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Faktory ovliviiujici variabilitu v reakcich sykor

(Paridae) vici nové a aposematické koristi

“What | am interested in with birds, just as | am with spiders or monkeys, is what they do and

why they do it.”

- David F. Attenborough
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Abstrakt

U sykor z ¢eledi Paridae byla zjiSténa mezidruhova i vnitrodruhova variabilita v reakcich vici
nové a aposematické koftisti. Tato disertacni prace se zabyva riiznymi faktory, které mohou
pfistup knové a aposematické kofisti u sykor ovliviiovat. V nékolika experimentech
rozdelenych do prilozenych praci jsme testovali, jaky vliv na pfistup ptacich predatorii k nové
a aposematické kotisti mohou mit rozdily v jejich exploracnim chovéni, neofobii, potravnim
konzervatizmu, personalité, véku a zkuSenosti nebo jejich schopnosti uceni a generalizace. U
dvou vzdalenych populaci sykor konader (Parus major) jsme zjistili stejnou miru
explora¢niho chovani a rtiznou miru neofobie. Vyssi mira neofobie u finské populace sykor
vSak neméla vliv na jejich ptistup k nové koftisti. Sykory konadry z Finska se vSak od sykor
konader z Cech ligily v reakcich vii¢i aposematické kofisti. Finska populace sykor napadala
aposematickou ruménici (Pyrrhocoris apterus) vice nez populace sykor ze stiednich Cech.
Tento rozdil byl zplsoben chybé&jici zkuSenosti finské populace s aposematickou kofisti
z ptirody. Déle nas zajimalo, zda je mozné prostfednictvim pozitivni zkuSenosti s riznou
potravou snizit neofobii k nové a aposematické kofisti u mlad’at tfi druhti sykor z ¢eledi
Paridae (sykory konadry Parus major, sykory uhelnicka Periparus ater, sykory modiinky
Cyanistes caeruleus). Neofobie vii¢i nové a aposematické kofisti se snizila u sykor konader a
také u sykor uhelnickd, sykory modiinky vSak projevovaly stale stejné vysokou miru vrozené
opatrnosti vii¢i nové a aposematické kotisti bez ohledu na jejich predchozi zkusenost. U sykor
konader pochazejicich z linii selektovanych na opacny typ personality jsme zjistovali, zda ma
vek jedince a typ personality vliv na pfistup k aposematické koftisti. Ukdzalo se, ze rozdily
v pristupu naivnich sykor konader k aposematické kofisti jsou u jednotlivych typt personalit
v pritbéhu Zivota konzistentni, méni se vSak zpiisob a intenzita projevované reakce. Vysoka
mira pocatecni opatrnosti u dospélych, z chovli pochazejicich jedincli, miize byt ovlivnéna
jejich chybéjici zkuSenosti s exploraci riznych podnéti nebo/a absenci zkuSenosti s
nedostatkem potravy. Dale nds zajimalo, jaky vliv mizZe mit iridescentni zbarveni australské
plostice Tectocoris diophthalmus na averzivni uceni a generalizaci u mlad’at a dospélych
sykor konader. Ob¢ vékové kategorie sykor se naucily iridescentné zbarvené koftisti vyhybat a
zkuSenost generalizovat na jiny iridescentné zbarveny typ této kofisti. Z naSich vysledki
vyplyva, Ze iridescentni zbarveni je diilezitou soucasti vystrazné signalizace ploStic. Tato
disertacni prace svymi vysledky pfispiva nejen k pochopeni psychologie predatord, jejich
mezidruhové i vnitrodruhové variability v reakcich vii¢i nové a aposematické kofisti, ale také

k samotnému pochopeni vznilu a evoluce vystrazného zbarveni u hmyzu.



Abstract

Inter-specific and intra-specific variation in reactions towards novel and aposematic prey was
found in several species of tits (Paridae). This Ph.D. thesis is focusing on various factors
influencing reactions towards novel and aposematic prey in three European species of tits. We
tested differences in exploration behaviour, neophobia, dietary conservatism, personality, age
and experience as well as ability of avoidance learning and generalisation. We found no
difference in exploration behaviour and in reaction towards novel prey in two different
populations of great tits (Parus major). But the birds from the Finnish population were more
neophobic than Czech birds, but they attacked aposematic firebug (Pyrrhocoris apterus) more
often and faster than Czech birds. The difference can be explained by a different experience
with local aposematic prey communities. Than we studied initial wariness in naive juveniles
of great tits (P. major), coal tits (Periparus ater) and blue tits (Cyanistes caeruleus), and we
tested how the initial wariness towards novel and aposematic prey can be deactivated by
experience with palatable prey. Great tits and coal tits from experienced groups significantly
decreased their neophobia towards both types of prey while blue tits did not change their
strongly neophobic reactions. We also discussed factors constraining rapid neophobia
deactivation in blue tits. In next part of this Ph.D. thesis we asked whether the personality
differences in reaction towards aposematic prey in great tits artificially selected for two
distinct personality lines (fast and slow explorers) are consistent across time and how the age
of the birds can affect their reactions. We found differences in reaction towards aposematic
firebug in two age categories of naive great tits. Adult great tits showed stronger initial
wariness towards aposematic prey than juveniles, which might be caused by the laboratory
conditions with unlimited food supply and restricted variety of food types. But the individual
differences in reaction of great tits towards aposematic firebug were shown to be consistent
across time. And finally we tested whether the iridescent coloration of Australian bug
Tectocoris diophthalmus affects avoidance learning and generalisation of adults and juveniles
of great tits. Both age categories of tested birds learned to avoid iridescent bugs and they also
generalized the experience to different type of iridescent coloured bug. These results suggest
iridescent coloration and patterning can be an effective aposematic signal. The outputs of this
Ph.D. thesis contribute to understanding of predator psychology, its inter- and intra-specific
variability in reactions towards novel an aposematic prey as well as to understanding of origin

and evolution of the aposematic signal.



Specializované terminy pouzité v této disertacni praci:

Aposematismus

Explorace

Neofobie

Neofilie

Potravni neofobie
Potravni konzervatizmus

Specificka vrozena averze

Personalita

Behavioralni syndrom

vystrazna signalizace

prozkoumavani novych podnétd

vyhybdni se novym podnétim

vyrazna ochota zkoumat nové podnéty

vyhybani se nezndmé potravé

dlouhodobé odmitdni urcitého typu potravy

averze vUci konkrétni vlastnosti kofisti, ktera nebyla
ziskana uc¢enim

oznaceni pro soubor spolu souvisejicich prvkd chovani
konzistentnich v case za rdznych podminek a situaci
pojem oznacujici skupinu nékolika chovani, ktera spolu

vzajemné koreluji, bez ohledu na jejich konzistenci v ¢ase




Uvod do problematiky s komenta¥i k jednotlivym
publikacim diserta¢ni prace

Strategie, které ptaci uplatiiuji pti vyhledavani potravy, mohou byt velmi variabilni. Setka-li
se ptak s novou, pro néj doposud zcela nezndmou potravou, musi se rozhodnout, zda je pro
n¢j tato potrava bezpecna a pln¢ pozivatelnd. Chovani, které je zodpovédné za rozdilny
pristup ptakti k nové potravé, se miize liSit jak mezi jednotlivymi druhy (Brower 1988;
Exnerova et al. 2003; Endler & Mappes 2004; Hotova Svadova et al. 2010), tak mezi jedinci
stejné¢ho druhu (Marples et al. 1998; Exnerova et al. 2007, 2010, 2015). Mezidruhova
variabilita v reakcich ptakli na novou potravu miize byt zptsobena jejich rozdilnou potravni
ekologii, smyslovymi a kognitivnimi schopnostmi a také potencialnim rizikem spojenym
s konzumaci nové potravy (Exnerova et al. 2003). Vnitrodruhové pak mohou byt reakce na
novou potravu ovlivnény vékem jedince, dosavadni zkuSenosti, personalitou, pohlavim nebo
ptislusnosti ke konkrétni populaci (Jones 1986; Lindstrom et al. 1999; Exnerova et al. 2007,
2010, 2015; Bokony et al. 2012; Liebl & Martin 2014).

Ze strany kofisti je potom dulezitou vlastnosti jeji vystrazna signalizace (opticka,
olfaktoricka, akustickd), jejimz prosttednictvim vysild ptisluSnym predatorim signal o své
potencialni nevyhodnosti, Skodlivosti, ¢i jedovatosti (Ruxton et al. 2004). Pro optickou
signalizaci nevyhodnosti kofisti jsou dilezité pfedevsim jasné barevné vzory Cervené, Zluté a
oranzov¢ v kombinaci s ¢ernou barvou. Népadné zbarvenou kofist predator 1épe rozpozna a
nauci se ji vyhybat snadnéji nez koftisti kryptické (Gittleman & Harvey 1980; Sillén-Tulberg
1985; Lindstrom et al. 1999; Riipi et al. 2001). Vizualni signidly mohou byt navic
kombinovany se signaly chemickymi a akustickymi a vytvaret tak multimodalni signalizaci,
kterd mize napomahat lep§imu rozpoznani nevyhodné kofisti (Rowe & Guilford 1999; Rowe
& Halpin 2013). Existuje fada druhii aposematického hmyzu, které vyuzivaji pestrou skalu
nejriznéjsich obrannych mechanismii, aby je uchranily pted predaci.

Pro pochopeni evoluce vystrazného zbarveni je dilezitou soucasti také studium
psychologie predatora, jez je zasadnim faktorem, ktery ovliviiuje vznik a rozsifeni vystrazné
zbarvené kofisti. Mezidruhovou variabilitou v chovani ptacich predatord vici aposematické
kofisti se zabyva souhrnna prace Exnerova et al. (2008), kde byly na zaklad¢ vysledkii z
predchozich studii porovndvany reakce néckolika druht stiedoevropskych pévell vici
vystrazné zbarvené Cerveno-Cerné ruménici pospolné (Pyrrhocoris apterus). Ukazalo se, ze
rizné druhy ptaCich predatorii reaguji na vystrazné zbarveni této ploStice riiznymi zplsoby.

Drobni hmyzozravi pévcei, jako jsou pénice a sykory, aposematickou plostici odmitaji,



zatimco zrnoZzravi pévci, pénkavy a strnadi, stejné jako vétsi hmyzozravi ptaci, kosi a brhlici,
tento typ kofisti ochotn¢ napadaji. Prace Exnerova et al. (2008) mimo jiné¢ také shrnuje
rozdily v reakcich vii¢i aposematické ruménici mezi blizce ptibuznymi druhy sykor z celedi
Paridae. Ukézalo se, Ze nékteré druhy sykor aposematickou plostici odmitaji na zakladé
vrozené averze, jiné druhy se ji naopak musi naucit vyhybat.

Tato disertacni prace se zabyva faktory, které ovlivituji pfistup k nové a aposematicky
zbarvené koftisti u nékolika druhti sttedoevropskych sykor z ¢eledi Paridae, a to jak rozdily
mezi jednotlivymi druhy, tak v rdmci druhu stejného. Jaky vliv na reakce ptacich predatort
vici nové a aposematické kotisti mohou mit rozdily v jejich exploraénim chovéni, neofobii,
potravnim konzervatizmu, personalité, véku a zkuSenosti dané¢ho jedince nebo ve
schopnostech uceni a generalizace, jsme testovali v experimentech rozdélenych do nékolika

studii, které jsou soucasti predkladané disertacni prace.

Hlavni otazky, které si klade tato disertacni prace, jsou nasledujici:

1) Lisi se dvé odd¢lené populace sykor konader (Parus major) v explora¢nim chovani a
neofobii? MlzZe mit mira explorace a neofobie vliv na reakci vii¢i nové potravé u téchto

dvou vzdélenych populaci sykor?

2) Jakou mirou se podili neofobie, potravni konzervatizmus a specifickd averze na vrozené
opatrnosti vi¢i nové a aposematické kofisti u tfi druhd sykor z ¢eledi Paridae? Je mozné

tuto vrozenou opatrnost snizit pomoci pozitivni zkusenosti s rtiznou potravou?

3) Jsou rozdily v reakci na aposematickou kofist u jednotlivych typi personalit sykor konader
(Parus major) konzistentni, nebo se mohou v pribéhu zivota ménit? Jaky vliv na pristup

sykor konader k aposematické kotisti mize mit jejich vék?

4) Muze iridescentni zbarveni kofisti zvysit u sykor konader (Parus major) jejich po¢ate¢ni
opatrnost k aposematické kofisti? Je iridescence efektivnim signalem pro averzivni uceni a
diskriminaci? Jsou sykory konadry schopny generalizovat zkuSenost na riizn€¢ zbarvené
fenotypy plostic? A projevi se rozdily v pocatecni opatrnosti, averzivnhim uceni a

generalizaci mezi dospélymi a naivnimi jedinci?

5) Jaky vliv na reakci sykor konader (Parus major) vuci aposematické kofisti mtiize mit jejich

dosavadni zkuSenost a zivotni podminky?

Vi



Explorace a neofobie

Exploracni chovéani a neofobie hraji u vétSiny zvifat vyznamnou roli pii shromazd’ovani
informaci o jejich zivotnim prostfedi. Rozdily v exploraci a neofobii se projevuji mezi blizce
pfibuznymi druhy i mezi jedinci v rdmci druhu stejného. Nizk4 mira neofobie a vysokd mira
explorace novych podnéti mize byt vyhodnou strategii v prozkoumévani a ziskavani novych
zdroji potravy. Jedinec se tak ale zaroven vystavuje vySSimu riziku predace, parazitace a
konzumace toxické potravy (Greenberg & Mettke-Hofmann 2001).

Pro zjiSténi miry explorace a neofilie se bézn¢ pouziva test reakce na novy pfedmét ve
znamém prostiedi (e.g. Verbeek et al. 1994; Mettke-Hofmann et al. 2002; Drent et al. 2003).
Jelikoz jedinec neni nucen se k novému objektu pfiblizit, jakykoli kontakt s nim je znamkou
jeho aktivni explorace (Greenberg & Mettke-Hofmenn 2001). Pro zjiS§téni miry neofobie se
pak bézné pouziva test, kdy je novy predmét umistén v blizkosti znamé potravy. Za prekonani
neofobie se povazuje okamzik, kdy se jedinec k novému objektu pfiblizi a zacne se krmit.
Tento test sleduje konflikt jedince mezi potravni motivaci a snahou vyhnout se neznamému
predmétu (Mettke-Hofmann et al. 2002; Feenders et al. 2011; Mettke-Hofmann 2012).

Pozitivni korelace mezi témito dvéma testy je povazovana za soucast behavioralniho
syndromu. Behavioralni syndrom je pojem, ktery u zvifat popisuje interindividualni
variabilitu a oznacuje skupinu né€kolika chovani, ktera spolu vzajemné koreluji, bez ohledu na
jejich konzistenci v Case (Sih et al. 2004; Réale et al. 2007; Bell 2007). Pozitivni korelace
mezi exploraci a neofobii byla zjisténa u sykor konader (Parus major) (van Oers et al. 2004),
amadin Gouldové (Erythrura gouldiae) (Williams et al. 2012), kost ¢ernych (Turdus merula)
(Miranda et al. 2013), vlhovce karibského (Quiscalus lugubris), knézika mensiho (Loxigilla
noctis), vlhovce modrolesklého (Molothrus bonariensis), hrdlicky karibské (Zenaida aurita) a
holoubka vrab¢iho (Columbina passerina) (Webster & Lefebvre 2001). Zjisténa vSak byla
také negativni korelace mezi témito dvéma typy chovani u pénice bélohrdlé (Sylvia
melanocephala) (Mettke-Hofmann et al. 2005). U jinych studovanych druhi nebyla zjisténa
zaddna korelace mezi testy a chovani jednotlivych druhi by mohlo odpovidat spise jejich
specifické ekologii, strategiim ve vyhledavani potravy a celkovému zivotnimu stylu (Mettke-
Hofmann et al. 2002, 2005; Biondi et al. 2010; Feenders et al. 2011).

Nékteré studie navic zjistily pozitivni korelaci mezi reakci na novy predmét u potravy
a novou potravou. Tato korelace byla zaznamenana napiiklad u sykor ¢ernohlavych (Poecile
atricapillus) (An et al. 2011) a u jedné populace vrabce domaciho (Passer domesticus)

(Bokony et al. 2012). Explorace nového predmétu pak uzce souvisela s reakci sykor konader

Vii



na neznamou kofist (aposematickou plostici Pyrrhocoris apterus) v praci Exnerova et al.
(2010), kde byla testovana reakce ru¢n¢ odchovanych mlad’at sykor konader, pochazejicich z
linii selektovanych na opacny typ personality. Personalita jedince je chéapana jako soubor
spolu souvisejicich prvkii chovani konzistentnich v ¢ase za rlznych podminek a situaci
(Benus et al. 1990; Sih et al. 2004). Podle bodového ohodnoceni, které sykory obdrzely
z testll explorace nového prostfedi a explorace novych objektti, byli jedinci nasledné
sparovani a v zajeti mnozeni po F4 generaci. V této generaci jiz byly jednotlivé typy
personalit zastoupeny jedinci, ktefi obdrzeli krajni hodnoty bodovaného skore ztestli na
exploracni chovani (Drent et al. 2004). Takzvani ,,pomaly prizkumnici® (slow explorers)
prozkoumavali nové podnéty pomalu, ale zato dikladné€, naproti tomu ,,rychly prizkumnici‘
(fast explorers) se vyznacovali rychlou, avSak povrchni exploraci (Verbeek et al. 1994; Drent
et al. 2004).

V praci Exnerova et al. (2015) nas zajimalo, zda se dvé vzdalené populace sykor
konader (Parus major) 1i§i mirou explorace a neofobie, zda spolu u jednotlivych populaci tato
chovani vzdjemn¢ koreluji a zda méa mira explorace a neofobie u téchto dvou oddélenych
populaci sykor komnader vliv na jejich reakci vi¢i nové kofisti. Testovali jsme dospélé
z ptirody odchycené jedince pochézejici ze dvou geograficky odd€lenych populaci. Ptaci
z populace pochazejici ze stiedniho Finska se nijak nelisili v latenci explorace nového objektu
od ptakli pochédzejicich z populace odchycené ve stfednich Cechach, coZ poukazuje na
podobné tendence v exploracnim chovani u obou populaci sykor konader. V ptfipadé testu
neofobie vii¢i novému predmétu umisténého v blizkosti potravy jsme u finské populace sykor
zaznamenali prikazné delsi latence zacatku krmeni v pfitomnosti neznamého predmétu nez u
populace ¢eské. Vyssi mira neofobie u finské populace sykor by mohla byt disledkem vétsiho
rizika predace v pfirozené krajiné¢ s menSim lidskym osidlenim (Dingemanse et al. 2007;
Brydges et al. 2008) nebo vét§im podilem migrujicich jedincti (Cepak et al. 2008), u kterych
byla prokdzana vys$$i mira neofobie, nez u ptakll z rezidentnich populaci, pro které jsou
informace o zménach v jejich zivotnim prostfedi nezbytné v souvislosti se sezonnimi vykyvy
potravni nabidky (Mettke-Hofmann et al. 2013).

U obou testovanych populaci sykor konader spolu explorace nového predmétu i
neofobie vzajemné pozitivné korelovaly. Pozitivni korelace vySe zminénych testli odpovida
vysledkiim vétSiny predchozich studii a zaroven je naSe studie dalsi praci, ktera doklada
existenci behavioralniho syndromu u divoké populace sykory konadry.

Poté, co ptaci absolvovali test na exploraci nového pfedmétu a test neofobie

vici predmétu umisténého v blizkosti potravy, byla jedincim z obou populaci predlozena
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nova zcela pozivatelna kofist v podobé larvy bananového cvréka (Gryllus asimillis)
s pfipevnénym modrym Stitkem na jeho dorsalni strané tak, aby byla skryta hlava 1 celé télo.
Sledovali jsme, zda a jakym zpusobem ptaci s predloZzenou kofisti manipulovali, jestli byla
kofist napadena, zabita a konzumovéna. Méfila se také latence prvni manipulace
s predlozenou kofisti.

Ani u jedné z testovanych populaci nebyla nalezena korelace latence prvni manipulace
s modrym cvrCkem a latence explorace nového objektu nebo latence konzumace potravy
v pfitomnosti nezndmého predmétu. NaSe zjisténi neodpovida vysledkim piedchozi studie
Exnerova et al. (2010), ve které ,,pomali prizkumnici®, kteti se obecné vyznacuji vyssi mirou
neofobie véahali s itokem na neznamou koftist déle, nez ,,rychly prizkumnici®, kteti vykazuji
celkové niz§i miru neofobie (Verbeek et al. 1994; Drent et al. 2003). Pfi¢inou téchto
rozdilnych vysledki mtze byt dosavadni individudlni zkuSenost dospélych jedinct
s riznorodou potravou z ptfirody, stejné¢ jako zkuSenost sjejim nedostatkem. Navic u
dospélych z ptirody odchycenych jedinci miZe v pfistupu k nové potravé hrat vyznamnou
roli také jejich neddvné postaveni v hierarchii zimniho hejna. V piipad¢ sykory ¢ernohlavé
(Poecile atricapillus) napfiklad dominantni jedinci projevovali vys$§i miru neofobie nez
jedinci, ktefi byli v dominan¢ni hierarchii sledované skupiny postaveni nize (An et al. 2011).
Dalsim moznym vysvétlenim miize byt samotna selekce na extrémni typy jednotlivych
personalit (Drent et al. 2003), u kterych se korelace explora¢niho chovani a neofobie k nové
potravé projevi lépe nez u nami testovanych ptakl z pfirozenych populaci. Nelze vSak také
vyloucit, Ze explora¢ni chovani a neofobie k nové potravé spolu mohou u nékterych populaci
vzajemn¢ korelovat (jako je tomu u holandské populace sykor ze studie Exnerova et al.
(2010)), zatimco u jinych populaci se vzdjemna souvislost explorace a neofobie k nové
potrave projevit nemusi (Bokony et al. 2012; Liebl & Martin 2014).

Prestoze exploracni chovani a mira neofobie spolu velmi tizce souvisi u vétSiny
doposud studovanych druhti, vzajemny vztah explorace nového objektu a reakce na novou
potravu, stejn¢ jako neofobie testované v pritomnosti nového objektu u potravy a reakce
na novou potravu zistava nejasny a chovani ptaka v souvislosti s novou potravou se zda byt
daleko komplexnéjSim behavioralnim projevem, ktery se nejevi jako soucast behavioralniho
syndromu.

Celkové znasi studie Exnerova et al. (2015) vyplyva, ze mira explorace ani mira
neofobie nemaji zadny vliv na ptistup dospelych sykor konader k nové kofisti ani u jedné ze

dvou testovanych evropskych populaci.



Neofobie, potravni konzervatizmus
a specificka vrozené averze

U ptaktt miiZzeme cCasto pozorovat rliznou miru opatrnosti v jejich reakcich na nezndmou
potravu. Tato opatrnost se projevuje jako vahani pfiblizit se k nezndmé potravé, nasledné s ni
manipulovat a konzumovat ji. Opatrnost v pfistupu k nezndmé potravé se miize liSit mezi
jednotlivymi druhy ptakl a odrdzet tak jejich percep¢ni, kognitivni a vyhledavaci schopnosti
(Coppinger 1970; Marples et al. 1998; Marples & Kelly 1999; Exnerova et al. 2003).
Opatrnost viici neznamé potravé muze byt u ptakil ziskand ucenim (Sillén-Tullberg 1985;
Roper & Redstone 1987; Lindstrom et al. 1999a; Gamberale-Stille & Guilford 2003; Ham et
al. 2006; Svadova et al. 2009; Hotova-Svadova et al. 2013) nebo mize byt vrozena (Smith
1975, 1977; Lindstrom et al. 1999b; Exnerova et al. 2007). Nedavné studie ukazaly, Ze
vrozend opatrnost k neznamé potraveé se 1isi nejen mezi jednotlivymi druhy (Exnerova et al.
2007), ale také mezi jedinci v rdmcei druhu stejného (Exnerova et al. 2010). Vrozena opatrnost
se navic muize projevit az v souvislosti s takzvanou multimodalni vystraznou signalizaci
koftisti, kdy je vizualni slozka spojena se slozkou chemickou nebo akustickou (Rowe &
Guilford 1996, 1999a, 1999b; Jetz et al. 2001; Lindstrom et al. 2001; Rowe 2002; Kelly &
Marples 2004; Rowe & Skelhorn 2005; Skelhorn et al. 2008).

Vrozend opatrnost k neznamé potravé je v souCasné dobé povazovana za komplex
nékolika mechanismi, ktery zahrnuje tfi ne zcela vyluéné procesy: 1) neofobii, 2) potravni
konzervatizmus a 3) specifickou vrozenou averzi k ur€ité vlastnosti kofisti (Marples et al.
1998; Marples & Kelly 1999; Exnerova et al. 2003; Marples & Mappes 2011).

Neofobie v potravnim kontextu byla definovana jako vahani piiblizit se k nové potrave
a zacit s ni manipulovat. Potravni neofobie by tedy méla ptedstavovat pouze kratkodoby
proces, trvajici minuty nebo n¢kolik predlozeni (Marples & Kelly 1999).

Potravni konzervatizmus je oproti neofobii dlouhodoby proces trvajici nékolik tydni
¢1 mésicti (Marples et al. 1998; Marples et al. 2005) nebo také u né&kterych jedinci po cely
zivot (Marples et al. 2007). Vyznacuje se dlouhodobym odmitdnim nové potravy i ptes to, je-
li tato potrava plné pozivatelnd a zcela neSkodna. Dlouhodobé¢ trvajici neochota zatradit novou
potravu do jidelnicku mize byt mezidruhové (Marples et al. 1998; Marples & Kelly 2004) 1
vnitrodruhové variabilni (Marples et al. 1998; Marples & Mappes 2011), piicemz bylo
zjisténo, ze tato individudlni variabilita miize mit geneticky zéklad (Marples & Brakefield
1995). Neofobie a potravni konzervatizmus jsou cCasto souhrnné oznacovany jako tzv.

potravni opatrnost neboli ,,dietary wariness* (Mappes et al., 2005; Marples et al., 2005;



Marples et al., 2007). Dietary wariness tedy zahrnuje potravni neofobii, ktera je métena jako
latence prvniho taktilniho kontaktu s novou potravou a potravni konzervatizmus, coz je
chovani vyjadiené jako doba od prvniho kontaktu s novou potravou az po jeji plnohodnotné
zatazeni do jidelni¢ku (Marples et al. 1998; Marples & Kelly 2004). Experimenty s kufaty a
krocany navic potvrdily existenci dvou odlisnych behaviordlnich procest, kdy
prostiednictvim ptfedchozi zkuSenosti s riiznorodou potravou deaktivovali u ptak neofobii
k nové potravé, avsak potravni konzervatizmus zastal u nékterych jedinct i nadéale zachovan
(Jones 1986; Marples et al. 1998; Lecuelle et al. 2011).

Tteti proces, ktery se podili na vrozené opatrnosti k nezndmé potravé, je specificka
vrozena averze ke konkrétni vlastnosti potravy a nejcastéji se projevuje v souvislosti
s typickym vystraznym zbarvenim aposematické kofisti. Specifickd vrozena averze byla
zjisSténa u celé fady ptaCich druht: naivni kufata (Gallus gallus domesticus) odmitala
nacerveno nabarvené larvy potemnika mouc¢ného (Tenebrio molitor) (Roper & Cook 1989;
Roper 1990), ale také Zluto¢erné pruhované larvy (Schuler & Hesse 1985). Naivni jedinci
kiepela virginského (Colinus virginianus) se vyhybali cervenozlutym Spendlikovym
hlavickdm (Mastrota & Mench 1995), naivni ruéné¢ odchovani momoti (Eumomota
superciliosa) a tyrani bentevi (Pitangus sulphuratus) se vyhybali vzoru koralovcovitych hadi
(Smith 1975, 1977) a naivni ruén¢ odchovana mlad’ata sykory konadry (Parus major)
odmitala atakovat zlutocerné pruhované larvy potemnika mou¢ného (Lindstrom et al. 1999b).
Vizuélni signaly jsou vSak u skute¢né kofisti ¢asto kombinovany se signaly olfaktorickymi,
chutovymi a akustickymi, coz muze u predatorii specifickou vrozenou averzi vyvolat nebo
zesilit jeji projevy (Rowe & Guilford 1999).

V praci Adamova-Jezova et al. (submit.) jsme se zabyvali mechanismy, které jsou
zodpovédné za vrozenou opatrnost vii¢i nové a aposematické kofisti u nékolika druht sykor z
celedi Paridae. V ptedchozi studii Exnerova et al. (2007) bylo zjisténo, ze blizce piibuzné
druhy sykor se 1i$i v mife jejich vrozené opatrnosti vii¢i nové a aposematické kofisti. Zatimco
naivni ruéné¢ odchovana mlad’ata sykory uhelnicka (Periparus ater) a sykory modfinky
(Cyanistes caeruleus) odmitala ¢erveno-¢ernou aposematickou plostici Pyrrhocoris apterus,
mlad’ata sykor konader (Parus major) a sykor parukarek (Lophophanes cristatus) tuto kofist
ochotné napadala a konzumovala. Protoze mladd’ata sykor uhelni¢kt a sykor modiinek v téze
studii odmitala také nahné€do nabarvenou variantu aposematické kofisti, mizZeme
predpokladat, ze pfi¢inou této reakce by mohla byt neofobie vii¢i nezndmé potraveé (Exnerova
et al. 2007). Jakou mérou se vSak na vrozené opatrnosti jednotlivych druhil sykor viici nové a

aposematické kofisti podili pravé neofobie, potravni konzervatizmus a specifickd vrozena
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averze neni dosud zcela jasné. V nasi praci jsme porovnavali vrozenou reakei tfi druhti sykor
(sykory konadry, sykory uhelnicka a sykory modiinky), vii¢i dvéma typtim nové kofisti: 1)
jedlou kofist predstavovala larva cvréka (Acheta domestica) s nalepenym modrym $titkem na
jeji dorzélni strané tak, aby zakryvala hlavu i celé t€lo, 2) aposematickou kofist predstavoval
dospély jedinec Cerveno-Cerné zbarvené ruménice pospolné (Pyrrhocoris apterus). Zaroven
jsme v ramci kazdého druhu testovali, ma-li pfedchozi pozitivni zkuSenost s novou plné
jedlou kofisti (nacerveno nabarvenou larvou potemnika mou¢ného, Tenebrio molitor) vliv na
ochotu naivnich rué¢né odchovanych ptacat napadat a konzumovat modrého cvrcka a nésledné
aposematickou plostici.

Zjistili jsme, Ze zkuSenost snacerveno nabarvenou larvou potemnika moucného
ovlivnila reakci mlad’at sykor konader, uhelnickli a modfinek vii¢i nové pozivatelné kofisti
riznymi zpusoby. Zatimco sykory konadry a sykory uhelnicci, jez mély pozitivni zkuSenost
s jedlou kofisti Cervené barvy, mély signifikantné krat$i latence prvni manipulace s novou
kofisti neZ jedinci bez této pfedchozi zkuSenosti, mlad’ata sykor modfinek vykazovala stale
stejné vysokou miru vrozené opatrnosti k nové kofisti bez ohledu na jejich piedchozi
zkusenost. Vysledky zjisténé u sykor konader a sykor uhelnickii jsou v souladu s pfedchozimi
studiemi, které prokazaly, ze pozitivni zkuSenost s potravou jedné nové barvy je postacujici
pro deaktivaci neofobie k dal§i nové zbarvené potravé (Schlenoff 1984; Jones 1986; Marples
et al. 2007; Lecuelle et al. 2011). NaSe vysledky navic ukazuji, ze pozitivni zkuSenost s
potravou, ktera se od znamé potravy li§i pouze barvou, mize deaktivovat neofobii také viici
kofisti, ktera ma zcela nezndmy tvar i zptisob pohybu.

PrestoZze ptaci s pozitivni zkuSenosti snacerveno nabarvenou larvou potemnika
moucného ochotnéji a rychleji napadali modrého cvrcka nez ptaci bez této zkuSenosti,
pozitivni zkuSenost s Cervené nabarvenou potravou vSak nijak vyrazné neovlivnila ochotu
konzumace modrého cvrcka ani u jednoho z testovanych druht sykor. Jak jiz bylo feceno
v uvodu této kapitoly, piekonani neofobie k nové potravé nemusi nutné znamenat také jeji
plnohodnotné zahrnuti do stavajiciho jidelnicku. Nase vysledky tedy podporuji hypotézu
Marples & Kelly (1999) o existenci neofobie a potravniho konzervatizmu jakou dvou zcela
odli$nych procesi.

Rizni predatofi se mohou lisit riznou mirou vrozené opatrnosti k aposematické
kofisti. V praci Exnerova et al. (2007) bylo zjisténo, Ze naivni ruéné odchovand mlad’ata
nasich sttedoevropskych druhti sykor se 1iSi mirou své vrozené opatrnosti vici aposematické
plostici Pyrrhocoris apterus. Zatimco mlad’ata sykor konader Zadnou silnou opatrnost vici

aposematické kofisti neprojevuji (Exnerova et al. 2007; Svadova et al. 2009; Hotova Svadova
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et al. 2013; Fabricant et al. 2014), mladé sykory modiinky a sykory uhelnicci vykazuji k
aposematické kofisti silnou pocatecni averzi (Exnerova et al. 2007). Vysledky nasi prace
dokladaji, Ze pozitivni zkuSenost s jedlou potravou cervené barvy signifikantné snizi
pocatecni opatrnost k nové ¢erveno-Cerné zbarvené aposematické plostici Pyrrhocoris apterus
u mladych sykor uhelnickd, avSak u sykor modfinek vysoka mira pocatecni opatrnosti k této
koftisti ptetrva bez ohledu na jejich pfedchozi zkuSenost. U sykor uhelnickt, stejné jako u
nejmén¢ opatrnych sykor konader, tak pravdépodobné doslo ke snizeni pocatecni opatrnosti
deaktivaci neofobie, nebo k Siroké generalizaci ¢ervené nabarvenych jedlych larev potemnika
mouc¢ného na &ervend-Cerny vzor aposematické ruménice. Zadny z téchto procesti se viak
neprojevil u mlad’at sykor modfinek, coz nasvédcuje skutecnosti, ze jejich vrozend opatrnost
je siln¢j$i nez u ostatnich dvou testovanych druhli. Sykory modfinky nejspiSe potiebuji
opakovanou pozitivni zkuSenost s novymi typy potravy, protoze u dospélych z ptirody
odchycenych jedincii jsme mohli pozorovat celkove nizs$i neofobii nez u mldd’at (Adamova-
Jezova et al., unpublished).

DalSim zajimavym zjiSténim je skutecnost, Ze mladd’ata sykor konader, ktera méla
pozitivni zkuSenost sjedlou potravou cCervené barvy, také signifikantné zvysila ochotu
konzumovat aposematickou cCerveno-Cernou plostici (Adamova-Jezové et al. submit.).
Podobny, avsak neprikazny trend stejného chovani, jsme zaznamenali 1 u sykor uhelnicki.
Pfi¢inou této zvysSené ochoty ke konzumaci aposematické ploStice mize byt deaktivace
neofobie a zaroven potravniho konzervatizmu, diky opakované zkuSenosti s jedlou potravou
ruznych barev a tvard, jak jiz bylo potvrzeno také u kutat ve studii Marples et al. (2007), nebo
generalizace pozitivni zkuSenosti s jedlou potravou cervené barvy na jinou podobné
zbarvenou koftist. Mnoho praci prokazalo, ze barva je pro ptaky hlavnim vizualnim podnétem,
na zaklad¢ kterého se uci rozliSovat svou potencialni kofist (Aronsson & Gamberale-Stille,
2008, 2012; Kazemi et al. 2014). Ackoliv na zdklad¢ naseho experimentu nejsme schopni
rozhodnout, zda to byla pozitivni zkusenost s jedlou potravou ¢ervené barvy, kterd u sykor
konader a uhelnicki vySila ochotu ke konzumaci Cerveno-¢erné ploStice nebo kombinace
zkuSenosti s Cervenou barvou a zaroven novym tvarem (modry cvrcek), ktery se liSi od
znamého tvaru larvy potemnika moucného, je ztéto studie zcela evidentni, Ze zkuSenost
s novou potravou, ktera je plostici blizkd pouze svym tvarem (modry cvréek), na snizeni miry
pocateéni opatrnosti viici aposematické kotisti u studovanych druhti sykor nestaci.

Rozdily v chovéani u tfi studovanych druhti sykor mohou byt ¢astecné vysvétleny jejich
télesnou velikosti, naptiklad u sykory konadry, kterd jako nejvétsi z nasich druha sykor je

zaroven také viici nezndmé potravé nejméné opatrnd. Samotna velikost ndm vSak neobjasiiuje
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riznou miru neofobie k nové potravé u vSech tfi studovanych druhi. Velmi silnou neofobii u
mlad’at sykor modfinek a naopak ne tak silnou u nejmensiho druhu, sykory uhelnicka.
Dalsimi faktory, které mohou hrat roli v této mezidruhové variabilité, jsou geograficka
distribuce, habitatova specializace nebo skladba a zplisob ziskavani potravy.

Na rozdil od sykory konadry a sykory uhelnicka, jejichz geografické rozsiteni sahd az
do oblasti Sibife, kde se tyto druhy musi vypotradat s extrémné nizkymi teplotami a nizkou
nabidkou potravy, sykora modfinka obyva zapadni palearktickou oblast s mirnym klimatem
bez extrémnich teplotnich vykyvi (Cramp & Perrins 1993; del Hoyo et al. 2007; Tietze &
Borthakur 2012). Rozdily v geografické distribuci studovanych druhi by tudiz mohly
casten¢ vysvétlovat vysokou miru vrozené opatrnosti vici nové a aposematické kofisti u
sykory modfinky, oproti vyssi ochoté v pfistupu k nové a aposematické kofisti u sykor
konader a sykor uhelnickii.

Habitatova specializace a skladba potravy jednotlivych druhii sykor jsou také
dilezitymi faktory, které mohou byt pfic¢inou mezidruhovych rozdild naivnich sykor
v pfistupu knové a aposematické kofisti. Sykory konadry a sykory modfinky jakoZzto
habitatovy generalisté se ve svém zivotnim prostiedi setkdvaji s velkym mnozstvim rizné
casto 1 potencialné Skodlivé potravy. Mensi sykory modfinky tak miiZze jejich vysoka mira
vrozené opatrnosti chranit pfed pozitim nebezpecné a toxické potravy. Naproti tomu nejmensi
ze vSech testovanych druhii sykora uhelni¢ek preferuje jehlicnaté lesni porosty, které
predstavuji prostfedi s monotonni potravni nabidkou a niz§im vyskytem potencialné skodlivé
potravy. Navic vyraznou ¢ast potravy sykor uhelnickii tvofi msSice (Hemiptera:
Sternorrhyncha; Cramp & Perrins 1993; Kristin 1992), které obvykle nejsou nijak chemicky
chranéné (Gullan & Craston 2014) a piedstavuji tak bezpecny a hojny zdroj potravy. Potravni
specializace sykor uhelnickl jim tedy miize dovolovat niz$i miru neofobie k neznamé potravé
nez podobné velkym sykordm modiinkam.

Sykora uhelnicek je jedinym ze tfi studovanych druhd, ktery si ukryva potravu.
Ukazalo se, Zze néktefi ptaci si ukryvaji také toxickou potravu, ke které se pozdé€ji vraceji
(Yosef & Whitman 1992; Exnerova et al. 2008). Stejnou strategii jsme mohli pozorovat u
nami testovanych sykor uhelnicki, které si v prib&hu experimentu zastrkavaly aposematickou
plostici do raznych skvir v pokusné kleci a po Case, kdyz jeji ochranna sekrece vyprchala, tuto
kofist i prilezitostné konzumovaly. Tato strategie by tudiz také mohla vézt k vyssi ochoté
napadat novou a aposematickou koftist u sykor uhelnick.

Celkove vsak miizeme shrnout, ze u sykory konadry je to jeji télesna velikost, ktera by

mohla byt spojena s ochotou ruéné odchovanych mlad’at napadat neznamou kofist, zatimco u

Xiv



dvou nejmensich druhii, omezeny areal rozSifeni sykory modiinky v porovnani s aredlem
vyskytu sykory uhelnicka a jeho habitatova specializace spojena se skladbou potravy, mohou
mit zasadni vliv na rliznou miru neofobie vii¢i nové a aposematické kofisti u téchto dvou

studovanych druhii sykor.
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Personalita a vék

U ptakll byla zjisténa individudlni vnitrodruhova variabilita v reakcich na novou a
aposematickou potravu (Marples et al. 1998; Exnerova et al. 2003, 2007). Pfi¢inou této
individuélni variability u dospélych z pfirody odchycenych jedinc mize byt jejich dosavadni
zkusenost s riznou potravou (Marples et al. 1998, 2005; Exnerova et al. 2015). Avsak tato
variabilita byla zaznamendna také u naivnich ruéné odchovanych mladat, kterd méla jen
omezenou zkusenost s riznymi zdroji potravy (Sillén-Tullberg 1985; Marples & Brakefield
1995; Exnerova et al. 2007; Svadova et al. 2009).

Individudlni rozdily ve vrozené reakci na neznamou potravu mohou byt vysvétleny
personalitou jedince. Personalita je definovana jako soubor spolu souvisejicich prvkii chovani
konzistentnich v ¢ase za rtiznych podminek a situaci (Benus et al. 1990; Sih et al. 2004).
Personalita byla podrobné studovana také u sykor konader (Parus major). Na zakladé
explora¢niho chovani v nezndmém prostitedi byli jedinci oznafeni za tzv. ,rychlé
prizkumniky* (fast explorers) nebo naopak ,pomalé¢ prizkumniky* (slow explorers)
(Verbeek et al. 1994; Drent et al. 2003). Rozdily v rychlosti prozkoumavani nového prostiedi
korelovaly srozdily v pfistupu knovym objektim (Verbeek et al. 1994), riskantnim
chovanim (,,risk-taking behaviour®) (van Oers et al. 2004a), agresivitou (Verbeek et al. 1994),
potravnim chovanim (Verbeek et al. 1994), vyuzivanim socidlnich informaci (Marchetti &
Drent 2000; van Oers et al. 2005) nebo také s reakci na stres (Carere et al. 2003; Carere & van
Oers 2004; Fucikova et al. 2009). Personalita jedince je dana z ¢asti geneticky (Drent et al.
2003, van Oers 2004b). ,,Rychli prizkumnici® jsou popisovani jako odvazni, agresivni, vice
riskuji a Casto podléhaji tvorbé rutinniho chovani. Nové prostfedi prozkoumavaji rychle avSak
povrchné a maji tendenci kopirovat jiné jedince pii vyhledavani potravy. Naproti tomu
»pomali prizkumnici® jsou plasi, nejsou agresivni a riskuji mén€. Vyznacuji se inovativnim
chovanim, nové prostfedi prozkoumavaji pomalu avsak dikladné a jsou aktivni a nezavisli ve
vyhledéavani potravy (Verbeek et al. 1994; Drent et al. 2003; van Oers et al. 2004a; Groothuis
& Carere 2005).

Vliv typu personality na reakci vii¢i nezndmé kofisti byl zjistén u naivnich ru¢né
odchovanych mlad’at sykor konader (Parus major) ve studii Exnerova et al. (2010). ,,Pomali
priazkumnici vykazovali vy$§i miru vrozené opatrnosti k cCerveno-Cerné zbarvené
aposematické plostici Pyrrhocoris apterus a s itokem na ni vahali prukazné déle nez ,,rychli
prazkumnici®. ,,Pomali prizkumnici“ se také naucili této aposematické kofisti vyhybat

rychleji a v pribéhu averzivniho uceni manipulovali s men$im poctem plostic nez ,,rychli

XVi



pruzkumnici® (Exnerova et al. 2010). Otazkou vSak zlistava, zda jsou tyto rozdily v reakci na
aposematickou kofist u jednotlivych typt personalit sykor koniader konzistentni v ¢ase nebo
se mohou s vékem ménit.

V praci Adamova-JeZova et al. (in prep.) jsme stejné jako Exnerova et al. (2010)
testovali naivni ruéné odchované jedince sykory konadry (P. major) z linii selektovanych na
opacny typ personality - jedinci F4 generace pochézejici z kiizeni jedinct sparovanych podle
vysledki jejich bodového ohodnoceni, kterého dosahli v testech na exploraci nového prostiedi
a novych pfedmétli. Ve studii Exnerové et al. (2010) byla testovana mlad’ata ve véku 2 az 3
mésict. V nasi praci jsme provedli stejny typ experimentu avsak s dospélymi jedinci ve véku
1,5 az 5,5 let. Dospélym sykoram jsme nabizeli aposematickou plostici Pyrrhocoris apterus
v sekvenci se znamou potravou, larvou potemnika mou¢ného (Tenebrio molitor). Jejich reakci
na aposematickou kofist jsme sledovali ve dvou po sob¢ nasledujicich dnech. V priubéhu
experimentu jsme zaznamenavali latence prvniho pfiblizeni k aposematické plostici, pocet
ptibliZeni, a zda doSlo k manipulaci s plostici, jejimu zabiti a konzumaci.

Ukézalo se, ze dospé€lé¢ sykory komadry vykazuji vyS$Si miru vrozené opatrnosti
k vystrazné zbarvené kotisti nez mlad’ata testovana v predchozi studii Exnerova et al. (2010).
Ptestoze se dospéli jedinci pravidelné a ochotné k aposematické plostici ptiblizovali, velmi
Casto sni odmitali manipulovat. Celkové se vSak personalita jedince na manipulaci
s aposematickou kofisti projevila. Zatimco pouze 3 z22 ,pomalych prizkumniki*
s aposematickou plostici v pribehu celého experimentu manipulovali, u ,rychlych
prazkumnikt* manipulovala s piedlozenou plostici piesné polovina jedinct (9 z 18). Dva
»rychli jedinci* nékolik ruménic také zabili a konzumovali. Vliv personality se vSak u
dospélych jedinct odrazil pfevazné na latenci a poctu priblizeni k aposematické plostici, to
ale az druhy den experimentu. Prvni den jedinci obou typl personalit véhali s prvnim
pfiblizenim k aposematické plostici stejn¢ dlouho a také stejné Casto si tuto kofist
z bezprostfedni blizkosti prohlizeli. Personalita jedince vSak méla vliv na latenci prvniho
piiblizeni druhy den, kdy ,,pomali prizkumnici® s pfiblizenim k aposematické plostici vahali
signifikantn¢ déle nez ,,rychli prizkumnici a k aposematické plostici se také piiblizovali
signifikantné méné Casto. Vypada to, Ze zatimco u ,,pomalych prizkumnikid* se vrozena
opatrnost  k aposematické kofisti v prubéhu experimentu prohloubila, u ,rychlych
prazkumnik“ se tato opatrnost viici aposematické kofisti jejim pravidelnym predkladanim
snizila. Zda se tedy, ze vlivem véku a zivotnich podminek v zajeti, které ptindseji ptakiim
pouze omezenou Skalu novych podnéti vCetné nedostatku rtiznorodych zdroji potravy, se u

»pomalych prizkumnikt mize vrozena opatrnost k nezndmé potravé prohloubit, zatimco u
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»rychlych prizkumniki* mize dojit k vytvofeni rutinniho chovani, které se projevi fixaci na
znamou potravu. Stejné projevy chovani mohou tedy u rGznych jedincii vznikat rGznymi
zpisoby. Prestoze chovani, které vic¢i aposematické kofisti projevovaly dospélé rucné
odchované sykory konadry, se vyrazné liSilo od chovani ruéné¢ odchovanych mlad’at
z ptedchozi studie, mohli jsme u jednotlivych typl personalit pozorovat rozdilnou reakci na
nezndmou aposematickou kofist. Lze tedy shrnout, Ze rozdily v pfistupu naivnich sykor
konader k aposematické kofisti jsou u jednotlivych typt jejich personalit v pribéhu zivota
konzistentni, méni se vSak zpusob a intenzita projevované¢ho chovani.

Mnoho studii doklada, ze v pribéhu zivota jedince se miize ménit mira jeho neofobie
vici novym podnétim (Vince 1960; Greenberg 1992; Heinrich 1995; Fox & Millam 2004;
Biondi et al. 2010, 2013). Nizkou miru neofobie bychom mohli pozorovat zejména u mladat,
ktera se vyznacuji velkou behavioralni plasticitou spojenou s exploraci novych objekt
(Greenberg 2003; Biondi et al. 2010). Toto obdobi je pro mladé jedince velmi dilezité,
protoze veskeré nové podnéty, se kterymi se setkaji, mohou nasledné formovat jejich potravni
strategie. AvSak tato ochota mlad’at prozkoumdvat nové podnéty se s narlstajicim vékem
snizuje a se vstupem do dospélosti se na zakladé¢ dosavadnich zkuSenosti mohou stavat pfi
kazdém dalSim stfetu snezndmym podnétem opatrnéj$i (Greenberg & Mettke-Hofmann
2001). Heinrich (1995) ve své studii ukazal, Ze juvenilni krkavci (Corvus corax) byli daleko
vice ochotni prozkoumavat vSechny nové podnéty a uspéSné mezi nimi najit potencialni
potravu nez stejni jedinci testovani ve véku 1 a 1,5 roku (Heinrich 1995). Podobnych
vysledkt dosahli také Fox & Millam (2004), kdyz testovali neofobii u ru¢né odchovanych
amazonanti oranzovokiidlych (Amazona amazonica), kteti se novym podnétd vyhybali
signifikantné mén¢ ve véku sedmi mésicti nez pii opétovném testovani v jednom roce zivota.
Také mladi z pfirody odchyceni jihoamericti sokoloviti dravci ¢cimangové Sedonozi (Milvago
chimango) byli vice explorativni a méné neofobicti nez dospéli jedinci (Biondi et al. 2010,
2013). Nejnizsi miru neofobie u sykor konader (Parus major) zaznamenal Vince (1960) ve
véku mezi osmym az patnactym tydnem zivota. Podobné¢ také P. J. Drent (unpublished data) a
Verbeek et al. (1994) potvrzuji, Ze strach z novosti se u sykor konader v priibéhu Zivota meni.

V praci Adamova-JeZova (in prep.) jsme se zabyvali srovnanim reakci vii¢i neznamé
aposematické kofisti u dvou vékovych kategorii ru¢né odchovanych sykor konader: sykor
konader testovanych ve véku 1,5 az 5,5 let sreakcemi sykor konader z pfedchozi studie
Exnerova et al. (2010) testovanych ve véku 64 az 90 dni. Obé¢ tyto studie byly provadény
v totoznych podminkdch za stejného experimentalniho uspofadani. Naivnim rucné

odchovanym mlad’atim i dospélciim byla ptedkladana pro obé vékové skupiny zcela nezndma
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aposematicka kofist, ruménice pospolna (Pyrrhocoris apterus) v sekvenci se znamou
kontrolni kofisti, larvou potemnika mouc¢ného (Tenebrio molitor). Zaznamenavali jsme
latence a pocet pribliZzeni k aposematické plostici, Cetnost a zptisob manipulace s plostici, zda
byla plostice zabita a konzumovana.

Jelikoz u naivnich ruéné¢ odchovanych mlad’at sykor konader nebyla doposud
pozorovana vrozena opatrnost vici nové €1 aposematické kofisti (Exnerova et al. 2007;
Svadova et al. 2009; Hotova Svadova et al. 2013; Fabricant et al. 2014), pfindsi nase studie
velmi piekvapivé vysledky. Oproti mlad’atim testovanym v praci Exnerova et al. (2010),
ktera velmi ochotné napadala, zabijela a konzumovala aposematickou plostici, dospéli jedinci
ze studie Adamova-Jezova et al. (in prep.) projevovali vici tomuto typu kofisti silnou
pocate¢ni averzi. Ptaci aposematickou plostici napadali jen velmi zfidka a ve vétsSing pripada
se k ni pouze piiblizili a z bezprosttfedni vzdalenosti si pifedlozenou koftist dikladn¢ prohlédli,
aniz by se ji jakkoliv dotkli. Takové chovani miize byt u dospélych sykor koiiader zptisobeno
neofobii nebo jinym procesem, ktery u dospélych v zajeti chovanych ptakt vyvolal tuto silnou
pocatecni opatrnost k aposematické koftisti.

Neofobie k potravé je proces, ktery zvifata chrani pted pozitim toxické nebo jinak
nebezpecné potravy, na druhou stranu je vSak explorace novych potravnich zdroji velmi
dalezita, zejména u mladych jedincl, protoze formuje jejich budouci potravni strategie
(Greenberg & Mettke-Hofmann 2001). Rada studii prokéazala, Ze ptaci prozkoumavaji
ochotnéji nové podnéty v ranych fazich svého zivota (Vince 1960; Heinrich 1995; Fox &
Millam 2004; Biondi et al. 2010). Zatimco Smith (1980) ve své studii s naivnimi ru¢né
odchovanymi sojkami chocholatymi (Cyanocitta cristata) a vlhovei ¢ervenokiidlymi
(Agelaius phoeniceus) testovanymi ve veéku 40 dni, nezaznamenala Zadnou vrozenou
opatrnost k vystrazn¢ zbarvenym modellim jejich potencialni koftisti, Coppinger (1970) zjistil
vrozenou opatrnost vici aposematickym druhiim motylti (Nymphalinae) u ru¢né odchovanych
jedinct stejnych druhti, které vSak testoval ve véku 9 az 10 mésict. Také Mastrota & Mench
(1994) prokazali vétsi opatrnost k Cervené a oranzové zbarvené potravé u 64 az 67 tydnl
starych samicek kiepela virginského (Colinus virginianus) nez u o polovinu mladSich samicek
testovanych ve staii 31 tydnt. Hypotézu, Ze neofobie vzrista s vékem, vSak nepotvrdila studie
Langhama (2006), ve které star§i z ptfirody odchyceni jedinci leskovce neotropického
(Galbula ruficauda) napadali novou formu aposematicky zbarveného motyla rodu Heliconius
Castéji nez taktéz z piirody odchyceni mladsi jedinci. K podobnym zavérim dosli také
Lindstrom et al. (1999b) testovanim t¥i v€kovych kategorii sykor konader (Parus major).

Rucné odchovana mlad’ata a dospéli odchyceni ptaci atakovali ¢ernozluté nabarvenou larvu
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potemnika mouc¢ného c¢astéji nez odchycené jednoleté sykory. Stejné tak v praci Exnerova et
al. (2006) jednoleté sykory komadry napadaly a zabijely uméle odchované homozygotni
oranzovo-¢erné, zluto-¢erné a bilo-¢erné mutanty ruménice pospolné (Pyrrhocoris apterus)
méné nez viceleté¢ sykory a dospé€lé z prirody odchycené sykory konadry z finské populace
ochotn¢ napadaly nezndmou pfirozené zbarvenou Ccerveno-Cernou formu této plostice
(Exnerova et al. 2015).

Zda se tedy, Ze nizka mira neofobie u mlad’at mize byt dilezita zejména v dobé jejich
osamostatiiovani, kdy jsou nucena naucit se sama shanét potravu. Poté, co se jiz mladi jedinci
v pfirod¢ uzivi, se stdvaji opatrn&j$imi, a to zvlasté¢ v ptipad¢, maji-li s nevhodnou potravou
teprve nedavnou zkuSenost. Star§i jedinci z pfirody, ktefi maji jiz bohaté zkuSenosti
s riznorodou potravou, jsou pak v ptistupu k neznamé kotisti odvaznéjsi.

Lépe nez samotny vek jedince, tedy variabilitu v chovani vic¢i neznamé kofisti, ktera
se mize ménit v pribchu Zivota, vysvétluje dosavadni zkuSenost. Moznymi pticinami
neochoty prozkoumavat novou potravu u dospélych sykor konader pochazejicich z chovi, ve
srovnani s dospélymi jedinci z pfirody, mize byt naptiklad jejich chybéjici zkuSenost
s nedostatkem potravy nebo celkova absence riznorodych podnétd, se kterymi se ptaci

v chovech beéhem svého zivota setkaji (Adamova-Jezova et al. in prep.).
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Uceni, generalizace a zkuSenost

Aposematicka kofist dadva svym potencidlnim predatorim najevo nepoZivatelnost a/nebo
toxicitu nadpadnymi a snadno zapamatovatelnymi signaly (Ruxton et al. 2004). Neé&kteti
predatoii se vyznacuji vrozenou averzi kurcité vlastnosti aposematické kofisti jako je
napiiklad jeji zbarveni nebo specificky pach (Smith 1975; Schuler & Hesse 1985; Roper
1990; Rowe & Guilford 1996), jini se vSak musi této nevyhodné kofisti s uréitym varovnym
signalem naucit vyhybat (Jarvi et al. 1981; Sillén-Tullberg 1985; Exnerova et al. 2007;
Svéadova et al. 2009; Hotova Svadova et al. 2013). Ptaci by se méli rychleji naucit odmitat
nepozivatelnou kofist, je-li napadnéd a snadno odliSitelnd od jedl¢, vétSinou krypticky
zbarvené kofisti. Velké mnozstvi studii potvrzuje, ze ptaci se pii uceni orientuji pfevazné na
zéklad€ vizudlnich signald, jako je barva kofisti (Exnerova et al. 2006; Ham et al. 2006;
Svadova et al. 2009), kontrast s podkladem (Gamberale-Stille 2001; Gamberale-Stille &
Guilford 2003), vnitini kontrast a vzor (Aronsson & Gamberale-Stille 2008, 2009; Hegna et
al. 2011) nebo pravidelnost a symetrie vzoru (Forsman & Merilaita 1999; Stevens et al.
2009). Aposematicka kotist se vyznacuje predevsim jasné barevnymi vzory Cervené, zluté a
oranzové v kombinaci s ¢ernou barvou (Endler & Mappes 2004, Ruxton et al. 2004). Avsak
existuje také nckolik potencialné aposematickych druhli, jejichz soucasti vystrazné
signalizace je modra barva (Umbers 2013). Doposud se zabyvalo efektivitou modré a zelené
barvy jako soucasti vystrazné signalizace pouze nékolik studii, které vSak ptrinaseji rozdilné
vysledky (Rowe & Guilford 1996; Marples et al. 1998; Gamberale-Stille & Guilford 2003;
Rowe & Skelhorn 2005; Aronsson & Gamberalle-Stille 2008). Podobné také iridescentnimu
zbarveni jako soucasti vystrazné signalizace aposematického hmyzu nebylo doposud
vénovano piili§ pozornosti. Pfitom iridescentni a jind strukturni zbarveni mohou vytvaret
jasn¢ zafivé odstiny modré a ultrafialové (Doucet & Meadows 2009; Umbers 2013), které ve
spojeni s pigmentovym zbarvenim vytvari napadny kontrastni vzor, ktery miize napomahat pti
rozpoznavani aposematického signalu predatorem (Endler 1992; Doucet & Meadows 2009).
Existuji studie, které se zabyvaly funkci iridescentniho zbarveni jako soucasti vystrazné
signalizace u broukt (Schultz 2001) a u motyli (Bowers & Larin 1989; Rutowski et al. 2010;
Pegram et al. 2013), avSak u plostic (Heteroptera) se tomuto tématu doposud mnoho
pozornosti nevénovalo.

Jakmile je proces uceni dokoncen, mize urcita vlastnost aposematické kofisti
napomahat, aby byla predatorem spravné rozpoznana (Guilford 1986; Gamberale-Stille

2001). Generalizace je reakce na novy podnét, pfiCemz vychdzi z pfedchozi zkuSenosti
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s jinym podobnym podnétem (Lieberman 2000). Schopnost predatora generalizovat svou
zkuSenost s aposematickou kofisti je velmi dulezita pro evoluci vystrazného zbarveni (Leimar
et al. 1986; Yachi & Higashi 1998).

Jaky vliv mlize mit na po¢atecni opatrnost, averzivni uceni, diskriminaci a generalizaci
u naivnich ru¢né¢ odchovanych mlad’at a dospélych z ptirody odchycenych jedincti sykor
konader (Parus major) strukturni iridescentni zbarveni ve vzoru australské plostice Tectocoris
diophthalmus (Heteroptera: Scutelleridae), jsme testovali v praci Fabricant et al. (2014). T.
diophthalmus je aposematicky druh plostice, ktery se vyznaCuje matnym oranzovym
zbarvenim s modro-zelenymi kovové lesklymi skvrnami. Velikost téchto skvrn muze byt
znacné vnitrodruhové variabilni, pfi¢emz mohou pokryvat az cely dorsalni povrch téla jedince
nebo mohou zcela Gpln€ chybét (Fabricant et al. 2013). Tento druh plostice je diky svému
polymorfismu idedlni pro studium vyznamu iridescence, jako signalu dilezit¢ho pro
rozpoznani aposematické kofisti predatorem a nasledného uceni se ji vyhybat. Rucéné
odchovand mlad’ata v tomto experimentu postradaji jakoukoli zkuSenost s nepoZivatelnou
kofisti a z predchozich studii navic vyplyva, Ze mldd’ata sykor konader neprojevuji vici
vystrazn¢ zbarvené kofisti zadnou specifickou vrozenou averzi (Exnerova et al. 2007,
Svadova et al. 2009, Hotova Svadova et al. 2013). U dospélych z ptirody odchycenych
jedinct je naopak velmi pravdépodobné, ze dosavadni zkuSenost s aposematickymi druhy
plostic jiz maji (Hotova Svadova et al. 2010), nikoli vSak s iridescentnimi.

Zajimalo nas, jestli muze iridescentni zbarveni T. diophthalmus zvysit u sykor konader
jejich pocatecni opatrnost k tomuto typu kofisti. Zda je iridiscence efektivnim signalem pro
averzivni uceni a diskriminaci od jedl¢é varianty kofisti. Jestli budou nami testovani ptaci
schopni svou zkuSenost generalizovat na riazné zbarvené fenotypy téchto plostic. A projevi-li
se rozdily v po€atecni opatrnosti, averzivnim uceni a generalizaci mezi dospélymi a naivnimi
jedinci.

Kofist byla vytvofena za pomoci suchych exemplaia T. diophthalmus, kterym byla
vypreparovana ventrdlni a vnitini ¢ast abdomenu a nahrazena polovinou larvy potemnika
moucného (Tenebrio molitor) namocéené ve vodé (jedla varianta) nebo v 6 % roztoku chininu
(nejedld varianta). Pro jednotlivé faze experimentu bylo pouzito 5 typt kofisti, které se liSily
svym zbarvenim: (1) iridescentni typ kofisti, jehoz povrch byl z 50 % tvofen iridescentnimi
zeleno-modrymi skvrnami s oranzovym zbarvenim; (2) jednobarevné oranzovy typ kofisti; (3)
celd cernd kofist; (4) iridescentné-Cernd kofist s naerno zabarvenymi oranzovymi ¢astmi a

(5) oranzovo-Cernd kofist s Cern¢ zabarvenymi iridescentnimi skvrnami.
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V prvnim testu jsme prostiednictvim preferenci mezi dvéma ptirozenymi formami T.
diophthalmus (iridescentni typ a oranzovy typ) zjistovali, zda ma iridescentni zbarveni vliv na
pocatecni opatrnost sykor koniader vi¢i tomuto nezndmému typu kofisti. Zaznamenavali jsme
potadi, ve kterém bylo s jednotlivymi formami plostice manipulovdno a také latence této
manipulace. Porovnavali jsme chovani naivnich ruéné¢ odchovanych mladdat a reakce
dospélych z ptirody odchycenych jedinct. Zjistili jsme, Ze v pritbé¢hu preferencniho testu ptaci
piednostné napadali oranzovy typ kofisti a vici iridescentnimu typu projevovali prukazné
vy$$i miru pocatecni opatrnosti jak mlad’ata, tak i dospéli jedinci. Dospéli jedinci méli navic
signifikantné delsi latence toku na iridescentni nez na oranzovou formu kofisti. Ur¢ita mira
opatrnosti k iridescentni formé plostice u mlad’at se jevi jako vrozend, coz je ale v rozporu
s ptedchozimi pracemi, ve kterych naivni mlad’ata zddnou vrozenou averzi viici aposematickeé
koftisti neprojevovala (Exnerova et al. 2007; Svadova et al. 2009; Hotova Svadova et al. 2013;
ale Lindstrom et al. 1999b). Zda se, Ze vrozena opatrnost u sykor konader je spiSe otdzkou
moznosti vybéru nez projevu silné averze, a proto u nich mizeme vrozenou opatrnost
pozorovat pouze v piipad¢, ma-li jedinec soucasné na vybér mezi n¢kolika alternativnimi typy
kofisti, jako tomu bylo naptiklad v praci Lindstrom et al. (1999b). Dospé€lé sykory v nasem
experimentu vahaly s vybérem kofisti celkové déle neZ naivni mlad’ata a také latence
manipulace s iridescentni formou plostice byly signifikantné del$i nez s oranzovou formou,
pfiemz ob¢ dvé formy kofisti pro né piedstavovaly novy typ potravy. Moznym vysvétlenim
by mohla byt naptiklad vyss$i mira neofobie a potravniho konzervatizmu dospélych jedinci.
To se vsSak zda byt nepravdépodobné, protoze v piedchozi praci Exnerova et al. (2006)
dospélé sykory ochotné napadaly nové rtizné¢ zbarvené formy aposematické kofisti. ZvySena
opatrnost dospé€lych sykor konader vuci iridescentni form¢ plostice T. diophthalmus spise
ukazuje na schopnost z pfirody odchycenych jedinct generalizovat svoji zkuSenost s ¢erveno-
cernymi aposematickymi druhy mimetického komplexu stfedoevropskych plostic (Exnerova
et al. 2006; Hotova Svadova et al. 2010).

Déle jsme u sykor testovali pritbéh jejich averzivniho uceni. Ptaci byli rozdéleni do tii
skupin 1) odchyceni dospélci, ktefi se ucili odmitat iridescentni formu plostice T.
diophthalmus 2) odchyceni dospélci, ktefi se ucili odmitat jeji oranzovou formu a 3) naivni
mlad’ata, ktera se stejn¢ jako prvni skupina ucila odmitat iridescentni formu plostice. Sykoram
byla nejedla varianta kofisti (iridescentni nebo oranzovéd forma) predkladana v sekvenci s
kontrolni jedlou naerno nabarvenou variantou této plostice.

U dospélych sykor konader se ani jeden typ kofisti (iridescentni vs. oranzovy)

neukézal jako efektivnéjsi podnét pro averzivni uceni. Latence manipulace s oranzovou
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plostici se vSak na rozdil od latenci manipulace s iridescentni ploStici v pribchu jednotlivych

kol averzivniho uceni prodluzovaly. Vzrust latenci napadeni oranzovych plostic mohl byt
ovlivnén celkov€ mensi pocatecni opatrnosti k oranzové formé ploStice. Otazkou ziistava,
jestli by delsi sekvence averzivniho uceni vedla i nadéle k zvySujicim se latencim manipulace
s nepozivatelnou formou plostice az do uplného odmitani této kofisti nebo by bylo zapotiebi
pouziti silnéjsi chemické ochrany, piestoze pfirozena chemicka ochrana T. diophthalmus byla

popsana spise jako slaba (Staddon et al. 1987). Stejn¢ jako u dospé€lych jedincti ani u naivnich
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zbarvené jedlé¢ varianty. Takové chovani svédéi pro diskriminaéni uceni mezi jedlym a
nejedlym typem kofisti u naivnich mlad’at sykor konader.

Abychom dokazali zjistit, jak dobfe se ptaci naucili rozliSovat mezi jedlou a nejedlou
variantou kofisti, predlozili jsme jim néasledn€ oba dva typy kofisti souasné. Zaznamenavali
jsme pofadi, v jakém byly jednotlivé typy kofisti napadeny. VSechny experimentalni skupiny
sykor signifikantné vice preferovaly jedlou cerné zbarvenou plostici nad jeji
iridescentni/oranzovou variantou. Z vysledka tedy vyplyva, Ze proces uceni u ptaka probiha,
piestozZe pii sekvencnim uspofadani predkladani kofisti nemusi byt zcela zfejmy. Zda se tedy,
ze pro preziti kofisti s malo efektivni chemickou obranou je soucasna piitomnost
alternativniho typu kofisti velmi dilezita.

Nakonec byla u vSech skupin ptakl testovana schopnost generalizace jejich dosavadni
zkuSenosti na pét rizné zbarvenych variant plostice T. diophthalmus: 1) iridescentni 2)
oranzova 3) Cernd 4) iridescentné-Cernd a 5) oranzovo-Cernd. VSechny typy kofisti byly
ptakiim ptedloZzeny v jejich jedlé varianté a soucasné. Zaznamenavali jsme latenci a potadi
jejich napadeni. Chovani sykor v priitbéhu generaliza¢niho testu ukézalo, jakym zpisobem se
muze iridescence uplatiovat pfi vystrazné signalizaci aposematické kotisti. Bez ohledu na to,
jakou barevnou variantu se dospélé sykory ucily odmitat, oranzovo-¢erna plostice pro né
piedstavovala vysoce averzivni podnét. Iridescentni plostici se pak vyhybali 1 ptéci, kteti byli
uceni odmitat oranzovou plostici a s iridescentni formou méli pouze pozitivni zkuSenost z
preferen¢niho testu. Naopak pro ptaky, kteti byli uceni odmitat iridescentni formu, zlstala
oranzova kofist tou nejatraktivnéjsi (dokonce vice nez Cernd kontrolni kofist ztestu na
averzivni uceni). Ackoliv je vzor australské plostice T. diophthalmus zna¢né odlisny od vzoru
mimetického komplexu stfedoevropskych Cerveno-cernych plostic (Exnerova et al. 2008),
kontrastni vzor oranzové a Cerné barvy ziejmé zpusobil vysokou miru averze u ptaki, kteti

maji zkuSenost s aposematickymi cerveno-cernymi plosticemi z piirody.
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Naproti tomu naivni mlad’ata, kterd se ucila odmitat nejedlou iridescentni formu
plostice, se ji také v generalizacnim testu nejvice vyhybala. Iridescentné-Cernda forma se
ukazala jako druhd nejvice averzivni, coZ naznacuje, Ze naivni mlad’ata si iridescenci spojila
s nepozivatelnosti kofisti a tudiz by iridescence samotnd mohla fungovat jako aposematicky
signal. Pro naivni mlad’ata byla prekvapivé druhou nejvyhledavangjsi kofisti oranzovo-¢erna
forma plostice (hned po ¢erné kontrolni kofisti z averzivniho tréninku).

Celkové znasi studie Fabricant et al. (2014) vyplyva, Ze iridescentni zbarveni je u
plostic dileZitou soucasti jejich aposematické signalizace.

Piistup knové a aposematické kofisti se u ptakl muize v pribchu Zivota ménit
v zé&vislosti na véku a ziskanych zkuSenostech. Reakci vici aposematické kofisti v§ak muze
ovlivnit nejen piimo zkuSenost s danou (nebo podobnou) kofisti, ale také prostiedi, ve kterém
zvite zije, vetné¢ rozmanité nabidky potravy a dalSich podnétl, se kterymi se v priabéhu
zivota setka.

Studie, kterd potvrdila vliv pfedchozi zkuSenosti jako jednoho z faktorh, ktery
ovliviluje variabilitu v reakcich sykor vici aposematické kofisti, je prace Exnerova et al.
(2015). V této studii byly porovnany reakce dospélych odchycenych sykor konader (Parus
major) ze dvou vzdalenych populaci, které se liSily svou dosavadni zkuSenosti
s aposematickou kofisti. Testovali jsme dospélé sykory z finské populace, které maji diky
svému geografickému vyskytu pouze velmi omezené zkuSenosti s vystrazné zbarvenou koftisti
a populaci sykor konader ze stfednich Cech, u kterych byla jiz opakované prokizana averze
k aposematické kofisti diky jejich zkuSenosti z ptirody (Exnerova et al. 2003, 2006, 2007;
Hotova Svadova et al. 2010). Abychom vyloucili vliv neofobie, testovali jsme ob¢ populace
sykor se tfemi typy kofisti: 1) pro obé populace novou palatabilni kofisti, larvou bananového
cvrcka (Gryllus asimillis) s pfipevnénym modrym $titkem na jeho dorsalni stran¢ 2) pro obé
populace novou nepalatabilni kofisti, nahnédo nabarvenou rumeénici pospolnou (Pyrrhocoris
apterus) a 3) saposematickou kofisti, pfirozené cerveno-Cerné¢ zbarvenou ruménici (P.
apterus). Z nasich vysledkl vyplyva, ze obé populace sykor konader napadaly stejné ochotné
novou kofist ve formé modrého cvrcka i nahnédo nabarvené plostice. Rozdilné chovani jsme
vSak zaznamenali v reakcich sykor na aposematickou cerveno-Cernou ruménici. Zatimco
sykory konadry z ¢eské populace tento typ kofisti opakované odmitaly, sykory ze stfedniho
Finska ruménici ochotné napadaly a v nékterych ptipadech také konzumovaly. Z naseho
experimentu tedy vyplyva, ze rozdil v ptfistupu k aposematické plostici u dvou vzdalenych
populaci sykor konader neodrazi celkova mira jejich neofobie, ale jejich dosavadni zkuSenost

s vystrazn¢ zbarvenou kofisti z pfirody. Celkové tedy milizeme shrnout, ze dosavadni
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zkuSenost je jednim znejdilezitéjSich faktorti, které ovliviiuji reakce sykor na
aposematickou kofist.

Nejen zkuSenost s konkrétnimi typy potravy, ale také absence dostatecného mnoZzstvi
riznorodych podnétll, se kterymi se ptaci v pribéhu svého Zivota setkaji, miize zpisobovat
rozdilny ptistup sykor konader k aposematické koftisti. Stejn¢ jako dospélé sykory konadry
pochézejici z finské populace, ani rucné odchované dospélé sykory konadry v praci
Adamova-Jezova et al. (in prep.) nemély Zadnou dosavadni zkuSenost s aposematickou
koftisti. Porovname-li v8ak velmi rozdilné reakce téchto dospélych sykor zijicich v rozdilnych
podminkach (finskd populace z pfirody vs. holandska populace v chovech), je zfejmé, ze
jednou z moznych pfic¢in silné vrozené opatrnosti dospélych ru¢né odchovanych sykor
konader mize byt pravé jejich chovu v laboratotnich podminkach. Nékolik studii potvrzuje,
ze prostiedi, ve kterém byli ptaci vychovani, nasledn¢ ovlivnilo jejich budouci pfistup
k novym podnétim (Jones 1986; Meehan & Mench 2002; Fox & Millam 2004, 2007).
Napiiklad u kutat (Gallus gallus domestica) a amazonant oranzovokiidlych (Amazona
amazonica) obohacené Zzivotni prostfedi v chovech signifikantné snizilo strach znovych
objektli a u kutat se diky komplexnéj§im zivotnim podminkam, obohacenym o mnozstvi
riznorodych pfedméth a barevnych obrazcl na zdech jejich ubikaci, zvysilo také piijeti nové
potravy do jejich jidelnicku (Jones 1986; Meehan & Mench 2002; Fox & Millam 2004, 2007).
Ke sniZeni neofobie vii¢i nezndmé potraveé a jeji nasledné konzumaci pfispiva také predchozi
pozitivni zkusSenost s riznou potravou (Jones 1986; Marples et al. 2007; Leculle et al. 2011;
Adamova-Jezova et al. submit.). Z nasi ptedchozi studie (Adamova-Jezova et al. submit.),
ktera se zabyva vrozenou opatrnosti tii druht sykor k nové a aposematické kofisti vyplyva, ze
u naivnich ru¢né¢ odchovanych sykor konader snizuje ptredchozi pozitivni zkuSenost
s potravou Cervené barvy neofobii k aposematické kofisti a nasledné zvySuje také ochotu
k jeji konzumaci. Protoze u vétSiny ptakti z holandské v laboratornich podminkach chované
populace ze studie Adamova-Jezova et al. (in prep.) nedoSlo k taktilnimu kontaktu
s predlozenou plostici, nemizeme jednoznacné stanovit, zda je u nich pfiinou averze
k neznamé kofisti silna mira neofobie nebo urcita forma konzervatizmu. Podle Marples &
Kelly (1999) je neofobie k potravé popisovana jako kratkodoby proces, ktery trvd pouze
n¢kolik minut ¢i nékolik ptedlozeni. To vSak neodpovida relativné dlouhému a opakovanému
odmitani nové kofisti u nami testovanych sykor. Muzeme se tedy domnivat, ze Zivotni
podminky v chovech, které ptakiim pfinaSeji pouze omezenou Skalu novych podnéti,
nedostatek rtznorodych zdrojii potravy a neomezenou potravni nabidku, by mohly byt

pfi¢inou jejich neochoty prozkoumavat nové podnéty. Fixace na znamou potravu, ktera je
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dana opakovanou pozitivni zkuSenosti s ni a zaroven nedostatek zkuSenosti s potravou jinou,
stejné jako absence zkusenosti s jejim nedostatkem by mohlo byt u testovanych sykor konader

pti¢inou jejich odmitavého piistupu k novym typlim potravy.
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Abstract

The efficiency of defensive mechanisms in 11 European aposematic species of Heteroptera against various passerine predators
was analysed. Bird species differed in their reactions to aposematic preys: small insectivorous birds generally avoided aposematic
bugs, but granivorous birds as well as large insectivorous birds frequently attacked them. The ability to overcome heteropteran
chemical defences appears to be connected with the larger body size of birds and with their food-storing behaviour. From the
bird’s point of view, various red-and-black aposematic species of Heteroptera form a mimetic complex. However, antipredatory
defence properties of individual species differ substantially in their efficiency against bird predators, and the nature of the mimetic

complex is rather quasi-Batesian than Miillerian.

Key words: antipredatory defences, warning signals, Heteroptera Pentatomomorpha, Passeriformes.

Introduction

Aposematism is a type of antipredatory strategy, when
the prey signals its own unprofitability by a signal under-
standable to predators (Ruxton et al., 2004). There is con-
siderable evidence that prey defences as well as warning
signals may be multimodal, i.e. may consist of visual, be-
havioural, acoustic, olfactory and gustatory components.
Two or more warning signals either reinforce themselves
or act synergistically, and the effect may lead to preda-
tor’s unlearned avoidance or phobia, may accelerate
avoidance learning, or enhance memorability of the warn-
ing signal (Rowe and Guilford, 1999; Ruxton et al.,
2004). With few exceptions (Marples et al., 1994) the
evidence is based mainly on experiments with artificial
prey items and model predator species (usually domestic
chicks). Therefore, the function of multimodal warning
signals and defences of real prey species against a variety
of their natural predators remains largely unknown.

The Heteroptera possess multimodal antipredatory de-
fences whose main components are (a) visual signals
(warning coloration or cryptic coloration), (b) acoustic
signals (warning stridulation), and (c) allelochemicals
(signalling the unpalatability, or directly repellent to
toxic; synthesized by exocrine glands or taken over
from hostplants and sequestered). This complex array of
antipredatory defences makes the Heteroptera an excel-
lent model group for studying aposematism and mim-
icry. Our studies were focused mainly on following
problems (1) universality of warning function of
aposematic signals against different avian predators, (2)
abilities of predators to overcome bug defence system,
(3) comparison of the efficiency of defensive mecha-
nisms of various heteropteran species, (4) role of indi-
vidual species in the potential mimetic complex of red-
and-black pentatomomorphan true bugs, (5) importance
of various components of heteropteran warning signals
for learning and discrimination in bird predators.

Materials and methods

Heteroptera

We tested the reactions of birds to adults of the fol-
lowing species: Pyrrhocoris apterus (L.), its white, yel-
low, and orange mutants, and brown-painted individu-
als; Pyrrhocoris marginatus (Kolenati); Scantius aegyp-
tius (L.); Lygaeus equestris (L.)/simulans Deckert;
Spilostethus saxatilis (Scopoli); Tropidothorax leucopterus
(Goeze); Horvathiolus superbus (Pollich); Corizus
hyoscyami (L.); Graphosoma lineatum (L.); Eurydema
oleraceum (L.); Eurydema ornatum (L.). We included
ladybirds Coccinella septempunctata L. and Propylaea
quatuordecimpunctata (L.), and froghopper Cercopis
vulnerata Rossi as possible non-heteropteran members
of mimetic complexes.

Birds

Wild-caught passerine birds of the following species
were tested: (1) mainly insectivorous species - Turdus
merula L., Erithacus rubecula (L.), Phoenicurus
ochruros (S. G. Gmelin), Parus major L., Cyanistes
caeruleus (L.), Periparus ater (L.), Lophophanes
cristatus (L.), Poecile montanus (Conrad), Poecile
palustris (L.), Aegithalos caudatus (L.), Sitta europaea
L., Sylvia atricapilla (L.); (2) partly granivorous species
- Passer montanus (L.), Passer domesticus (L.),
Fringilla coelebs L., Carduelis chloris (L.), and Emberiza
citrinella L.. Hand-raised great tits (P. major) were used
as naive predators in learning, memory, and discrimina-
tion experiments.

Experimental set-up

Experiments were carried out in the cage equipped
with one-way glass, perch, and rotating feeding tray.
Cage illumination simulated the full daylight spec-
trum. Bird’s behaviour was scored as a continuous re-
cord in Observer Video-Pro (Noldus) and recorded by



videocamera. Each bird was deprived of food about
two hours before starting the experiment. Experiment
consisted of a sequence of several consecutive five-
minute trials, during which the birds were offered in-
dividual bugs. The trials followed one after another
and alternated with presentations of a standard prey,
Tenebrio molitor L. larvae, to check bird’s foraging
motivation.

In the experiments with wild-caught birds, the se-
quence consisted of 5 trials with heteropterans. In ex-
periments focused on learning in naive hand-reared
birds, the sequence of five-minute trials continued until
the birds reached the learning criterion. Memory or dis-
crimination tests were performed next day after the
learning session. The birds were subjected either to the
sequence of trials with the same prey they learned to
avoid, or with another prey, or to the preference test
with several different types of prey.

Results and discussion

Universality of warning function of aposematic sig-
nals against different predators

Warning coloration of a certain species of Heteroptera
does not have a universal function among passerine
predators (Exnerova et al., 2003). Smaller and insec-
tivorous birds (chats, warblers and tits) generally
avoided aposematic bugs, but granivorous birds (finches
and buntings) as well as larger insectivorous birds
(blackbirds and nuthatches) frequently attacked them.
Even closely related bird species (family Paridae) can
differ in the way they acquire the avoidance; it appears
to be innate in some species and learned in others (Ex-
nerova et al., 2007). Surprisingly, firebugs (P. apterus)
were avoided also by tree sparrows (P. montanus),
which readily attacked and consumed unpalatable and
poisonous ladybirds (C. septempunctata) during the ex-
periments.

Abilities of predators to overcome bug defence
system

Generally, it appears that body size (weight) of the
bird affects its cautiousness in encounters with poten-
tially noxious aposematic bugs. Out of nine passerine
species tested with P. apterus, the smallest species (4.
caudatus and C. caeruleus) were most cautious and the
largest species (7. merula) most prone to attacking and
consuming the firebugs (Exnerova et al., 2003). Similar
trend was observed in the experiments with L. eques-
tris/simulans, S. saxatilis, and G. lineatum. Some preda-
tors may possess physiological or behavioural adapta-
tions to overcome the prey defences (Yosef and Whit-
man, 1992). Nuthatches (S. europaea) and crested tits
(L. cristatus) frequently used slits in the experimental
cage for storing the bugs (P. apterus), then checked
them time from time, and eventually consumed them,
after the repellent secretion vanished. Both species store
the food regularly; food-storing behaviour seems to be a
general exaptation for consuming noxious prey.
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Importance of heteropteran visual warning signals
for learning and discrimination in bird predators

The colour is especially important cue for passerine
predators among the various components of the visual
warning signal of the true bugs. Majority of wild-caught
birds (P. major, C. caeruleus, E. rubecula, S. atri-
capilla) experienced with red-and-black wild type of P.
apterus, did not recognize its yellow and white colour
mutants as the same prey, even though they had the
same shape, size, and black pattern (Exnerova et al.,
2006). Similarly, naive great tits (P. major) primarily
attended to colour and not pattern, when they learned to
avoid P. apterus and its colour mutants. Moreover, their
ability to generalize among various aposematic colours
seems to be limited — birds generalized their experience
with yellow form to the red one but not in the opposite
direction. On the contrary, typical warning coloration
(red-and-black) did not accelerate the avoidance learn-
ing when compared with the non-aposematic (uniformly
brown) coloration. However, great tits remembered their
experience with red-and-black P. apterus even after
three months, while their memory for brown-painted
form vanished.

Comparison of the efficiency of defensive mecha-
nisms of various species of Heteroptera

Effectiveness of defensive mechanisms was assessed in
the experiments with naive great tits (P. major), in which
the rate of avoidance learning and memory for the ex-
perience with various species of Heteroptera was meas-
ured. L. equestris/simulans and S. saxatilis were strongly
defended, the birds usually avoided them after one or
two encounters, and even the attacked bugs usually sur-
vived. G. lineatum appeared similarly well defended, and
was protected also by its strongly sclerotised cuticle. P.
apterus was rather weakly defended; the birds usually
took several encounters to develop the avoidance reac-
tion and the encounters were usually lethal for the bug.
Eurydema species seemed to be weakly defended, and
they are probably quasi-Batesian mimics of other heter-
opterans and ladybirds; this hypothesis may explain their
otherwise surprising colour polymorphism.

Role of individual species in the potential mimetic
complex of red-and-black pentatomomorphan true
bugs

Majority of red-and-black Pentatomomorpha from
Central Europe form a mimetic complex. Wild-caught
great tits (with a few exceptions) avoided all the heter-
opterans studied. Similarly, naive great tits generalized
their experience with one of the red-and-black species to
any other one, even if it was of quite different appear-
ance. Nevertheless, protection of the individual species
does not fit the simple Miillerian concept of all the spe-
cies sharing the costs and benefits equally. Individual
species play rather different roles in the complex: L.
eguestris/simulans and S. saxatilis being effective mod-
els, and P. apterus rather quasi-Batesian mimic. The
complex includes also non-heteropteran members — C.
septempunctata and C. vulnerata, which both can play a
role of models.
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Variation in predator behavior toward aposematic prey was frequently studied at interspecific and individual levels, but interpopula-
tion differences have been neglected. Geographic differences in prey fauna offer an opportunity to test their implications for predator
behavior. It can be expected that 1) predator populations inhabiting environments with high diversity of aposematic prey are more neo-
phobic than those living in areas where aposematic prey are scarce, and 2) different levels of neophobia jointly with avoidance learn-
ing affect selection on aposematic prey. We compared the behavior of wild-caught great tits (Parus major) from Bohemia and Central
Finland toward aposematic firebugs (Pyrrhocoris apterus), nonaposematic firebugs, novel objects and novel palatable nonaposematic
prey. Finnish and Bohemian birds did not differ in their novel-object exploration, but Finnish birds hesitated longer than Bohemian birds
before resuming feeding next to a novel object. Latencies to attack novel palatable prey did not differ and were not correlated with
the attitude toward novel objects. Tits from the Bohemian population mostly avoided aposematic firebugs and attacked nonaposematic
ones. Finnish birds were more likely to attack both firebug color forms, and their attack latencies were correlated with latencies of
attacking novel palatable prey. Thus, Bohemian birds avoided the aposematic prey, but were not more neophobic than Finnish birds.
These results suggest that differences between Finnish and Bohemian birds in behavior to aposematic prey do not follow differences
in exploration strategy and neophobia. The observed differences can be explained by a different experience with local aposematic
prey communities.

Key words: aposematism, exploration, geographic differences, neophobia, Parus major, Pyrrhocoris apterus.
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INTRODUCTION prey recognition, discrimination, and generalization (Roper and
Redston 1987; Gamberale-Stille and Tullberg 1999; Speed 2000;
Ham et al. 2006; Svadova et al. 2009). Given the complexity of
the cognitive processes, which contribute to the formation of the
avoidance of aposematic prey, it is not surprising that there exists a
considerable variation in behavior of different predators toward a

Avoidance of aposematic prey usually involves several cogni-
tive mechanisms that affect the behavior of predators (Ruxton
et al. 2004). Reaction toward prey may be influenced by neopho-
bia (e.g., Coppinger 1969, 1970; Exnerova ct al. 2010) or dietary
conservatism (Marples et al. 1998; Marples and Kelly 1999), and

by inherited (Smith 1975; Lindstom et al. 1999a) or learned defended prey species (Brower 1988; Exnerova E.tt al. 2003; Endler
and Mappes 2004; Valkonen et al. 2012; Nokelainen et al. 2014).

Predators from different taxa may react differently to a particu-
lar prey species, and several mechanisms have been discussed as

(e.g., Lindstrom et al. 1999b; Exnerova et al. 2007; Aronsson and
Gamberale-Stille 2008; Barnett et al. 2012) aversions against cer-

tain warning signals and their combinations (Marples and Roper . . - > )
1996; Rowe and Guilford 1996; Lindstrom et al. 2001). The potential factors responsible for the variation: the energetic require-
’ ' ments of a predator (i.e., body size or hunger level) are important

in determining whether or not the predator decides to attack and
consume a defended prey (Lixnerova et al. 2003; Barnett et al. 2007;
Halpin et al. 2014). Also, sensory and cognitive abilities of preda-
Address correspondence to A. Exnerova. E-mail: exnerova@gmail.com. tors can be highly variable (Hart 2001; Sol et al. 2005) influencing

response of a predator to warning signals is affected by associa-
tive learning, the degree of which is influenced by memorability,
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their ability to learn to avoid aposematic prey (Endler and Mappes
2004). Closely related species also frequently differ in their reac-
tions to novel environments, objects and food; the neophobia level
may be correlated with the degree of habitat and foraging spe-
cialization (Greenberg 1989; Mettke-Hofmann et al. 2009, 2012;
Tebbich et al. 2009).

Variation in reactions to aposematic prey also exists among con-
specific predators, where the initial wariness and rate of avoidance
learning may be correlated with personality traits (Exnerova et al.
2010). On the other hand, the rate of incorporation of a novel food
item into an individual’s diet represents another process: dietary
conservatism (Marples et al. 1998; Marples and Kelly 1999), which
is independent of personality and not correlated with neophobia
(Marples and Mappes 2011). The behavior of predators toward
aposematic prey may also be correlated with their age (Lindstrom
et al. 1999a; Exnerova et al. 2006; Langham 2006; Mappes et al.
2014), and due to the importance of learning also highly affected
by individual experience (Exnerova ct al. 2007; Ihalainen et al.
2008; Barnett et al. 2012; Hotova Svadova et al. 2013).

In contrast to interspecific and individual differences in behav-
ior toward aposematic prey, the potential differences between con-
specific populations, namely those living in geographically distant
areas and different habitats, have not been studied. Despite being
interesting per se, the knowledge of potential geographical differ-
ences may be important for the generalization of results based on
studies of different populations of a particular species of predator.
Individuals from geographically distant populations may react dif-
ferently to aposematic prey simply because of different individual
experience with local aposematic prey. Alternatively, the behavior
toward aposematic prey may reflect population-specific differences
in neophobia (see Liebl and Martin 2014) and exploration strat-
egies evolved for living in different conditions such as prey diver-
sity and frequency of noxious prey. Individuals from populations
living in different conditions (e.g., different predation pressure and
environment stability) differ in their exploration of a novel environ-
ment, and their reactions to novel objects and novel food (Martin
and Fitzgerald 2005; Brydges et al. 2008; Echeverria and Vassallo
2008; Korsten et al. 2010; Liebl and Martin 2014). Likewise, indi-
viduals from migratory populations may be more neophobic than
their resident conspecifics (Mettke-Hofmann et al. 2013).

In this study, we investigated geographical differences in response
to novel stimuli and reaction to aposematic prey in the great tit
(Parus major L., 1758), a small passerine which is mainly insectivo-
rous during spring and summer, although in autumn and winter,
when insect prey become scarcer, adds berries and seeds to its
diet (Cramp and Perrins 1993). The great tit is a resident species
inhabiting a wide range of woodland habitats in the Palaearctic
region, and its distribution covers the whole Europe including the
far North (Cramp and Perrins 1993). In recent years, the great tit
has become a model species in studies on aposematism and mim-
icry. Because such studies are based on experiments with birds
from various localities across Europe (e.g., Sillén-Tullberg 1985;
Lindstrom et al. 1999a, 1999b; Exnerova et al. 2006), it is worth
testing whether birds from different populations behave in the same
way. As a model aposematic prey we used the firebug (Pyrrhocoris
apterus), which is conspicuously red-and-black colored and unpalat-
able for small passerine birds (Exnerova et al. 2003). The firebug is
widespread in the Palaearctic, but it is absent in Britain and most
of Northern Europe.

By comparing the behavior of wild-caught great tits from 2 geo-
graphically distant areas, Bohemia and Central Finland, we tested
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the following hypotheses concerning the reaction of these birds
toward aposematic prey: 1) Differences in behavior toward apo-
sematic firebugs follow differences between the 2 populations in
their behavior toward novel palatable prey and other types of novel
objects, that is, they reflect the levels of individual exploration and
neophobia. 2) The 2 populations exhibit specific differences con-
cerning the aposematic firebugs. The Finnish birds are expected
to be more willing to attack aposematic firebugs because of their
lack of experience with this type of the aposematic prey in their
natural environment. 3) Birds from both populations avoid attack-
ing firebugs regardless of their experience. This may happen if
the avoidance of aposematic prey has a strong genetic basis or the
avoidance learning of prey with a given warning signal is general-
ized to other prey whose signal is similar enough. Because the local
diversity of aposematic prey is important for the interpretation of
the behavior of birds, we also analyzed data on the distribution of
aposematic and nonaposematic species of Heteroptera between the
2 compared areas.

MATERIALS AND METHODS

Experiments were carried out at Konnevesi Research Station,
University of Jyviskyla (Central Finland) and in Prague at the
Faculty of Science, Charles University (Bohemia) during autumn
2012. In order to standardize the phenological differences between
the 2 localities, the experiments were conducted during October in
Central Finland and during November in Bohemia.

Comparison of occurrence of aposematic species
of Heteroptera in Central Europe and Central
Finland

In order to compare the composition of the fauna of true bugs
from both areas, we gathered data on the occurrence of heteropter-
ans, particularly of the aposematic species, in Central Europe and
Central Finland. Data for Central Europe were obtained combin-
ing the whole heteropteran faunas of Germany (species included
in Wachmann et al. 2004, 2006, 2007, 2008) and Czech Republic
(Stys P, unpublished data). As for Central Finland, we covered spe-
cies occurring in Finland at the latitude of Konnevesi (62°38'N),
or likely to occur there (known to occur slightly more to the South
or to the North), as shown by distributional maps (Rintala and
Rinne 2010). Purely coastal species were excluded. Taxonomically,
we considered only the terrestrial Heteroptera (Leptopodomorpha,
Cimicomorpha, and Pentatomomorpha s. lat.). In their adult stage,
the dorsum of those species regarded as aposematic is uniformly
colored with bright white, yellow, orange or red, or with a combina-
tion of any of those and a contrasting dark pattern. For the pur-
pose of this analysis, we also classified as aposematic those species
having nonaposematic morphs as well. The dull whitish, yellowish
to reddish taxa/morphs were not taken as aposematic (e.g., some
Miridae: Phylinae). All terrestrial true bugs are known to have a
chemical defense (Schuh and Slater 1995).

Predators

Altogether we tested 100 wild-caught great tits, 50 from each of 2
geographically distant populations: 1) Konnevesi in Central Finland
(62°38'N, 26°19'E) and 2) Prague in Bohemia (Czech Republic,
50°04'N, 14°26’E). The words “Finnish” and “Finland,” when-
ever used without qualification in the text, always refer to Central
Finland at about Konnevesi latitude. The sex and age of both
experimental groups were balanced (Central Finland: 30 males and
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20 females, 19 yearlings and 31 adults; Bohemia: 29 males and 21
females, 17 yearlings and 33 adults). The birds from both popu-
lations had similar body weight (Bohemian birds—mean 16.5g *
0.9g, N = 50; Finnish birds—mean 17.1g + 1.0g, N'= 50).

The habitats around Konnevesi include mainly sparse mixed
forest with a low undergrowth of moss, grasses and sedges, herba-
ceous plants and shrubs; the forest is interspersed with large clear-
ings including also buildings and human settlements; a brook and
meadows along lake sides are present as well. The Prague locality
consists mainly of large city parks with coniferous and broad-leaved
trees; the parks are surrounded by roads and residential houses with
small patches of ruderal vegetation interspersed. The major park is
an old botanical garden, which represents various Bohemian habi-
tats, and also includes several pools and a small brook. The birds
were trapped in the autumn, when overwintering birds typically
move around (Cepék et al. 2008). Thus, birds in each locality were
likely to be coming from surrounding areas as well.

Birds were caught using food-baited traps (Central Finland, see
Ham et al. 2006 for details) or mist nets placed near the feeders
(Bohemia) during autumn 2012. They were housed individually in
cages (50cm X 40 cm X 50 cm in Prague; 65 cm X 50 cm X 80 cm in
Konnevesi) under natural light conditions and were kept on a diet
consisting of mealworms (larvae of Tenebrio molitor L., 1758), pea-
nuts, sunflower seeds and water ad libitum. The birds were allowed
to habituate to the laboratory conditions for 5-7 days before the
experiment. Each bird was used only once in each experiment.
After the experiment they were ringed individually and released in
the locality of their capture.

Prey

As aposematic prey we used brachypterous adult firebugs [Pyrrhocoris
apterus (L., 1758); Heteroptera], which possess a conspicuous red-
and-black coloration. The species’ defensive secretion from meta-
thoracic glands containing mainly aldehydes (Farine et al. 1992)
makes this insect distasteful for small passerine birds including great
tits (Exnerova et al. 2003). The firebugs live on the ground and
partly also on trees, and feed mainly on seeds of Malvaceae (her-
baceous species and linden tree, Tilia) and locust tree, Robinia pseu-
dacacia (Kristenova et al. 2011; Hotova Svadova et al. 2014). They
are widespread in the Palaearctic but absent in most of Northern
Europe; their range does not exceed the latitude of 60°N (Aukema
and Rieger 2001; Rintala and Rinne 2010).

A nonaposematic variant of the firebugs lacking the red-and-
black color pattern was obtained by painting their upper parts
with dark brown watercolor dye and chalk. We used these color-
manipulated bugs to test the specificity of birds’ reaction toward
the firebugs’ warning coloration, as we needed prey that did not
differ from the aposematic prey in any other trait (size, body shape,
composition of defensive secretion, and so forth). The dye used to
modify the visual part of the firebug warning signal was odorless
and nontoxic, and the chemical defense of these artificially made
nonaposematic firebugs was unchanged (see Exnerova et al. 2003).
The firebugs were collected in Prague (Czech Republic). They were
kept at a temperature of 24+ 1 °C and a light: dark cycle of 16:8h,
reared on linden seeds (7ilia cordata) and provided with water ad
libitum.

Mealworms (larvae of Zenebrio molitor) were used as a palatable
control prey to check the foraging motivation of birds before start-
ing a trial with experimental prey. We used nymphs of Jamaican
field crickets [Gryllus assimilis (Fabricius, 1775)] carrying a bright-
blue paper sticker attached to their dorsal side as a novel, edible,
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nonaposematic prey to test the level of birds’ food-specific neopho-
bia. The size of crickets offered in experiments matched the aver-
age size of tested firebugs (i.c., 10-12mm). The sticker covered
most of the cricket’s dorsum, leaving its antennae and legs visible.
In a preliminary experiment (involving 2 other groups of 20 wild-
caught birds, both from Bohemia), great tits hesitated longer before
attacking crickets with a blue sticker (mean 179.2 s £ 28.2, N = 20)
than before attacking those without the sticker (mean 40.9 s £ 12.4,
N = 20; Mann-Whitney U-test: £ = —3.92, N'= 40, P < 0.001),
which they attacked with similar latencies as familiar mealworms
(mean 24.6 s £ 10.5; Wilcoxon matched pairs test: < = 1.49,
N =20, P = 0.135). These results indicate that crickets with the
blue sticker represent a stimulus sufficiently novel to increase attack
latency.

Experimental design and equipment

Experiments were designed to compare the exploration behavior,
levels of neophobia, and specific reactions to aposematic and novel
palatable prey between 2 populations of great tits. Each bird was
tested individually in 4 separate tests in the following order, which
was identical for all the birds: 1) exploration test with a novel
object, 2) neophobia test with a novel object placed near the food
bowl, 3) test of reaction toward novel palatable prey, and 4) test of
reaction toward aposematic firebug or its nonaposematic brown-
painted variant. This way the recent aversive experience with fire-
bugs did not affect the reactions of birds toward novel objects and
palatable prey, and the order per se did not influence the compari-
son between populations.

Exploration and neophobia tests

To study exploration behavior and neophobia level we carried out
2 types of novel-object tests: 1) a novel object presented in a neutral
location, and 2) a novel object attached to the food bowl. A novel
object presented in a neutral location is frequently used to mea-
sure exploration behavior and neophilia, because the bird is not
forced to approach the novel object, and when it does, it indicates
its interest in exploring the object (e.g., Verbeck et al. 1994; Mettke-
Hofmann et al. 2002; Drent et al. 2003). The presentation of a
novel object close to the food bowl is regarded as a measure of neo-
phobia, because it creates a conflict between foraging motivation
and motivation to avoid a novel object; the bird has to overcome
the neophobia to come close to the object and feed (Mettke-
Hofmann et al. 2002; Feenders et al. 2011; Mettke-Hofmann
2012). Although exploration and neophobia may be correlated as
they represent personality traits (van Oers et al. 2004), they are
considered to be 2 distinct responses to novel stimuli (Greenberg
and Mettke-Hofmann 2001).

In the exploration test, we used a bright-blue pen attached
to one of the perches close to the front wall of the home cage.
We measured the latency to peck at the novel object. The test
lasted 10min (maximum) and was terminated earlier if the bird
pecked at the novel object. Food and water were freely available
at all times.

In the neophobia test, we used a pink plastic clothes-peg attached
to the food bowl placed on the home-cage floor. The birds were
deprived of food for 1h before the test to increase their foraging
motivation. We recorded the latency to feed near the novel object.
The test lasted 10 min and was terminated earlier if the bird started
to feed in presence of the novel object. To control for potential dif-
ferences in foraging motivation, we also carried out a control test
under the same conditions but with the peg absent.
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Novel and aposematic prey tests

Tests with novel palatable prey and firebugs were performed in
experimental cages and followed one after another. Experimental
cages used in Bohemia and in Central Finland were of similar
size (70cm X 70cm X 70cm in Bohemia and 50cm X 50cm X
70cm in Central Finland); they were made of plywood and a wire
mesh, and equipped with a perch and a water bowl. The front wall
of cages used in Bohemia was made of 1-way glass; the birds in
Central Finland were observed through a small mesh-covered win-
dow in the cage wall. llumination of the cages simulated the natu-
ral daylight spectrum (including UV wavelengths). The tested prey
was put into the cage in a glass Petri dish placed on a sliding food
tray on the cage floor. Despite of difference in the cage sizes, the
distance between the food tray and the closest perch was identical
(35cm). All the prey types appeared conspicuous on the light beige
background of the plywood food tray. Prior to the experiments, the
birds were habituated to the experimental cages, and they were
deprived of food for 2h to increase their foraging motivation. The
experiments were video-recorded and the birds’” behavior was con-
tinuously registered using Observer XT 8.0 software.

Novel palatable prey test

The novel, palatable, nonaposematic prey was represented by a
Jamaican field cricket with a blue-colored paper sticker attached to
its dorsal side. The experiment consisted of a sequence of 5-min
(maximum duration) trials. At the beginning of the sequence, we
offered the bird a mealworm as a control prey to check its foraging
motivation. When the bird consumed a mealworm, it was offered a
cricket in the subsequent trial. If the bird did not attack the cricket
within the time limit, the sequence continued with another meal-
worm trial followed by another cricket trial up to a maximum of
3 cricket presentations. We measured the latency to attack (touch,
peck, or seize) the cricket and recorded whether the cricket was
killed and eaten.

Firebug test

The birds from both Bohemian and Finnish populations were sub-
divided into 2 experimental groups of 25 birds each, with similar
proportion of yearlings and adults, and males and females. One
group was tested with aposematic red-and-black firebugs, and the
other one with manipulated (brown-painted), nonaposematic (but
still unpalatable) firebugs.

The test consisted of a sequence of alternating trials in which
the birds were presented either with a control prey (mealworms) as
a check of foraging motivation or with a firebug. Each trial lasted
5min at most, and was terminated earlier if the bird attacked the
prey. The sequence always started with a mealworm trial. When
the bird consumed a mealworm, it was offered a firebug in the
subsequent trial. If the bird did not attack the firebug within the
time limit, the sequence continued up to a maximum of 20 fire-
bug presentations. We measured the latency to approach and attack
(to touch, peck, or seize) the firebug and recorded whether it was
killed, thrown away, or eaten. If the bird attacked one of the fire-
bugs, we kept offering them (alternating with mealworms) until the
bird left untouched 3 firebugs in a row, which was considered an
avoidance-learning criterion.

Data analysis

A Cox hazard regression was used to analyze the differences
between Bohemian and Finnish great tits in exploration behavior
toward a novel object (the latency to peck at the blue pen) and in
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neophobia (the latency to feed in presence of a novel object, the
pink clothes-peg). Locality of bird origin, and bird’s sex and age
were used as explanatory variables. In the analysis of neophobia,
we included the control (peg absent) latencies in the model as a
covariate. The model selection procedure started from the model
including all possible 2-way interactions of locality, age and sex,
and was subsequently simplified. Model selection was conducted
in a hierarchical manner based on the significance of the terms in
the model.

A Cox hazard regression was also used to analyze the behavior
of birds to novel palatable prey (cricket with blue sticker), apose-
matic or nonaposematic firebugs, and control familiar prey (meal-
worm offered at the beginning of the experiment). As a response
variable we used latency to attack each prey type (cricket, firebug,
or mealworm). Locality, bird’s sex and age, and in case of firebugs
also their coloration (aposematic, nonaposematic), were used as
explanatory variables. The model selection procedure was similar
to that used for analyzing reaction to a novel object.

We computed Spearman rank correlations between latency to
peck at the novel object in the exploration test, latency to feed in
the presence of novel object in the neophobia test, and latencies to
attack the novel palatable prey and the firebugs. To check whether
the birds considered crickets with blue stickers a novel prey, we
compared attack latencies between crickets and mealworms offered
in the trial preceding the cricket test; the latencies were compared
by Wilcoxon matched pairs test.

We used the number of attacked firebugs before a bird stopped
attacking them as an indicator of learning. A generalized lin-
car model with Poisson distribution was used to analyze the data.
The model selection was based on significance of the terms in the
model. Bird sex and age, as well as locality of bird origin and fire-
bug coloration, and all possible 2-way interaction terms were used
as explanatory variables. All analyses were conducted using R
2.11.1 and the Ime4 package.

RESULTS

Comparison of occurrence of aposematic species
of Heteroptera in Central Europe and Central
Finland

Fauna of terrestrial Heteroptera of Central Europe comprises
922 species, 766 (83%) of which are nonaposematic, and 156
(17%) aposematic; in Central Finland 262 (90%) out of 292
species of Heteroptera are nonaposematic, whereas 30 (10%)
are aposematic. Thus, the less speciose fauna of Central
Finland (32% species as compared with Central Europe) has
not only a smaller absolute number of aposematic species (19%
as compared with Central Europe) but also the proportion of
aposematic species in the fauna is 0.59 times smaller than it
should be in accordance with an uniform decrease in species
diversity with increasing latitude (chi square = 7.75, df = 1, and
P =0.006).

Exploration and neophobia

We fitted Cox hazard regression model to explain the variation in
exploration of a novel object (blue pen). However, no significant
differences between the Bohemian and Finnish birds were detected
(Table 1, Figure 1). Most birds approached the object and pecked at
it within the time limit. The average pecking latency was 325£21.5
s (V= 100).
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Table 1

Fitting Cox hazard regression describing exploration of a novel
object (latency to peck at a blue pen) in Bohemian and Central
Finnish great tits
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Table 2

Cox regression model explaining latency of Bohemian and
Central Finnish great tits to start feeding after a novel object
was attached to the food bowl (pink peg; neophobia test)

Model Term removed df P Source Coef. SE z P
Sex*age + age*locality + Sex*age 1 0.9036 Locality (Bohemia) 1.336 0.293 4.565 <0.001
sex*locality Age (juv) —0.039 0.377 —0.103 0.918
Age*locality + sex*locality Locality*age 1 0.5712 Sex (males) —0.002 0.998 —0.010 0.992
Age + locality + sex + sex*locality Sex*locality 1 0.4664 Locality (Bohemia): age (juv.) —0.950 0.519 —1.827 0.068
Age + locality + sex Age 1 0.5506

Locality + sex Sex 1 0.6572 Interaction terms of the sex and age, and the locality and sex were removed
Locality 1 0.0897 from the model because they were not significant (z < *1, P> 0.36).

When an interaction is indicated (¥), the main effect of the term is also
included in the model. Degrees of freedom and significances are given for the
excluded term in the model.
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Figure 1

Latency of Bohemian and Central Finnish great tits to peck at a novel object
(blue pen; exploration test; open bars) and their latency to start feeding after
a novel object was attached to the food bowl (pink peg; neophobia test; gray
bars).

Our final Cox hazard regression model explaining the birds’
latency to feed in proximity of a novel object (pink peg) included
locality, bird age, and the interaction of both (IFigure 1, Table 2). In
general, Finnish birds hesitated longer compared with those from
Bohemia. Among all the birds, Bohemian adults were the least neo-
phobic, which caused the effect of the interaction between locality
and age of birds (Iigure 1, Table 2).

Latencies measured in exploration and neophobia tests were
significantly correlated in birds from both populations (Finnish
birds: 7, = 0.60, ¢t = 5.15, df = 48, and P < 0.05; Bohemian birds:
7, =0.29, 1= 2.10, df = 48, and P < 0.05).

Reaction to novel palatable prey

Most birds attacked the novel palatable prey (blue cricket) in the
first or second trial (mean 357 +37.2 s, N'= 100). The birds from
both localities hesitated longer before attacking the blue crick-
ets than before attacking familiar mealworms (Wilcoxon matched
pairs test: Finnish birds, ' = 5.56, N'= 50, and P < 0.01; Bohemian
birds, £ = 5.23, N'= 50, and P < 0.01).
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Figure 2

Latency of Bohemian and Central Finnish great tits to attack a novel prey
(cricket with a blue sticker; open bars), nonaposematic firebug (brown-
painted; light gray bars), and aposematic red-and-black firebug (wild-type;
dark gray bars).

No significant effect of locality of bird origin was found explain-
ing the variation in attack latencies (Figure 2, Table 3). However,
nonsignificant trend for adult birds to be less hesitant than yearlings
was detected (Table 3). We did not find a significant effect explain-
ing the variation in latency to attack the mealworm offered just
before the novel-prey test either (all P values of main effects (local-
ity, age, sex) and their interactions were > 0.230); this indicates that
all the birds entered the test with similar foraging motivation.

Attack latencies did not correlate with the latencies measured
in exploration (Finnish birds: r, = 0.04, ¢ = 0.27, df = 48, NS;
Bohemian birds: 7, = 0.02, ¢t = 0.12, df = 48, NS) and neophobia
(Finnish birds: 7, = 0.06, ¢ = 0.40, df = 48, NS; Bohemian birds:
7, =0.16, ¢t = 1.10, df = 48, NS) tests.

Reaction to aposematic and nonaposematic
firebugs

A similar proportion of Finnish and Bohemian birds attacked
nonaposematic firebugs (chi square = 1.75, df = 1, and P = 0.185).
Aposematic firebugs were mostly attacked by Finnish birds, and
mostly avoided by Bohemian birds (chi square = 8.33, df = 1, and
P =0.004).
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Table 3

Fitting Cox hazard regression describing latency of Bohemian
and Central Finnish great tits to attack a novel palatable prey
(blue cricket)

Model Term removed df P

Sex * age + age * locality + 0.9049

sex * locality

Age * locality 1

Sex * age + sex * locality Sex * locality 1 0.3953
Age + sex + locality + sex * age Locality 1 0.9588
Age + sex + sex * age Sex * age 1 0.2273
Age + sex Sex 1 0.3675
Age 1 0.1283

When an interaction is indicated (¥), the main effect of the term is also
included in the model. Degrees of freedom and significances are given for
the excluded term in the model.

Table 4

Model fitting of Poisson GLM explaining the number of firebugs
(either aposematic or nonaposematic) attacked by Bohemian
and Central Finnish great tits

Model Term removed df P
Locality * sex + locality * age + locality *  Age * color 1 09811
color + age * color + sex * color

Locality * sex + locality * age + age * color Locality * age 1  0.8621
+ sex * color

Locality * sex + age * color + sex * color Locality *sex 1 0.8452
Age + locality + sex + color + locality * Age 1 0.5427
color + sex * color

Locality + sex + color + locality * None

color + sex * color

If interaction is indicated (¥), the main effect of the term is also included in the
model. Degrees of freedom and significances are given for the excluded term
in the model. Our final model (see details in Table 5) is highlighted in bold.

Cox hazard regression model explaining the variation in latencies
to attack the firebugs revealed a significant interaction between firebug
coloration and the locality of bird origin (chi square = 3.95, df = 1,
and P = 0.047). Other terms included in the model were: locality, age
and sex of the bird, and firebug coloration. Bohemian birds were more
hesitant to attack aposematic firebugs than Finnish birds, but there was
no difference in latencies to attack nonaposematic firebugs (I'igure 2).

In Finnish birds, the latencies to attack both aposematic and
nonaposematic firebugs correlated with the latencies to attack
novel palatable prey (aposematic bugs: 7, = 0.46, { = 2.46, df = 23,
and P < 0.05; nonaposematic bugs: 7, = 0.61, 1 = 3.65, df = 23, and
P < 0.05); for Bohemian birds no such correlation was found (apo-
sematic bugs: 7, = 0.10, ¢ = 0.49, df = 23, NS; nonaposematic bugs:
r,=0.26, t = 1.27, df = 23, NS).

General linear model explaining the number of attacked firebugs
comprised locality of bird origin, bird sex, and firebug coloration
and the interactions between locality and firebug coloration, and
bird sex and firebug coloration (Table 4, Figure 3). The significant
interaction between firebug coloration and locality arose from the
fact that Bohemian birds attacked more nonaposematic firecbugs
than aposematic ones, whereas Finnish birds attacked similar num-
bers of both color forms (Table 5, Figure 3). Interestingly, in both
localities, males tended to attack more aposematic firebugs than
females. Individual females usually did not attack more than a sin-
gle firebug (mean 1.2£0.6, N'= 41), whereas the males frequently
attacked 2 and more (up to 4) individuals (mean 1.6 £0.7, N'= 59).

Behavioral Ecology
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Figure 3
Difference between Bohemian and Central Finnish great tits in the number
of nonaposematic and aposematic firebugs attacked.

Table 5

Poisson GLM explaining number of firebugs attacked by
Bohemian and Central Finnish great tits

Source Estimate SE z P

Intercept 0.3400 0.2228 1.526 0.1270
Locality -0.1476 0.2635 —0.560 0.5753
Sex —0.2353 0.2630 —0.895 0.3710
Color —0.9606 0.4733 -2.029 0.0424
Locality * color —1.2795 0.5254 —2.435 0.0149
Sex * color 1.0870 0.5252 2.070 0.0385

Effects of factor levels locality (Central Finland), sex (female), and firebug
color (nonaposematic) are included in the intercept.

DISCUSSION

Environmental factors, particularly food availability and predators,
are suggested to be the main drivers selecting for differences in forag-
ing behavior among local bird populations (e.g., Shochat et al. 2004).
However, we still have very limited understanding of how such differ-
ences arise, and whether certain behavioral traits are selected together
or independently. We compared several foraging-related traits in 2 geo-
graphically distant populations of great tits. Those populations have
presumably experienced different selective environments in terms of
habitats, diversity and abundance of noxious prey. Although our exper-
iments are not able to discern whether the observed differences already
reflect local adaptations or whether they reflect differences in experi-
ence, our results raise some interesting points regarding the nature of
differences in the reaction of wild-caught birds to aposematic prey and
how they are correlated with exploration behavior and neophobia.

Exploration and neophobia—comparison of
Finnish and Bohemian birds

Finnish and Bohemian great tits did not differ in their tendency to
explore a novel object placed in a neutral location in their home
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cage. However, Iinnish birds appeared more neophobic, and hesi-
tated longer than Bohemian birds before starting to feed next to a
novel object attached to their food bowl. Our results suggest that
environmental conditions both in Bohemia and Central Finland
may, in spite of their differences, favor similar exploration tenden-
cies in great tit populations. Similarly, Miranda et al. (2013) did not
find any differences in novel object exploration between 2 popu-
lations of European blackbirds (Zurdus merula) living in different
habitats.

The extent of object neophobia has been frequently found to
differ between conspecific populations (e.g., Martin and Fitzgerald
2005; Mettke-Hofmann et al. 2013; Miranda et al. 2013, but see
Echeverria and Vassallo 2008; Bokony et al. 2012). Several fac-
tors may explain the greater object neophobia of Finnish great
tits in our experiment. First, Finnish birds may be more cautious
to approach novel objects near their feeding place due to greater
vigilance caused by higher frequency of potential predators as can
be expected in a less populated and more natural landscape. In
sticklebacks (Gasterosteus aculeatus), individuals living in areas with
greater predation pressure are less bold and more neophobic than
those inhabiting areas with less predators (Bell 2005; Dingemanse
et al. 2007; Brydges et al. 2008). Second, Finnish birds may exhibit
greater object neophobia because of a larger proportion of migrat-
ing individuals (Cepak et al. 2008). Although the great tit is mostly
a resident species, some individuals (mostly yearlings) undergo
short-distance autumnal migration (Cramp and Perrins 1993).
Greater neophobia of birds from migratory populations than from
the resident ones has been found in 2 New World blackbird spe-
cies (red-winged blackbird Agelaius phoeniceus and Brewer’s blackbird
LEuphagus cyanocephalus); the difference may have been caused by
residents having higher costs of missing new opportunities in the
seasonally changing environment (Mettke-Hofmann et al. 2013).
Lesser neophobia of Bohemian birds may be also partly explained
by their more urbanized locality. Birds from urban populations may
be bolder and less neophobic than their rural conspecifics, as is the
case in European blackbirds (Zurdus merula; Miranda et al. 2013),
and song sparrows (Melospiza melodia; Fvans et al. 2010).

Behavior of Finnish and Bohemian birds toward
novel palatable prey

Finnish and Bohemian great tits did not differ in their behav-
ior toward a novel palatable prey, the cricket with a blue sticker
attached. They attacked the crickets with similar latencies, and
mostly killed and consumed them. This suggests that the hesita-
tion behavior toward novel prey does not reflect any general dif-
ference in local prey communities and frequency of potentially
dangerous prey.

Surprisingly, we did not find any correlation between the behav-
ior of birds toward novel prey and their reaction to novel objects
(exploration and neophobia) in the 2 populations studied. In juve-
nile Dutch great tits coming from lines selected for opposed person-
ality traits (Drent et al. 2003), the generally more neophobic “slow
explorers” hesitated longer before attacking novel prey (red-and-
black firebugs) than the less neophobic “fast explorers” (Exnerova
et al. 2010). There are several mutually nonexclusive factors pos-
sibly responsible for the difference between the results of our pres-
ent and previous studies (Exnerova et al. 2010): 1) The inherited
correlation between food neophobia and object neophobia may be
prominent in naive juvenile birds. In contrast, adult wild-caught
individuals may not show such a correlation due to their experi-
ence with various types of both palatable and unpalatable prey, as
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well as experience with food shortage periods. In wild-caught tits
living outside the breeding season in small flocks, the food neo-
phobia may also be influenced by the position of an individual in
the flock hierarchy (Farine et al. 2015). In black-capped chickadees
(Poecile atricapillus), for instance, subordinate individuals are less neo-
phobic than dominant ones (An et al. 2011). 2) The correlation
may be more apparent in birds coming from the lines selected for
the opposed personalities (Drent et al. 2003), than in birds from
natural populations with possibly less extreme values of personality
traits. 3) Food neophobia may be correlated with other personality
traits in some populations (Dutch; Exnerova et al. 2010), but not
in others (Finnish and Bohemian, this study). Bokony et al. (2012)
found that food neophobia in house sparrows (Passer domesticus) cor-
related with activity, risk-taking, and object neophobia only in 1 of
4 Hungarian populations studied. In Kenya none of the 8 popu-
lations of house sparrows tested showed any relationship between
exploration of a novel object and consumption of novel food (Liebl
and Martin 2014).

Reactions of Finnish and Bohemian birds toward
firebugs

The behavior of birds toward firebugs was affected by the firebug
coloration. In contrast to behavior toward novel palatable prey, the
Finnish birds partly differed from the Bohemian birds in their reac-
tions. Nonaposematic firebugs were attacked in similar proportions
by Finnish and Bohemian birds. The birds from both populations
also hesitated about the same time before attacking nonaposematic
firebugs, and learned to avoid them at a similar rate. In Finnish
birds, the attack latencies for nonaposematic firebugs correlated
with those for novel palatable prey, whereas in Bohemian birds the
latencies were not correlated. These results indicate that nonapo-
sematic, brown-painted firebugs were novel for Finnish birds, and
that the reaction to them followed the general behavior of birds
toward a novel prey. Noncorrelated latencies of Bohemian birds
suggest that these birds may be experienced with some similar,
nonaposematic but unpalatable true bugs from the wild (e.g., some
species of Rhyparochromidae), and that they partly generalized
their experience. On the other hand, the Bohemian birds attacked
nonaposematic firebugs more frequently than the aposematic ones,
which confirms the results of previous studies (Exnerova et al.
2003, 2006) suggesting that the characteristic red-and-black color
pattern of firebugs facilitates their recognition by avian predators.
The Finnish and Bohemian great tits significantly differed in
their behavior toward aposematic firebugs. Most Bohemian birds
avoided them on sight, whereas most Finnish birds attacked at least
1 individual. Finnish birds generally behaved toward aposematic
firebugs in a similar way as to the nonaposematic ones, and their
initial reactions (before the first contact with firebug defense chemi-
cals) were correlated with their reactions to palatable prey of novel
appearance (blue crickets). The differences in behavior toward the
aposematic firebugs did not follow the differences between the 2
populations in exploration and neophobia. Birds from both popula-
tions behaved similarly in response to a novel object and to a novel
palatable prey, and the only difference—hesitation to feed in pres-
ence of a novel object—does not correspond with behavior toward
the aposematic prey, because the Finnish birds were more neopho-
bic. Therefore, the difference in avoidance between the wild-caught
Finnish and Bohemian great tits is likely to be the result of indi-
vidual learning and their different experiences in the wild.
Although the Finnish birds attacked aposematic firebugs more
frequently than the Bohemian birds, it is interesting that the
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Finnish birds stopped attacking them on average after only 1 trial.
This means that the Finnish wild-caught birds learned to avoid the
novel aposematic firebugs considerably faster than the conspecific
naive hand-reared birds from Bohemia, which attacked on aver-
age 5 firebugs (Svadova et al. 2009) before learning to avoid them.
This difference suggests that the Finnish wild-caught birds may
have generalized their previous experience with some unpalatable
defended prey, even of a different appearance than firebugs, and
this may have increased their avoidance learning rate.

Alternatively, the difference may suggest an innate bias against
conspicuous aposematic prey (Lindstrom et al. 1999a), which can
speed up avoidance learning. Avoidance learning against an apo-
sematic prey that is evolutionarily novel needs typically several
unpleasant experiences before the novel prey is learned to be
avoided (e.g., Mappes and Alatalo 1997; Lindstrom et al. 1999b).
In previous studies, naive juvenile great tits did not hesitate longer
before attacking aposematic than nonaposematic prey (Svadova
et al. 2009), but they showed an innate bias against aposematic
prey, when the nonaposematic (Lindstrom et al. 1999a) or less con-
spicuous (Fabricant et al. 2014) alternative prey was present. These
2 alternatives are not mutually exclusive, and the reactions observed
in wild-caught birds are likely the result of an interaction between
an innate bias and individual experience. Assessing the effect of
both processes would, however, require further experiments with
naive predators and the use of the prey novel for both populations.

For the nonaposematic firebugs, the learning rates were similar in
Bohemian and Finnish birds, indicating that the populations do not
differ in their ability to learn avoiding unpalatable prey. The Finnish
birds, for which both firebug color forms were novel, learned to
avoid red-and-black and brown-painted firebugs at a similar rate.
This agrees with previous studies with great tits and defended con-
spicuous prey where learning rate between “typical” warning colors
versus gray or brown did not differ (Ham et al. 2006; Svadova et al.
2009). Because our experiment was designed mainly to test the
attack willingness toward the aposematic prey, rather than learn-
ing abilities, we are unable to make any strong conclusions about
the general differences in learning abilities between populations.
Furthermore, we compared an experienced population to a naive
one. In the future, it would be interesting to compare learning abili-
ties between populations by using a completely novel aposematic
prey and/or naive birds.

Our results indicate a stronger avoidance of aposematic bugs
by female great tits than by males. Similar results were obtained
in a study where female bobwhites (Colinus virginianus) showed more
aversion than males toward red- and orange-dyed food (Mastrota
and Mench 1994). A different study with the same species however,
found no differences between the sexes in color aversion, presum-
ably because the individuals used in both experiments differed in
age (Mastrota and Mench 1995). Color aversion in females, but not
in males, seems to increase with age (Mastrota and Mench 1994).
A possible explanation is that females consume more insects than
males, and they teach chicks to avoid toxic prey. Whether this is the
case for great tits is a matter of future research.

Aposematic Heteroptera and other insects of
Central Finland as potential models

Wild-caught great tits are potentially experienced with an unknown
number of both palatable and unpalatable species of insects,
both in Central Finland (around the 62°N latitude) and Bohemia.
Unfortunately, there are no data available to compare the abun-
dance and diversity of potential insect prey between the 2 areas.

Behavioral Ecology

However, because the reactions of the birds toward the firebug
were specific, we consider the evaluation of heteropteran faunas
informative, as it compares the numbers of potential models the
birds may be experienced with from the wild.

We have documented that the fauna of aposematic terrestrial
Heteroptera of Central Finland is much less diverse than that
of Central FEurope both in absolute and relative number of spe-
cies (30 vs. 156 species, 10% vs. 17% of total faunas, respectively).
The Bohemian great tits are certainly experienced with Pyrrhocoris
apterus due to the frequent occurrence of the bug, its aggregations
and its ubiquitous host plants (Exnerova et al. 2006); these birds
can be potentially experienced with other chemically protected red-
and-black true bug species as well (Hotova Svadova et al. 2010).
Although P. apterus does not occur in Central Finland (Rintala and
Rinne 2010), we cannot exclude a priori the local occurrence of
insect species that the birds would generalize with. However, the
other Finnish similarly colored aposematic insects are either too
rare (Corizus hyoscyami, Rhopalidae), or look too different (plant bugs,
Miridae; burnet moths, Zygaenidae; ladybird beetles, Coccinellidae)
to function as models for generalization with red-and-black fire-
bugs. Moreover, recent analysis of Finnish Lepidoptera showed
that only less than 5% of caterpillars are aposematic (Mappes et al.
2014). It is still possible that the negative experience with some of
the above taxa may have played a role in the generalization of the
firebug color patterns as great tits have been shown to generalize
their learned avoidance among colors (red, yellow, and orange;
Ham et al. 2006), among aposematic species (Hotova Svadova et al.
2013) and between bi-chromatic symbols (Ihalainen et al. 2008).

CONCLUSIONS

Even though a broader generalization of our results is limited
by the study of only 2 populations, we have shown that conspe-
cific birds from 2 geographically distant populations may express
similar reactions to a prey which is novel for both of them. In
our case, food neophobia was low in both populations, whereas
the avoidance of aposematic prey was different between the
populations, and could be explained by differences in experience.
Bohemian birds have plenty of opportunities to meet firebugs in
their natural environment and learn about their unpalatability;
Finnish birds do not have such opportunity. Our results emphasize
that naive birds’ tendency to attack novel aposematic prey may
have important implications for range extensions of prey species.
We can not tell whether the difference in avoidance was a result
of Finnish birds’ lower experience with any aposematic prey, or
whether the avoidance learning is prey specific. Our results indi-
cate, however, that studies on aposematism and mimicry based on
geographically distant conspecific populations can be compared
and generalized.
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Abstract

European tits (Paridae) exhibit species-specific levels of initial wariness towards aposematic
prey, which may be caused by neophobia, dietary conservatism or specific innate bias against
particular prey traits. We assessed contribution of the three mechanisms to behaviour of
juvenile tits towards novel palatable prey and novel aposematic prey. We compared levels of
initial wariness in naive juvenile great tits (Parus major), blue tits (Cyanistes caeruleus) and
coal tits (Periparus ater), and tested how the initial wariness can be deactivated by experience
with a palatable prey. One group of birds was pre-trained to attack familiar naturally coloured
mealworms, the other novel red-painted mealworms. Then we offered all the birds a novel
palatable prey of different colour and shape — cricket with blue sticker Acheta domestica, and
then a novel aposematic firebug Pyrrhocoris apterus. The initial reactions of birds differed
according to species and experience with red mealworms. Great tits and coal tits from
experienced groups have significantly decreased their neophobia towards both palatable prey
and aposematic prey while blue tits have not changed their strongly neophobic reactions.
Experience did not affected willingness to consume novel prey in any species. We discuss

factors constraining rapid neophobia deactivation blue tits.
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1. Introduction

Aposematic prey signals its noxiousness or unprofitability to its potential predators by some
understandable signal (reviewed in Ruxton et al., 2004). Bird predators usually learn to avoid
aposematic prey, and many experimental studies were focused on factors affecting the
mechanisms of avoidance learning, memory and generalization (e.g. Sillén-Tullberg, 1985;
Roper and Redston, 1987; Gamberale and Tullberg, 1996; Lindstrom et al., 1999a; Riipi et
al., 2001; Gamberale-Stille and Guilford, 2003; Ham et al., 2006; Exnerova et al., 2010;
Aronsson and Gamberale-Stille, 2008; Svadova et al., 2009; Barnett et al., 2012). An
avoidance of aposematic prey may also have an inherited component, which causes even
inexperienced individuals to avoid aposematic prey or at least to hesitate longer before
attacking it (Smith, 1975, 1977; Lindstrom et al., 1999b; Exnerova et al., 2007) and is
therefore important for the evolution of aposematic prey (Marples et al., 2005; Marples and
Mappes, 2011). Recent studies of the phenomenon of innate wariness have shown that it may
vary between bird species (Exnerova et al., 2007) and individuals (Exnerova et al., 2010),
may often include hidden biases that are manifested only when combination of visual and
chemical signals of a prey are involved (Rowe and Guilford, 1996, 1999a; Jetz et al., 2001;
Lindstrém et al., 2001; Kelly and Marples, 2004; Rowe and Skelhorn, 2005), and that the
wariness may in fact be a complex of several, partly independent mechanisms (Marples et al.,
1998; Marples and Kelly, 1999; Exnerova et al., 2003; Marples and Mappes, 2011). Innate

wariness towards aposematic prey may include three mutually not exclusive processes: 1)
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food neophobia, 2) dietary conservatism and 3) specific innate biases against warning signals
of aposematic prey. All these processes may contribute by various degree to the predator's
response and in natural situation it is usually difficult to distinguish them.

Neophobia, usually defined as a tendency to avoid novel objects and situations (Barrows,
2011), is a widespread phenomenon first described in rats tested with novel objects (Barnett,
1958). It has since been observed in many animal taxa also as a response to novel food
(Honey, 1990; Galef, 1993; reviews in Kelly and Marples, 2004; Mappes et al., 2005; Marples
et al., 2005). Food neophobia has been defined as a hesitation to approach a new food and
come into a physical contact with it, which lasts usually only several minutes, and is followed
by investigation of the novel food (Marples and Kelly, 1999). In some bird species, food
neophobia may be correlated with object neophobia (e.g. blacked-capped chickadees (Poecile
atricapillus) - An et al., 2011), whereas in others the correlation may be absent or present only
in some populations (e.g. great tits (Parus major) - Exnerova et al., 2010, 2015; house
sparrows (Passer domesticus) - Bokony et al., 2012). After the first contact with novel food,
birds are no longer showing neophobia, but they may still refuse to consume the novel food.
This reaction was termed dietary conservatism, and is usually measured as a time from initial
contact with the novel food item to its incorporation into the diet (Marples et al., 1998; Kelly
and Marples, 2004). Dietary conservatism (DC) has been described as a relatively long lasting
refusal (persisting for days to months) of some individuals to accept novel food into their diet
(Marples et al., 1998; Thomas et al., 2003; Thomas et al., 2004). Individual variation in
dietary conservatism has been shown to have genetic basis (Marples and Brakefield, 1995).
Neophobia and dietary conservatism together are usually referred to as dietary wariness
(Mappes et al., 2005; Marples et al., 2005; Marples et al., 2007) and the evidence that

neophobia but not dietary conservatism can be reduced through experience with food of
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various colours in chicks (Jones, 1986; Marples et al., 1998) and turkeys (Lecuelle et al.,
2011) supports the idea of an existence of two distinct processes.

The third process contributing to innate wariness of aposematic prey are specific innate
biases against particular warning signals and their combinations. This type of inherited
avoidance of warning signals has been found in birds from several taxa (Galliformes,
Momotidae and Passeriformes) and is usually connected with conspicuous aposematic colour
patterns. Naive domestic chicks (Gallus gallus domesticus) avoided red painted mealworms
(larvae of Tenebrio molitor) (Roper and Cook, 1989; Roper, 1990) and mealworms with
black-and-yellow stripes (Schuler and Hesse, 1985), naive northern bobwhites (Colinus
virginianus) avoided red-and-yellow pinheads (Mastrota and Mench, 1995), naive hand-
reared turquoise-browed motmots (Eumomota superciliosa) and great kiskadees (Pitangus
sulphuratus) avoided the coral snake pattern (Smith, 1975, 1977) and hand-reared juveniles of
great tits (Parus major) avoided black-and-yellow striped mealworms (Lindstrom et al.,
1999b). Furthermore, warning signals are often multimodal and innate biases may emerge
only when visual signals are combined with olfactory, gustatory or acoustic cues (Rowe and
Guilford, 1999a). These hidden biases have been intensively studied mainly in domestic
chicks, in which a combination of warning coloration and smell (Rowe and Guilford, 1996,
1999b; Jetz et al., 2001), taste (Rowe and Skelhorn, 2005; Skelhorn et al., 2008) or sound
(Rowe and Guilford, 1999a; but see Siddall and Marples, 2011) triggers a manifestation of
innate biases.

Degree of innate wariness may differ even between closely related bird species (Exnerova
et al., 2007), and also the mechanisms responsible for the wariness may be species specific.
Moreover, predator species may differ not only in their initial degree of innate wariness, but
also in how easily it is modified by further experience with palatable or unpalatable prey.

Considerable variation in innate wariness exists among European species of tits (Paridae).



100  Whereas naive hand-reared great tits (Parus major) and crested tits (Lophophanes cristatus)
101  readily attack aposematic red-and-black firebugs, Pyrrhocoris apterus, naive hand-reared coal
102 tits (Periparus ater) and blue tits (Cyanistes caeruleus) avoid them (Exnerova et al., 2007).
103 Since in the same study, naive coal tits and blue tits avoided also non-aposematic brown-

104  painted firebugs, these results indicate effect of neophobia, but the role, which neophobia,

105  dietary conservatism and specific biases against warning colours play in innate wariness of
106  different species of tits is unknown.

107 In this study we compared the degree of innate wariness towards novel prey in three

108  European species of tits and attempted to assess the role of neophobia, dietary conservatism
109  and specific bias against aposematic coloration in an overall wariness. Specifically, we have
110  compared reactions of hand-reared juveniles of great tits (Parus major), coal tits (Periparus
111  ater) and blue tits (Cyanistes caeruleus) towards two types of novel prey: 1) novel palatable
112 prey (a cricket Acheta domestica with a blue sticker) and 2) novel aposematic prey (red-and-
113 black firebug Pyrrhocoris apterus). Within each species we tested, whether the previous

114  positive experience with another novel palatable prey (red-painted mealworms) affects

115  willingness of the birds to attack and consume the two novel prey types.

116

117 2. Material and methods

118  2.1. Birds

119  Hand-reared juveniles of three European tit species were tested: 85 great tits (Parus major L.
120  1758), 65 coal tits (Periparus ater (L. 1758)) and 85 blue tits (Cyanistes caeruleus (L. 1758)).
121 All three species are sedentary, and their diet includes mainly small arthropods, supplemented
122 with seeds and berries (Cramp and Perrins, 1993). Preferred prey-length of all the three tit
123 species is around 1 cm, with coal tits preferring slightly smaller prey than the other two

124 species (Cramp and Perrins, 1993). Coal tits hoard their food regularly, whereas blue tits and
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great tits do not (Storchova et al., 2010). Great tits and coal tits are widespread thorough the
whole Palaearctic (Cramp and Perrins, 1993). Great tits inhabit wide range of woodland
habitats, as well as urban and suburban areas, whereas coal tits are restricted to coniferous and
mixed woodlands (del Hoyo et al., 2009). Blue tit are endemic to West Palaearctic (Harrap
and Quinn, 1996), inhabiting mostly lowland and submontane deciduous woodlands (Cramp
and Perrins, 1993; del Hoyo et al., 2009). Great tit is the largest of the three species (weight:
14.0-22.0g, body length: 140mm), followed by blue tit (weight: 7.5-14.7g, body length:
115mm) and coal tit (weight: 7.2-12.0g, body length: 115mm) (Cramp and Perrins, 1993; del
Hoyo et al., 2009). Juveniles tested in our experiments had following body weights: great tits
—mean 16.2g + 0.8g (range: 14 — 18g); blue tits — mean 11.1g + 0.8g (range: 9.5 — 13g); coal
tits — mean 9.5g + 0.5g (range: 8.5 — 10.5g).

The nestlings were taken from nest boxes at the age of 12-16 days, when they had only
very limited visual experience with prey brought to the nest by their parents. The nest boxes
were placed in large parks at the outskirts of Prague (50°04'N, 14°26'E) and in mixed woods
near Hradec Kréalové (50°12'N, 15°50'E). Not more than two nestlings were taken from a
single brood. Nestlings were kept in artificial nests and were fed every two hours from 6 AM
to 10 PM for several days, until they were able to feed themselves. Their diet consisted of
mealworms, boiled eggs, handmix (Orlux), egg mixture Oké-bird (Versele-Laga), mixtures
for insectivorous birds Uni patee (Orlux), Nutribird (Versele-Laga), Insect patee (Orlux) and
vitamins Roboran (Unisvit ), Vitamin plus V (Sera) and Activ plus W (Sera). After fledging,
the birds were housed individually in plastic home cages (50 x 40 x 40 cm) with wire-mesh
front wall. Each cage was equipped with three perches, two water bowls with drinking and
bathing water ad libitum and with two feeders situated on the bottom of the cage. Birds were

kept under natural light conditions (16:8 h light/dark) and were daily provided with fresh
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water and food. All birds were tested when they were fully independent, most of them at the

age of 38—65 days (minimum 35 days and maximum 73 days).

2.2. Prey

Naturally coloured mealworms (larvae of Tenebrio molitor), which were familiar to the birds,
were used to check their foraging motivation during the experiment and for training the birds
from non-experienced experimental group (see below). We used three types of novel prey:
(1) red-painted mealworms, which were dyed with non-toxic finger paints (Jovi S.A.
Barcelona, red); the dye covering the whole body of the mealworm, (2) late-instar larvae of
house cricket, Acheta domestica with head and body covered with oval-shaped bright blue-
coloured (Faber-Castell, textliner 1548 blue) paper sticker attached to their dorsal side, and
(3) adults of red-and-black aposematic firebug, Pyrrhocoris apterus (Heteroptera:
Pyrrhocoridae). Unlike mealworms and crickets, the firebugs possess a chemical defence,
which makes them unpalatable for small passerine birds (Exnerova et al., 2003, 2007;
Svadova et al., 2009). The defensive secretion is produced in metathoracic glands and it
contains mostly short-chained aldehydes (Farine et al., 1992). Firebugs are widespread in
various habitats of the Palaearctic region, mainly in deciduous woodlands, parks and gardens.
They feed on seeds of linden trees (Tilia spp.), various herbaceous Malvaceae, and locust tree
(Robinia pseudacacia). The firebugs were collected on linden trees at several localities in
Prague. Cricket nymphs and adult firebugs were of similar body length (10-12 mm),

mealworms were about 15 mm long. All prey used in the experiments were live.

2.3. Experimental cages
Experiments were carried out in wooden cages (70 x 70 x 70 cm) with wire-mesh walls and

front wall made of one-way glass. Cages were equipped with a wooden perch, a water bowl
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and a rotating feeding tray with six cups (see Exnerova et al., 2003 for details). The perch was
placed 30 cm from the feeding tray. Cage illumination (Biolux Combi 18W, Osram)
simulated the daylight spectrum. Birds were trained to search for mealworms (Tenebrio
molitor larvae) in one of the cups of the feeding tray and then deprived of food for two hours

before the experiment.

2.4. Experimental design
Within each species, we divided the birds into two experimental groups. (1) Birds from the
first group were trained to attack red-painted mealworms (experienced group henceforth),
while (2) birds from the second (control) group were trained to attack naturally coloured
mealworms (non-experienced group henceforth). The training consisted of a sequence of five-
minute trials; the bird was offered a single mealworm in each trial. For the experienced group
the red mealworms were alternating with naturally coloured mealworms to check the foraging
motivation of the birds. Birds from the non-experienced group were offered a sequence of
naturally coloured mealworms. Birds from the experienced group had to attack and consume
one red mealworm to be considered having a positive experience with the novel prey. The
maximum number of mealworm presentations for the experienced group was 30 five-minute
trials (15 red mealworms and 15 naturally coloured mealworms). Ten birds from the
experienced group (4 great tits and 6 blue tits) did not meet our criterion during the entire
training session. These birds were not included into the analyses. The non-experienced group
had the same training setup, but with naturally coloured mealworms only (Tab. 1).

To test whether the experience with the red mealworms affects the behaviour of birds
towards a prey of another novel colour and unfamiliar body shape, all birds were immediately
after the training phase offered a blue cricket in a single five-minute trial. To check the

foraging motivation of birds, we offered a naturally coloured mealworm before the blue-
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cricket trial (Tab. 1). We measured the latency to approach and attack (touch, peck or seize)
the blue cricket and recorded whether the cricket was killed and eaten. If the bird did not
attack the blue cricket within the five minutes, it was assigned a maximum latency of 300
seconds.

In the subsequent five-minute trial all birds were offered the aposematic firebug. In this
trial we tested whether the reaction of birds to red-and-black aposematic prey can be affected
by their positive experience with palatable red-coloured prey of different body shape (Tab. 1).
Again, the latency to approach and attack (touch, peck or seize) the firebug was recorded as
well as whether the firebug was killed and eaten. If the bird did not attack the firebug within
five minutes it was assigned a maximum latency of 300 seconds.

All trials were recorded using Observer XT 8.0 © Noldus and by digital videocamera.

2.5. Ethical Note

We obtained permissions for taking juvenile tits from nest boxes in Prague (MHMP-
043585/2009/00P-V-26/R-8/Pra) and Hradec Kralové (MMHK/10568/2009/ZP/Han17386),
and for laboratory experiments with the birds (29532/2006-30, 150/99 and CZ01059) issued
by Central Commission for Animal Welfare of the Czech Republic. The permissions cover
all the necessary methodological details, i.e. housing and feeding conditions, experimental
design, and release after the experiment. All birds were individually ringed (licence No. 1087,
Czech Ringing Centre, Praha) and released in healthy condition on days of fair weather at
their origin. The releasing sites were equipped with feeders and provided with supplementary

food for several days after releasing.

2.6. Statistical analyses
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A Cox hazard regression was used to analyze the interspecific differences and an effect of
experience with red mealworms on latencies to attack (a) novel palatable blue crickets, and
(2) aposematic firebugs. Training group and species were used as explanatory variables.

Using a generalized linear models (GLM ANOVA) with binomial distribution and logit
link function we tested, whether the probability to consume (a) novel palatable blue crickets,
and (b) aposematic firebugs differed between the tit species and was affected by the previous
experience with palatable red mealworms. Training group and species were used as
explanatory variables.

All calculations were made in S-Plus 4.0 (MathSoft, 1997).

3. Results

3.1. Reaction to blue cricket (Acheta domestica)

We found higher proportion of birds that attacked blue crickets among the birds from the
experienced group (62%) than in the non-experienced group (44%). The latency of attacking
blue crickets was affected both by tit species and experience (Cox hazard regression model:
Wald test=21.9, p<0.001, Fig. 1). Great tits differed significantly in their latencies to attack
blue crickets from the other two species (Z=3.34, p<0.001) and coal tits differed from great
tits and blue tits as well (Z=2.7, p<0.01). Birds lacking positive experience with red
mealworms hesitated longer before attacking the blue crickets than the birds from the
experienced groups (Z=-3.35, p<0.001, Fig. 1).

The biggest intraspecific difference in reactions to blue crickets was observed in great tits.
The latencies to attack blue crickets were significantly shorter in birds from the group
experienced with palatable red mealworms than in the non-experienced group (Z=- 4.74,
p<0.001, Fig. 1). In coal tits, the positive experience with red mealworms also influenced the

latencies to attack blue crickets. Coal tits from the experienced group attacked blue crickets
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significantly faster than the birds from the non-experienced group (Z=- 3.21, p=0.02, Fig. 1).
In contrast to great tits and coal tits, positive experience with palatable red mealworms did not
affect the reactions of blue tits; latencies to attack blue crickets did not differ between
experienced and non-experienced groups (Z=1.13, p=0.26, Fig. 1).

Overall proportion of birds that have consumed blue cricket was almost the same in
experienced (33%) and in non-experienced group (31%). Probability of consuming the blue
crickets differed between the tit species (GLM ANOVA: Chi-square=15.7, df=2,222,
p<0.001), but was not affected by the previous experience with red mealworms (GLM
ANOVA: Chi-square=0.02, df=1,221, p =0.89); the effect of interaction of both factors was
marginal (GLM ANOVA: Chi-square=5.3, df=2,219, p=0.07).

In great tits, there was a non-significant tendency to consume blue crickets more frequently
among the birds experienced with palatable red mealworms (GLM ANOVA: Chi-
square=2.87, df=1,79, p=0.09) than among the birds from the non-experienced group. In the
experienced group, blue crickets were consumed by 54% of birds, and in non-experienced
group by 35% of birds. The probability of consuming blue crickets was not affected by the
previous experience with red mealworms in coal tits (GLM ANOVA: Chi-square=0.26,

df=1,63, p=0.61) and in blue tits (GLM ANOVA: Chi-square=2.20, df=1,77, p=0.14).

3.2. Reaction to aposematic firebug (Pyrrhocoris apterus)

The overall proportion of birds that attacked the firebugs was higher among the birds with
(57%) previous experience with palatable red mealworms than without (38%) this experience.
The latency to attack the firebugs differed between the tit species and also between the
training groups (Cox hazard regression model: Wald test=63.6, p<0.001, Fig. 2). Great tits
attacked the firebugs significantly faster than the two other species (Z=7.12, p<0.001). Coal

tits hesitated longer than great tits, but not as long as blue tits before attacking the firebugs
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(Z=4.3, p<0.001). Birds from the experienced groups showed significantly shorter attack
latencies than the birds from non-experienced groups (Z=-3.81, p<0.001, Fig. 2).

The positive experience with palatable red mealworms resulted into significantly shorter
attack latencies of birds from experienced group than from non-experienced group in great tits
(Z=-2.71, p<0.01, Fig. 2) and coal tits (Z=-2.29, p=0.02, Fig. 2). Blue tits showed strong
initial wariness of the firebugs, and their attack latencies were not affected by experience with
palatable red mealworms (Z=-1.26, p=0.21, Fig. 2).

Higher overall proportion of birds willing to consume aposematic firebugs were among the
those experienced with red palatable mealworms (26%) than among the birds for which the
red coloured prey was entirely novel (14%). Probability of consuming the aposematic
firebugs differed between the tit species (GLM ANOVA: Chi-square=52.8, df=2,222,
p<0.001) and was also affected by previous experience with red mealworms (GLM ANOVA:
Chi-square=8.01, df=1,221, p<0.01). The interaction of the two factors was not significant
(GLM ANOVA: Chi-square=0.85, df=2,219, p=0.65).

The proportion of great tits that consumed the firebug was higher in the group experienced
with palatable red mealworms than in the non-experienced group (GLM ANOVA: chi-
square=4.61, df=1,79, p=0.03). After positive experience with red mealworms 56% of great
tits consumed the aposematic firebug, in comparison with 33% of birds from non-experienced
group. Although coal tits remained cautious about consuming the firebugs, we observed an
increasing trend in the willingness to consume them in the group experienced with palatable
red mealworms (GLM ANOVA: chi-square=2.84, df=1,63, p=0.09). Only one coal tit from
non-experienced group consumed the aposematic firebug, compared to nine coal tits from
group experienced with palatable red mealworms. Additionally, four coal tits which
consumed the firebug, cached the firebug into the slits in experimental cage before consuming

it. The number of blue tits that consumed aposematic firebugs did not differ between the
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groups experienced and non-experienced with palatable red mealworms (GLM ANOVA: chi-
square=1.42, df=1,77, p=0.23). Only one of the experienced blue tits consumed the firebug

and blue tits from the non-experienced group neither killed nor ate any single firebug.

4. Discussion

The fear of novelty may be seen as an adaptive strategy for avoiding potentially dangerous
and toxic food (Barnett, 1958; Heinrich, 1988). Under some circumstances, however,
especially when the food becomes scarce, overcoming the neophobia and sampling new types
of food can be advantageous (Greenberg, 1990; Greenberg and Mettke-Hofmann, 2001).
Reducing the neophobia may be particularly important for resident bird species, which are
confronted with food supply changes throughout the year, and frequently explore new sources
of food and invent new foraging methods (Sol et al., 2005). In the present study we tested,
whether positive experience with a novel palatable prey can increase the willingness of
juveniles of three resident species of European tits to attack and consume another types of

novel prey.

4.1. Reaction towards novel palatable prey

Great tits, coal tits, and blue tits differed in how the experience with a novel palatable prey
(red mealworms encountered during the training) affected their behaviour towards another
palatable novel prey (blue crickets). In great tits and coal tits the latencies to attack novel
palatable prey were significantly shorter in those birds that had the positive experience than in
those that lacked it. These results are in accordance with previous studies, which have shown
that the positive experience with food of novel colour was sufficient for deactivation of
neophobia towards another food of a new colour in blue jays (Cyanocitta cristata) (Schlenoff,

1984), domestic chicks (Jones, 1986; Marples et al., 2007) and turkeys (Lecuelle et al., 2011).
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Moreover our results show that the positive experience with the food, which differs from the
familiar one in a single trait (colour) may deactivate (or considerably decrease) neophobia
towards food, which is novel also in other characters (shape, way of movement).

Our results with great tits and coal tits also support the findings of previous studies carried
out with domestic chicks (Marples and Kelly, 1999; Marples et al., 2007) that a food
neophobia may be deactivated by just a single experience with a novel food. Marples et al.
(2007) offered two alternative explanations for the cognitive mechanisms involved in a
single-experience deactivation of neophobia. Either the chicks used novelty itself as a cue and
generalised their experience to another types of novel food or they first formed a mental
representation of a palatable food (chick crumb of a familiar colour) and after the experience
with novel-coloured chick crumbs they omitted the colour as an unimportant trait of a
palatable food (Marples et al., 2007). Because the great tits and coal tits in our study
decreased considerably their neophobia towards the food novel not only in colour but also in
shape and way of movement, it is likely that they used the novelty itself as a cue for
recognizing palatable food.

In blue tits, however, the hesitation to attack a novel palatable prey was not affected by
their previous positive experience with another type of novel prey. This indicates that the food
neophobia in blue tits is considerably stronger and more persistent than in the other two
species. The juvenile blue tits remain cautious when attacking a prey of novel colour and
shape regardless their previous experience.

In contrast to its effect on attack latencies, the positive experience from training with novel
palatable prey did not affect the willingness to consume another novel palatable prey in any of
the three tit species tested. Although the birds from experienced groups were more likely to
attack the blue crickets and shortened their attack latencies significantly, their willingness to

consume the prey was the same as that of the birds from non-experienced groups.
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Consequently, to overcome neophobia towards novel and fully palatable prey does not
necessarily mean an acceptance of this prey into the diet. These results suggest that the birds
decided about the food in two rather independent steps, one concerning attacking and the
other consuming the prey. This is consistent with the hypothesis that neophobia and dietary
conservatism are two distinct processes (Marples and Kelly, 1999), and in tits, only the
neophobia was deactivated by the positive experience with the novel prey during the training.
Contrastingly, in domestic chicks, the exposure to a coloured palatable prey in the training
deactivated both components of dietary wariness: neophobia and dietary conservatism
(Marples et al., 2007). There are three possible explanations of this difference between the
results of Marples et al. (2007) and this study. (1) It may be connected with the duration of the
exposure to the training novel food. Marples et al. (2007) have shown that while neophobia in
domestic chicks was significantly reduced after one-minute exposure to novel food, to
deactivate both components of dietary wariness required longer time (25 to 40 minutes). In
our experiments the exposure usually took 15 to 30 minutes, and it is therefore possible that
longer and more intensive experience could deactivate both components of dietary wariness
also in the tits. (2) It may be easier for the birds to overcome dietary conservatism towards the
novel food which differs only in colour from the training food (coloured chicken crumbs in
Marples et al., 2007) than towards the food which differs also in shape and way of movement
(red mealworms versus blue crickets in our experiment). (3) There may be an overall
difference in strength and duration of dietary conservatism between domestic gallinaceous
and passerine birds, as Marples et al. (1998) observed the dietary conservatism in robins
(Erithacus rubecula) and blackbirds (Turdus merula) to last for weeks or even for months.
Moreover, the strength of dietary conservatism in domestic chicks might have been reduced
by the artificial selection for rapid weight gain of the breeds used for the experiments

(Marples and Kelly, 1999).
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4.2. Reaction towards aposematic prey
Predator species may differ in their innate wariness against aposematic prey, and these
differences may concern specific biases against warning coloration (Smith, 1975, 1977) or
general degree of food neophobia (Exnerova et al., 2007). Initial innate wariness may,
however, be modified by experience, and even the species with similar degree of innate
wariness may potentially differ in how much it is susceptible to further changes. Several
studies have shown that innate wariness may be decreased or deactivated by a positive
experience with novel palatable food (Coppinger, 1970; Marples et al., 2007), but
comparative data are still lacking. On the other hand, the wariness may also be increased or
reactivated by a negative experience with unpalatable food (Schlenoff, 1984; Marples et al.,
2007). Among the European species of Paridae, juvenile blue tits and coal tits exhibit high
degree of food neophobia and innate wariness against aposematic firebugs (Exnerova et al.,
2007). In this study, we have found that whereas in coal tits the positive experience with red-
coloured palatable mealworms significantly reduced initial wariness, in blue tits the wariness
persisted irrespectively of experience. In coal tits (and similarly, in the least wary great tits)
the decreased wariness may be caused either by deactivation of neophobia or by very broad
generalisation between plain red mealworms and red-and-black patterned firebugs. Whatever
the case, none of these processes appeared to take place in blue tits, which indicates that their
innate wariness is considerably stronger than in the other two species. To overcome their
innate wariness, blue tits may require repeated positive experience with novel palatable prey,
because adult (wild-caught) blue tits are less neophobic than the juveniles (Adamova-Jezova
et al., unpublished).

In contrast to blue tits and coal tits, the naive juvenile great tits usually do not show any

strong wariness against aposematic prey (Exnerova et al., 2007; Svadova et al., 2009; Hotova



398  Svadova et al., 2013; but see Lindstrom et al., 1999b). Individual birds, however, differ in
399 their degree of hesitancy to attack novel aposematic prey, and the differences are connected
400  with the differences in personality (Exnerova et al., 2010). In this study we have found that a
401  positive experience with red-coloured palatable mealworms decreased the hesitancy of great
402  tits to attack red-and-black firebugs even farther. In contrast to the reactions towards blue
403  crickets, the experience also made the great tits more willing to consume the aposematic

404  firebugs, and a similar though not significant trend was found also in coal tits. The

405  explanation may be in deactivated wariness of novel prey (both neophobia and dietary

406  conservatism) by repeated positive experience with palatable food of various colours and
407  shapes, similarly to the results found in the domestic chicks (Marples et al., 2007). An

408  alternative explanation may be that the birds generalised their experience with palatable red-
409  coloured mealworms to the red-and-black firebugs. Several studies have shown that for birds
410  the colour is the most salient visual stimulus in associative and discrimination learning about
411  prey palatability (Aronsson and Gamberale-Stille, 2008, 2012; Kazemi et al., 2014), and it is
412  therefore possible that the birds from an experienced group associated the red colour with
413  palatability. Even if we cannot decide whether the experience with the red colour alone was
414  responsible for making the birds more willing to eat the firebugs or it was combined

415  experience with prey of a similar colour (red mealworms) and shape (blue crickets), it is

416  evident that experience with palatable prey of only shape similar to the firebugs did not have a
417  similar effect. In the group experienced with red mealworms, 17 out of 23 birds that had

418  consumed the blue crickets also consumed the firebugs, whereas in the group non-experienced
419  with red mealworms it was only 5 birds out of 13.

420

421  4.3. Comparison between species
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The same positive experience with a novel palatable prey had a different effect on decisions
of birds from three closely related species, whether to attack another novel palatable prey and
novel aposematic prey. Great tits and coal tits which had a positive experience with a novel
prey (palatable red mealworms) were more willing to attack another novel palatable prey
(blue crickets) and a novel aposematic prey (red-and-black firebug). On the contrary, blue tits
remained highly aversive towards the both types of novel prey irrespective of their
experience. There are several factors that may be connected with these interspecific
differences.

(a) Size. We may expect larger species to be less neophobic towards the food than smaller
ones, because the larger body size would contribute to easier physiological overcoming the
potential adverse effects of noxious food (Lamanna and Hart, 1968; Anderson and Weber,
1975; Smith and Phillips, 2006). Larger passerine species attack aposematic prey more
frequently than species with smaller body size (Exnerova et al., 2003). This assumption would
explain the differences between the large great tit and much smaller blue tit (and partly also
the differences between great tit and the smallest species, the coal tit) but not the fact, that the
coal tit is considerably less hesitant to attack novel prey than the blue tit.

(b) Dominance in mixed winter flocks. Kawamori and Matsushima (2012) found in their
study of risk-taking in three sympatric tit species in Japan that the varied tit (Poecile varius),
which is the largest and dominant over two smaller species (marsh tit, Poecile palustris and
great tit, Parus major), is also the most neophobic. Smaller and submissive marsh tits and
great tits have probably been more prone to risk being driven by the dominant species to
exploit variable and risky food. Our results, however, do not support this hypothesis, because
the far less neophobic species in our study was the great tit, which is the largest of the three
species, and is also dominant in winter foraging flocks (Cramp and Perrins, 1993; Morse,

1978). The difference between the results of Kawamori and Matsushima (2012) and our
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results may be simply due to the different species studied (according to the nowadays mostly
accepted taxonomy (Kvist et al., 2007; Packert et al., 2005; Kvist and Rytkonen, 2006), the
Japanese great tits belong to the Eastern-Palacarctic species Parus minor Temminck and
Schlegel, 1848) or due to the fact that while Kawamori and Matsushima (2012) tested wild-
caught adults, we have tested naive juvenile birds, and the innate degree of neophobia may be
modified by experience, especially during the first winter period.

(c) Geographic range. The range is another explanatory factor though its delimitation depends
considerably on the taxonomy accepted (see Kvist et al., 1996; Gill et al., 2005). The blue tit
(sensu stricto; Salzburger et al., 2002; Kvist et al., 2004) inhabits the Western Palaearctic, an
area with largely moderate climate without regular temperature excesses (particularly without
too low temperatures in winter). On the other hand, the ranges of great tit (regardless whether
conceived in restricted or broad taxonomic sense) and coal tit include broad and long part of
Siberia (Cramp and Perrins, 1993; del Hoyo et al. 2007; Tietze and Borthakur, 2012) in which
harsh climate and scarcity of food occur regularly. This may explain the ,,affordable*
neophobia in blue tit and ,,enforced* neophilia in great and coal tit enhanced by long-lasting
postglacial selection. However, more exact development of this hypothesis would need
detailed phylogeographic assessment of postglacial biogeographical history of the species
concerned.

(d) Habitat. The great tit and the blue tit are habitat generalists, encounter therefore a wide
range of different (and potentially noxious) insect prey, and this may have enhanced the
neophobia of the small-sized blue tit. On the other hand, the coal tit is a habitat specialist
preferring coniferous woods (Cramp and Perrins, 1993; del Hoyo et al., 2007) with more
monotonous food supply. Therefore, even with the smallest body size, coal tits can (or have
to) be less neophobic than blue tits, which have a more frequent chance to encounter a novel

noxious prey.
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(e) Diet composition. This factor is closely related with habitat. All the three species feed in
the spring and summer (when our experiments have been carried out) on various
invertebrates, but large proportion of their diet consists of small spiders and caterpillars
(Cramp and Perrins, 1993). Unlike the other two species, coal tits also included into their diet
large proportion of aphids (Hemiptera: Sternorrhyncha; Cramp and Perrins, 1993; Kristin,
1992), which are usually not chemically defended (Gullan and Cranston, 2014) and represent
a safe and abundant source of food. This foraging specialization might allow for the less
neophobic reactions of coal tits in comparison with blue tits, which are similarly small but

more generalist foragers.

(f) Food caching. Of the three species, only coal tits cache the food. This behaviour can be
associated with greater food neophobia, since the food-caching species may be at lesser
immediate risk of starvation than the non-caching species. On the other hand, some food
caching bird species are known to cache toxic prey and return to it later, when the toxins have
degraded (Yosef and Whitman, 1992; Exnerova et al., 2008), a strategy that may lead to
lesser hesitation to attack the novel prey and partly explains the difference between the coal
tits and the blue tits. In our experiments we observed this behaviour in coal tits. They used
slits in experimental cage for storing the firebug and after several minutes, when the repellent

secretion has probably evaporated, they occasionally consumed them.

5. Conclusions

We have considered those factors that can potentially be of importance for the species-
specific differences between the three tit species studied, particularly explaining the strong
food-neophobia in the blue tit, and lack of it in the smallest species, the coal tit. The great tit
is in all the respect the boldest of the three species and this is most likely associated with its

large size. But the size itself does not explain differences in the degree of neophobia in all the
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three species. However, the more restricted range of the blue tit in comparison against the coal
tit, and the habitat specialization associated with the different food composition of the latter
species are in accordance with their degree of neophobia. The potential role of food caching

in the coal tit remains ambiguous.
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Legends

Fig. 1: Latency to attack novel prey (cricket with blue sticker) by tits without and with
experience with red coloured mealworms (white bars — non-experienced group, black bars —
experienced group). Circles = median, box = lower and upper quartile, whiskers = non-outlier

range, * = outliers.

Fig. 2: Latency to attack aposematic prey (red-and-black firebug) by tits experienced or non-

experienced with red coloured mealworms (white bars — non-experienced group, black bars —
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experienced group). Circles = median, box = lower and upper quartile, whiskers = non-outlier

range, * = outliers, + = extremes.

Tab. 1. Sample size of tested birds, which met the criteria in training session (consuming of

red mealworm) and were used in next experiments with novel prey (blue cricket) and

aposematic prey (red-and-black firebug).

NON-EXPERIENCED EXPERIENCED
Qreat tits Coal tits Blue tits QGreat tits Coal tits Blue tits
40 20 40 41 45 39
naturally naturally naturally
red red red
coloured coloured coloured
mealworms | mealworms | mealworms
mealworms | mealworms | mealworms
blue blue blue blue blue blue
cricket cricket cricket cricket cricket cricket
aposematic | aposematic | aposematic | aposematic | aposematic | aposematic
firebug firebug firebug firebug firebug firebug
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ABSTRACT

Variation in the reaction to novel and aposematic prey is common among conspecific
individuals of avian predators. In wild-caught adults this variation may be caused by
individual experience with various types of prey, but similar variation is present also among
naive hand-reared juveniles. This variation may be explained by the effect of personality — a
complex of correlated, heritable behavioural traits consistent across contexts. Two extreme
personality types were defined in great tits (Parus major): the "fast explorers" are bold,
aggressive and routine-forming; the "slow explorers™ are shy, non-aggressive and innovative.
We have tested the influence of personality type on innate wariness towards aposematic prey
in adult hand-reared great tits from two opposite lines selected for exploration ("fast™ against
"slow"). The birds were offered aposematic firebugs (Pyrrhocoris apterus) in a sequence of
trials in two following days. Birds from both personality types showed similar innate wariness
towards the firebugs on the first day, but on the second day the "fast" birds approached
firebugs significantly faster and more frequently than "slow" birds. Whether a bird attacked

the firebug was also dependent on its personality. On the second day, half of the "fast" birds
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approached and also attacked the firebugs. While the "slow" birds showed the same level of
wariness towards aposematic prey during the whole experiment, the initial wariness of "fast"
birds decreased. However, the overall proportion of birds that attacked aposematic firebugs
was much smaller than in the previous study of similarly reared hand-reared juveniles. The
personality-related individual differences in reactions of great tits towards the aposematic
prey were consistent across time, but the overall willingness to attack such a prey has
decreased in older birds. We suggest that laboratory conditions with unlimited food supply
and restricted variety of food types might have enhanced the food neophobia in "slow" birds,

leading at the same time to fixation on the familiar food in routine-prone "fast™ birds.

KEYWORDS

Age, aposematism, naive adult predators, Parus major, personality, Pyrrhocoris apterus

INTRODUCTION

Aposematic prey advertises its unprofitability and noxiousness by the conspicuous coloration
(for review see Ruxton et al. 2004). The initial reactions of bird predators towards aposematic
prey may vary among species (Brower 1988; Exnerova et al. 2003; Endler and Mappes 2004;
Valkonen et al. 2012; Nokelainen et al. 2014) as well as among the conspecific individuals
(Exnerova et al. 2007, 2010, 2015). Encountering novel aposematic prey can elicit neophobic
reaction, which differ individually in wild birds with previous experience with a variety of
food types (Marples et al. 1998, 2005; Exnerova et al. 2015), but also in naive hand-reared
juveniles (Sillen-Tullberg 1985; Marples and Brakefield 1995; Exnerova et al. 2007, 2010;
Svédova et al. 2009). As has been shown in previous studies, hand-reared juveniles of great
tits (Parus major) do not exhibit any strong innate bias against aposematic prey (Sillén-

Tullberg 1985; Exnerova et al. 2007, 2010; Svadova et al. 2009; Hotova Svadova et al. 2013;



o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Fabricant et al. 2014), but there is a variation in neophobia, rate of avoidance learning, and
memory for aposematic signals among the individuals (Svadova et al. 2009; Exnerova et al.
2010; Hotova Svadova et al. 2013). This individual variability can be correlated with
personality types (Exnerova et al. 2010). Personality is recognized in a variety of animal
species (Gosling 2001) and it is described as “a complex of correlated behavioural traits that
are consistent across time and ecological situations” (Benus et al. 1990; Sih et al. 2004). In
this study we tested great tits (Parus major) coming from two lines selected for the opposite
types of personality (for more see Verbeek et al. 1994; Drent et al. 2003). ”Slow” individuals
are cautious, innovative, less aggressive and more thorough explorers, ”Fast” individuals are
more aggressive, more prone to risk-taking behaviour, are superficial explorers and routine
formers (Verbeek et al. 1994; Drent et al. 2003; van Oers et al. 2004; Groothuis and Carere,
2005). In our previous study (Exnerova et al. 2010), the "slow" juvenile great tits were more
neophobic and more cautious in attacking aposematic firebugs (Pyrrhocoris apterus), and
were more successful in avoidance learning than the "fast" individuals. But whether these
differences are consistent across time has not yet been studied.

Neophobia was shown to be non-consistent during the life of an individual (Vince 1960;
Greenberg 1992; Heinrich 1995; Fox and Millam 2004; Biondi et al. 2010, 2013). Low
neophobia in young birds makes this period important in shaping their foraging niche and is
mainly restricted to the juvenile period, the phase when individuals show the greatest
plasticity associated with object exploration (Greenberg 2003; Biondi et al. 2010). Neophobia
may increase during the life (Greenberg and Mettke-Hofmann, 2001). Heinrich (1995)
showed that juvenile common ravens (Corvus corax) are highly explorative and curious, but
at the age of one and half year they started to be more hesitant in contacting novel items.
Hand-reared juveniles of Orange-winged amazon parrot (Amazona amazonica) exhibited

lower avoidance of novel objects at the age of 7 months than at 12 months (Fox and Millam
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2004), and young wild-caught Chimangos Caracara (Milvago chimango) were more
explorative and less neophobic than their adult conspecifics (Biondi et al. 2010, 2013).
Nevertheless the correlation between neophobia to novel objects and neophobia to novel food
is still ambiguous. While some studies found strong correlation between exploration of novel
objects (Exnerova et al. 2010) or neophobia (An et al. 2011) and acceptance of novel food,
others did not show such a relationship (Bokony et al. 2012; Exnerova et al. 2015).

The aim of our study was to test whether the personality type of naive hand-reared adults
of great tits (Parus major) affects their reaction to a novel aposematic prey - the firebug
(Pyrrhocoris apterus). In our previous study (Exnerova et al. 2010) we found that naive hand-
reared juveniles from lines selected for opposite personalities ("slow™ versus "fast™) showed
different responses to aposematic prey. The juvenile birds were tested between 64 — 90 days
of age, and almost all of them attacked the aposematic firebugs. Nevertheless, "slow™ birds
showed a greater degree of unlearned wariness and learned to avoid the firebugs faster than
did the "fast" birds (Exnerova et al. 2010). In the present study we tested naive hand-reared
adults (1,5 - 5,5 years old) from the same two personality lines, and compared their
reactions towards aposematic firebugs with the behaviour of juvenile birds (Exnerova et al.

2010) to find out , whether the personality-related differences are consistent across time.

MATERIAL AND METHODS

The experiments were carried out in the Netherlands Institute of Ecology, Heteren.

(a) Birds
We tested hand-reared juveniles of great tits (Parus major) from the F4 generation of artificial
selection for two distinct personality lines: fast and slow explorers (Drent et al. 2003). Birds

were tested at the age of 35 days for early exploratory behaviour by standard tests (reaction to
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novel objects and behaviour in novel environment (for details see Verbeek et al. 1994; Drent
et al. 2003). Birds were housed individually in plastic home cages (90 x 40 x 50 cm) with
front wire mesh wall, three perches, three feeders and water bowl with ad libitum drinking
and bathing water. Birds were daily provided with mixture of seeds, dried egg yolk, dried beef
heart and vitamins, supplemented with mealworms every second day. Mealworms (Tenebrio
molitor larvae) were used in our experiments as a control familiar prey. We tested altogether
40 individuals, balanced in terms of personality and sex - 18 fast explorers (8 females and 10
males) and 22 slow explorers (12 females and 10 males). Within fast group we had six pairs
of siblings and in slow group five pairs of siblings (2 birds from one nest, in one case we had
3 birds from one nest). Birds had no previous experience with aposematic or any other
noxious prey and were between 1,5 and 5,5 years old when the experiments with aposematic

firebug were carried out. After the experiments all birds were returned to breeding facilities.

(b) Prey

Adult brachypterous firebugs (Pyrrhocoris apterus; Heteroptera: Pyrrhocoridae) were used as
novel aposematic prey. Firebugs are 7 — 12 mm long and possess red-and-black coloration
with contrasting pattern. They produce defensive secretions from methathoracic glands which
contain, beside others, short-chained aldehydes (Farine et al. 1992). Previous studies showed
that firebugs are unpalatable for small passerine birds and their consuming may result in
nausea and vomiting in some birds (Exnerova et al. 2003, 2007; Svadova et al. 2009).
Firebugs are widespread in Palaearctic region and can be found all over the Europe (excluding
Ireland, Norway and Finland) (Aukema and Rieger 2001). The firebugs feed mainly on seeds
of Tiliaceae, Malvaceae and Robinia pseudoacacia (Socha 1993). We have collected adult

firebugs on linden trees at two localities in Czech Republic (Prague, 50°04'N, 14°26'E and
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Uherské Hradisté, 49°04'N, 17°26'E) and kept them under a long-day photoperiod (18:6h) at a

temperature of 24 £ 1°C. The firebugs were provided with linden seeds and water ad libitum.

(c) Experimental design

The experimental cages were made of plywood and wire-mesh with one-way glass front wall
(70 x 70 x 70cm). They were equipped with water bowl, beige wooden rotating feeding tray
containing 6 glass dishes, | and a perch placed 30cm from the feeding tray. The simulation of
daylight condition was achieved by the lamps Biolux Combi, Osram (see Exnerova et al.
2003, 2010 for details). The birds were deprived of food for 2 hours before an experiment and
trained to search for mealworms in one of the dishes.

The experiment consisted of (1) avoidance learning session and (2) memory test. (1) The first
day birds learned to avoid firebugs in a sequence of 5 min trials, in which the control
palatable mealworms were alternating with aposematic firebugs. The learning session was
considered successful when the bird refused to attack three firebugs in a row. If the bird did
not attack the first firebug, the sequence continued until a maximum of 10 firebugs was
presented, and the learning session was repeated next day. (2) If the bird attacked the firebugs,
and then learned to avoid them, the memory test was carried out on the following day. The
memory test consisted of a sequence of 5 firebug trials. We recorded whether the firebug was
approached, attacked, killed and consumed as well as the approach and attack latency.

Behaviour of birds was recorded in Observer Video-Pro © Noldus and on video recorder.

(d) Data analysis
We compared latencies to attack the mealworms offered at the beginning of each-day sessions
to check that birds from both personality groups entered the experiment with similar foraging

motivation and habituation to the experimental cage. The latencies were log-transformed, and
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then analysed using ANOVA with personality type as a factor. Latencies of the first approach
to the firebug were log-transformed and analysed by ANCOVA with personality as fixed
factor, bird's sex as random factor, and age as covariate. Numbers of approaches per trial were
square-root transformed and tested by ANCOVA with personality as fixed factor, bird's sex as
random factor, and age as covariate. Within-group changes in approach latencies between day
1 and day 2 were tested by t-tests for dependent samples. We also compared counts of birds
that attacked at least one firebug during the experiment using GLM ANCOVA model for
binomial distribution and logit link function, with personality as fixed factor, bird's sex as
random factor, and age as covariate. The calculations were made using Statistica 6.1 (StatSoft

Inc.).

RESULTS

(a) Reaction to familiar prey

There was no difference between the two personality groups in latencies to attack the
mealworm offered in the first trial of avoidance learning (ANOVA: F133=2.121, p = 0.154),
as well as in latencies to attack the first mealworm in the memory test (ANOVA: F138 =

0.961, p = 0.333). All birds killed and ate the mealworms they were offered.

(b) Reaction to aposematic prey

All the birds but five (three slow explorers and two fast explorers) approached the firebugs
and inspected them from a close distance at least once during the first-day learning session.
The latencies of the first approach to the firebug and the numbers of approaches per trial were
not influenced by personality (ANCOVA: latency - F1,31=0.003, p = 0.960; number: F131=

0.024, p = 0.879), sex (ANCOVA: latency - F1,30= 3.149, p = 0.086; number: F1 3= 0.091, p
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=0.765) and age of the birds (ANCOVA: latency - F129=0.851, p = 0.364; number: F129=
0.239, p = 0.629).

In the second-day test, there was a difference between the two personality groups in both
the latencies of approaching the firebugs (ANCOVA: F1,31=18.394, p <0.001) and in the
number of approaches per trial (ANCOVA: F131=10.430, p = 0.003). Fast birds hesitated
shorter before first approaching the firebugs, and also inspected the firebugs at close distance
more often than slow birds. The sex and age of the bird affected neither the latencies
(ANCOVA: effect of sex - F1,30=2.561, p = 0.120; effect of age - F1,29=2.727, p = 0.109) nor
the number of approaches (ANCOVA: effect of sex - F130=0.183, p = 0.672; effect of age -
F120=1.377, p = 0.250). Fast birds shortened their latencies to approach the firebugs from
the first-day to the second-day session (t-test: t = 2.283, df = 13, p = 0.040), whereas the
approach latencies of slow birds remained the same (t-test: t = -1.214, df = 18, p = 0.240).

Although the birds repeatedly approached the firebugs and inspected them from close
distance, most of them refused to attack any firebug during both days of learning sessions.
Nevertheless, whether the birds attacked at least one firebug was influenced by their
personality (GLM ANCOVA: Chi-square = 6.390, df = 1, 38, p = 0.011); half of the fast birds
and only three of the slow birds attacked the firebugs. There was no effect of sex and age of
the birds on the probability of attacking the firebugs (GLM ANCOVA: effect of sex - Chi-
square = 0.076, df = 1, 37, p = 0.783; effect of age - Chi-square =0.442,df =1, 36, p =
0.506). The birds learned to avoid the firebugs very quickly, attacking mostly only one
individual during the process of learning. They usually only slightly pecked the firebug or
seized it by the bill and dropped it. The firebugs almost always survived the attacks. Only
two fast birds attacked, killed, and consumed several firebugs before reaching the learning
criterion. None of the birds that learned to avoid the firebugs attacked any firebug during the

memory test.
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DISCCUSSION
(a) Effect of age
There is a considerable difference in behaviour towards aposematic prey between naive hand-
reared juvenile great tits and their experienced wild-caught conspecifics (Exnerova et al.
2007). Since the previous studies did not show any strong innate wariness of aposematic prey
in hand-reared great tits (Exnerové et al. 2007, 2010; Svadova et al. 2009; Hotova Svadova et
al. 2013), it is surprising that in our experiment hand-reared adults frequently avoided the
aposematic prey. Birds in this study rarely attacked, pecked or seized the aposematic firebugs
(Pyrrhocoris apterus), and they mostly only came to a close proximity and inspected the prey
by sight. In the previous study (Exnerova et al. 2010), juvenile great tits reared in the same
conditions and same location as birds tested in this study exhibited greater willingness to
attack, kill and consume the firebugs. The difference between behaviour of juvenile and adult
birds might have been caused by changes in neophobia or dietary conservatism during the life.
Neophobia is a process which protects animals from toxic and dangerous food, but on the
other hand, the exploration of novel resources is important for young individuals when their
foraging behaviour is being shaped (Greenberg and Mettke-Hofmann 2001). Several studies
have shown that birds are more willing to explore novel stimuli, when they are young (Vince
1960; Heinrich 1995; Fox and Millam 2004; Biondi et al. 2010). Whereas Coppinger (1970)
found innate avoidance of novel aposematic butterflies (Nymphalinae) in hand-reared blue
jays (Cyanocitta cristata) and red-winged blackbirds (Agelaius phoeniceus) tested at the age
of 9 — 10 months, no such avoidance was recorded by Smith (1980) testing hand-reared
juveniles of the same bird species with novel and warningly coloured stimuli when they were
40 days old. Mastrota and Mench (1994) observed greater aversion of female bobwhites

(Colinus virginianus) towards red- and orange-dyed food, when tested in 64 — 67 weeks, than
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in younger, 31 weeks old females (Mastrota and Mench 1995). No such an effect was
observed in the conspecific males. The aversion of novel-coloured food in female bobwhites
thus appears to increase with age, and a possible explanation may be a different role of sexes
in parental care in bobwhites, where the females teach their chicks to avoid toxic prey.
Considering the role of both parents in post-fledging care in great tits, we may expect the
same level of wariness in both sexes.

The hypothesis of increasing neophobia with age was not supported by the study of
Langham (2006), who found older individuals of wild-caught rufous-tailed jacamars (Galbula
ruficauda) to be more willing to attack novel aposematic butterflies (Heliconius sp.) than
their younger (and also wild-caught) conspecifics. It is therefore likely that wild-caught
experienced adult birds are bolder to attack novel prey, because they have already learned to
avoid unpalatable food, whereas wild-caught younger birds may be more cautious due to a
recent experience with unpalatable or toxic prey. This hypothesis is supported by Lindstrém
et al. (1999), who compared reactions towards warningly coloured yellow-and-black prey in
three age categories of great tits: hand-reared juveniles, wild-caught yearlings and wild-
caught adults. While both hand-reared juveniles and wild-caught adults readily attacked
warningly coloured prey, wild-caught yearlings appeared to be the most neophobic age group
(Lindstrom et al. 1999). Similarly, wild-caught yearlings of great tits attacked and killed more
individuals of novel colour forms of the firebug (Pyrrhocoris apterus) than did the wild-
caught adults (Exnerova et al. 2006).

Even though the great tits in this experiment were inexperienced with aposematic prey and
1,5-5,5 years old at the time of testing, they were very cautious to attack unfamiliar
aposematic firebugs. Contrastingly, wild-caught great tits from the Finnish population, which
lack any experience with aposematic firebugs (due to their absence in Finland), showed no

hesitation to attack them. There might be another factor possibly responsible for the cautious
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behaviour of birds in the present study. It is likely that the environment and rearing conditions
play an important role in shaping the reactions towards novelty in birds (Jones 1986; Meehan
and Mench 2002; Fox and Millam 2004, 2007). Studies of domestic chicks (Gallus gallus)
and orange-winged Amazon parrots (Amazona amazonica) demonstrated the importance of
enrichment of the home environment. Enriched environment significantly reduced the fear of
novel objects in orange-winged Amazon parrots (Meehan and Mench 2002; Fox and Millam
2004, 2007), and in chicks, the home environment with assorted novel objects even increased
the acceptance of novel food into their diet (Jones 1986).

The experience with variety of food reduced neophobia and increased acceptance of novel
food in chicks (Jones 1986; Marples et al. 2007) and turkeys (Lecuelle et al. 2011, but see
Mastrota and Mench 1995). Because the majority of birds in our study did not explore the
firebugs by tactile contact, we can not decide, whether their avoidance of novel prey was a
result of neophobia or dietary conservatism (Marples and Kelly 1999). However, food
neophobia is described as a short-time response lasting usually only a few minutes and
followed by a tactile contact with the novel food (Marples and Kelly 1999), whereas the birds
in our study showed a relatively long-lasting refusal of novel prey. The rearing conditions
with a limited variety of food types and an unlimited supply of them could make the birds
unwilling to explore a novel prey. This would correspond with the relationship between
generalist-specialist behaviour and exploration, where the food or habitat specialists exhibit
greater neophobia than the species that exploit broader variety of foods and habitats
(Greenberg 1984, 1990; Mettke-Hofmann et al. 2002; Webster and Lefebvre 2001; Tebbich et

al. 2009).

(b) Effect of personality
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Although the birds of both personality types showed similar aversion towards the aposematic
firebugs on the first day, their behaviour on the second day considerably differed. On the
second day, the "fast™ birds approached the firebugs significantly earlier and more often than
the "slow" ones. Whether the birds attacked the firebugs was also dependent on personality
types. On the second day, half of the "fast™ birds not only approached and inspected the
firebugs from a close distance, but also seized and pecked it. Nevertheless, only two fast birds
consumed several firebugs during the experiment. Long-lasting process of refusing to
consume novel food was termed dietary conservatism (Marples et al. 1998; Marples and Kelly
1999). In the wild-caught great tits, the dietary conservatism has been shown to be
independent on personality, because the dietary conservative birds were not found to be
slower explorers (Marples and Mappes 2011). However, in Japanese quails (Coturnix coturnix
japonicus), selected accordingly to their speed of recruitment of aposematic non-toxic two-
spot ladybirds (Adalia bipunctata) into their diet, the variation in acceptance of novel prey
had a genetic basis, suggesting an effect of dietary conservatism (Marples and Brakefield
1995). Whether the dietary conservatism is connected with personality traits is still a question
for future research.

The relationship between exploration/object neophobia and neophobia towards novel food
is also still ambiguous. Only a few studies dealt with the correlation between food neophobia
and other personality traits (Exnerova et al. 2010, 2015; An et al. 2011; Bokony et al. 2012;
Liebl and Martin 2014). Exnerova et al. (2010) showed a positive correlation between
exploration and reaction towards novel aposematic prey in juvenile great tits. Similarly, An et
al. (2011) have found positive correlation between latency to approach and feeding in the
presence of novel object and approach and pecking novel type of food in wild caught blacked-
capped chickadees (Poecile atricapillus). However, food neophobia correlated with object

neophobia only in one of the four Hungarian populations of house sparrows (Passer
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domesticus), and in none of the eight populations studied in Kenya (Bdkony et al. 2012; Liebl
and Martin 2014). The correlations seem to be population-specific, not only in house
sparrows, but also in great tits. While Dutch population showed strong correlation between
personality traits and behaviour to novel food, no such correlation was found in Finnish and
Bohemian populations of great tits (Exnerové et al. 2010, 2015).

In great tits, the slow explorers tend to be more successful in avoidance learning than
the fast explorers, presumably because they are more neophobic and sensitive to negative
stimuli (Exnerova et al. 2010). In our study, all birds that have overcome their neophobia and
attacked the aposematic firebugs learned to avoid them very quickly, attacking mostly only
one firebug during the learning session. The firebugs were mostly only pecked or seized and
dropped, and only occasionally consumed. Such a behavioural response might indicate an
effect of dietary conservatism, but considering the unpalatability of the firebug, it also may be
a result of a rapid avoidance learning. Similarly, wild-caught adult great tits from Finnish
population that were inexperienced with the aposematic firebugs, learned to avoid them
considerably faster than their naive hand-reared conspecifics (Svadova et al. 2009; Exnerova
et al. 2010). Interestingly, the Finnish wild-caught adults were much less cautious in attacking

aposematic prey (Exnerova et al. 2015) than the hand-reared captive adults in our study.

CONCLUSIONS

On the first day of the experiment, the fast birds hesitated as long as the slow birds in
approaching the aposematic firebugs. However, the type of personality influenced the
approach latencies on the second day, when the slow birds hesitated longer than the fast birds.
The slow birds were also approaching the firebugs less frequently than the fast birds. While
the slow birds showed the same level of innate wariness towards aposematic prey during the

whole experiment, the level of innate wariness of the fast birds significantly decreased. We
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suggest that the laboratory rearing conditions with unlimited food supply and restricted
variety of food types might have enhanced the innate wariness in slow birds, whereas in fast
birds the same conditions might have lead to developing a routine behaviour of feeding
exclusively on a familiar food . Even though hand-reared juveniles from the same selection
lines (Exnerova et al. 2010) reacted differently towards aposematic firebugs than hand-reared
adults tested in this study, we were still able to observe significant differences in reactions of
birds of different personality types. We can therefore conclude that the individual differences
in reactions of great tits towards aposematic prey are consistent across time, but the particular

way of reactions and their intensity changes during their life.
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FIGURES AND LEGENDS

Figure 1. Approach latencies of naive adult great tits of the two personality types (S-slow, F-
fast) measured from the beginning of the first firebug trial to first approach to the firebug in
the first (DAY 1) and second day (DAY 2) of firebug presentation. Square, mean; box, mean

* s.e.; whiskers, confidence intervals (0.95); circles, outliers; stars, extremes.

Figure 2. Number of approaches to firebugs per trial by naive adult great tits of two
personality types (S-slow, F-fast) in the first (DAY 1) and second day (DAY 2) of firebug
presentation. Square, mean; box, mean = s.e.; whiskers, confidence intervals (0.95); circles,

outliers; stars, extremes.
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Studies on aposematism have generally focused on the benefits of red or yellow coloration, occasionally

in contrast with green or brown, but rarely blue or orange. Furthermore, almost no studies have explicitly
studied the utility of iridescent coloration in aposematism. To evaluate the survival benefit of iridescent
coloration, we tested the ability of the natural colour extremes of Tectocoris diophthalmus jewelbugs to
induce initial avoidance, learned avoidance, discrimination from palatable alternatives and broad
generalization against avian predators: naive hand-reared and experienced wild-caught great tits, Parus
major. Artificial baits were created by hollowing out bugs and inserting pieces of mealworm. Preference
tests presented iridescent and orange baits simultaneously, then birds were divided into training groups
and sequentially exposed to palatable black baits alternated with iridescent or orange baits made un-
palatable by soaking mealworms in quinine solution. This was followed by simultaneous black/coloured
discrimination tests, then a generalization test with both previously experienced and novel baits (all
palatable). All groups showed a preference for orange baits over ones with iridescent patches. For wild-
caught birds, attack latencies of iridescent and orange training groups were statistically indistinguish-
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innate wariness able, although only orange caused increased attack latency over the sequence. Hand-reared birds showed
iridescence no change in attack rate/latency towards iridescent bugs over the sequence. In postlearning discrimi-

Parus major
Scutelleridae

nation tests, all groups showed equally strong preference for palatable black baits and their unpalatable
training baits. In generalization tests, hand-reared birds were most averse towards trained baits, but
increased avoidance of iridescent-and-black baits suggests iridescence alone can contribute to apose-
matism. Wild-caught birds showed strong aversion to iridescent and novel orange-and-black baits
regardless of training, suggesting birds may be broadly generalizing experience from local red-and-black
aposematic bugs. Results suggest iridescent coloration and patterning can be an effective aposematic
signal, especially in the presence of alternative palatable prey and/or other aposematic species.

© 2014 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Aposematism is the phenomenon of prey advertising their
unprofitability to potential predators through conspicuous and
memorable signals that are often visual in nature (reviewed in
Ruxton, Sherratt, & Speed, 2004). There is a rich literature on how
predators, particularly birds, respond to visual aposematic signals
and their individual components. Several studies have demon-
strated that birds attend mostly to colour when learning to avoid
aposematic prey (Exnerova et al., 2006; Ham, Thalainen, Lindstrém,
& Mappes, 2006; Svadova et al, 2009). Other studies have
demonstrated the relative value of background contrast
(Gamberale-Stille, 2001; Gamberale-Stille & Guilford, 2003), the
relative value of internal contrast and patterning (Aronsson &

* Correspondence: S. A. Fabricant, Department of Biological Sciences, Faculty of
Science, Macquarie University, North Ryde, NSW 2109, Australia.
E-mail address: scott.fabricant@mg.edu.au (S. A. Fabricant).
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Gamberale-Stille, 2008, 2009; Hegna, Saporito, Gerow, & Don-
nelly, 2011), the importance of pattern regularity/symmetry
(Forsman & Merilaita, 1999; Stevens, Castor-Perry, & Price, 2009)
and the breadth/direction of generalization (Gamberale-Stille &
Tullberg, 1999; Svadova et al.,, 2009) for aposematic signals. The-
ory and empirical studies also suggest that aposematic patterns
tend towards signal uniformity (Greenwood, Cotton, & Wilson,
1989; Lindstrom, Alatalo, Lyytinen, & Mappes, 2001), and
maximal conspicuousness or distinctiveness (Roper & Redston,
1987; Sherratt & Beatty, 2003), but instances of intraspecific vari-
ation and/or low conspicuousness are common (Stevens & Ruxton,
2012). Understanding the selection pressures upon these ‘non-
textbook’ aposematic systems is currently an active area of research
(Blount, Speed, Ruxton, & Stephens, 2009; Endler & Mappes, 2004;
Lindstedt, Talsma, Ihalainen, Lindstrom, & Mappes, 2010; Speed &
Ruxton, 2007).
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However, despite the breadth of the literature, some areas have
received considerably less attention. For example, many authors
cite the prevalence of red and yellow in aposematic signals (Endler
& Mappes, 2004; Ruxton et al., 2004; Théry & Gomez, 2010), but no
research has quantified this prevalence. Few authors have experi-
mented with other colours. One paper showed ultraviolet cues are
not effective in avoidance learning of great tits, Parus major
(Lyytinen, Alatalo, Lindstrom, & Mappes, 2001). While there are few
potentially aposematic species with blue components in their sig-
nals, seemingly none have been tested empirically (reviewed in
Umbers, 2013), although artificial blue/cyan prey have been used
successfully by Gamberale-Stille and Guilford (2003) and Aronsson
and Gamberale-Stille (2008). The efficacy of green as a colour in
avoidance learning is difficult to establish, as green or brown is
often used as an ‘inconspicuous’ control in experiments. However,
exposure to pyrazine odours (Rowe & Guilford, 1996) or the bitter
taste of quinine (Rowe & Skelhorn, 2005) can cause unlearned
biases against yellow or red but not green. However, there is at least
one study showing green food as being more resistant to over-
coming dietary conservatism than yellow or red (Marples, Roper, &
Harper, 1998). Better understanding of the learning value of less
common ‘warning’ colours such as green or blue requires more
study.

Similarly to short wavelengths, iridescent colours in aposema-
tism are an understudied phenomenon. By definition, the hue of
iridescent colours changes with viewing angle, owing to the
arrangement of multiple reflecting layers creating a coherent Bragg
mirror (Seago, Brady, Vigneron, & Schultz, 2009). Additionally,
small variations in the layer spacing can result in a large change in
hue or saturation (Kurachi, Takaku, Komiya, & Hariyama, 2002).
These aspects of iridescent coloration may affect their efficacy in
providing a reliable aposematic signal. However, iridescent and
other structural colours can be very bright (Seago et al., 2009), and
are capable of creating short-wavelength hues such as blues and
ultraviolets uncommon in pigments (Doucet & Meadows, 2009;
Umbers, 2013). Paired with pigmentary colours, this ability to
create chromatic and/or luminance contrast may enhance the
conspicuous and distinctiveness of the aposematic signals (Doucet
& Meadows, 2009; Endler, 1992). Therefore, there is great value in
studying the role of iridescence in aposematic learning.

There are scattered studies documenting a role for iridescent
colours in aposematic signals in beetles (Schultz, 2001) and but-
terflies (Bowers & Larin, 1989; Pegram, Lillo, & Rutowski, 2013;
Rutowski, Nahm, & Macedonia, 2010), but none for true bugs.
Iridescence is relatively common in some families of true bugs
(Heteroptera), particularly in the assassin bugs (Reduviidae), plant
bugs (Miridae), leaf-footed bugs (Coreidae), burrower bugs
(Cydnidae), shield bugs (Pentatomidae and Scutelleridae) and some
minor families (P. Stys, unpublished data). In many of them,
iridescence is combined with yellow, orange or red pigment
coloration producing a potentially aposematic effect. This type of
coloration is sometimes limited only to larvae for poorly under-
stood reasons (P. Stys, unpublished data).

Tectocoris diophthalmus (Heteroptera: Scutelleridae), the hibis-
cus harlequin bug, is an ideal study system to engage with questions
of intraspecific variation and learning value of iridescent coloration.
Rather than employing the more ‘typical’ aposematic colour scheme
of red or yellow with black markings, T. diophthalmus bugs display a
matte orange background overlaid with bright metallic blue-green
iridescent patches. These patches are highly variable between in-
dividuals, ranging in size from almost covering the dorsal surface to
being entirely absent (Fabricant, Kemp, Krajicek, Bosdkova, &
Herberstein, 2013). Like other true bugs, T. diophthalmus produces
defensive secretions (Staddon, Thorne, & Knight, 1987), and has
been demonstrated to be capable of inducing avoidance learning in

chickens (Fabricant & Smith, 2014). The species lives in Australia and
Malesian and Melanesian islands, and is arboreal and mainly
phytophagous, feeding on Hibiscus, Gossypium and Lagunaria spe-
cies (Malvaceae; Cassis & Gross, 2002).

The aim of this study was to test the efficacy of the iridescent
coloration of T. diophthalmus in inducing initial aversion, avoidance
learning and generalization. We tested this bug, a native to
Australia, against European great tits, an allopatric species which
has no experience with T. diophthalmus or any other iridescent
species of true bug. We tested both wild-caught and hand-reared
birds; hand-reared great tits are completely naive to noxious
prey, and have been shown in experiments to lack innate bias
against red-and-black coloured bugs (Exnerova et al., 2007,
Svadova et al., 2009), but wild-caught birds are likely to have
experience with noniridescent true bugs, including local red-and-
black aposematic species (Hotova Svadova, Exnerova, Kopeckova,
& Stys, 2010). We compared wild-caught and hand-reared birds
with respect to their initial wariness towards palatable iridescent
and noniridescent (orange) bugs, and in their behaviour towards
unpalatable iridescent bugs across a learning sequence, discrimi-
nation tests and generalization tests using novel bugs sharing
features of conditioned bugs. Because we could not control the
previous experience of wild-caught birds, we also compared the
behaviour of wild-caught birds exposed to unpalatable iridescent
bugs with that of birds exposed to unpalatable orange bugs that
lacked iridescent patches.

Our specific questions were as follows. (1) Do the iridescent
patches of T. diophthalmus increase initial avoidance? (2) Are
iridescent patches efficient in inducing avoidance learning and
discrimination from palatable alternatives? (3) Do birds generalize
broadly among different colour phenotypes of the bugs, including
to more ‘typical’ orange-and-black bugs? (4) Do experienced and
naive birds differ in their patterns of initial avoidance, learning to
avoid unpalatable iridescent prey, and generalization of novel bug
phenotypes? By comparing the results of these experiments to
previous studies, we aimed to elucidate what components of the
visual warning signals of T. diophthalmus are most salient to birds,
and how variation may affect their survival.

METHODS
Avian Predators

Great tits are small, predominantly insectivorous passerine
birds inhabiting mostly woodlands, parks and gardens (Cramp &
Perrins, 1993). They are frequently used as model predators in
studies of warning signals and mimicry (Lindstrom, Alatalo, &
Mappes, 1997; Sillén-Tullberg, Wiklund, & Jarvi, 1982; Svadova
et al., 2009) and are suitable for studies involving novel prey,
because they are less neophobic than other European species of
Paridae, and their avoidance of aposematic insects is mostly based
on individual learning (Exnerova et al., 2007).

Hand-reared Birds

We used 20 hand-reared great tits as naive predators, and all were
trained only with iridescent bugs. Juvenile birds were taken from
their nestboxes in spring 2012 when 12—16 days old. At this age the
nestlings have no visual experience with their food. The nestboxes
were placed in parks and orchards in the outskirts of Prague, Czech
Republic. No more than two nestlings were taken from the same
brood. The nestlings were transported to the laboratory in the same
artificial nests they were housed in (plastic boxes for keeping small
animals with textile and tissue-paper lining for insulation and com-
fort). The length of transport did not exceed 30 min. Nestlings were
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Figure 1. Examples of bug baits: black (B), iridescent (I), orange (O), iridescent-and-black (I/B) and orange-and-black (O/B). Black bar is 1 cm.

kept in artificial nests until fledging, and then housed individually in
plastic cages (40 x 50 cm and x40 cm high) with a wire-mesh front
wall. The home cages were equipped with three wooden perches, two
water bowls with drinking and bathing water provided ad libitum
and with two feeders situated on the bottom of the cage. The birds
were housed at 22—25 °C. The photoperiod was set the same as
outdoors (16:8 h light/dark). The birds were hand-reared with a
standard food for passerines (Handmix, Orlux) along with meal-
worms. When they started to feed independently, they received food
mixtures for insectivorous passerines (egg mixtures Oké-bird and
Nutribird, Versele-Laga; Uni patee and Insect patee, Orlux). They were
tested when they were fully independent at the age of 50—60 days.
Individuals were released after experiments in the third week of July,
on days without rain or wind, in the same locality they were taken, as
specified by our permits. They were first given a veterinary check-up
to ensure they were at normal weight and in good condition, their
wing and tarsus lengths were measured, and they were individually
banded. They were provided with supplementary food (mealworms,
sunflower seeds and the commercial mixture for insectivorous birds)
in the feeders placed at the locality for several days.

Wild-caught Birds

Forty adult great tits (20 males and 20 females; 18 yearlings and 22
older birds) were caught in mist nets in September 2012 in the
Botanical Garden of Charles University in Prague. The birds were
housed individually in the same cages, at the same temperature and
photoperiod, and fed with the same food as hand-reared juveniles.
After the experiments, they were released after testing in the third
week of September, in the same location they were caught as speci-
fied by our permits, on days without rain or wind. As for the hand-
reared birds, the wild-caught birds were given a veterinary check-
up, measured and banded and provided with supplementary food
on release. While no detailed monitoring took place afterwards,
regular catching and banding of birds at this location suggests a
number of the birds survived and bred in the same locale for multiple
years.

Prior to the experiment, the wild-caught birds were allocated to
two experimental groups, one assigned for the avoidance learning
with iridescent bugs and the other with orange bugs. The composition
of both groups was balanced with respect to sex (iridescent group: 10
males/ 10 females; orange group: 11 males/ 9 females) and age
(iridescent group: 10 yearlings/ 10 adults; orange group: 10 yearlings/
10 adults) to maximize validity of between-group comparisons.

Tectocoris Baits

Adult T. diophthalmus were hand picked off Lagunaria patersonia
trees in a suburban population in Narrabeen, New South Wales,
Australia. Bugs were killed by freezing, and then dried completely
in a fume cupboard. Their ventral abdominal cuticle, remnants of

internal organs, antennae and legs were then removed, creating a
hollow dome consisting of the insect’s head, thorax, wings and
body length scutellum (abdominal shield). The bug retained its
natural shape and colour patterns when viewed from above (see
Johansen et al., 2010 for details). Inside the hollow body cavity we
placed half a mealworm, Tenebrio molitor (henceforth referred to as
‘mealworm’), serving as an unconditioned stimulus. The meal-
worms were attached to the ventral side of bugs and were not
visible until the birds seized or turned over the baits.

Wild-caught Hand-reared

l 40 birds l 20 birds
Initial preference test:
iridescent versus orange bugs
together, 4x repeats
20 birdsl l 20 birds l 20 birds

| Avoidance learning sequence |

Iridescent vs black| [ Orange vs black Iridescent vs black
alternating 10x alternating 10x alternating 10x
each each each

l l l

| Postlearning discrimination test |

Iridescent vs black
together, 4x rep

Iridescent vs black
together, 4x rep

N /

Generalization test:
iridescent, orange, black,
iridescent-and-black, orange-and-black
1 test per bird

Orange vs black
together, 4x rep

Figure 2. Flowchart of the experimental design. Following the arrows down shows the
series of experiments that each training group underwent, as well as their sample size
and the number of repetitions of each experiment. Pretraining regimes, identical for all
groups, are not included in this flowchart.
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We used five types of bait (Fig. 1) differing in their coloration: (1)
iridescent bugs with approximately 50% of their dorsal surface
covered by iridescent blue-green patches and the rest remaining
orange; (2) naturally orange bugs with only orange coloration; (3)
black bugs, individuals painted all black with nontoxic Tim & Tess
poster colour (shade 105 — carbon black); (4) iridescent-and-black
bugs with their orange parts painted black; and (5) orange-and-
black bugs with their iridescent parts painted black. Both
iridescent-and-black and orange-and-black bugs had approxi-
mately half of their dorsal surface painted black and the other half
orange or iridescent, respectively.

Experimental Set-up

Experiments were carried out in wooden cages
(70 x 70 x 70 cm) with wire-mesh walls and the front wall made of
one-way glass. Each cage was equipped with a wooden perch, water
bowl and rotating circular feeding tray with six cups. The perch was
20 cm from the feeding tray. The cups had a white lining on which all
types of baits appeared highly conspicuous. The cage was illumi-
nated by daylight-simulating bulbs (Biolux Combi 18 W, Osram). A
continuous record of the bird’s behaviour in the experiment was
made using the Observer XT 8.0, and the behaviour was also vid-
eorecorded. Experiments were spread across 3 days and were
divided into several successive steps (Fig. 2). Before the experiment,
the birds were caught by hand in their home cages, put into a textile
bag and transported to the experimental cages; they were trans-
ported to their home cages in the same manner after the experi-
ments. The birds were allowed to acclimate to the experimental cage
and to search for food in one of the cups of the feeding tray before the
experiment. Each day before starting the respective part of the
experiment, the birds were deprived of food for 2 h. They showed no
behavioural markers of stress during or after the experiment.

Pretraining (Days 1 and 2)

To minimize the number of bugs destroyed during the experi-
ment we used black Tectocoris-shaped silhouettes cut from card-
board with a mealworm glued to their lower side by nontoxic glue
(Kores glue stick) to train the birds to handle the baits and extract
the edible piece of mealworm from the inedible shell. The birds had
to pass three successive stages of the pretraining: (1) handling the
upside-down bait with the mealworm on the top; (2) handling the
bait with the mealworm beneath the paper silhouette, but with
part sticking out; (3) handling the bait with the mealworm hidden
completely beneath the paper silhouette. The birds had to handle
successfully two baits with a hidden mealworm in a row to
participate in the experiment. At the beginning of the second-day
session, the pretraining was repeated with black-painted Tecto-
coris baits to check whether the birds remembered their experience
and generalized it to the real Tectocoris baits. Identical pretraining
was performed for both hand-reared and wild-caught birds.

Initial Preference Test (Day 2)

To determine whether iridescent coloration increases initial
avoidance, we tested whether the birds had any preference for
either of the two natural forms of Tectocoris bugs used in the
experiment. The birds were offered two baits, one iridescent and
one orange, both with a palatable piece of mealworm hidden in-
side, together in the same dish. This process was repeated a total of
four times. We recorded the order in which baits were chosen, and
measured the latency to attack each bait. The latency to attack the
second bait was adjusted to account for the handling and feeding
time of the first bait. After the bird finished handling the first bait, it

had 3 min (180 s) to handle the other bait; otherwise the trial was
stopped and a nonattack was recorded. The initial preference
testing procedure was identical for both hand-reared and wild-
caught birds.

Avoidance Learning Sequence (Day 3)

The next phase involved training birds against a specific colour
morph of bug, to determine the efficiency of avoidance learning.
Wild-caught birds were divided into two experimental groups of 20
birds: one group were trained to avoid iridescent bugs, the other to
avoid orange bugs. All 20 hand-reared birds were trained to avoid
iridescent bugs. Aposematic baits were made unpalatable by
soaking the mealworm in 6% quinine (chloroquine phosphate) so-
lution, while the mealworms for palatable baits were soaked in
water. Baits were presented in alternating sequence; in each trial
only one bait (either black/palatable or coloured/unpalatable) was
offered. Although this sequential discrimination task is likely to be
more difficult than simultaneous presentation (Beatty & Franks,
2012), we argue that it reflects better a natural situation. Se-
quences always started with black/palatable, and baits were reused
in a sequence unless the birds inflicted damage on them. A trial was
terminated after 3 min (180s) if no attack had occurred, and a
nonattack was recorded. Birds were exposed to 10 trials of pre-
sentation of each alternating bait type, for a total of 20 trials.

Postlearning Discrimination Test (Day 3)

To assess whether there was a difference in how well the birds
learned discrimination between palatable and unpalatable baits,
we offered birds a simultaneous presentation of the two bait types
used in the preceding learning sequences. Those birds trained with
iridescent baits were now offered black and iridescent baits side by
side in one dish, and likewise with birds trained on orange baits.
This test was repeated a total of four times, and unpalatability of the
aposematic baits was maintained during tests. We recorded the
order of baits attacked as a binary choice (yes/no palatable first).

Generalization Test (Day 3)

Finally, trained birds were given a generalization test to deter-
mine whether training stimulus colour or previous experience in
the wild influenced patterns of generalization. In a single trial, birds
were offered five baits, each of a different ‘phenotype’: iridescent
(I), orange (O), black (B), iridescent-and-black (I/B) and orange-and-
black (O/B) (Fig. 1). The test was carried out under extinction con-
ditions (all baits palatable) to prevent further learning from inter-
fering with the birds’ previous experience. The baits were
presented in a rectangular dish (17 x 8 cm), aligned in a row par-
allel to the enclosure’s perch. The order of baits in the row was
randomly generated for each bird. We recorded the order of attack
and the latency to attack for each bird. The latency was adjusted for
the handling time of the preceding baits. There was no time limit;
the trial was stopped after the bird had attacked all five baits,
although no trial lasted longer than 1000 s. The generalization test
procedure was identical for all birds.

Statistical Analyses

Differences in the total number of each bait type attacked by
each bird in the initial preference test were compared using a
Wilcoxon signed-ranks test. The repeated binary choices of the
initial preference tests and postlearning discrimination tests, and
attack decisions of the initial preference tests and learning se-
quences, were analysed using generalized linear mixed models,
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GLMMs (logistic regression with random intercepts for individual
birds). Attack latencies in the initial avoidance tests and the
learning sequences were analysed using Cox regression frailty
models with random intercept and slopes for birds, a form of sur-
vival analysis. The models were built and tested in R3.0.2 (The R
Foundation for Statistical Computing, Vienna, Austria, http://www.
r-project.org), with packages ‘lme4’ (for GLMM) and ‘coxme’ (for
survival analysis). Models were fitted by maximum likelihood, with
Laplace approximations in GLMMs. Coefficients are given as esti-
mates plus 95% confidence interval, and their significance is tested
using Wald’s Z test, as recommended in Bolker et al. (2009).
However, log-likelihood tests result in qualitatively identical re-
sults. The generalization tests were analysed using Friedman’s tests
with post hoc analysis as implemented in SPSS v20 (SPSS Inc.,
Chicago, IL, U.S.A.). The training groups were analysed separately.
The post hoc test P values were adjusted using the false discovery
rate (Benjamini & Hochberg, 1995), a stepwise procedure wherein P
values are ordered lowest to highest (P(y)... P(j)... Pm)), and all P
values that satisfy the inequality P; < (i/m)o have their null hy-
potheses rejected. As this correction was performed on a per
experiment basis, the post hoc correction was P; < (i/10)0.05.

Ethical Note

We obtained Czech government permission for catching the
adult birds (MHMP-154521/04/O0P-V-25/R-40/09/Pra), for taking
juvenile great tits from nestboxes placed in parks at the outskirts of
Prague (S-MHMP-043585/2009/00P-V-26/R-8/Pra), and for labo-
ratory experimentation with birds (No. 150/99 and 29532/2006-
30). The collection of T. diophthalmus from council land in Narra-
been, New South Wales is permitted under Australian law, and
transfer of dried Tectocoris between two CITES-listed institutions
for research purposes is also permitted under CITES rules.

RESULTS
Initial Preference Test
In simultaneous presentations, birds showed a preference to

attack the orange baits before those with iridescent patches (Fig. 3).
Despite repeated exposure, there was no effect of trial number
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Figure 3. Mean proportion (and 95% CI) of times a bird attacked an iridescent bait first
for training groups in the preference test. ‘Irid’ is wild-caught iridescent-trained birds,
‘Orange’ is wild-caught orange-trained birds, ‘Juv’ is hand-reared iridescent-trained
birds and ‘Pooled’ is all birds combined. Data from each bird were summed across the
four trials and normalized to account for repetition.

(Wald test: Z= —0.648, P = 0.49), and there was no difference in
the bias pattern between wild-caught and hand-reared birds (Wald
test: Z=0.095, P=0.92). Within wild-caught birds, there was no
statistically significant difference between the initial preferences
for the iridescent and orange training groups (Wald test: Z = 1.365,
P=0.17). However, the 95% confidence interval for the orange
training group includes parity (50/50 odds), so this group did not
share the bias of the other training groups despite not being sta-
tistically different from them (Fig. 3). When we pooled all groups,
the odds of choosing an orange bait was 1.75 (95% CI 1.31-2.32;
Wald test: Z=3.791, P = 0.0002), or an average probability of 64%.

The hand-reared birds did not show a significant difference in
latency in attacking orange versus iridescent baits (Wald test:
Z = —1.34, P=0.18). Hand-reared birds also attacked virtually all
baits offered, with only two nonattacks recorded, in different birds
and against different bait types. Wild-caught birds showed a bias in
attack, as their preference for orange baits was accompanied by a
small but statistically significant reluctance to attack iridescent
baits during the observation period (mean baits attacked + SD:
iridescent = 3.38 4 1.03, orange = 3.78 4 0.53; Wilcoxon signed-
ranks test: V=19, P=0.034). Overall, 33 of 40 birds sampled
three or more iridescent baits, whereas 38 of 40 birds sampled
three or more orange baits. This attack bias was also accompanied
by a significantly greater latency to attack iridescent baits (hazard
ratio = 0.65, 95% CI 0.51—-0.83; Wald test: Z= —3.43, P=0.0006).
Neither attack rate (Wald test: Z= 0.684, P = 0.494) nor latency
(Wald test: Z=1.56, P = 0.12) changed between trials.

Avoidance Learning Sequence

To test the efficiency of avoidance learning, latency to attack was
measured over a series of alternating presentations of palatable
black and unpalatable coloured baits. There was no effect of bait
type on latency for wild-caught birds (Wald test: Z = 1.35, P = 0.18).
With bait types pooled, there was an increase in attack latencies
over the course of the learning sequence (hazard ratio = 0.928, 95%
C1 0.872—0.989; Wald test: Z= —2.34, P = 0.019), translating into a
7.7% reduced instantaneous risk of attack in each subsequent trial
(Fig. 4). When analysed within groups, a significant increase in
attack latencies over the course of the training sequence was
observed in the orange bait training group (hazard ratio = 0.916,
95% CI 0.286—0.967; Wald test: Z = —3.17, P=0.002), but not the
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Figure 4. Mean attack latency (and 95% CI) for unpalatable coloured baits at each trial
of the learning sequence of wild-caught birds. Each point is the group mean for that
trial of the learning sequence. Circles connected by solid lines are iridescent baits;
triangles connected by dashed lines are orange baits.
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iridescent bait training group (Wald test: Z= —1.31, P=0.19) or
hand-reared birds trained to iridescent baits (Wald test: Z = 1.67,
P =0.094; Fig. 5). Overall, wild-caught birds trained to iridescent
baits had significantly higher latencies than their hand-reared
counterparts, with a 3.2 times lower instantaneous risk of attack
across the sequence (hazard ratio = 0.301, 95% CI 0.120—0.804;
Wald test: Z= —2.41, P = 0.016). Prior to first exposure to quinine,
the wild-caught birds displayed a nonsignificant trend towards
greater latency to attack iridescent bugs (hazard ratio = 0.518, 95%
Cl 0.259—-1.039; Wald test: Z= —1.85, P=0.06). This trend dis-
appeared by the end of the learning sequence as the hazard ratio
approached unity (Wald test: Z = 0.066, P = 0.95; Fig. 5).
Wild-caught birds also showed differences between training
colours in how they handled the palatable control black baits
(Fig. 6). Both groups showed a sharp increase in latency for the first
one or two trials after initial exposure to baits containing quinine-
laced mealworm pieces. Despite this, there was an overall small but
significant reduction in latency to attack black baits over the
learning sequence (hazard ratio = 1.099, 95% CI 1.034—1.167, Wald
test: Z=3.03, P=0.002). Over the course of the trials there was a
comparatively greater latency to attack black bugs for wild-caught
birds trained to iridescent bugs, compared to wild-caught birds
trained to orange bugs (hazard ratio = 0.421, 95% CI 0.205—0.862;
Wald test: Z= —2.37, P = 0.018). However, this difference was not
present on first presentation of black baits, before any exposure to
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Figure 5. Survival curves (proportion surviving) for unpalatable baits as attacked by
wild-caught birds. (a) The first trial of the learning sequence (before exposure to
quinine). (b) The last trial of the learning sequence. Solid lines are iridescent baits;
dashed lines are orange baits. Trials were terminated after 180's, so any baits not
attacked are considered having ‘survived’.
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Figure 6. Mean attack latency (and 95% CI) for palatable black bugs at each trial in the
wild-caught birds’ learning sequences. Circles connected by solid lines are the black
bait attack latencies of birds in the iridescent training group. Triangles connected by
dashed lines are the black bait attack latencies of birds in the orange training group.

quinine (Wald test: Z= —0.728, P = 0.47). Despite not showing a
significant increase in latency to attack iridescent bugs over the
course of the trials, hand-reared birds showed significantly higher
latency to attack iridescent bugs compared to black bugs over the
entire sequence (hazard ratio = 0.621, 95% CI 0.501-0.768; Wald
test: Z= —4.37, P < 0.001; Fig. 7).

Despite a longer latency towards attacking unpalatable baits
compared to black baits, few birds learned to abstain from attacking
the unpalatable baits. In the wild-caught birds, four of 20 birds
trained to iridescent baits abstained from attacking on at least half
of the presentations, whereas only two of 20 birds trained to orange
and only one of 20 hand-reared birds did. Within wild-caught birds,
there was no difference between patterns of nonattack between
iridescent- and orange-trained birds (Wald test: Z=1.315,
P = 0.19), nor any significant change over the course of the learning
sequence (Wald test: Z= —1.333, P = 0.18). There was a nonsignif-
icant trend towards wild-caught birds trained against iridescent
abstaining from attack more often than their hand-reared
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Figure 7. Mean attack latency (and 95% CI) for hand-reared birds at each trial in the
learning sequence. Squares connected by solid lines are mean attack latencies at each
trial for the unpalatable iridescent baits. Diamonds connected by dashed lines are the
mean attack latencies at each trial for the palatable black baits.
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Figure 8. Mean proportion (and 95% CI) of times a bird attacked a black (palatable)
bait first for training groups in the postlearning discrimination tests. ‘Irid’ is wild-
caught iridescent-trained birds, ‘Orange’ is wild-caught orange-trained birds, ‘Juv’ is
hand-reared iridescent-trained birds and ‘Pooled’ is all birds combined. Each bird was
summed across the four trials and normalized to account for repetition.

counterparts (odds ratio = 8.78, 95% CI 0.84—81.26; Wald test:
Z = —1.87, P=0.07). All black baits were attacked by all birds on all
presentations.

Postlearning Discrimination Test

For all training groups, there was a strong preference for the
palatable black baits over their respective unpalatable coloured
baits in side-by-side preference tests, suggesting clear discrimina-
tion learning for all training groups (Fig. 8). Over a series of four
trials, there were no effects of trial order (Wald test: Z= —1.251,
P=0.21), or between wild-caught and hand-reared birds (Wald
test: Z= —1.581, P = 0.11). Within the wild-caught birds, there was
no difference between being trained against orange or iridescent
baits (Wald test: Z=0.993, P=0.32). The pooled odds ratio of
attacking a black bait first is 6.27 (95% CI 4.35—9.05; Wald test:
Z =19.796, P < 0.0001). Therefore the mean probability of attacking
a palatable black bait over the trained unpalatable stimulus is 86%,
regardless of the prior experience of birds or bug colour morph.

Generalization Test

All three training groups of birds had distinctly different results
in the generalization tests, suggesting effects of training colour and
between wild-caught and hand-reared birds (Table 1, Fig. 9).
Within-group Friedman tests comparing the five stimuli (three
familiar, two novel) were all significant (wild-caught orange-
trained: Q4 =13.56, P=0.009; wild-caught iridescent-trained:
Q4 =11.48, P=0.02; hand-reared iridescent-trained: Q4 = 41.28,

Table 1

Mean rank of each bait type in the generalization tests
Group Black Iridescent Orange Iridescent/Black Orange/Black
Orange 190 3.15 3.55 3.00 3.40
Iridescent 2.58 3.50 2.22 3.08 3.62
Juvenile (Iridescent) 1.50 4.65 295 3.25 2.65

Scores denote the average rank (out of 5) that each bait type was chosen, so a bait
type with a lower mean rank is chosen on average before one with a higher rank.
Mean rank values are the result of a within-group Friedman test, so each mean rank
is relative to the other values in its respective row.

P < 0.001). For wild-caught birds trained to orange baits, there
were significant pairwise differences between black baits and or-
ange baits, but also between black baits and iridescent baits, and
between black baits and orange-and-black baits. For wild-caught
birds trained to iridescent, there were significant pairwise differ-
ences between orange baits and iridescent baits, and between or-
ange baits and orange-and-black baits. Neither wild-caught

(@)
600} a
400} a
ab b ab
200} 1_ _{
0 == + ‘;l - =
B I 0 /B O/B
1000
(b)
b
800} b
; ab
g 600k b
=
8
E‘ 400}
[}
=
— a
200} I
B I 0 1/B O/B
1000
© b c
800}
C
600 N
a
400}
200}
1
== -
0 i 1 J|_ 1 1
B I 0 /B O/B

Bait type

Figure 9. Latency (s) for birds to attack each bait, with handling times of previous baits
subtracted, in the generalization tests. (a) Wild-caught birds trained against iridescent
baits, (b) wild-caught birds trained against orange baits, and (c) hand-reared birds
trained against iridescent baits. Bait types are black (B), iridescent (I), orange (O),
iridescent-and-black (I/B) and orange-and-black (O/B). Box plots include median,
interquartile range and range. Within each plot, significantly different groups (as
judged by a Friedman test post hoc analysis with P values adjusted for the false dis-
covery rate) are marked with different letters. Boxes marked ‘ab’ are therefore not
significantly different from ‘a’ or ‘b’.
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training group showed a significant difference between iridescent
baits and orange-and-black baits with the shared pattern.

Most pairwise differences in hand-reared birds were significant
(Fig. 9). Of particular note is that orange and orange-and-black baits
were not significantly different. Additionally, iridescent-and-black
baits were significantly higher ranked than black baits, but signif-
icantly lower ranked than iridescent baits; these distinctions are
not made by either training group in the wild-caught birds
(Table 1).

DISCUSSION

These results permitted an evaluation of the question of
whether iridescent coloration is effective in inducing initial
avoidance, efficient avoidance learning and discrimination, and
broad generalization. Iridescent patches (when paired with quinine
defences) were effective in inducing greater initial avoidance and
broad generalization. For wild-caught birds, attack latencies and
rates of nonattack were not statistically distinguishable between
birds trained to avoid iridescent or orange baits. All training groups
showed equivalent strong preference for baits associated with
palatability after their respective training sequences. Hand-reared
and wild-caught birds trained against iridescent baits showed
group differences in generalization behaviour that were probably
related to previous experience, but iridescence was an effective
discrimination cue for both groups.

Initial Preference Tests

There was a significant initial bias against the iridescent baits,
and this preference was the same for wild-caught and hand-reared
birds. In hand-reared birds this bias was likely to be innate, since
they had no previous experience with any aposematic prey. This
result is surprising, since in previous studies naive hand-reared
great tits did not show any innate avoidance of aposematic prey
(Exnerova et al., 2007; Hotova Svadova, Exnerova, Kopeckova, &
Stys, 2013; Svadova et al, 2009; but see Lindstrom, Alatalo, &
Mappes, 1999). It is possible that the innate bias in great tits is
more a question of preference than a strong avoidance, and that it
can be observed only when the birds are given a choice between
the alternative prey types (Lindstrom et al., 1999) and not when
they encounter only a single prey item at a time (Exnerova et al.,
2007; Hotova Svadova et al.,, 2013; Svadova et al., 2009).

The question arises: what specific stimulus is responsible for the
preference for orange baits over the iridescent ones? Several
studies (Hauglund, Hagen, & Lampe, 2006; Mastrota & Mench,
1995; Schuler & Hesse, 1985) have demonstrated that blue and
green are chosen by birds preferentially over yellow and red, so it is
unlikely that in this experiment, the great tits were being driven off
by blue or green coloration per se. It is possible that bias against
iridescent bugs was caused by higher luminance contrast of the
iridescence (Sandre, Stevens, & Mappes, 2010), or by the presence
of a contrasting pattern itself (Hauglund et al., 2006; Roper & Cook,
1989), both enhancing the prey’s conspicuousness, although for
hand-reared naive birds, the bias is unlikely to be caused by aver-
sion to patterning per se (Aronsson & Gamberale-Stille, 2008, 2009;
Osorio, Jones, & Vorobyev, 1999). Conversely, the birds may have
had an innate preference for the orange stimulus and preferred the
prey with more of an orange colour, but preference for red over
green has only been found when the birds recognize the food as
berries and not insects (Schmidt & Schaefer, 2004). In other studies,
birds did not show any preference for red berries over green ones,
but always preferred green insects to red ones (Gamberale-Stille,
Hall, & Tullberg, 2007; Gamberale-Stille & Tullberg, 2001). Future
research should perform preference tests using the range of baits

used in the generalization tests on naive hand-reared birds, to
verify that iridescence per se is the aversive trait.

The wild-caught birds appeared more cautious, with greater
latencies to attack overall in the preference tests. They also showed
a significant difference in attack latencies between orange and
iridescent bugs, something not seen with the hand-reared juve-
niles. Since both colour morphs were novel to the great tits, this
could be due to increased neophobia or dietary conservatism
(Marples et al., 1998; Marples & Kelly, 1999) of older birds. However,
in other experiments, adult wild-caught great tits frequently
attacked novel colour morphs of prey (Exnerova et al., 2006), and
adult individuals were even less cautious than yearlings (Lindstrom
et al.,, 1999). It is therefore more likely that wild-caught birds partly
generalized their previous experience with local red-and-black
aposematic true bugs (Exnerova et al, 2006; Hotova Svadova
et al, 2010) to the Tectocoris baits, especially as the great tits
generalize easily from red to orange prey (Exnerova et al., 2006;
Ham et al., 2006).

Avoidance Learning Sequence

The results suggest that over a learning sequence of this dura-
tion, iridescent and orange baits were equally effective for wild-
caught birds. There was no statistically significant difference be-
tween the two groups, although this may be an artefact of the high
variance in latency. When analysed separately, birds trained on
iridescent baits did not show an increase in latency over the
learning sequence, whereas those trained to orange baits did show
an increase. This, however, is likely to be due to the demonstrated
initial aversion towards iridescence (see above), and may poten-
tially be influenced by birds choosing to sample fewer iridescent
baits during the preference tests. It is worth noting that while there
was a nonsignificant trend for higher latency against iridescent
baits at the beginning of the learning sequence, this difference
evaporated by the last trial as latency against orange baits
increased. It is unclear whether latency against orange would have
continued to increase to greater levels or whether the two groups
would have remained equally aversive over a long period of
exposure. It is also unclear whether more birds would have
abstained from attack in a longer learning sequence or with
stronger chemical defences, although the natural chemical de-
fences of T. diophthalmus are rather weak (Staddon et al., 1987).

Hand-reared juveniles, like their wild-caught counterparts, did
not show an increase in attack latency or change in attack rate over
the course of the learning sequence. There was, however, a large
difference in latency between hand-reared and wild-caught birds
in how they treated iridescent bugs. Therefore, previous experience
with more noxious prey may be essential to increase attack latency.
Odorous secretions, which live T. diophthalmus produces but qui-
nine baits do not, may also be important in promoting avoidance
(Jetz, Rowe, & Guilford, 2001; Rowe & Guilford, 1996; Siddall &
Marples, 2008). Conversely, juvenile birds may simply be more
hungry and/or more tolerant of weak defences, which may influ-
ence their eagerness to attack (Alcock, 1973; Barnett, Bateson, &
Rowe, 2007; Sandre et al., 2010). Despite a lack of observed in-
crease in attack latency, hand-reared birds had significantly higher
attack latencies overall against iridescent unpalatable baits than
palatable black baits, suggesting discrimination was occurring.

One surprising result from the learning trials was the increased
latency for attacking the black control baits in the iridescent-
trained group, compared to the orange-trained group. Perhaps
from an oblique viewing angle the iridescent patches appeared
dark to the birds. It has been suggested that luminance contrast is
not as relevant as colour in bird learning (Osorio et al., 1999), which
may explain this unusual finding. Sandre et al. (2010) suggested
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that luminance contrast influences initial wariness, but this may
not extend to a prolonged learning sequence. Studies of the
aposematic effect of luminance contrast alone are rare in bird
research, although it is discussed by Stevens (2007) and luminance
contrast is effective in teaching mantids to avoid emetic seed bugs
(Prudic, Skemp, & Papaj, 2007). The importance of chromatic versus
achromatic contrast in aposematism is a ripe area for further
research.

Postlearning Discrimination Test

Both colour morphs were shown to be equally effective cues in a
postlearning discrimination test with simultaneous presentation of
palatable alternative prey. Age and experience of birds did not
affect this outcome, as wild-caught adults and hand-reared juve-
niles were equally keen to pick the black control baits over their
respective unpalatable baits. The presence of alternative prey may
therefore be very important to the harlequin bug’s survival, espe-
cially if this weakly defended stinkbug (Staddon et al., 1987) is
capitalizing on imperfect Miillerian or quasi-Batesian mimicry to
other sympatric noniridescent noxious bugs (Kokko, Mappes, &
Lindstrém, 2003; Lindstrom, Alatalo, Lyytinen, & Mappes, 2004).
The different performances of birds at the end of the learning
sequence and in the postlearning discrimination test also support
the idea that the sequential discrimination task may be more
difficult than the simultaneous one (Beatty & Franks, 2012), or at
least that sequential discrimination learning can in some cases be
almost behaviourally silent and become evident only when the two
stimuli are presented simultaneously.

Generalization Test

The generalization trials exposed the major differences between
the wild-caught birds and the hand-reared birds, distinguished
patterns of generalization between iridescent- and orange-trained
wild-caught birds, and allowed predictions of how aposematic
signals utilizing iridescence may fare in the wild. Regardless of
training colour morph, the orange-and-black baits were highly
aversive to wild-caught birds. Furthermore, the iridescent baits
remained repellent to the birds trained to avoid orange baits,
despite these birds only experiencing the iridescent colour morph
as a palatable food item. The reverse was not true for birds trained
to avoid iridescent baits: orange baits remained the most preferred
food choice, even more so than the black baits. Despite its pattern
being fairly distinct from local red and black Heteroptera (Exnerova
et al., 2008), the harlequin bugs appear to be benefiting from
experience with the local Miillerian/quasi-Batesian mimetic com-
plex (Hotova Svadova et al., 2010; Hotova Svadova et al., 2013; but
see Vesely, Veseld, & Fuchs, 2013). Although bird species do vary in
how they respond to aposematic prey (Exnerova et al., 2003;
Exnerova et al., 2007), these findings are likely to be relevant to
the harlequin bug’s survival against avian predators in its home
range.

For the wild-caught birds, the presence of a contrasting pattern
was necessary for generalizing unpalatability, as birds trained to
iridescent baits did not show elevated avoidance of orange baits
despite iridescent colour morphs containing small orange patches.
This is surprising since several studies have doubted the impor-
tance of contrasting patterns for learning to recognize aposematic
prey (Aronsson & Gamberale-Stille, 2008, 2009; Exnerova et al.,
2006; Svadova et al., 2009; but see Aronsson & Gamberale-Stille,
2013). However, the attention that predators give to the pattern
may depend on the amount of their previous experience, which
agrees with findings that experienced predators usually select for a
closer mimetic resemblance than naive ones (Ihalainen, Lindstrom,

Mappes, & Puolakkainen, 2008; Lindstrém, Lyytinen, Mappes, &
Ojala, 2006; Rowe, Lindstrom, & Lyytinen, 2004). Iridescent-and-
black baits, which test iridescence as a signal without the contri-
bution of contrasting orange, were not a strong signal to wild-
caught birds. To birds trained on orange baits, they were much
less aversive than the other stimuli (except black), possibly because
of the colour or luminance contrast. For birds trained to iridescent
baits, black and iridescent-and-black baits were statistically even,
supporting the notion that the iridescent patches are harder to
distinguish from black than orange is. Behaviour of wild-caught
birds thus seemed to be affected by their experience with red-
and-black aposematic bugs in the wild, since they attended
mostly to orange colour and contrasting dark pattern (either black
or iridescent) when learning to avoid unpalatable baits. This
pattern of generalization may be overridden with extensive
training, as Pegram et al. (2013) found no difference between how
birds responded to selective blacking-out of blue or orange com-
ponents of the warning signal of Battus philenor (Papilionidae)
butterflies.

The hand-reared, formerly naive birds, on the other hand, per-
formed exactly as would be expected from being conditioned that
iridescent-and-orange bugs are unpalatable. Their most aversive
stimulus was the one to which they were trained, while the black
baits were most preferred. Both novel phenotypes (iridescent-and-
black and orange-and-black) were less aversive than the trained
unpalatable bait, because they were imperfect matches but also
possibly because they shared part of their pattern (black colour)
with the positive stimulus (the palatable bait). The iridescent-and-
black baits were the second most aversive stimuli, suggesting that
naive birds can associate iridescent coloration with unpalatability,
and that iridescence alone, without taking advantage of a mimetic
complex, can function as an aposematic signal. This result is un-
likely to be due to neophobia since the other novel stimulus, the
orange-and-black baits, was the second-least aversive stimuli,
supporting the idea that aposematic patterns must be learned in
great tits and are not innately aversive (Exnerova et al., 2007;
Hotova Svadova et al., 2013; Sillén-Tullberg, 1985). The surprise
here was that the orange baits, which had previously only been
experienced as palatable, were significantly more aversive than
black ones. This could be evidence for biased generalization or peak
shift (Gamberale & Tullberg, 1996; Gamberale-Stille & Tullberg,
1999; ten Cate & Rowe, 2007), as the training stimulus had both
iridescent and orange patches, so very large (in this case, whole
body) orange patches could also increase avoidance (Remmel &
Tammaru, 2011). It is also worth noting the greater latency
against iridescent baits, even after correcting for the handling time
of other baits, further supporting the possible role of alternative
prey in promoting survival in T. diophthalmus.

Conclusion

It appears as though the iridescent patches of T. diophthalmus
can act as an aposematic signal. This may be through either the
innate avoidance of high luminance contrast (Sandre et al., 2010) or
avoidance learning. The presence of iridescent patches creating a
contrasting pattern was important for initial avoidance and
generalization in wild-caught birds. However, this benefit appears
to be greatly increased by the presence of alternative palatable
prey. The large differences we observed between wild-caught and
hand-reared birds may reflect behavioural differences by age
(Lindstrom et al., 1999), or less cautiousness and discrimination of
hand-reared birds (Exnerova et al., 2007), but above all else they
appear to reflect experience. The wild-caught birds probably had
experience with local red-and-black Heteroptera (Hotova Svadova
et al., 2010), and their performance supports the idea of broad
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generalization in colour and pattern (Aronsson & Gamberale-Stille,
2009, 2013; Exnerova et al., 2006; Ham et al., 2006). Iridescent bugs
may thus benefit from experience of bird predators with other
similar red or orange prey with contrasting but noniridescent
patterns.

Our results suggest that orange is not superior to iridescence
(with small orange patches) for learning to avoid aposematic prey.
This result is surprising, given the noted prevalence of long-
wavelength colours in aposematic signalling (Ruxton et al., 2004).
This result also supports previous findings that internal contrast is
not more important than colour in avoidance learning (Aronsson &
Gamberale-Stille, 2009; Roper & Cook, 1989), although internal
contrast may be beneficial in unlearned avoidance (Sandre et al.,
2010). Despite within-group differences in the learning sequence,
both morphs were equally efficient discrimination cues compared
with palatable alternative prey. Together, these observations sup-
port the idea that the iridescent patches may be selectively ad-
vantageous despite not being maximally aposematic. Furthermore,
the equivalent survival of the extreme morphs suggests that, at
least in a one-predator system, variation in aposematic signals may
be evolutionarily stable.
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Z7.aver

1) Sykory konadry (Parus major) ze dvou vzdalenych populaci (populace ze stiedniho Finska
a populace ze stiednich Cech) se neli§ily v projevech svého exploraéniho chovani. Obé
populace prozkoumavaly novy predmét umistény v domovské kleci stejné ochotné. Populace
se vSak vzajemn¢ liSily neofobii vii¢i neznamému predmétu umisténému v blizkosti potravy.
Vys§i mira neofobie sykor z finské populace vSak nijak neovlivnila jejich pfistup k nové
kofisti. Sykory konadry z obou testovanych populaci napadaly modrého cvrcka stejné rychle.
Ptesto, ze explorace nového predmétu a neofobie spolu vzajemné pozitivne korelovaly u obou
studovanych populaci, reakce na novou kotist dospélych sykor konader nesouvisela s mirou

jejich explorace ani neofobie.

2) Mladata tii stfedoevropskych druha sykor z ¢eledi Paridae (Parus major, Periparus ater,
Cyanistes caeruleus) se lisi mirou vrozené opatrnosti vi¢i nové a aposematické Kofisti.
Zatimco u sykor konader a sykor uhelni¢kli pozitivni zkuSenost s jedlou potravou Cervené
barvy snizila neofobii vii¢i nové i aposematické kofisti, sykory modfinky vykazovaly stale
stejné vysokou miru vrozené opatrnosti bez ohledu na jejich pfedchozi zkusSenost. Mlad’ata
sykor konader a sykor uhelnicki, kterd méla predchozi zkuSenost s jedlou potravou Cervené
barvy, navic také aposematickou cerveno-Cernou plostici Pyrrhocoris apterus vice
konzumovala. Jestli k deaktivaci neofobie a potravniho konzervatizmu u sykor konader a
sykor uhelnicki vedla jejich pozitivni zkusenost s riznou potravou nebo u nich doslo k Siroké
generalizaci zkuSenosti s jedlou potravou Cervené barvy na jinou Cervené zbarvenou kofist,

vSak nemtizeme prozatim rozhodnout.

3) Vnitrodruhové rozdily v pfistupu sykor konader (P. major) k aposematické kofisti mohou
byt dany typem jejich personality. Piesto, Ze zpiisob, jakym na aposematickou kofist
reagovaly dospélé ru¢né odchované sykory konadry, se zna¢né lisil od reakce naivnich rucné
odchovanych mladat, vliv typu personality jedince se v reakci na aposematickou plostici P.
apterus u testovanych sykor projevil. Zda se tedy, ze rozdily v pfistupu k aposematické koftisti
u sykor konader ziistavaji v prubchu zivota u jednotlivych typli personalit konzistentni.
Zpisob a intenzita projevované reakce vici aposematické kofisti u sykor konader se vSak
muze ménit s vékem jedince. Vysokd mira pocateni opatrnosti viici aposematické plostici
dospélych jedinctl pochazejicich z chovil, v§ak mize byt ovlivnéna jejich chybéjici zkuSenosti

s exploraci riznych podnéti nebo/a absenci zkuSenosti s nedostatkem potravy.
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4) Iridescentni zbarveni aposematické plostice Tectocoris diophthalmus zvySuje u dospélych

1 naivnich sykor konader jejich pocCatecni opatrnost k tomuto typu kofisti. Obé veékové
kategorie testovanych sykor prokdzaly schopnost naucit se rozpoznéavat nejedlou iridescentni
koftist od jeji jedlé naCerno nabarvené varianty a tyto zkuSenosti poté generalizovat na uméle
vytvofenou iridescentné-Cernou plostici se zabarvenymi oranzovymi c¢astmi. Iridescentni
zbarveni aposematické plostice T. diophthalmus je tedy dulezitou soucasti jeji vystrazné

signalizace.

5) Jednim z hlavnich faktorti, které ovliviiuji reakci sykor konader (P. major) vaci
aposematické kofisti je jejich dosavadni zkuSenost. Z piirody odchyceni jedinci z finské
populace, kterd nema s vystrazné zbarvenou Ccerveno-Cernou kofisti zadnou dosavadni
zkusenost, napadali aposematickou ¢erveno-Cerné zbarvenou plostici P. apterus signifikantné
vice neZ sykory komiadry pochazejici z Cech, které se s touto kofisti v ptirodé bézné setkavaji.
Rozdilna reakce vici aposematické koftisti u dospélych sykor konader nemusi byt zpisobena
pouze rozdilnou zkuSenosti s konkrétnim typem kofisti, ale také jejich celkovou zkuSenosti
s exploraci riznych podnétt a riznych zdroji potravy, se kterymi se jedinec v prubéhu svého
zivota setka. Dospélé sykory konadry pochazejici z laboratornich chovii vykazovaly vici
aposematické Cerveno-Cerné zbarvené plostici vysokou miru pocatecni opatrnosti, aniz by

s takovym ¢i podobnym typem kofisti mély jakoukoli dosavadni zkuSenost.
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