy (Sillén-Tullberg et al. 2000).

Kromé plostic byl vybran i zastupce kiist pénodéjka Cervena (Cercopis vulnerata,
Rossi 1807, Homoptera: Cercopidae). Ta je jarnim druhem travnatych porostti nizin i horskych
stranich, bodlacich, vrbovkach a stéblech trav (Javorek 1978). Jeji zbarveni je prevazné Cerné

s dvéma pary Cervenych skvrn a ¢ervenou paskou. Pfimo o jeji chemické obrané neni pfrilis
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znamo, nicméné u 44 druhti novosvétskych pénodéjek bylo potvrzeno reflexni krvaceni, coz
ve spojeni s vystraznym zbarvenim naznacuje, ze muzeme pénodejky povazovat za
aposematicky hmyz (Peck 2000).

Poslednim vybranym druhem je slunécko sedmite¢né (Coccinella septempunctata,
Coleoptera: Coccinellidae), které piedstavuje nejb&znéjsiho zastupce slunééek v CR, Zije
bézné na rostlinach v polich, lesich a zahradach od nizin az po hory (Zahradnik 2004). Jeho
zbarveni je pomérn¢ variabilni, krovky jsou hlavné ¢ervené, nékdy jsou ale az oranzové ¢i
nazloutl¢; dalSim dtlezitym rozpoznavacim prvkem pro predatory je jeho typicky tvar
s konvexn¢ vypouklymi krovkami (Dolenska et al. 2009). Na krovkéch se dale nachdzi 7
¢ernych skvrn a na ¢erné hrudi dvé bilé vétsi ovalné skvrny. Je vybavené u¢innou chemickou
ochranou sloZenou pfevazné z alkaloidli (Dixon 2000), takZze v mimetickém komplexu je tézZ

povazovan za model (Exnerova et al. 2008).
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2 Manuscript
2.1 Abstract

A mimetic complex of red-and-black insects is proposed to occur in central Europe. In our
study, we tested the importance of a colour pattern as the main factor in the formation of this
putative mimetic by transferring patterns of seven members of this ring onto a palatable prey
using paper stickers. Wild-caught adult and hand-reared naive great tits (Parus major) were
used as predators. In general, reactions of birds to palatable prey carrying a conspicuous
pattern differed from their reactions to the real insect species demonstrated in previous studies.
Naive great tits showed no innate avoidance to any of our colour patterns. Adult birds avoided
most often pattern Pyrrhocoris, supposedly because of their individual experience with the real
insect from the wild, since it is the most common amongst our chosen species. The second
least attacked pattern was pattern Corizus that is very similar to Pyrrhocoris and birds could
generalize them. Hence these two patterns can be considered as the only ones forming a
mimetic complex defined on the basis of the colour pattern. In the rest of patterns, most of
great tits were not able to recognize the real insect species, contrary; a significant portion of
them was able to reveal the edible roach under the sticker. This could be explained by their
higher willingness of birds to examine the suspicious prey probably because the imperfection
of the visual signal. The body shape is supposed to affect the perfection of the visual signal.

2.2 Introduction

Aposematic animals use visual warning signals to advertise their unprofitability to optical
orienting predators (Edmunds 1974). To constitute a clear connection between chemical
defences and bright coloration due to which predator quickly learns to avoid this unpalatable
prey, the colours used and also their combinations must be highly conspicuous (Coppinger
1969). The importance of colour was confirmed in many studies (Sillén-Tullberg 1985;
Exnerova et al. 2006; Aronsson and Gamberale-Stille 2008; Cibulkova et al. 2014; Prachova
et al. 2014). Efficacy of bright coloration is enhanced by forming a distinctive contrasting and
symmetric colour pattern (e.g. Marples et al. 1994; Forsman and Merilaita 1999, Priichova et
al. 2014) optimally encompassing specific features, e.g. eyespots (Lyytinen et al. 2003). If a
connection between visual traits and the unpalability of prey is established, predator might
then be able to transfer his learned avoidance to another more or less visually similar species
and thus generalize between them (Sillén-Tullberg et al. 1982; Hotova Svadova et al. 2013;
Vesely et al. 20134, b). A colour pattern is only one of the components of multimodal warning

displays, nevertheless, it seems to be the most important together with chemical signals. Other
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prey distinguishing features may be a typical body shape (Kauppinen and Mappes 2003), a
shape of antennae and legs (Merrill and Elgar 2000; Nelson et al. 2006), deimatic behaviour
(Pomini et al. 2010), and acoustic signals (Hristov and Conner 2005). Colour patterns are most
effective in the mimicry antipredator strategy, both Miillerian and Batesian, which is the case
of black-and-yellow warning colouration of wasps (Hymenoptera) and their mimic hoverflies
(Diptera; Howarth and Edmunds 2000) or monarchs (Danaus plexippus, L. 1758) and their
mimics, viceroys (Limenitis archippus, Crammer 1776; Ruxton et al. 2004). Aposematic
species that possess similar warning signals and share the same predators form mimetic rings
(Ruxton et al. 2004). However, the quality of chemical defence differs among species of these
mimetic rings which results in their different roles — Miillerian model or Batesian mimic.
Nevertheless, Speed (1993) claims that there is no such thing as a Miillerian complex since
the probability that all species in one ring share the same costs and are equally protected is
very low. Such species that possess some kind of defensive mechanisms, but they are not as
well defended as the models, are called quasi-Batesian mimics (Speed 1993). Moreover, quasi-
Batesian mimicry appears to be the most common type of mimicry in the natural environment
(Speed 1993; MacDougall and Dawkins 1998; Speed 1999).

European aposematic species of Heteroptera are supposed to form such a kind of
mimetic complex (Exnerova et al. 2008) since coreoid heteropterans possess noticeably
similar red-and-black patterns including markings on the hemielytra and scutellum.
Nonetheless, Exnerova et al. (2008) proposes that this mimetic complex includes all red-and-
black insect species including ladybirds (Coccinellidae, Coleoptera) and froghoppers
(Cercopidae, Homoptera). Smaller insectivorous passerines can be supposed to be the main
predators of this mimetic complex (Exnerova et al. 2008). Most of experiments was conducted
with great tits (Parus major, L., 1758), which strongly avoided Lygaeus equestris (L., 1758;
Sillén-Tullberg et al. 1982; Hotova Svadova et al. 2010, 2013), Spilostethus saxatilis (Scopoli,
1763; Hotova Svadova et al. 2010, 2013), but also Coccinella septempunctata (Marples et al.
1994; Dolenska et al. 2009). Another well-protected species is Graphosoma lineatum (L.,
1758) with its strongly sclerotized cuticle and ability to spray chemicals on distance (Schlee
1986; Vesely et al. 2006; Johansen et al. 2010), while a rather weakly defended red firebug
Pyrrhocoris apterus is supposed to play a role of quasi-Batesian mimic in this complex
(Exnerova et al. 2003, 2006, 2007). Concerning Cercopis vulnerata (Rossi 1807), Evans et al.
(1987) in their experiments with naive common quails (Coturnix coturnix, L. 1758) showed

that froghoppers, specifically Cercopis intermedia (Kirschbaum 1868), were very well
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protected since birds attacked them in less than 30 % of cases, and similarly, Exnerova et al.
(2008) suppose it plays a model role in the putative mimetic complex.

Apart from learned avoidance, birds can distinguish and then reject unpalatable prey
on the basis of innate wariness that can be triggered during the first encounter with a new prey
species (Marples and Roper 1996; Pinheiro 2003; Kelly and Marples 2004). Exnerova et al.
(2007) showed that innate aversion may substantially differ among different predator species
while one species (great tit) may differ in the innateness of aversion towards different prey,
namely P. apterus vs. C. septempunctata — Exnerova et al. (2007) vs. Dolenska et al. (2009).
Considering other members of the putative mimicry ring mentioned above, Hotova Svadova
et al. (2013) showed that naive great tits show almost no innate wariness against L. equestris,
S. saxatilis, P. apterus, and G. lineatum.

In the present study we tested reactions of wild-caught adult and naive great tits to
seven colour patterns of red-and-black insect species that represent the pattern diversity among
these species. The pattern was transferred onto a paper sticker and then placed on palatable
prey to eliminate the effects of other cues (body shape, chemical defence, etc.). This method
was successfully used to protect palatable prey against a predator (Vesely a Fuchs 2009;
Vesely et al. 2013a).

If the colour pattern is the main factor affecting the formation of mimicry concerning
this mimetic ring, we expect that adult great tits do not attack any of the presented patterns
(acting like those are real insects). Similarly, we would expect that naive birds show some
variance in the avoidance to particular patterns, at least to pattern Coccinella. Supposedly,
patterns Lygaeus and Graphosoma should be also avoided a little more than pattern
Pyrrhocoris concerning reactions of naive great tits to these real insect species (Hotova

Svéadova et al. 2013).

2.3 Material and methods

Predator
The great tit (Parus major) is an insectivorous bird commonly used in experiments testing the
efficacy of antipredator signals of invertebrates (Dolenska et al. 2009; Vesely & Fuchs 2009;
Hotovéa Svadova et al. 2010, 2013) owing to their ability to quickly accustom themselves to
the laboratory conditions.

Adult great tits were caught with mist nets near Ceské Bud&jovice (South Bohemia,
Czech Republic) over the years 2013 — 2015 with the exception of the breeding seasons (from

May to July). The birds were kept in standard birdcages for one to three days prior to the
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experiments to get accustomed to the laboratory conditions and diet, at lowered indoor
temperature and under light conditions corresponding with the outdoor period. During their
acclimatisation, birds were offered water, sunflower seeds, and mealworms (larvae of
Tenebrio molitor, L. 1758). The tits were ringed and immediately released right after the
experiments at the place of their capture.

During 2012 — 2015, naive great tits were obtained from nest boxes situated in the same
woods where the adult birds were caught. From each box, four individuals were taken at the
age of 12 days, and they were put into standard bird cages, one family group per one cage.
Their diet consisted from mealworms, commercial feeding for insectivorous birds, and a mash
made of grated boiled eggs, grated carrots, curd cheese, and crushed egg shells. Water was
provided ad libitum. The birds could be tested when they started to feed themselves

independently, approximately at the age of 7 weeks.

Prey

The Guyana spotted roach (Blaptica dubia, Audinet-Serville, 1838) was used as the palatable
prey. We used the second and third larval instar which has approximately the same size as the
real individuals of the insect species we used for creating of the pattern, and subsequently
stickers with these patterns (see below). Roaches of these instars are brown-grey with pale and
dark spots, with light brown legs and antennae. Although they use the crop evacuation as an
antipredator defence, our roaches were fed fresh vegetables, and the birds weren’t affected
with this excretions; the roaches were thus considered as a palatable prey.

Appearance of the roaches was modified by using paper stickers with the conspicuous
pattern placed on their back. The stickers can successfully imitate the aposematic prey and
thus create a functional Batesian mimic (Vesely & Fuchs 2009). This method erases other
possible clues for visual identification of a real insect individual because it unites the visual
appearance concerning the body posture and the shape of legs and antennae. Of course, this
modification removes effects of other cues, especially the chemical ones. Furthermore, it also
does not affect the movement of roaches.

As the colour pattern, we chose seven species whose patterns were printed on paper
stickers (Fig. 1). The species were chosen to cover pattern diversity of European red-and-black
aposematic species who are members of the proposed mimetic complex (Exnerova et al. 2008).
Moreover, great tits are familiar with most of these species since all the species are more or
less common in the wild of the Czech Republic. Our patterns represent these species: seven-

spot ladybird Coccinella septempunctata, froghopper Cercopis vulnerata, striated shield bug
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Graphosoma lineatum, red firebug Pyrrhocoris apterus, black-and-red-bug Lygaeus equestris,

Tropidothorax leucopterus, and Corizus hyoscyami.

Coccinella Graphosoma Lygaeus Pyrrhocoris
Cercopis Corizus Tropidothorax

Figure 1: Experimental patterns presented on paper stickers carried by roaches and derived
from chosen aposematic species. From left to right patterns of species Coccinella
septempunctata, Cercopis vulnerata, Graphosoma lineatum, Corizus hyoscyami, Lygaeus

equestris, Tropidothorax leucopterus, and Pyrrhocoris apterus.

Experimental equipment

The experimental cage was made of wooden cubic frames (70 cm x 70 cm x 70 cm) with the
front wall made from a one-way mirror while the others were covered with fine wire mesh
(2 mm x 2 mm). The cage was equipped with a perch, a bowl of water, and a rotating circular
feeding tray containing small cups where only the cup nearest to the perch contained a prey
during each trial. The bottom of the cups was white to provide a sufficient contrast for the
birds to distinguish the prey. The distance between the tray and the perch was approximately
25 cm. Standard illumination was obtained by a light source (LUMILUX COMBI 18 W,
OSRAM) that simulates full daylight spectrum including UV radiation.

Trials
The 140 tested adult great tits were divided into seven groups with 20 individuals each. Each
group was tested on a different sticker with the pattern of an aposematic unpalatable prey.
Similarly, naive great tits were divided into seven groups with 13 individuals each, only the
group confronted with pattern Corizus had only eight individuals.

The bird was placed into the cage several hours prior the experiment to accustom itself
to the environment and was offered several mealworms in order to learn to search for them in
the cups and to attack them. After being trained to attack the offered mealworm immediately,

the bird was deprived of food for two hours. To verify that it is ready for the trial, the bird was
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offered another small mealworm. If it attacked the mealworm immediately, the trial could
start. If not, we prolonged the starvation time for about another 30 minutes.

The experiment consisted of a sequence of ten successful consecutive five-minute trials
when the bird was offered alternately a mealworm or a roach with the specific sticker
(mealworm, roach, mealworm, roach, etc.). Altogether there were five mealworm trials and
five roach/pattern trials. The mealworm trials were performed to check for the motivation of
birds to attack insect prey and were not further analysed. In all mealworm trials, the mealworm

was attacked quickly after the offering.

Statistical analysis

In our analysis we focused on one element of a bird’s behaviour — attacking the prey, which
can be described as when a bird touched the prey with its bill and seized it. This behaviour
was included in further analyses in two forms.

Firstly, we run a generalized linear model with an occurrence of attacking the roach in
the very first trial with the roach as a response variable (binomial data). The interaction of
categorical factors pattern type (one of the seven insects’ patterns) and the bird age (naive Vvs.
adult) was included as the predictor variable. Likelihood ratio test following the binomial
distribution with the Chi square test was used to assess the effect of the predictor variable.
One-tailed Pearsons Chi square test with the Bonfferoni adjustment was used as the post-hoc
test comparing the numbers of naive and adult birds attacking particular patterns.

Secondly, we run a generalized linear model with the number of trials (out of five)
during which the roach was attacked as the response variable (Poisson distribution). The
interaction of categorical factors pattern type and the bird age was included as the predictor
variable. Likelihood ratio test following the Poisson distribution with the Chi square test was
used to assess the effect of the predictor variable. Post hoc test following the Poisson
distribution with the Tukey correction was used to compare the numbers of naive and adult
birds attacking particular patterns as well as to compare the number of birds of particular age
attacking individual patterns.

All computations were performed in the R software (version R 3.2.1).
2.4 Results
The attack rate in the first trial

The number of birds attacking the offered roaches in the first roach trial was significantly
affected by the interaction of factors pattern type and bird age (GLM, Likelihood ratio test,
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Chi =28.56, DF = 13, P << 0.001). There were no differences in the attack rate to individual
patterns within naive as well as adult birds (Fig. 2). Nevertheless, there were differences in the
attack rate of adult and naive birds towards particular patterns. Pattern Corizus and Pyrrhocoris
were attacked by significantly more naive birds than adults (Corizus: Chi =5.18, DF =1,
P =0.023; Pyrrhocoris: Chi=6.95, DF=1, P=0.008). This difference was marginally
significant in the case of Cercopis (Chi=4.14, DF =1, P =0.042) and Lygaeus pattern
(Chi=4.14, DF = 1, P = 0.042). Other patterns were attacked equally often by naive as well
as adult birds (Tropidothorax: Chi = 1.53, DF = 1, P = 0.216; Coccinella: Chi = 1.87, DF = 1,
P =0.172; Graphosoma: Chi = 1.19, DF =1, P = 0.275).
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Figure 2: Comparison of attack rates to individual patterns within wild-caught (adult) and

hand-reared (naive) birds in the first trial.

Number of prey attacked

The number of prey attacked by particular birds (out of five) was significantly affected by the
interaction of factors pattern type and bird age (GLM, Likelihood ratio test, Chi = 45.21,
DF = 13, P << 0.001). There were no differences in the attack rate to individual patterns within
naive birds (Fig. 3). When considering adult birds (Fig. 4), the most attacked patterns were
Cercopis (significantly differing from Corizus: Z = 2.35, P = 0.022 and Pyrrhocoris: Z = 2.57,
P =0.013) and Lygaeus (significantly differing from Corizus: Z =2.35, P=0.022 and
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Pyrrhocoris: Z =2.57, P =0.013). Other pattern comparisons within adult birds were not
significant. Pattern Corizus was attacked by significantly more naive birds than adults
(Z =3.62, P =0.020). This difference was marginally significant in the case of Pyrrhocoris
(Z =3.16, P =0.088) and Tropidothorax pattern (Z = 3.24, P = 0.070).
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Figure 3: Number of prey attacked by naive birds (0 — no attack, minimum; 5 — five attacks,
maximum). Size of the circle indicates how many birds attacked that number of prey; the

bigger the circle, the more birds attacked the particular number of prey.
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Figure 4: Number of prey attacked by wild-caught birds (0 — no attack, minimum; 5 — five
attacks, maximum). Size of the circle indicates how many birds attacked that number of prey;

the bigger the circle, the more birds attacked the particular number of prey.

2.5 Discussion

In this study, we showed no innate aversion to any of our colour patterns. That agrees with
reactions of naive great tits to the real aposematic form of P. apterus where they also show no
initial avoidance and have to learn to avoid the aposematic prey, while the wild-caught great
tits are able to avoid them already on sight (Exnerova et al. 2007; Hotova Svadova et al. 2010,
2013). Concerning reactions of naive birds to real forms of L. equestris and G. lineatum, no
innate aversion was demonstrated (Hotova Svadova et al. 2013). Reactions of our naive birds
to pattern Coccinella are also in concordance with reactions to real C. septempunctata
observed in Dolenska et al. (2009). In their experiments, naive birds showed partial innateness
of aversion to ladybirds attacking the prey in 60 % cases. Pattern Coccinella was attacked least
often in our study, at the first encounter 32 % of birds avoided attacking it. Nevertheless, only

one bird did not attack this pattern at all. Other birds realized the presence of edible roach

28



under the shield. Nevertheless, based on these results we cannot definitely affirm if the birds
were able to recognize the real insect species in our artificial prey only by the colour pattern.

Our artificially prepared warningly coloured prey lacks any chemical defence, so there
was no penalty for attacking birds which subsequently did not experience any discomfort. As
previously mentioned, there was showed no innate aversion in naive great tits in Hotova
Svéadova et al (2013), but as the used insect prey was equipped with chemical protection, the
tested birds were able to learn the avoidance. The learning of P. apterus took longer than the
learning of G. lineatum and L. equestris which was probably caused by the different effects of
various defensive mechanisms possessed by these species. Nevertheless, the willingness of
birds to attack palatable prey carrying a paper sticker with a warning pattern may decrease
after some time as well. Cibulkova et al. (2014) showed that great tits stop attacking the
artificially prepared blue and black coloured edible prey. This was probably caused by the
setup of the experiment where the experimental prey was alternated with a mealworm which,
being delicious and familiar prey, may later become preferred to a weird-looking cockroach
with paper on its back. Obviously, this was not our case although we used the same method
(alternating the experimental prey with preferred mealworms). This indicates that most of
naive great tits did not perceive our patterns as a warning signal, not even as a suspicious one.

We further showed that adult birds differ in their reactions to our pattern. Their
reactions in the first trials did not differ significantly among the patterns, although some
differences can be observed (Fig. 2), but in general, one half of wild-caught tits attacked every
pattern. Concerning the number of prey attacked, there were more noticeable differences. The
largest portion of birds never attacked the patterns Corizus and Pyrrhocoris. Moreover, the
reactions of naive and wild-caught tits differ only for patterns Corizus and Pyrrhocoris, which
can again be influenced by the ability of wild-caught birds to generalize their previous
individual experience with real P. apterus to these patterns. P. apterus is the most common
and easiest to find amongst our chosen Heteroptera species, since it is a widespread terrestrial
species occurring on the ground, herbal layer, and trees and shrubs as well (Socha 1993). On
the other hand, the occurrence of Corizus hyoscyami is much lower; it inhabits the herb layer
in warmer parts of the middle Europe (Aukema and Rieger 2006), so that the probability of
co-occurrence with great tits is quite low. These two patterns are quite similar in their
appearance thanks to which adult birds with previous individual experience with a real
individual of P. apterus could generalise their knowledge to the Pyrrhocoris pattern and
subsequently to the very similar Corizus pattern as well. We can thus presume a formation of

a small mimetic complex of these two patterns.

29



The most attacked patterns were Cercopis, Lygaeus, and Tropidothorax. Both their real
model species are relatively abundant, inhabiting an herb layer though, so the degree of wild
birds’ familiarity with them is not quite clear. Concerning the chemical defence of
C. vulnerata, not much is known, but reflex bleeding was described in New World froghoppers
which, in tandem with warning odours and conspicuous coloration, may function as defence
mechanisms (Peck 2000). It is also supposed to play a model role in the putative mimetic
complex of red-and-black insect species (Exnerova et al. 2008). In our experiments, it is
possible that the pattern Cercopis was not recognized by birds, since the artificial prey carrying
a flat sticker was lacking the typical body shape of a real C. vulnerata (characteristic funnel-
shaped body). Lygaeus equestris is also a member of the proposed mimetic complex,
representing the model role and possessing very effective chemical defences (Exnerova et al.
2008; Sillén-Tullberg et al. 2000; Hotova Svadova et al. 2010, 2013). The real pattern of
L. equestris is rather red-and-grey than red-and-black as our pattern was. With respect to this
fact, our birds were probably not able to identify this pattern as an individual of L. equestris,
or to generalize this pattern with another species well-known to them, P. apterus. Similarly to
this, Tropidothorax leucopterus is also very well-protected and as proposed by Sillén-Tullberg
et al. (2000) possesses besides chemical defence sequestrated from their host plants alternative
defence mechanisms. We may speculate that our great tits were not familiar with this insect
species from the wild (this is the scarcest species in the Czech Republic). This also suggests
that our great tits were not able to generalize the aversion to the P. apterus on this pattern
although they are quite similar in their appearance (black spots on hemielytra and scutellum).
Nevertheless, the spots on hemielytra are not rounded, and T. leucopterus possesses a
conspicuous white spot in the middle of the abdomen. This could probably prevent birds from
generalizing these patterns.

Patterns Graphosoma and Coccinella were also attacked by a significant portion of
birds. A cockroach with a sticker on its back lacks the typical shape of these real insects which
may also serve as an important visual trait in prey recognition (Kauppinen and Mappes 2003;
Dolenska et al. 2009). The lack of the typical body shape may then result in a higher number
of attacks to patterns of these insects.

In case of almost all patterns (except for Pyrrhocoris) reactions of birds are dual. One
significant portion of birds attacked every individual prey presented while the other large
group avoided presented prey in all trials. We may suggest that the first groups of birds was
able to find the palatable cockroach under a sticker. This finding does not agree with Vesely

and Fuchs (2009) where authors used the paper sticker method successfully creating a Batesian
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mimic of a red firebug. If the predator had no prior experience with a cockroach, a cockroach
with a firebug sticker placed on its back was very well protected. According to this, in our
experiment a cockroach with Pyrrhocoris pattern was uncovered in the least of cases. Since
P. apterus is a very common insect species and most of tested great tits were probably familiar
with it and its pattern, bird does not feel the need to examine the artificial prey carrying this
pattern. If the pattern was unfamiliar or imperfect, the birds decided to examine it more closely
revealing the hidden palatable cockroach. Therefore, we can measure the warning meaning of
the pattern according to the willingness of birds to inspect the prey in detail. Additionally, a
significant proportion of birds avoid the artificial prey of almost all patterns in all trials. These
results may thus suggest the existence of a mimetic ring of all red-and-black patterns.

To sum up, reactions of great tits to palatable prey carrying a conspicuous pattern differ
from their reactions to the real insect species. The pattern itself does not suffice to discourage
most of birds from attacking the prey which need to possess other characteristic features to
create a sufficient warning signal. Also naive birds do not find the red-and-black pattern itself
conspicuous enough to avoid it. Most of wild-caught birds can ignore those patterns and reveal
a palatable cockroach. However, birds that decide not to attack avoid then all the patterns
similarly. Moreover, wild-caught great tits distinguish Pyrrhocoris pattern the best since the
real species is well-known to them. They reject this pattern on sight, so without any further
examination they do not find the palatable prey. A significant proportion of these birds may
generalize this avoidance also to Corizus pattern and avoid it too. Hence we can conclude that
Pyrrhocoris and Corizus pattern form a mimetic ring which is defined only on the basis of the
colour pattern. This cannot be applied to the rest of patterns without doubt.
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2.7 Piilohy

Mimeticky komplex

Zastupci navrhovaného mimetické komplexu stiedoevropského cerveno-cerné zbarveného
hmyzu (Exnerova et al. 2008). Cervené jsou oznaceny druhy, jejichz vzory byly vybrany pro
tuto praci.

Pyrrhocoris apterus (L.)* Pyrrhocoris marginatus (Kolenati) ?

TN Tv" » = r ;:' i -

Tropidothorax leucopterus (Goeze) ©
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Corizus hyoscyami (L.)’ Horvathiolus superbus (Pollich) 8

Eurydema ornatum (L.)° Eurydema oleraceum (L.) *°

Graphosoma lineatum (L) *
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Experimentalni korist

Svab s nalepenym §titkem nesoucim jeden ze sedmi vybranych vzord.

Coccinella Cercopis Graphosoma

/

Corizus Lygaeus Tropidothorax

/ A

Pyrrhocoris
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