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Abstrakt

Chovani ptaka spjaté s hnizdnim parazitismem je velice popularnim a dobfe zkoumanym
tématem. Experimenty v této oblasti byly provedeny za pouziti modelovych ¢i opravdovych,
at’ uz mimetickych nebo ne-mimetickych vajec. Témét vSechny studie zabyvajici se
problematikou hnizdniho parazitizmu vSak spoléhaly na subjektivni posouzeni vzhledu vajec
na zaklad¢ lidského zraku a nezohlednily, Ze ptaci zrak je jiny neZz zrak lidsky. Jednim
z nejzasadnéjsich rozdill je ocni sitnice ptakli obsahujici ¢ast citlivou na ultrafialovou oblast
spektra. Pokrok v experimentech pfisel az s pfichodem pfenosnych spektrometrti, které dokazi
pfesné zaznamenat danou barvu a to v celém viditelném spektru ptakd. Ackoliv bylo na téma
hnizdniho parazitizmu provedeno nespocet studii zamétenych na reakce hostitelskych druht
vuci parazitickému vejci, pouze jedina z téchto studii zahrnovala kontinuitu barev. Studoval
jsem reakci hostitelskych samic kosa ¢erné¢ho (Turdus merula) spojenych s experimentalnim
hnizdnim parazitismem za pouziti 73 barevné odlisSnych modelovych vajec, ktera jsem
nabarvil podle pfedem pfipravené barevné Skaly. V experimentech jsem se zamé&fil predevsim
na odstin (angl. hue) modelového vejce a jeho sytost (angl. saturation). Statisticky
vyznamnym prediktorem byl pouze odstin, ktery ovlivnil rozhodovani hostitelské samice o
tom, zda parazitické vejce piijme, ¢i nikoliv. Konkrétné samice inklinovaly k akceptovani

vajec modrozelenych a modrych, naproti tomu jiné odstiny spiSe odmitaly.
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Abstract

The behavior of hosts of avian brood parasites is a well-researched and popular theme.
Experiments studying brood parasitism have been conducted using eggs, either model or real,
that are mimetic or non-mimetic to a host’s own eggs. Many studies relied on a subjective
assessment of egg appearance, based on human vision. This did not account for the fact that
the bird's eye is different from the human eye. One of the most fundamental differences
between human and bird vision is that the bird's retina contains photoreceptors sensitive to the
ultraviolet spectrum of light. The arrival of portable spectrometers that can record the color in
an egg’s full spectrum, from ultraviolet through our visible range, advanced this line of the
experiments. Although there have been countless studies focused on host responses to foreign
eggs, only one has included the continuum of colors. I studied the responses of blackbird
females (Turdus merula) to experimental parasitism using model eggs of 73 unique colors. In
my experiments, I examined the blackbird response with respect to hue and saturation. I found
that only hue significantly predicted the host female’s rejection or acceptance of the parasitic
eggs. Specifically, the females tended to accept blue-green and blue eggs, but usually rejected

other colors.
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1. UVOD

Jako téma diplomové prace jsem zvolil studium hnizdniho parazitizmu u kosa ¢erného
(Turdus merula). Na zaklad¢ literarnich poznatkd jsem provedl studii zaméfenou na odmitavé
chovani hostitelskych samic pfi pouZiti parazitickych modelovych vejci riznych barev, kdy
jsem se snazil zjistit, které barvy maji Sanci u hostitelli na pfijeti a které barvy tuto Sanci
nemaji.

Experiment jsem provedl ve mésté¢ Olomouci. Jako modelovy druh pro tuto studii jsem
vybral kosa Cerného, ktery je jednim z nejlépe urbanizovanych druhti ptakt v Evropé vibec
(Janzen 1980, Evans et al. 2010, 2012), vcetn¢ Olomouce (Samas et al. 2013b). To mi
usnadnilo nasbirani dostatecné velkého a reprezentativniho vzorku.

V minulosti byla provedena pouze jedind studie zaméfena na vyzkum reakce
hostitelské samice v zavislosti na kontinudlni proménlivosti ve zbarveni parazitickych vajec
(Hanley et al. 2017). Tato studie vSak ve svém vyzkumu zahrnula pouze necelou ¢ast barev
viditelného spektra kosa ¢erného a pravé nevyuzité oblasti tohoto viditelného spektra ma
studie vypliuje. Ma studie je tedy roz§ifenim této predeslé studie (Hanley at al. 2017).

Piedpokladam, ze hostitelé budou mit tendenci piijimat modrozelené barvy vajec tak,
ze pravdépodobnost odmitnuti parazitického vejce bude vzriistat se zvysujici se odchylkou
odstinu barvy od barev modrozelenych (viz Obr. S3 v Hanley et al. 2017). Dale
predpokladdm, ze pravdépodobnost odmitani parazitickych vejci se zvysi se zvétSujici se

sytosti barev.



2. CIL

Cilem této prace bylo vypracovani literarni reSerSe o vyzkumu odmitani parazitickych
vejci hostitelskou samici a metody jejich studia.

Cilem experimentalni ¢asti bylo otestovat, které z barev maji nejvyssi Sanci na piijeti
hostitelskou samici a které z nich maji nejvyssi Sanci na odmitnuti a tedy vyhozeni z hnizda.

Cilem této diplomové prace bylo také vypracovani — v spolupraci se spoluautory —
odborného ¢lanku tykajiciho se reakce kosa ¢erného na proménlivé zbarveni parazitickych

vejci v disledku hnizdniho parazitizmu.



3. LITERARNI RESERSE

3.1. Koevoluce a zavody ve zbrojeni

Jednou z nejucinnéjsich hybnych sil evoluce jsou koevoluéni zavody ve zbrojeni.
Koevoluce je spolecny evoluéni vyvoj alespont dvou druhtl, v jehoz priubéhu se kazdy z téchto
druhii ptizptisobuje evoluénim zméndm toho druhého, ¢imz vznikaji takzvané adaptace a
proti-adaptace. Jde tedy o zpétnovazebny evolucni proces. Prikladem je koevoluce predator
a kofist nebo parazit a hostitel, ale také koevoluce druhti zijicich v symbidze (Janzen 1980).
Antagonistickou koevoluci, tedy naptiklad parazit vs hostitel, také oznacujeme jako zavody
ve zbrojeni (angl. arms-races) (Rothstein a Robinson 1998). Zavody ve zbrojeni jsou dvojiho
typu a to bud’ vnitrodruhové, se kterymi se miizeme setkat zejména u hmyzu, ale i ptaka
(Yom-Tov 2001), nebo mezidruhové, napiiklad predator vs kofist ¢i parazit vs hostitel
(Dawkins a Krebs 1979). Mezidruhovy parazitizmus se vyskytuje ptiblizné u 100 druht
ptakt, pficemz v Evropé nejlépe prozkoumanym mezidruhovym hnizdnim parazitem je

kukacka obecna (Cuculus canorus; Davies 2000).

3.2. Hnizdni parazitizmus

Hnizdni parazitizmus je tedy klasickym ptikladem koevolu¢nich zavodl ve zbrojeni
mezi ptacim parazitem a hostitelem (Rothstein 1990, Davies 2000, Feeney et al. 2014). Ptaci
oznacovani jako hnizdni parazité¢ kladou sva vejce do hnizd jinych druht, aby se zbavili
veskeré rodiCovské zodpovédnosti a zivotnich vydaji spojenych s nakladnou rodicovskou
péci. Pomoci takovéto strategie mohou veskerou starostlivost pfenechat rodi¢im z tad
hostitelskych druht (Rothstein 1990, Payne 1998). Hostitelé se vSak tomuto typu parazitizmu
brani (Rothstein 1990). Jednou z nejbéznéjSich obrannych strategii hostitele je odmitnuti
neboli odstranéni parazitického vejce (Feeney et al. 2014 ) ¢i mladéte (Grim 2006) ze svého
hnizda. U fady hostiteld se tak vyvinula schopnost parazitické vejce rozpoznat (angl.
recognition) a nasledné je odmitnout (angl. discrimination) tedy odstranit z hnizda. To vSak
také vyvolava nasledné proti-adaptace u parazitli zahrnujici napt. vylepSovani mimikry vajec
(Stevens et al. 2013). Reakce hostitele také mohou byt ovlivnény jeho ptedchozi individualni
zkuSenosti s hnizdnim parazitem (Hauber et al. 2006, Grim et al. 2014, Moskat et al. 2014).
Nabyté zkuSenosti v rozpoznavani vlastnich a cizich vajec davaji hostiteli dulezité informace
o rozsahu moznych fenotypll (napt. zbarveni) vajec a diky takto ziskanym informacim se
muze hostitel v budoucnu rychleji a 1épe rozhodovat (Hauber et al. 2006). Tato ,,bitva“ ve fazi

kladeni vajec je velice dulezit4d. Pokud totiz hostitel nedokéze rozpoznat cizi vejce vcas, prijde



o ¢ast sniSky nebo o celou svoji snisku a bude nucen investovat energii do vychovy ciziho

mladéte (Davies 2000).

3.3. Kos ¢erny

Kos ¢erny (Obr. 1.) je jednim znejvice prostudovanych ptaktl v celé Evropé, ale
vyskytuje se i mimo ni. Ackoliv byl kos jesté v 19. stol. plachym druhem, ktery se zdrzoval
spiSe v lesnich oblastech (Partecke et al. 2006), postupem casu se stal, jak jsem jiz vySe uved],
jednim z nejlépe urbanizovanych neboli méstu pfizpisobenych ptacich druhti s vysokou
populacni hustotou témét v celé Evropé (Evans et al. 2010, 2012). Studie provedené na
kosovi probehly v mnoha evropskych zemich, mezi které se fadi napiiklad Anglie (Magrath
1991), Spanélsko (Fernandéz-Juricic a Telleria 2000, Ibafiez-Alamo a Soler 2010),
Portugalsko (Maller et al 2014), Ceska republika (Samas et al. 2013b), Italie (Moller et al
2014), Nizozemi (Vliet et al. 2009), Némecko (Partecke a Gwinner 2006), Norsko (Meller et
al 2014), Polsko (Wysocki 2005), Svycarsko (Bussche et al. 2008) Litva a Estonsko (Evans et
al. 2009), ale také mimo Evropu na Novém Zélandu (Hale a Briskie 2007), kam byl kos
uméle zavleden a Gsp&iné se zde v dnesni dobé reprodukuje (Samas et al. 2014). V Ceské
republice je jednim z nejlépe dostupnych druhii pro studium hnizdniho parazitizmu (Grim a
Honza 2001, Grim et al. 2011), jelikoz jsou jeho hnizda obvykle pro c¢lovéka snadno
pristupnd, naptiklad v riznych druzich porostii jakymi jsou naptiklad jehli¢naté stromy (napf.

tis ¢erveny) listnaté stromy (napft. lipa) nebo kete (napt. rododendron, Wysocki 2005).

Obrazek 1. Samice kosa ¢erného. Autor: Tomas Grim.




3.4. Obranné chovani hostitelskych druhu
3.4.1. Obranné mechanismy

Vétsina hostitelskych druhli odmitd alesponi ¢ast parazitickych vajec, coz vede
k evoluci mimikry u parazitickych vajec (Spottiswoode a Stevens 2010). Hostitelé totiz
daleko castéji odmitaji cizi vejce, ktera se 1isi od jejich vlastnich vice nez jina cizi vejce, ktera
jsou jim podobngjsi. To znamend, ze pokud hostitel registruje mezi vejci viditelné rozdily,
pak ta kterd jsou odliSna od ostatnich vajec ze sntsky, daleko castéji odmitne. Vyrazné
odli$nd vejce nazyvame nemimetickd (angl. non-mimetic; Brooke a Davies 1988, Rutila et al.
odmitd parazitické vejce, tim vice a presnéji parazit pfizpisobuje béhem dalsi evoluce
vzhledem sva vejce hostitelovym, ¢imz se vejce parazita stavaji vice mimetickymi (Brooke a
Davies 1988, Stoddard a Stevens 2011).

Aby mohl hostitel odmitnout parazitické vejce, musi nejdiive poznat, ktera vejce jsou
jeho a kterd cizi (Stevens at al. 2013). Proces rozpoznani mize probihat dvéma zpusoby.
Prvni moznosti je odmitnout nejvice odchylné vejce ze snlisSky (angl. rejection by
discordancy). Druhou moZnosti je naucit se Sablonu (angl. template), jak vlastni vejce vypada,
a na zakladé této Sablony porovnat vSechna vejce v hnizd¢ a odmitnout vejce, které vypada
jinak nez vlastni (angl. true egg recognition, Hauber a Sherman 2001). VétSina studii se
priklani k strategii zaloZzené na Sablondch (Victoria 1972, Stokke et al 2007, Lyon 2007).
Systém Sablon je pro hostitele ndkladny (Dukas 1998) a také Sablona, kterou si hostitel
zapamatuje na zakladé ptedeslych hnizdéni, nemusi byt aktudlni pro vejce v souc¢asné snisce
(Stevens et al. 2013). Dale mtize byt nauc¢ena Sablona zkreslend podminkami prostiedi (svétlo,

stiny, uhel pohledu), které panovaly, kdyz se je samice ucila (Stevens et al. 2013).
3.4.2. Obranné problémy

Bez ohledu na moznosti rozhodovani se museji hostitelé¢ potykat se dvéma klicovymi
problémy. Prvnim zté€chto problému je senzoricky, kdy si samice sva vejce nejdiive
prohlédne, poté hned nasleduje problém kognitivni, ktery spo¢iva v porovnavani vsech vejci a
nasledném rozhodovani, zda je vejce vlastni ¢i nikoliv (Moskat a Hauber 2007). Nékteré
parazitické druhy, jakym je naptiklad ptédelnik kukacci (Anomalospiza imberbis), si
dimysIné vyvinuly strategii, pti které kladou najednou vice vajec do hnizda hostitele. Timto

zpisobem znemozni piesné porovnavani hostitel mezi vejci svymi a parazitickymi, a tim



snizi Sanci na odmitnuti ciziho vejce (Stevens et al. 2013).
3.4.3. Vlastnosti vejce

Ptaci vejce, stejn¢ jako vétSina pfirozenych objektii, obsahuji svoji vlastni vizualni
informaci (Spottiswoode a Stevens 2010). Tato informace se tyka vnéjSiho vzhledu a podava
zpravu o aktualnim stavu vejce (Dall et al. 2005). Vné&jsi vzhled vejce zahrnuje jeho velikost,
ktera je dulezitd, ponévadz pokud je vejce prili§ malé nebo velké, mize dojit k odmitnuti,
jelikoz takové vejce je pro hostitele napadné jak vizualné, tak i hmatové (Rothstein 1982,
Mason a Rothstein 1986). Dale jsou to skvrny na skofdpce (Stoddard a Stevens 2011,
Rothstein 1982) a barvy (Feeney et al. 2014), které jsou primarnimi podnéty vyuzivanymi
hostitelem pfi rozpoznavani, zda jsou vejce uvniti hostitelovy sniiSky jeho vlastni, nebo
parazitickd (Feeney et al. 2014). A v neposledni fad€ jsou to rizné druhy vzord skotapky
(Spottiswoode a Stevens 2010) zahrnujici velikost, disperzi, kontrast a variaci barevnych

mimikry (Polacikova a Grim 2010, Stoddard a Stevens 2010).

3.5. Vyzkumné metody v oblasti hnizdniho parazitizmu

3.5.1. Experimentalni modely

Jednou z osvéd¢enych vyzkumnych metod, jak 1épe pochopit zavody ve zbrojeni mezi
parazity a hostiteli, jsou experimenty s vkladanim cizich vajec do hnizda (napt. Brooke a
Davies 1988, Rutila et al. 2002, Antonov et al. 2006, Grim et al. 2014, Hanley et al. 2017).
Umeélé modely vajec mohou byt libovolného zbarveni a velikosti. Jednim z nejpouzivanéjSich
v Evropé se stal svétle modry a bezeskvrnny ,,reh¢i” umély model (Davies 2000). Tento
model velikosti a tvarem odpovida vejcim kukacky, kterd parazituje rehka zahradniho
(Phoenicurus phoenicurus). Dal$i pouzivany model je konspecificky model, ktery se ma co
nejvice podobat vlastnim hostitelskym vejcim (Samas et al. 2014). Vyzkumnici také bézné
pouzivaji skute¢na vejce, at’ uz od stejného (konspecifické) nebo jiného ptaciho druhu, nez je
druh testovany (Liang et al. 2016).

Standardni testovani reakci hostitele tedy probiha tak, ze vyzkumnik vlozi cizi vejce
do hostitelského hnizda a sleduje, jak hostitel zareaguje. NejbéznéjSimi reakcemi jsou
akceptovani, vyhozeni ciziho vejce nebo opusténi hnizda (Davies a Brooke 1989). Opusténi
hnizda ale nemusi byt pfimou reakci na parazitismus ve vSech piipadech (Samas et al. 2014).

Muze jit o opusténi snlisky z divodu vysSich Zivotnich nékladii, které presahuji napiiklad

6



vyskyt potravy v okoli nez jaké rodice ocekavali (Székely et al. 1996). Dale to miize byt také
reakce na velky vyskyt rusivych elementti v blizkém okoli hnizda ¢i vyskyt dravei v okoli

hnizda (Ackerman a Eadie 2003, Soler et al. 2015). Pfi tomto testovacim postupu ovSem
nastava situace, kdy se mize vyzkumnik setkat s ptadkem, ktery sedi v hnizd¢, a musi ho
dostat z hnizda pry¢. Do této situace se nejCastéji dostava, kdyz samici zastihne v obdobi
inkubace (Hanley et al. 2015¢). Hanley et al. (2015c) ukazali, ze samice kosa ¢erného, které¢
se zdrzuji v blizkosti hnizda, mohou vidét, jak vyzkumnik vkldd4d vejce do hnizda. To
zpusobuje, ze castéji a rychleji odmitaji parazitické vejce, nez samice, které svédky
parazitizmu nebyly. Tedy jakékoliv nepokoje v okoli, at’ uz zptisobené vyzkumnikem (Trnka
a Prokop 2010) nebo napiiklad kukackou, experimentdlni kukackou, mohou vyvolat
podeziravé chovani hostitelské samice zdrzujici se v blizkosti hnizda a tim i zvySenou Sanci

na odhaleni parazitniho vejce (Pozgayova et al. 2010).

3.5.2. Pocatky vyzkumii hnizdniho parazitizmu

Témét vSechny studie zabyvajici se problematikou hnizdniho parazitizmu vSak
spoléhaly na subjektivni posouzeni vzhledu vajec na zéklad¢ lidského zraku (Stoddard a
Stevens 2011). Naptiklad Davies a Brooke (1989) ve své studii vyuzili pfi experimentech
mimetickych a ne-mimetickych modeld vytvofenych pouze podle posouzeni podobnosti
s opravdovymi hostitelskymi vejci na zakladé lidského zraku.

Avsak zrak ptakt a ¢loveka je velice odlisny (Bennett a Théry 2007). Barevné vidéni u
lidi je oproti ptdkim na mnohem horsi urovni (Hart 2001). Ptaci maji dvojité Cipky, které
hraji kli¢ovou roli v achromatickych ukolech, které souviseji s texturou a vzorem (Jones a
na ultrafialovou oblast spektra (Cuthill 2006). Jelikoz ptaci vidi na rozdil od ¢lovéka, ktery je
trichromaticky, i ultrafialovou oblast spektra, nazyvame jejich vidéni tetrachromatické

(Vorobyev et al. 1998).

3.5.3. Novy pohled na vyuziti modelii vajec v 90. letech 20 stoleti

V 90. letech ptisli Moksnes a Roskaft (1995) s vylepSenim pro lepsi posouzeni barvy
vejce pomoci lidského oka. Poprvé pouzili takzvany Methuen Handbook of Colour (Kornerup
a Wanscher, 1978). Byl to kruh slozeny z barev rozdélenych do useki obsahujicich rizné
barvy cCislované od 1 do 20, kdy 1-4 byly odstiny zluto¢ervené, 5-8 odstiny zluté, 9-12 barvy

zelenozluté, 13-16 odstiny zelené¢ a 17-20 modrozelené barvy. Pfilozenim vejce k tomuto



kruhu pomahalo védciim 1épe posoudit, ktera barva je nejvice podobna barvé testované¢ho
vejce. I presto, ze tento piistup byl krokem vpied, i nadale se jednalo pouze o posouzeni

barvy vejce na zéklad¢ pozorovani lidskym okem (Moksnes a Roskaft 1995).
3.5.4. Spektrometr aneb priilom ve vyzkumnych metodach

Jednim z nejzasadnéjSich zloma v experimentech zamétenych na diskriminaci vajec
hostitelem byl ptichod pfenosnych spektrometra (Obr. 2.). Spektrometry dokazi métit presné
slozeni barvy vcelém viditelném spektru ptaka (tj. 300-700 nm), coz vyrazné zvysilo
schopnost pochopit vnimani rozdili pta¢im pohledem (Bennett a Théry 2007). Jak jiz jsem
vyse uvedl, ptaci totiz kromé kratkych, stiednich a dlouhych vlnovych délek dokazi na rozdil
od cloveéka vnimat i ultrafialové zateni (300—400 mm; Stoddard a Stevens 2011).

Prvni studii, ktera vzala vvahu vlastnosti ptacitho vizudlniho vnimani, byla
provedena teprve pied ne€kolika lety. Cassey et al. (2008) demonstrovali vizualni diskriminaci
vajec v experimentu, ktery byl proveden za pouziti riiznych experimentalnich barev skotéapky.
Prokazali, Ze zachyceni fotonl ultrafialového zafeni a zateni o kratkych vinovych délkach
(modra barva) na sitnici ptdkd ovliviluje u hostiteli rozhodovani o odmitnuti ¢i pfijeti
parazitniho vejce. Jiné vinové délky vliv nemély. Ziskané vysledky ze spektrometru se
vyobrazuji v podob¢ takzvané spektralni kiivky (Stoddard a Prum 2008, Hanley et al. 2017,
Obr. 3,4.).



Obrazek 2. Spektrometr Ocean Optics Jaz, ktery jsem pouzil pfi métfeni barev v experimentu.
Na obrazku je télo spektrometru s displejem, ktery ukazuje vysledky méfeni. Dale jsou zde
zachyceny kabely pro méteni, jeden z kabelil je svételny a druhy opticky. Svételny kabel vede
svétlo ze zdroje na méteny piredmét a opticky kabel vede odrazené svétlo z méteného
pfedmétu do spektrometru. V ¢erném kruhovém vicku je uschovan bily standard vyuzity pro
kalibraci spektrometrickych méfeni. Cerny standard na fotografii neni zachycen (pouzil jsem

tubus, uvnitt kterého byla tma, a ta umoznila kalibraci ¢erné barvy). Autor: Daniel Hanley.

a




Obrazek 3. Ukazka spektralni kfivky znadzornujici rozdil mezi lidskym a ptac¢im zrakem.
Kazda z kiivek zndzornuje citlivost na svétlo o riiznych vinovych délkach kazdého ze 4 typii
¢ipkl, které se nachazeji v oku. 370 nm je ultrafialova vinova délka, kterou vnimaji pouze
ptaci (Sedd barva), 445 nm je kratka vlnova délka, kterd je vnimdna i lidskym zrakem
(modrd), 508 nm je stiedni vlnova délka (zelend) a 565 nm je dlouhd vinova délka (Cervena).

Ptevzato z prace Smith (2017).
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Obrazek 4. (A) Ukazka spektralni kiivky vejce rakosnika velkého (Acrocephalus
arundinaceus). (B) je spektralni kiivka vejce jeho hnizdniho parazita kukacky obecné. Plna
ktivka zna¢i méfeni hned po nakladeni vejce do hnizda, pferusovana kiivka byla namétena 4
dny po nakladeni vejce a teckovana kiivka byla zméfena 8 dni po nakladeni vejce do hnizda.
Seda kiivka nam zde ukazuje rozdil mezi pocateéni barvou vejce a barvou naméfenou po 8
dnech. Tato Seda kiivka byla vytvorena po odecteni pocatecniho méteni, tedy métfeni 1. dne
od méfeni 8. dne. PreruSovana Seda kiivka zndzornuje 95% interval spolehlivosti. Pievzato

z Hanley et al. (2016).
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3.4.5. Vizualni modelovani v trojrozmérném prostoru

V zavislosti na vzniku pfenosnych spektrometrli se vyvinul postup nazvany vizualni
modelovani (Cassey et al. 2008). Pfi vizualnim modelovani se vyuziva shromazdénych dat o
barveé ze spektrometru a nasledného preneseni této barvy do ¢tyibokého barevného prostoru,
tedy jehlanu (Spottiswoode a Stevens 2010, Obr 5.). Kazdy roh jehlanu odpovida jedné ze
Ctyt barev, které ptaci vnimaji (Stoddard a Prum 2008, Spottiswoode a Stevens 2010). Jsou to
barvy kratkych vlnovych délek (modrd), stiednich vinovych délek (zelend), dlouhych
vlnovych délek (Cervend) a ultrafialového zareni (UV). Pomoci takto vyobrazeného prostoru
muizeme zaznamenat piesnou pozici barvy v barevném prostoru, ktery ptaci vnimaji (Hanley
etal. 2017).

Pozice barvy v jehlanuse odviji od slozek, kterymi barva disponuje, at’ uz je to
odrazivost UV ¢i piesny odstin zvolené barvy (Stoddard a Prum 2008). Jehlan nam tedy
umoziuje ukazat rozdily mezi pta¢im a lidskym okem ve vnimani vybrané barvy a to pomoci
pridaného rozméru ultrafialovych vinovych délek (Spottiswoode a Stevens 2010).

Navzdory témto pokrokiim se dodnes vSechny pokusy s vejci provadéji pouze s
kategorickymi barvami, vSechny modely jsou tedy nabarveny jednim odstinem, napf. pouze
modrou, nebo hnédou barvou (napt. Samas et al. 2014). Ty jsou pak povazovany za bud’
mimetické, nebo nemimetické; takova kategorizace je ale problematicka, protoze je vzdy
uméla (Grim 2005, 2013). Doposud pouze jedina studie vyuzila kontinuitu barev u svych
experimentl (Hanley et al. 2017).

V této studii jsem vyuzil proménlivosti ve zbarveni vejci a tedy kontinuitu barev za
pouziti modelti jak barev mimetickych tak i barev nemimetickych. Vytvofil jsem $kalu barev
zastupujicich barvy z celého viditelného spektra kosa ¢erného, které jsem ptenesl na barevnou
Sablonu a nasledné i na modelova vejce. Pfenesené barvy jsem méfil za pomoci spektrometrie
za Ucelem ziskani dat o pfesné odrazivosti jednotlivych barev. Pomoci ziskanych hodnot ze
spektrometru jsem ptenesl jednotlivé barvy do ctyrbokého jehlanu a tim také zaznamenal
jejich rozlozeni vtomto 3D barevném prostoru. Tento postup jsem pouzil na zaklade

nejnovéjsich poznatkil o spektrometrii a vizualnim modelovani.
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Obrazek 5. Barvy, které¢ ptaci vidi, 1ze zobrazit v prostoru pomoci jehlanu. U = ultrafialova
cast spektra, L = cast spektra dlouhych vinovych délek, M = ¢ast spektra stfednich vlnovych
délek a S = Cast spektra kratkych vinovych délek . Pozici kazdé z barev v Ctyfsténu lze popsat
koordinatami théta, fi a r. Théta je horizontdlni uhel (azimut) mezi pozitivni osou X a
vektorem sméfujicimu k dané barvé. Fi je vertikdlni (elevacni) thel mezi rovinou X-Y a
vektorem smétujicimu k dané barvé. Théta a fi jsou analogické (zemépisné) délce a Sitce.
Vzdélenost vektoru k barvé definuje r. Théta a fi popisuji barevny odstin (angl. hue) neboli
smér vektoru k barvé a r vyjadiuje intenzitu barvy neboli sytost (angl. saturation), ¢imz
definuje, nakolik se barva lisi od achromatické hodnoty bilé/Cerné (Stoddard a Prum 2008).
Ptevzato z webové stranky M. C. Stoddardové (2016).
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4. MATERIALY A METODY

4.1 Modelova vejce a barevna Sablona

Ve studii jsem vyuzil umélych modelovych vajec nabarvenych 73 rozdilnymi
akrylovymi barvami (Koh-i-Noor, Obr. 6.), zvolenymi podle piedem piipravené barevné
Skaly (Obr. 7.). Od kazdé barvy jsem pouzil jedno unikatné zbarvené vejce.

Barevna skala obsahovala 7 zakladnich barev a to bilou, modrou, azurovou, zelenou,
zlutou, Cervenou a purpurovou. Déle pak zahrnovala také barvy vzniklé jejich vzajemnym
misenim. Skala obsahovala barvy napodobujici jak barvy piirozené se vyskytujici (Hanley et
al. 2015a), tak barvy, které se v prirod¢ nevyskytuji a tedy jsou zcela nepfirozené (Hanley et
al. 2017). Kazdy ztéchto modeli byl tedy rucné nabarven jednou jedinecnou barvou dle
vzoru barevné $kaly a pro kazdou barvu jsem vytvofil jedno modelové vejce. Nejdiive jsem
vSak musel nabarvit modelové vejce bilou podkladovou barvou, nechat zaschnout a poté
podkladovou barvu pfetfit konkrétni kryci barvou z divodu leps$i pfilnavosti vysledné kryci
barvy k podkladu.

Obrazek 6. Nabarvend modelovd vejce vybranymi barvami ktera jsou pravé v procesu

usychani. Autor: Daniel Hanley.
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Obrazek 7. Schéma barevné Skély, ktera slouzila jako ptedloha pro namichani barev
uréenych na natfeni modelovych vajec. M je zdkladni purpurovd barva, B je modra, C
azurova, G zelena, Y Zlutd a R je Cervend barva, uvedend procenta jsou jednotlivé poméry
mezi zdkladnimi barvami pro jejich michéni. Jednotlivé kruhy se li§i mirou saturace, pticemz
vnéjsi kruh je bez pridané bilé barvy (nejvyssi saturace), u stfedniho kruhu jsem pti michéni

pridal polovi¢ni objem bilé barvy k objemu barvy pivodni a v nejmensim kruhu jsem pfti
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4.2 Méreni barev

Jelikoz je tato studie zaméfena na vliv barvy vejce na rozhodovéani a odpoveéd
hostitelsk¢ samice na parazitické vejce, pfed experimentdlnim pouzitim vytvorenych
modelovych vajec jsem nejdiive nabarvend modelova vejce méfil. Pro objektivni méteni
barevného slozeni modelt jsem pouzil odrazovou spektrometrii za vyuziti spektrometru
Ocean Optics Jaz (Ocean Optics, Dunedin, Florida) (Obr. 2), impulzniho xenonového
svételného zdroje (Jaz PX) a bily odrazivy standard (WS-1).

Nejprve jsem vytvoril 20 barevnych Sablon, které jsem nasledné za pomoci
spektrometru zméfil. Pro kazdou z barev umisténych na téchto Sablondch jsem provedl 3
méteni. Kazdé jednotlivé méfeni jsem provedl v odlisSném misté barevného pole. Poté jsem
meéftil nabarvend modelova vejce. Pro kazdy model jsem pouzil 9 méteni a to 3 méfeni pro
ostry pol vejce, 3 méteni v oblasti tupého polu vejce a 3 méteni ve stiedni Casti vejce. Kazdé
jednotlivé méfeni jsem provedl na odlisném misté vejce zdivodu mozné rozdilnosti

v barevném slozeni v diisledku ru¢niho barveni modelovych vajec.

4.3 Terénni vyzkum

v

Terénni experimenty jsem provedl v parcich mésta Olomouce (49°35'38" s. §,
17°15'3" v. d) v letech 2015 a 2016. Nejdiive jsem vyhledal hnizda kosa ¢erného. Celkové za
ob¢ sezény jsem nalezl 221 hnizd, z nichz jsem do studie zahrnul 97 hnizd jako hnizda
vhodnéd pro experiment. Celkem z 97 vybranych hnizd jsem 15 hnizd pouzil jako hnizda
kontrolni pro zjiSténi rozdild v mife opousténi hnizda hostitelskymi pary mezi
experimentalnimi hnizdy a hnizdy, na nichZ nebyl experiment proveden (Kosciuch 2006,
Soler et al. 2015, Hanley et al. 2015b) Ze zbyvajicich 82 hnizd, kterd jsem pouzil pro
samotny experiment rodi¢ovské pary celkem 9 hnizd opustily. Opusténa hnizda béhem tohoto
6-denniho obdobi jsem nésledné ze studie vyloucil, protoZze kontrolni vzorek prokazal, ze
opusténi neni specifickou odpovédi na umélad modelova vejce pouzita pifi vyzkumu hnizdniho
parazitizmu (Samas et al. 2014, Soler et al. 2015).

Vhodna hnizda jsem volil podle dosazeni plné snisky neboli maximalniho mozného
poctu vajec pro dany par, aniz by v hnizd€ prob¢hla v pribehu kladeni predace ¢i bylo hnizdo
opusténo. U kosa ¢erného v Ceské republice jsou 4 vejce typickou kone¢nou velikosti sniisky
(Samas et al. 2013a). Dokonceni snisky jsem urcoval pomoci predpokladu, ze samice kosa
¢erného snese jedno vejce denné a celkové inkubacni obdobi je 13 dni (Hanley et al. 2015b).

Coz znamena, ze v piipadé kdy se ve 2 po sob¢ nésledujicich dnech pocet vajec nakladenych

16



uvniti hnizda neménil, jsem tuto sniSku povazoval za kompletni. Barevny model jsem
pridaval vzdy den po ukonceni kladeni, respektive kazdy experiment zacal prvni den
inkubace. Abych se vyhnul ovlivnéni hostitelské samice pii jejim rozhodovani, snazil jsem se
experimentalni vejce vkladat do hnizda vzdy v moment, kdy byli hostitel¢é mimo hnizdo
(Hanley et al. 2015a). Pro kazdy model jsem vybral a pouzil pouze jedno z hostitelskych
hnizd (Obr. 8.).

Po ptidani experimentalniho modelti do hnizda jsem tato hnizda navstévoval denné po
dobu nasledujicich 6 dni (Grim et al. 2011). Pti kazdé navstéve jsem zaznamendval informaci
o odpovédi samice na takto pridané parazitni vejce, protoze pouze samice z hostitelského part
vyhazuje parazitické vejce z hnizda (Weiszensteinova 2012). Jako odpoveéd’ jsem povazoval
reakci, kdy samice vejce bud’ piijala a tedy ponechala model v hnizdé nebo odmitla, tedy

vyhodila parazitické vejce z hnizda pryc.

Obrazek 8. Vlozené barevné modelové vejce mezi vejci plné snliSky v hnizd¢ kosa ¢erného.

Autor: Karel Gern.
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4.4 Metody vyhodnoceni vysledkii

Pro zpracovani nasbiranych dat jsem vyuzil statistického softwaru R verze 3.1.2..
Statistickou analyzu, konkrétné na zékladé zobecnéného aditivniho modelu (GAM), jsem
vypracoval za pomoci Dr. Daniela Hanleyho (Department of Biology, Long Island University
Post, Brookville, New York 11548, USA), ktery mél jiz ptedchozi zkuSenosti s touto
komplikovanou analyzou.

Nejprve jsme pro vypocet relativni citlivosti kazdého ze 4 ptacich fotoreceptorti (Hart
a Vorobyev 2005, Govardovskii et al. 2000) pouzili statisticky balic¢ek ,,pavo" R (Maia et al.
2013). Hodnoty barev jsme pak za pomoci tohoto balicku ptevedli do trojrozmérného
barevného prostoru ¢tyrbokého jehlanu (Stoddard a Prum 2008, Obr. 9.). V tomto prostoru lze
pouzit n¢kolik sférickych soutadnic pro definici umisténi jakékoliv barvy. Jsou to théta, kterd
predstavuje odstin barvy nebo také barvy, které jsou umisténé podél barevného kolecka
nachdzejiciho se v barevné Sabloné¢ (rozsah: —x to m). Fi neboli uhel vzdalenosti barvy od UV
receptoru (rozsah: —m/2 na n/2) a r predstavuje sytost barvy, métenou jako relativni vzdalenost
od achromatického bodu (rozsah: 0 az 1).

Pro ptedpovéd reakce hostitelské samice, tedy zda-1i vejce pfijme ¢i odmitne, jsme
vzhledem k charakteru méfenych hodnot odstinu, které jsou cirkularniho (kruhového) typu,
pouzili zjednoduSeny binomicky aditivni model (GAM). Tento model jsme pouzili jako
funkci ,,gam* v balicku ,,mgcv* verze 1.8-15 softwaru R (R Core Team 2016). Aby jsme
vyhovéli kruhovitému charakteru dat odstinu barvy, pouzili jsme penalizovanou kubickou
regresni spline, ktera je vyhlazovaci funkci pro dosazeni zapadnuti extrémnich hodnot odstinu
—n a  do sebe (Wood 2006). Na rozdil od odstinu faktory fi a saturace (r) nejsou kruhového
charakteru a tedy jsme je zahrnuli do analyzy jako fixni efekty v prediktivnim modelu. Déle
jsme nékolik dalSich proménnych, které by mohly ovlivnit chovani samice kosa proti cizimu
vejci: konecnd velikost snlisky (pramér + se: 4,33 + 0,05 vajec), zda jsem samici vyplasil
nebo ne (ano nebo ne), stafi hnizda (prameér + se: 6,46 = 0,17 dne), rok experimentu (2015
nebo 2016).

Po vytvofeni plného modelu, jsme pak pouZili zpétnou eliminaci nevyznamnych
prediktorti (Grafen a Hails 2002). Pouze tii hlavni prediktory, které popisuji barvu vejce
(odstin, UV-odstin a sytost), jsem v modelu ponechal bez ohledu na to, jestli byly statisticky
vyznamné (Grafen a Hails 2002). V préci ale prezentuji i plny model, protoze to jini autofi

doporucuji (Forstmeier a Schielzeth 2011).
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Obrazek 9. Kazda barva modelu byla pienesena a zakreslena uvniti trojrozmérného prostoru

ctytbokého jehlanu, ktery vyobrazuje celé viditelné spektrum kosa ¢erného.
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5. VYSLEDKY

Chovani hostitelské samice pfi rozhodovani, zda-li parazitické vejce pfijme Cci
odmitne, zasadné ovliviioval pouze jediny prediktor a to barevny odstin (Tab. 1.). Piesnéji
vejce s barevnymi odstiny typu modrozelené byla spiSe pfijiména hostitelskou samici,
zatimco jiné odstiny barvy, jakymi jsou pfedevS§im oranzova ¢i purpurovd, se ukdzaly jako
barvy mnohem vice odmitané a tedy vyloucené z hnizda pry¢. U modrozelenych vajec (2.26,
Obr. 10.) byla pravdépodobnost na odmitnuti 66% zatimco u vajec oranzové barvy (—0,34,
Obr. 10.) Sance na odmitnuti sahd az k 86%. Naproti tomu ultrafialovd komponenta zbarveni a
sytost barvy nebyly statisticky vyznamnymi prediktory, coz znamend, ze nehraly dulezitou
roli pfi rozhodovani (Tab. 1). Také Zadné z dalSich méfenych proménnych nemély zésadni

vliv na rozhodovani hostitelskych samic (Tab. 1).

Tabulka 1. Vystup z pouzitého zobecnéného aditivniho modelu (GAM) piedpovidajici reakci
kosa ¢erného v pritomnosti experimentalniho parazitismu. Tabulka zahrnuje jak kompletni
tak 1 zavérecny model. Uvadim zde odhady parametri s jejich standardni chybou,
standardizovanym efektem (z-skore), hodnoty Chi kvadratu a jejich statistickou vyznamnost.

Vyznamné prediktory jsou vyznaceny tucné.

Kompletni model Zaverecny model
Predpovédi Odhad + SE z 7 P Odhad + SE z L P
Cely model (R”=0.13, AICc = 171.24) (R?=0.06, AICc = 166.39)
Intercept 6.2246.90 0.90 - 0.37 0.08+4.69 0.017 - 099
Odstin - - 636 0.005 - - 4.63 0.04
UV-odstin -1.10+1.29 -0.86 0.73 0.39 -0.42+1.12  —-0.371 0.138 0.71
Sytost —8.55£7.62 —1.12 1.26 0.26 0.95+4.74 0.200 0.040 0.84
Rok —0.2740.63 —0.43 4.12 0.67 - - - -
Zacatek snusky 0.002+0.01 0.12 0.01 0.91
Velikost sntisky 0.34+0.34 0.99 0.98 0.32 - - - -
Vyplaseni -1.23+0.83 -1.49 222 0.14 - - - -
samice
Stafi hnizda —0.01£0.12 -0.12 0.01 0.90 - - - -
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Obrazek 10. Graf znazornuje pravdépodobnost odmitnuti modelovych vajec, kterd se lisi

vzhledem k odstinu barvy.

1.0 =

0.9 —

0.8 -

Pravdépodobnost na odmitnuti

06 4 N I

Odstin (theta)



6. DISKUZE

Tato studie prokazala, ze hlavnim faktorem ovlivilujicim rozhodovéani samic kosa
¢erného o parazitickém vejci je odstin barvy vejce. Samice kosa ¢erného mély tendence vice
pfijimat vejce, ktera jsou modrozelené barvy a naopak mély tendenci zvySovat miru odmitani
pro purpurové az zluté barvy, které se vSak v pfirod¢ ptirozené¢ nevyskytuji, poptipadé se
vyskytuji jen vzacné (Hanley et al. 2015a). A pravé tento diivod miize byt jednou z pficin,
pro¢ samice nejvice odmitaly barvy nachazejici se v tomto barevném rozmezi. Tato zjisténi
jsou v souladu s nezavislymi experimenty z predeslé studie (Hanley et al. 2017) a také jsou
obecné v souladu i s mou predikci (kap. Cile). Sytost barvy nerozhodovala o pfijeti Ci
odmitnuti vejce.

Ptes fadu vyzkumi potencidlnich barevnych proménnych, pouze odstin barvy vyrazné
ovlivituje reakci hostitelské samice. Pokud bude mit samice dostate¢né zkusSenosti s odstinem
barvy vajec v celé své snliSce, miize byt schopna rozhodovat o diskriminaci vejce na zaklade
odstinu barvy, a to zejména nezavisle na sytosti barvy vejce. Timto zplisobem by mohla
pravdépodobné snizit i1 riziko udélani chyby pifi odmitnuti neboli nedojde k odmitnuti
vlastniho vejce namisto vejce parazitického (Hanley et al. 2017).

Ma studie také ukazala, Ze barva byla lep§im prediktorem odezvy hostitelské samice
nez zda byla samice pfed pokusem vyplasena ¢i nikoliv (Hanley et al. 2015¢). Predchozi
studie zjistily, Ze velikost sntsky je dilezitym prediktorem rozhodovani samice kosa ¢erného
(napf. Ruiz-Raya et al. 2016); mé studie to vSak neprokazala — velikost sniiSky vyznamné
neovlivnila reakci hostitele pfi rozhodovani o pfijeti ¢i odmitnuti vejce. Ve skutecnosti
dokonce ani jiné barevné proménné, které jsem do studie zahrnul, nejsou vyznamné spojeny
s vlivem na hostitelskou odpovéd’, coz naznacuje, Ze kos Cerny by mohl pouzivat relativné
jednoduché pravidla zalozena na barvé vejce pro rozhodnuti o jeho pfijeti ¢i odmitnuti.

V této studii jsem pouzil modelova vejce, kterd jsou vytvorena z materidlu odolného
vuci proklovnuti kosem. Ackoliv je kos Cerny druhem, ktery odmitd zasadné vyhozenim
parazitického vejce z hnizda ven, neddvné studie pfiSly s vysledky, ze hostitelské samice
mohou parazitické vejce piijmout na zékladé toho, Ze jej nedokdzi proklovnout a tedy rozbit
(Martin-Vivaldi et al. 2002, Prather et al. 2007, Antonov et al. 2009). Navic v jiné studii Soler
et al. (2012) zjistili, ze hostitelska odpoveéd’ spise souvisi s motivaci hostitele parazitické vejce
odmitnout bez ohledu na to, z jakého materidlu jsou vejce vytvoreny. Celkové tedy tyto studie
naznacuji, ze parazitni vejce mohou byt rozpoznana hostitelem, ale i kdyz je hostitel

rozpoznd, ne vzdy je odmitne a vyhodi z hnizda (Antonov et al 2009, Soler et al. 2012, Ruiz-
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Raya et al. 2015). Nicmén¢ tato zjisténi by neméla mit vliv na vysledky mé studie, protoze
tyto poznatky jsou zaméfeny na vnitini motivaci samice vejce vyloucit.

Na zédkladé mych zjisténi by budouci studie mély zahrnout do vyzkumu vice druht
ptakt potykajicich se s hnizdnim parazitizmem, aby se s urcitosti zjistilo, zda-li ma zjisténi
jsou obecna ¢i pouze specificka pro druh nebo populaci kosa ¢erného. V idealnim ptipadé by
budouci vyzkum mél zahrnout druhy, které ¢eli jak mezidruhovému (Davies a Brooke 1989),
tak vnitrodruhovému parazitizmu (Samas et al. 2014). Dale by budouci studie mély
experimentalné testovat vliv predchozi zkuSenosti hostitele s barvami parazitickych vajec, coz
by mohlo u ne€kterych druhti ptakt ovliviiovat jejich rozhodnuti (Grim et al. 2014, Moskat et
al. 2014). Ackoliv jsem pouzil um¢la modelova vejce, kterd nelze proklovnout, navrhuji, aby

v budoucich studiich bylo vyuzito i jinych typt modelovych vajec ¢i vajec realnych.
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7. ZAVER

Tato diplomova prace byla zaméfena na studium reakce samice kosa Cerného na
kontinualni proménlivost ve zbarveni parazitickych vajec. Jako hlavni faktory, které by mohly
ovliviiovat rozhodovani samic, jsem zafadil odstin, ultrafialovou slozku a sytost barvy.
Rozhodovani hostitelskych samic podle vysledki této studie bylo ovliviiovdno pouze jednim
z téchto pfedem urcenych prediktort a to odstinem. Odstin hral statisticky vyznamnou roli pfi
rozhodovéni, ostatni prediktory ne. Celkové jsem zjistil, Ze nejvétsi Sanci na pfijeti
hostitelskou samici maji vejce vybavena modrozelenou barvou a Sanci nejmensi maji vejce,
ktera se nachdzeji v gradientu pfevazné purpurovych az zlutych barev.

Zjistil jsem, ze dal§i hlavni prediktory, kterymi jsou ultrafialovd komponenta
svételn¢ho zateni, kterou kos cerny dokaze vnimat, a nasyceni barvy, nemaji zésadni vliv pii
rozhodovéni hostitelskych samic. Tyto dva prediktory tedy zasadnim zpisobem neovliviiuji
samice pii rozhodovani o odpovédi, jak nalozi s parazitickym vejcem. Z toho vyplyva, Ze na
rozhodovéni samic o parazitickém vejci v jejich hnizd€ vyraznéji a mnohem zésadnéji pisobi
odstin barvy a nikoliv ultrafialova komponenta ¢i sytost.

Dale tato studie prokédzala, Ze proménné, jakymi jsou rok experimentu, velikost
sniiSky, vyplaseni samice nebo stafi hnizda nemély statisticky vyznamny vliv. Coz znamena,
ze tyto proménné nepatii do kategorie faktori, které¢ by zasadnim zptisobem mohly ovliviiovat
rozhodovani hostitelskych samic a tedy mit vliv na kone¢nou odpovéd vici cizimu vejci.
coz odpovida vysledktim predchozi studie (Hanley et al. 2015¢). Naopak vysledky studie
(Ruiz-Raya et al. 2016), ze velikost snisky je dulezitym prediktorem, jsou v rozporu
s vysledky mé studie, ktera prokazala, Ze velikost snisky neni dillezitym prediktorem pii
rozhodovani hostitelské samice v olomoucké populaci.

Vysledky tedy naznaCuji, Ze samotny odstin barvy hraje nejzasadnéjSi roli
v rozhodovani hostitelskych samic. Avsak pro zobecnéni tohoto zavéru by bylo vhodné
provést studii na odlisnych ptacich druzich. Studované druhy by pak mély byt druhy, které se
dnes potykaji s hnizdnim parazitizmem. Bylo by také vhodné vyuzit v téchto studiich i
nékolika typli experimentalnich modelti, co se jejich materidlu a sloZeni tyce. Urcité by stalo
za to zohlednit i pfedchozi zkuSenost samice s hnizdnim parazitizmem. Timto by se mohlo
zjistit, jak velkou roli hral umély materidl experimentalnich modeltl v mé studii a zda-li jsou
zjisténé vysledky obecné ¢i aplikovatelné pouze na jediny druh a to kosa ¢erného, nebo plati

obecné.
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Hnizdni parazitizmus

Karel Gern

Proc¢ dochazi k hnizdnimu parazitizmu?

+ Kladou své vejce do hnizd jinych druhi (hostiteld)
* Zbavi se tak : veskeré rodicovské zodpovédnosti
* Zivotnich vydaju na potomstvo
+ veskerou starostlivost pfenechaji hostitelskym rodi¢im

Jak studujeme hnizdni parazitizmus ?

* Modelova vejce
* Spektrometrie
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Abstract

Despite extensive research on the sensory and cognitive processes of host recognition of avian
brood parasites’ eggs, the underlying perceptual mechanisms are not sufficiently understood.
Most studies of host egg discrimination assume that hosts reject parasitic eggs from their nests
based on the total perceived color differences between the parasitic egg and their own. A
recent study used a continuous range of parasitic egg colors and discovered that hosts’ were
more likely to reject brown than blue-green parasitic eggs even when their absolute perceived
color differences from the birds’ own eggs’ colors were similar. However, it remains unclear
how these color-based biases are distributed throughout the avian perceivable color space. To
address this, we built upon these previous studies by testing European blackbirds (Turdus
merula) responses to model eggs spanning an unprecedented volume of the avian color space.
We found that host decisions depended on human-visible hue of parasitic egg, but not either
avian-visible UV-hue or saturation. Hosts generally accepted green and blue-green eggs more
than any other colors. We suggest that future studies should replicate these novel approaches
to experimental design in other bird species to determine how phylogenetically conserved

such perceptual biases are among hosts of avian brood parasites.

Keywords: avian perception, brood parasitism, color vision, color categorization, European

blackbird



Introduction

Co-evolutionary arms-races are widespread in nature, and a driving force in evolution
(Dawkins and Krebs 1979). Although there are many types of arms-races, those associated
with the brood parasitism fall into two categories: intraspecific, in which many species of
insects (e.g., bees Osmia tricornis, Field 1992), fishes (Taborsky et al. 1987) and birds (Yom-
Tov 2001) lay their eggs inside the nests other individuals of the same species, and
interspecific, in which these relationships manifest between different species, such as
parasites and their hosts, for example parasite trematodes and their hosts mollusks (Becker
1980). A reciprocal arms-race can ensue because defense abilities select for counter
adaptations to evade those defenses, and vice versa (Van Valen 1973).

Avian brood parasitism is a classic example of a co-evolutionary arms race between
parasitic birds and their hosts (Rothstein 1990; Davies 2000; Stoddard and Hauber 2017).
Brood parasitic birds lay their eggs in other birds’ nests, leaving hosts to raise their offspring
and provide all parental care (Rothstein 1990; Payne 1998). Brood parasitism selects for host
defenses against parasitism, because if hosts fail to reject a parasite, they can lose some or all
their offspring and only raise genetically unrelated parasite(s) (Davies 2000; Stoddard and
Stevens 2011). Many hosts evade parasitism by one or more of a suite of adaptive defense
behaviors (Feeney et al. 2014), of which the most commonly used strategy is rejecting foreign
offspring from their nests as either eggs (reviewed in Medina and Langmore 2015) or young
(reviewed in Grim 2006). Because hosts tend to reject less mimetic eggs, they inadvertently
increase the fitness of those parasitic individuals that lay more mimetic eggs (Brooke and
Davies 1988; Antonov et al. 2006; Spottiswoode and Stevens 2010; Bén et al. 2013; Samas et
al. 2014; Hauber et al. 2015).

This arms-race makes a host’s decision based on mimetic eggshell appearance by the

parasite an increasingly difficult perceptual process; however, most eggs contain species- or



female-specific visual information that allow hosts to distinguish them (Lahti and Lahti 2002;
Spottiswoode and Stevens 2010; Stoddard et al. 2014). Hosts can also draw upon prior
experience with their own and brood parasitic eggs to make current egg rejection decisions
and to improve future decisions (Hauber et al. 2006; Grim et al. 2014; Moskat et al. 2014).
Eggshells provide the information through a range of cues, including size (Rothstein 1982),
shape (Ban et al. 2011), pattern (Spottiswoode and Stevens 2010; Stoddard and Stevens
2011), and color (Cassey et al. 2008).

Recent work has determined that host rejection decisions are not simply based on the
degree of perceived similarity (which is not necessarily synonymous with mimicry, see: Grim
2005) as traditionally thought (Stoddard and Stevens 2011). Instead host rejection responses
are biased toward natural brown colors while eggs that are of a perceptually equally dissimilar
blue-green color are more often accepted (Hanley et al. 2017; see also Dainson et al. 2017).
Here, we examine host recognition responses across a larger avian color gamut than in the
study of Hanley et al. (2017), where model egg color variation was limited to the naturally
occurring range of avian eggshell coloration (described in Hanley et al. 2015a) and a single
orthogonal axis of artificial egg colors, leaving large areas of avian color space unsampled.
Thus, we here aim to determine a greater breadth and depth of these color-based biases than
we (Hanley et al. 2017) or anyone else had done before. Specifically, majority of previous
studies used only a single type of model or a few categories of model eggs which did not
allow to assess host responses towards a continuum of egg colors (e.g., Davies and Brooke
1989; de la Colina et al. 2012; Ban et al. 2013; Hauber et al. 2015; Liang et al. 2016). A
minority of previous studies used natural eggs, which naturally do show continuous variation
(Lahti and Lahti 2002; Spottiswoode and Stevens 2010). However, such variation is typically
limited and cannot be used to test host responses over much of the avian color space: even

across whole avian phylogeny natural egg colors occupy only <0.1% of the avian perceivable



colour space (fig. 1 in Hanley et al. 2015a). Therefore, the use of artificial colors and models
is inevitable and necessary if we are to understand avian color discrimination across avian
visible color space (Hauber et al. 2015).

Specifically, we examined the behavioral responses of the European blackbird (7Turdus
merula) (hereafter: blackbird) to variably colored egg models spanning a broad array of colors
(hues) and intensities (saturation). We predicted that hosts would be biased toward accepting
blue-green egg colors, such that the rejection probability will increase as they deviate from
blue-green colors (see fig. S3 in Hanley et al. 2017; see also Ban et al. 2013; Hauber et al.
2015). Based on results of previous studies (Honza et al. 2007; Cassey et al. 2008; Honza and
Polacikova 2008) that showed that the song thrush (Turdus philomelos), a closely related
congener of the blackbird, based their egg rejection decisions on ultraviolet (UV) colors, we
predicted that greater perceived UV coloration will positively affect egg rejection rates by
blackbirds. Finally, we predict that the rejection probability of model eggs will increase with
increasing color saturation. Similar to hue and brightness, saturation represents a parameter
perceivable to host birds that may differ between own and foreign eggs (or an internal

template) and, consequently is valuable for hosts to inform their egg rejection decisions.

Material and Methods

Study area and experimental procedures

To more fully sample across the avian perceivable color space, we complemented our
previously collected data (Hanley et al. 2017) through a series of new experiments on
blackbirds (total N = 155). These new data were combined with identically collected data
(Hanley et al. 2017) to provide a thorough coverage of avian color space. We collected these
new data again in the city of Olomouc, Czech Republic (49°35'38"” N, 17°15'3" E) between

March and July in 2015 and 2016. We included 73 non-predated, non-deserted nests in our



analysis as well as data collected in 2014 on 82 nests in the same study population (Hanley et
al. 2017). In 2015-2016 we additionally conducted 15 control trials were KG placed his hand
over the nest for ten seconds without manipulating the clutch (Hanley et al. 2015b). We
focused on nests that reached clutch completion without failure, due to desertion or predation.

We assumed blackbird females lay one egg per day and have a 13-day incubation
period (Hanley et al. 2015b). In our population, clutches typically contain 4 or 5 eggs (Samas
et al. 2013), and we added experimental eggs 2.13 £+ 0.17 days (mean + SE) after the last laid
egg. Similar to most other typical and potential Common Cuckoo (Cuculus canorus) hosts,
blackbirds do not vary their egg rejection responses between laying and incubation stages
(Grim et al. 2011 and references therein), including in our study population (Grim et al.
2014). To avoid influencing host rejection response (Hanley et al. 2015¢), we tried to add the
experimental egg when the host parents had flown away from the nest and left it unguarded.
We did not always manage to do so; therefore, we statistically tested if flushing the host
female affected rejection rates.

All of experimental nests were checked daily, for six days to determine if the egg was
accepted or rejected (following Grim et al. 2011). Nests deserted during this 6-day period (N
= 9) were excluded (leaving 73 responses, either acceptances or ejections, to 73 unique
colors), because nest desertion has been shown to be not a specific response to parasitism
when a blackbird female was parasitized by artificial egg models in our and other populations
(Samas et al. 2014, Soler et al. 2015). Data from new 15 control nests supported these
previous conclusions, showing that desertion rates at experimental nests (11%, N = 82, i.e., 73
responses and 9 desertions) did not differ from desertion rates at control nests (0%, N = 15
control nests; Odds ratio = 0, Clpes= 0.00 to 3.23, P = 0.35). These rates were similar to those
calculated by previous studies which showed that desertion rates of model eggs varied from

~6% to ~17% for blue and blue model eggs covered in brown spots, respectively (data from



fig. 3 in Samas et al. 2014) and did not differ from desertion rates at control nests in the same
populations (~13%; data from fig. Alb in Appendices in Samas et al. 2014). Given our results
(which are consistent with previous findings), and since only nine nests were deserted in the
present study, we decided not to run another set of analyses including desertions as response

(such re-analyses did not change results in previous studies: Samas et al. 2014).

Experimental egg models

Models were manufactured by Zora Sebestova who was commissioned to produce identical
eggs to those she has supplied for all our blackbird studies in Olomouc and elsewhere
previously (Grim et al. 2011, 2014; Samas et al. 2014; Hanley et al. 2015a, 2015b, 2017).
These egg models were roughly the size of cuckoo eggs found in the nests of common
redstarts Phoenicurus phoenicurus (mean + SD = 22.4 x 16. 9 mm; Hanley et al. 2015b).
They were either painted to mimic both natural eggshell colors (Hanley et al. 2015a) and
unnatural color ranges (Hanley et al. 2017). However, unlike our previous study, our current
goal was to more thoroughly sample the color space; therefore, we constructed a color wheel
containing 73 colors, based on 6 main hues (blue, cyan, green, yellow, red and magenta) and
white (fig. 2). Hues were mixed together at variable proportions with the next most similar
hue; for example, 75% blue and 25% cyan, 50% blue and 50% cyan and 25% blue and 75%
cyan. This resulted in 24 unique hues, for which each was displayed at three distinct shades
created by mixing each paint mixture with variable proportions of white, such that the hue
was pure (i.e., 0% white), 25% white, or 50% white (i.e., variable saturation). In addition, we
included a single white egg model representing the center of the color wheel (fig. 2). Each egg

model was painted using a single unique color.



Color measurement and visual models

We used a spectrometer (Jaz, Ocean Optics, Dunedin, Florida) with a pulsed xenon light
source (Jaz PX) and a white reflectance standard (WS-1), for reflectance spectrometry to
objectively measure color. We then used the “pavo” R package (Maia et al. 2013) to calculate
the relative sensitivity of each of the blackbird’s photoreceptors (Govardovskii et al. 2000;
Hart et al. 2000), while accounting for oil droplet cut-offs (Hart and Vorobyev 2005), to make
our procedures identical to those of Hanley et al. (2017). This neural noise-limited visual
model (Vorobyev et al. 1998; Vorobyev and Osorio 1998) integrates stimulus reflectance,
photoreceptor sensitivity, and a standard metric of daylight illumination to generate relative
quantum catch estimates. We transformed quantum catch data into an avian tetrahedral color
space (Stoddard & Prum 2008; Endler & Mielke 2005). This color space encompasses the
range of colors visible to birds (including human-visible colors and UV-colors invisible
humans) and such a chromaticity diagram lacks any brightness information (Stoddard and
Prum 2011). The tetrahedral space is defined by four apices corresponding with each
photoreceptor (fig. 1). Any color can be plotted within this space, and will be defined by its
relative stimulation of each of these four photoreceptors, such that a stimulus that equally
stimulates all four photoreceptors will be plotted at the achromatic point in the center of the
tetrahedral space. Within this space the following spherical coordinates are sufficient to
define the location of any color (fig. 1): theta represents the hue or colors around the color
wheel (range: —m to m), phi the angle from the UV receptor (range: —m/2 to m/2), and r
(hereafter saturation) represents the intensity of the color, which is measured as the relative
distance from the achromatic point (range: 0 to 1). Here theta (hereafter hue) represents
human visible hues, while phi (hereafter UV-hue) represents a second hue dimension that

would be visible to birds, but invisible to humans.



We used an anodized aluminum sleeve at the end of the probe to maintain a consistent
distance between the measurement surface and the spectrometer’s fiber optic cable.
Unfortunately, during the course of our experiment this probe tip slid slightly, thus changing
the distance between the probe tip and the egg. This altered the brightness of the
measurements, and therefore, we instead measured the same paint mixtures that were applied
to water color paper. First, we painted each color on water color paper 20 times and measured
every color patch 3 times, taking the average of each color. We also measured 70 of the 73
colored eggs. These eggs were measured six times each (twice on the blunt pole, equator, and
sharp pole). The colorimetric values for these colors were very similar to those measured on
the paper (hue: r, = 0.91, Cly9s=0.86 to 0.94, N =70, P < 0.0001; UV-hue: r, = 0.95, Clyos =
0.92 to 0.97, N = 70, P < 0.0001; saturation: r; = 0.96, Clgos = 0.94 to 0.98, N =70, P <
0.0001). The previously collected data used a different spectrometer (Hanley et al. 2017);
therefore, to ensure comparability between the datasets prior to analysis all spectra were
normalized such that the maximum reflectance was set to 100% for all spectra. This had no
influence on the coordinates within a color space because the tetrahedral color space omits all

brightness information (Stoddard and Prum 2008).

Statistical analyses

We examined whether rejection of the foreign egg can be predicted by the spherical
parameters defining colors within the tetrahedral space. Because hue values represent circular
data, we used a binomial generalized additive models (GAM) to predict host responses
(acceptance or ejection), because these models, in contrast to GLM, can accommodate
circular data. We conducted these models using the ‘gam’ function in the ‘mgcv’ package
version 1.8-15 in R software (R Core Team 2016). To accommodate the circular nature of

hue, we used a penalized cubic regression spline as a smoothening term, which produces a



smooth function such that the extreme values of hues at —t and n© would match up (Wood
2006). Unlike hue, UV-hue and saturation were not circular and therefore UV-hue and
saturation were included as fixed effects in the predictive model.

We performed a backward stepwise elimination procedure (following
recommendations of Grafen and Hails 2002) to test for other potentially influential variables:
clutch size (continuous; mean + SE: 4.33 £+ 0.05 eggs), whether the female was flushed or not
(categorical; yes or no), nest age (continuous; mean = SE: 6.46 + 0.17 days), and year of the
experiment (categorical; 2014, 2015, or 2016). We also included the laying date of the first
egg (hereafter, laying date; continuous; 1 = 1* January), which we centered within each year
to avoid seasonal biases (see Grim et al. 2011; Hanley et al. 2015c). We retained our main
predictors of interest (hue, UV-hue, and saturation) in all steps of this selection process. We
acknowledge that P-values from such selection procedures do not account for variable
selection uncertainty (Marra and Wood 2011) and therefore should be viewed with caution; as
always, more emphasis should be placed on effect sizes and confidence intervals (Nakagawa
et al. 2007). We therefore also present the full model which includes all the predictors
(Forstmeier and Schielzeth 2011). In GAM models, the dependent variable can be estimated
using a smoothing function rather than using traditional parametric terms (Lehman et al.
2002); thus, for hue, which is a circular predictor, GAM does not estimate standard
parametric terms (slope, standard error, and z) as it does for the fixed effects. All analyses

were conducted in R v. 3.1.2.

Results
As predicted, the hue of the foreign eggs predicted rejection behavior in blackbird females
(Table 1). In contrast, neither UV-hue nor saturation (r) predicted host egg rejection rates

(Table 1).
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Specifically, blue to green egg models (i.e., including blue-green egg models) were
accepted more compared to other colors, especially egg models that had magenta through
orange colors (fig. 3). The hue (blue-green at 2.26, fig. 3) least likely to be rejected showed a
rejection rate of 66% whereas the most often rejected hue (orange at -0.34, fig. 3) showed a
rejection rate of 86%.

No other variables assessed in our full or final models predicted significantly the
pattern of rejection behaviors in blackbird females (Table 1). Inclusion of these non-
significant potential confounders did not affect the conclusion that hue is a statistically
significant predictor of blackbird responses to variably colored foreign eggs (see full model in

Table 1).

Discussion
We demonstrate that the blackbird responses to foreign eggs are influenced by the hue of
experimental foreign egg. Blackbird females often accepted blue, blue-green, and green eggs,
relative to other colors. Eggs colored from magenta through yellow were especially likely to
be rejected (fig. 3). This range of hue encompasses the brown coloration found on birds’ eggs
(Hanley et al. 2015a). This may be the reason why these colors were strongly rejected in the
current, as well as previous studies (Hanley et al. 2017). Interestingly, despite examining a
range of potential color traits (hue, UV-hue, and saturation) and context-dependence metrics
(e.g., host female presence at the start of experiment), only hue significantly predicted host
response. Contrary to our prediction, neither UV-hue nor saturation of eggshell colors
influenced host decisions.

Our results on hue discrimination by blackbirds are similar to those found in other
model species and for other discrimination tasks. Research on hue discrimination in birds has

found that pigeons will classify color stimuli into two hues classes, independent of the
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training light color (Wright and Cumming 1971; Jacobs 1981), and these correspond with the
pigeon’s wavelength discrimination function (Wright 1972). Further work on color
categorization in poultry has documented a strong foraging preference for orange over blue
(Ham and Osorio 2007). This strong response along a brown-blue dimension is consistent
with previous findings on host egg discrimination (Hanley et al. 2017; see also Dainson et al.
2017); however, in these studies hosts responded by ejecting brown eggs over blue-green
ones. In addition, the hue discrimination ability of two passerine species (Motacilla flava and
Luscinia svecica) was best when discriminating orange colors (brown eggs are effectively
dark orange: see Palmer and Schloss 2010), and poorest for blue-green colors (Peiponen
1992). Several hosts of brood parasites also respond strongly to orange/brown colors (Béan et
al. 2013; Hanley et al. 2017), which might be due to an inherent heightened discriminability
of these colors. A bird’s color perception is markedly different than our own and therefore
birds may rely on hue alone in making these decisions. Unfortunately, decisions based on hue
are prone to recognition errors in the face of shifting light levels. This is a phenomenon
known as the Bezold-Briicke hue shift where the hue of a stimulus changes along with the
intensity of the light, and it is known to occur in birds (Wright 1976), which might explain
why (at least in part) hosts that inspect their eggs for longer periods of time are more likely to
reject those eggs than those that inspect the eggs only for a short time (Pozgayova et al. 2011,
but see Honza et al. 2004).

In addition to hue, birds have an additional dimension to their color vision leading to a
potential UV-hue discrimination. It is unclear why the blackbird did not use UV-hue when
discriminating eggs in this study, because ultraviolet signals have been found to be important
for other hosts (Honza et al. 2007; Cassey et al. 2008; Honza and Polacikova 2008; Sulc et al.
2016). However, methods differed between our and these studies: previous studies either

quantified UV-reflectance or experimentally varied UV independently of other parts of the
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spectrum, whereas we examined UV-hue (as the angle phi). Generally, hosts may rely on
perceived differences in absolute UV signals rather than UV-hue, which like hue is a
descriptor of their visual space. Alternatively, the availability of UV light in this study, either
the standardized illuminant used in the visual models or the reflectance of the paints
themselves, may have been relatively low. Lastly, ultraviolet light contributes relatively less
to solar irradiance than other wavelengths (Endler 1993), and diurnal variation in ultraviolet
light is orders of magnitude greater than variation in human visible (400-700) light (Fligge et
al. 2001), which potentially makes UV-hue an unreliable signal, at least in some bird species.
We are unaware of any study that quantified light conditions at host nests at the biologically
relevant time when hosts examine the clutch and make decisions to reject the foreign egg;
previous studies either quantified only host clutch inspection behavior but not light conditions
(e.g., Honza et al. 2004), or light conditions but not the inspection behavior (e.g., Honza et al.
2011). Future studies should record spectral irradiance at the nest at the time of a host’s
rejection response.

The lack of response to model eggs’ saturation was surprising. One explanation for
why blackbirds did not respond to saturation was because the variable lighting conditions
found at every nest influenced each birds’ decision in unique, site-specific ways (Stevens et
al. 2013). Another explanation may be that a blackbird’s ability to discriminate variation in
saturation levels is not as strong as their ability to discriminate hue. In fact, Peiponen (1992)
found that two passerines could more successfully discriminate hues than saturation levels.
The intricacies of host recognition mechanisms have not yet been fully explored in any avian
species; however, it is quite probable that hosts rely more heavily on some types of color
information, such as hue, than on other types of color information, such as saturation. It is

also possible that only certain wavelength ranges are used for egg discrimination (Cherry and
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Bennett 2001), and that these result in the heightened or depressed rejection responses we
detected here.

In general, the blackbirds’ rejection rates were high across all colors which
corresponds with previous studies using eggs colored in variable number of categories in
various geographically independent populations (Davies and Brooke 1989; Moksnes et al.
1991; Polac¢ikova and Grim 2010; Grim et al. 2011; Samas et al. 2014; Soler et al. 2015).
However, considering that their eggs are speckled (fig. 1 in Soler et al. 2015) and the model
eggs were not, this was not a surprising finding. Recent research on the American robin
(Turdus migratorius), a related host species, has found that the chromatic contrast of spot
colors to eggshell ground coloration was a significant predictor of rejection responses
(Dainson et al. 2017). Future research should explore how spots modulate these hue-based
rejection responses.

An ability to make decisions based upon hue alone may be adaptive for a number of
reasons. First, birds’ eggs take on a very limited range of hues (Hanley et al. 2015a) making
decisions regarding egg color relatively simple. Second, if females experience pigment
limitation across the laying sequence (uniformly with respect to both their eggshell pigments:
biliverdin and protoporphyrin), or after multiple brood attempts, the ability to base decisions
on hue discrimination, rather than saturation, may reduce the chance of rejection errors (i.e.,
rejecting their own eggs). Third, hue-based recognition does not necessarily rely on the
presence of an own-egg in the nest for visual comparison, thereby allowing template-based
recognition mechanisms to be utilized in the case of multiple parasitisms (Ban et al. 2013).

Such hue-based decisions may be the result of the underlying neural opponency
mechanisms governing color vision (Cuthill 2006). A single cone (e.g., sensitive to blue light)
might produce a weak signal in response to an intense light to which it is slightly sensitive

(e.g., a near ultraviolet light). The same cone may produce an equally weak signal in response
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to a faint light to which it is strongly sensitive (e.g., a blue light). In isolation, the output from
this single cone cannot differentiate these two signals. Instead, the outputs of two cones (e.g.,
sensitive to ultraviolet and blue light) are compared in what is referred to as an opponent
channel. Osorio et al. (1999) suggested three opponent mechanisms for avian color
discrimination, and it is possible that hosts of avian brood parasites rely on a single chromatic
opponency mechanism for egg rejection decision. For example, one such channel compares
the output of the medium and long-wave sensitive cones with the output of short wave
sensitive cones. This channel would provide valuable information on eggs that vary from
blue-green to brown (which covers the gradient of natural egg coloration across whole avian
phylogeny: Hanley et al. 2015a), and may explain why hosts appear to classify acceptable
eggs as blue-green and unacceptable eggs as other colors, especially brown.

Our findings provide insights into the recognition process that hosts use for egg
discrimination decisions. Here, we quantified avian-specific color descriptors (hue, UV-hue,
and saturation) to describe host responses. These findings show that blackbirds classify egg
colors based on hue only. These findings should encourage future studies examining host
responses across their visual spaces in a wide array of host species to determine whether these
mechanisms might be more general across avian phylogenetic diversity. Ideally, this future
research should examine a range of hosts which face brood parasitism from both conspecifics
(Samas et al. 2014) and heterospecifics parasites (Stoddard and Stevens 2011). It would be
extremely useful to determine whether differing motivation levels (sensu Soler et al. 2012),
experiences over different time-scales (Grim et al. 2014; Moskat et al. 2014), or avian
perceptual-cognitive limitations (Peiponen 1992) govern host biases to remove a brown egg
rather than an equally dissimilar green parasitic egg or an egg of an entirely novel color.
Future studies would also benefit from taking into account other sources of selection on both

host and parasite egg coloration, namely those unrelated to parasitism per se (e.g., Lahti and
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Ardia 2016). These research avenues and more comprehensive attention to alternative
selective pressures would allow to disentangle novel, and hitherto unexplored, selective

constraints on the evolution of parasitic egg coloration.
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UVS
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Figure 1: An avian tetrahedral color space where any stimulus (e.g., a blue-green egg
represented by a black dot) can be plotted within this space based upon the relative
stimulation of the ultraviolet (or violet; UVS) wavelength sensitive photoreceptors and each
of the short- (SWS), medium- (MWS), and long-wave (LWS) sensitive photoreceptors. A
stimulus’ position within this space can be defined by angle theta (©) which represents hue
and is depicted on the floor of the tetrahedron, angle phi (®) which represents an additional
dimension of hue undetectable to human eyes (i.e., UV-component of light), and distance
saturation (r) which represents the intensity of the color from dull at the achromatic point

(open circle) to intense (away from it).
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Figure 2: An European blackbird clutch with an (a) example of the experimental egg (photo
credit: KG). This egg is depicted (as a black dot) in (b) a custom-designed color wheel
illustrating the colors used in the present study. Hue values found around the color wheel
ranged from —n to +n (following Stoddard and Prum 2008). Colors were more saturated at the
edge of the wheel and less saturated at the center. Each model egg’s (N = 155) color was
transformed and plotted within (c) an avian tetrahedral color space (see fig.1) here viewed
from above along the UV-axis. This includes novel egg colors (b) included in this study (N =

73) as well as data (N = 82) from models used in previous study (Hanley et al. 2017).
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Figure 3: Rejection probabilities (solid line) based on a general additive model with 95% Cls
(dashed line) for egg models varied predictably only with respect to hue. To better illustrate

the probabilities the y-axis starts at 0.4.
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Table 1: General additive model outputs predicting the behavioral response of blackbirds to experimental parasitism. We present both the full
model (as recommended by Forstmeier and Schielzeth 2011) and the final model after a backward stepwise elimination procedure (as
recommended by Grafen and Hails 2002). Here we present the estimates + standard error (SE), a measure of standardized effect (z) and we bold
significant (o = 0.05) predictors. Linear estimates are not available for hue, which was a circular continuous variable and therefore included as

the smoothing term in the general additive model (see fig. 3). Full details are given at Materials and Methods section.

Full model Final model

Predictor Estimate + SE z )(2 P Estimate = SE z )(2 P
Whole model (R° =0.13, AICc = 171.24) (R°=0.06, AICc = 166.39)

Intercept 6.22+6.90 0.90 - 037 0.08+4.69  0.017 - 0.99
Hue - - 6.36  0.005 - - 4.63 0.04
UV-hue —-1.10£1.29  —0.86 0.73  0.39 —0.42+1.12  -0.371  0.138 0.71
Saturation —8.55+7.62  —1.12 126 026 0.95+4.74  0.200  0.040 0.84
Year —0.27£0.63  —0.43 412 0.67 - - - -
Laying date 0.002+0.01 0.12 001 091

Clutch size 0.34+0.34 0.99 098  0.32 — — - —
Flushed —-1.23+0.83  —1.49 222 0.14 — — - —
Nest age -0.01£0.12  —0.12 0.0l  0.90 — — - —
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