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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 ptaka. 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 zaméfil 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 pfijme, ¢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 parasitism 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 classic 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 of 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 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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Uvod

Jednou z nejucinnéjsich hybnych sil evoluce jsou koevoluéni zadvody ve zbrojeni. Koevoluce
je spole¢ny evolu¢ni vyvoj alespont dvou druhti, v jehoz pribéhu se kazdy z téchto druhii
ptizpisobuje evoluénim zménadm toho druhého, ¢imz vznikaji takzvané adaptace a proti-
adaptace. Jde tedy o zpétnovazebny evoluc¢ni proces. Prikladem je koevoluce predator a kofist
nebo parazit a hostitel, ale také koevoluce druht zijicich v symbidze (Janzen 1980).
Antagonistickou koevoluci, tedy naptiklad parazit vs hostitel, také oznacujeme jako zavody
ve zbrojeni (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 ptak (Yom-Tov
2001), nebo mezidruhové, naptiklad predator vs kofist ¢i parazit vs hostitel (Dawkins a Krebs
1979). Mezidruhovy parazitizmus se vyskytuje piiblizné¢ u 100 druhii ptaki, pfi¢emz v Evropé
nejlépe prozkoumanym mezidruhovym hnizdnim parazitem je kukacka obecnad (Cuculus
canorus; Davies 2000).

Hnizdni parazitizmus je tedy klasickym ptikladem koevolu¢nich zavodl ve zbrojeni
mezi ptac¢im parazitem a hostitelem (Rothstein 1990, Davies 2000, Feeney et al. 2014.). Ptaci
oznacovani jako hnizdni parazité¢ kladou sva vejce do hnizd jinych druhd, aby se zbavili
veskeré rodiCovské zodpovédnosti a Zivotnich vydaji spojenych s nakladnou rodicovskou
péci. Pomoci takto zvolené strategie mohou veskerou starostlivost pienechat rodicim z fad
hostitelskych druhti (Rothstein 1990, Payne 1998). Hostitelé se vsak snazi tomuto typu
parazitizmu bréanit (Rothstein 1990). Jednou z nejbéznéjSich obrannych strategii hostitele je
odmitnuti neboli odstranéni parazitického vejce (Feeney et al. 2014 ) ¢i mladéte (Grim 20006)
ze svého hnizda. U fady hostitell 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 jsou také ve znacné mife ovlivnény jeho predchozi
individualni zkusSenosti 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 dilezité
informace o rozsahu moznych fenotypli (napf. 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 dulezita. Pokud totiz hostitel nedokaze rozpoznat cizi
vejce veas, prijde o ¢ast sniiSky nebo o celou svoji snisku a bude nucen investovat energii do

vychovy ciziho mladéte (Davies 2000).



Vétsina hostitelskych druhli se snazi odmitat parazitické vejce, coz vede k evoluci
mimikry u parazitickych vajec (Spottiswoode a Stevens 2010). Hostitelé totiz daleko Cast&ji
odmitaji vejce, kterd se 1i8i od jejich vjemovych vzori vice nez jind vejce, to znamena, ze
pokud hostitel registruje mezi vejci viditelné rozdily, pak ta ktera jsou odliSna od ostatnich
vajec ze snusky, daleko Cast&ji odmitne. Vyrazné odliSné vejce nazyvame nemimeticka (ang.
non-mimetic; Brooke a Davies 1988, Rutila et al. 2002, Antonov et al. 2006, Spottiswoode a
parazit pfizptisobuje 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, kterd vejce jsou jeho a ktera cizi (Stevens at al. 2013).
Proces rozpoznani muze probihat dvéma zptisoby. Prvni moznosti je odmitnout nejvice
odchylné vejce ze snliSky. Druhou moznosti je naucit se Sablonu (angl. template), jak vlastni
vejce vypadd, na zaklad¢ této Sablony porovnat vSechna vejce v hnizdé a odmitnout vejce,
které vypada jinak nez vlastni (angl. mimetic egg; 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 aktualni pro vejce v souc¢asné snisce
(Stevens et al. 2013). Dale mtize byt nauc¢ena Sablona zkreslend podminkami prostiedi (svétlo,
stiny, thel pohledu), které panovaly, kdyZ se je samice ucila (Stevens et al. 2013).

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
dimyslné 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).

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,
kterd je dulezitd, ponévadz pokud je vejce pfili§ 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). Déle jsou to skvrny na skofapce (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 vzorG skotapky
(Spottiswoode a Stevens 2010) zahrnujici velikost zabarvené ¢asti vejce, disperzi, kontrast a
variaci barevnych rozméra (Polacikova a Grim 2010, Stoddard a Stevens 2010).

Jednou z osvédéenych vyzkumnych metod, jak 1épe pochopit zdvody 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 Casto pouzivany je konspecificky model, ktery se ma co
nejvice podobat vlastnim hostitelskym vejcim (Samas et al. 2014). Vyzkumnici také bézné
pouzivaji skute¢nd 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). Pfi tomto postupu ovSem nastavé situace, kdy se mlize vyzkumnik
setkat s ptdkem, 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.
(2015) ukazali, ze samice kosa Cerného, které se zdrzuji v blizkosti hnizda, mohou vidét, jak
vyzkumnik vklada vejce do hnizda. To zplsobuje, Ze Castéji a rychleji odmitaji parazitické
vejce, nez samice, které svédky parazitizmu nebyly. Tedy jakékoliv nepokoje v okoli, at’ uz
zpisobené vyzkumnikem (Trnka a Prokop 2010) nebo naptiklad kukackou, experimentalni
kukackou (Cuculus canorus), mohou vyvolat podeziravé chovani hostitelské samice zdrzujici
se v blizkosti hnizda a tim i1 zvySenou Sanci na odhaleni parazitniho vejce (Pozgayova et al.
2010).

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 ¢lovéka je
velice odlisny (Bennett a Théry 2007). Barevné vidéni u lidi je oproti ptdkiim na mnohem
horsi urovni (Hart 2001). Ptaci maji dvojité ¢ipky, které hraji klicovou roli v achromatickych

ukolech, které souviseji stexturou a vzorem (Jones a Osorio 2004), pficemz jednim
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(Cuthill 2006). Jelikoz ptaci vidi na rozdil od ¢lovéka i ultrafialovou oblast spektra, nazyvame
jejich vidéni tetrachromatické (Vorobyev et al. 1998).

V 90. letech pfisli Moksnes a Reskaft (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 tsekti obsahujicich
rizné barvy cislované od 1 do 20, kdy 1-4 byly odstiny Zlutocervené, 5-8 odstiny zluté, 9-12
barvy zelenozluté, 13-16 odstiny zelené a 17-20 modrozelené barvy. PfiloZzenim vejce
k tomuto kruhu pomahalo védcim 1épe posoudit, ktera barva je nejvice podobnd barvé
testovaného vejce. I piesto, ze tento pfistup byl krokem vpied, i nadale se jednalo pouze o
posouzeni barvy vejce na zdklad€ pozorovani lidskym okem (Moksnes a Roskaft 1995).

Jednim z nejzasadnéjSich zloma v experimentech zamétenych na diskriminaci vajec

hostitelem byl ptichod pfenosnych spektrometrti (Obr. 1).



Obrazek 1. Spektrometr Ocean Optics Jaz, ktery jsem pouzil pfi méfeni 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.

Spektrometry dokézi méfit presné slozeni barvy v celém 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, stfednich a dlouhych
vlnovych délek dokazi na rozdil od ¢lovéka vnimat i ultrafialové zateni (300400 mm;
Stoddard a Stevens 2011). Cassey et al. (2008) demonstrovali vizudlni diskriminaci vajec
v experimentu, ktery byl proveden za pouziti experimentélnich barev skotfapky. Prokazali, ze

zachyceni fotont ultrafialového zateni a zafeni o kratkych vinovych délkach (modra barva) na



sitnici ptaktl ovliviiuje u hostitelli rozhodovani o odmitnuti ¢i pfiijeti parazitniho vejce.
Ziskané vysledky ze spektrometru se vyobrazuji v podobé takzvané spektralni kiivky

(Stoddard a Prum 2008, Hanley et al. 2017, Obr. 2,3.).

Obrazek 2. Ukazka spektralni kiivky zndzornujici rozdil mezi lidskym a pta¢im zrakem.
Kazda z kiivek znazornuje citlivost na svétlo o riiznych vinovych délkach kazdého ze 4 typi
¢ipkl, které se nachazeji v oku. 370 nm je ultrafialova vinova délka, kterou vnimaji pouze
ptaci (Sedd barva), 445 nm je kratka vinova délka, kterd je vnimdna i lidskym zrakem
(modrd), 508 nm je stiedni vlnova délka (zelend) a 565 nm je dlouhd vinova délka (Cervena).

Prevzato z Smith (2017).
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Obrazek 3. (A) Ukézka spektralni kiivky vejce rakosnika velkého (Acrocephalus
arundinaceus). (B) je spektralni kiivka vejce jeho jediného parazita kukacky obecné (Cuculus
canorus). Plna kiivka znac¢i méfeni hned po nakladeni vejce do hnizda, pferuSovand kiivka
byla namétena 4 dny po nakladeni vejce a teCkovana kiivka byla zmétfena 8 dni po nakladeni
vejce do hnizda. Seda kfivka nam zde ukazuje rozdil mezi po¢ateéni barvou vejce a barvou
naméfenou po 8 dnech. Tato Seda kiivka byla vytvofena po odecteni pocatecniho méteni, tedy

meéfeni 1. dne od méfeni 8. dne. Prevzato z Hanley et al. (2016).
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V zavislosti na vzniku pfenosnych spektrometrli se vyvinul postup nazvany vizualni
modelovani (Cassey et al. 2008). Pfi vizudlnim modelovani se vyuziva shromazdénych dat o
barvé ze spektrometru a nasledného pieneseni této barvy do ¢tyfbokého barevného prostoru,

tedy jehlanu (Spottiswoode a Stevens 2010, obr 4.).

Obrazek 4. Barvy, které ptaci vidi, 1ze zobrazit v prostoru pomoci jehlanu. U = ultrafialova
cast spektra, L = Cast spektra dlouhych vinovych délek (angl. long), M = ¢&ast spektra
sttednich vinovych délek (angl. middle) a S = ¢ast spektra kratkych vinovych délek (angl.
short). Pozici kazdé z barev v Ctyfsténu lze popsat koordindtami théta, fi a r. Théta je
horizontélni thel (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 barveé. Théta a fi
jsou analogické (zemépisné) délce a Sifce. Vzdalenost 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 1isi od achromatické hodnoty

bilé/Cerné (Stoddard a Prum 2008). Pievzato z webové stranky M. C. Stoddardové (2016).
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Kazdy roh jehlanu odpovida jedné ze Ctyt barev, které ptaci vnimaji (Stoddard a Prum 2008,
Spottiswoode a Stevens 2010). Jsou to barvy kratkych vinovych délek (modrd), stiednich
vinovych délek (zelend), dlouhych vinovych délek (Cervend) a ultrafialového zareni (UV).
Pomoci takto vyobrazeného prostoru mizeme zaznamenat piesnou pozici barvy v barevném
prostoru, ktery ptaci vnimaji (Hanley et al. 2017). Pozice barvy v jehlanu se odviji od slozek,
kterymi barva disponuje, at’ uz je to odrazivost UV ¢i pfesny odstin zvolené barvy (Stoddard a
Prum 2008). Jehlan nam tedy umoziluje ukdzat rozdily mezi ptacim a lidskym okem ve
vnimani vybrané barvy a to pomoci pfidaného rozméru ultrafialovych vlnovych 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. Ty jsou pak povazovany za bud
mimetické, nebo nemimetické; takova kategorizace je ale problematicka, protoze je vzdy
uméla (Grim 2005, 2013). Doposud poouze jedinéd studie vyuzila kontinuitu barev u svych

experimentll (Hanley et al. 2017).

Vlastni experiment

Na zaklad¢ téchto poznatki jsem provedl studii zaméfenou na odmitaci chovani hostitelskych
samic pfi pouziti parazitickych vajec rtiznych barev, kdy jsem se snazil zjistit, které¢ barvy
maji Sanci u hostitelll na piijeti a které barvy tuto Sanci nemaji. Experiment jsem provedl
v Olomouci (49°35'38" s. §., 17°15'3" v. d) v letech 2015/2016. Jako modelovy druh pro tuto
studii jsem vybral kosa ¢erného (obr. 5.), ktery je jednim z nejlépe urbanizovanych druhi
ptaka v Evropé vibec (Janzen 1980, Evans a kol. 2010, 2012); to mi usnadnilo nasbirani

dostatecné velkého a reprezentativniho vzorku.



Obrazek 5. Samice kosa ¢erného. Autor: Tomas Grim.

Kos ¢erny je jednim z nejvice prostudovanych ptaka v celé Evropé, ale vyskytuje se i
mimo ni. Ackoliv byl kos jest¢ v 19. stol. plachym druhem, ktery se zdrzoval spise v lesnich
oblastech (Samas et al. 2013b), postupem casu se stal, jak jsem jiz vySe uvedl, jednim
z nejlépe urbanizovanych neboli méstu ptizpisobenych ptacich druhii s vysokou populacni
hustotou témét v celé Evropé (Evans a kol. 2010, 2012). Studie provedené na kosovi prob&hly
v mnoha evropskych zemich, mezi které se fadi naptiklad Anglie (Magrath 1991), Spanélsko
(Fernandéz-Juricic a Telleria 2000, Ibafiez-Alamo a Soler 2010), Portugalsko (Moller 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 zavlecen a Gispé$né se
zde v dnesni dobé reprodukuje (Samas et al. 2014). V Ceské republice (Samas et al. 2013b) je
jednim z nejlépe dostupnych druhii pro studium hnizdniho parazitizmu, jelikoz jsou jeho
hnizda obvykle pro ¢lovéka snadno piistupnd, napiiklad v riznych druzich porosti jakymi
jsou naptiklad jehli¢naté stromy (napft. tis Cerveny) listnaté stromy (napf. lipa) nebo keie

(napt. rododendron) (Wysocki 2005).
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Vyuzil jsem umélych modelovych vajec nabarvenych 73 rozdilnymi akrylovymi

barvami (Koh-i-Noor, Obr. 6.) zvolenymi podle pfedem ptipravené barevné skaly (Obr. 7.).

Obrazek 6. Nabarvend modelova vejce vybranymi barvami kterd jsou pravé v procesu

usychani. Autor: Daniel Hanley.
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Obrazek 7. Schéma barevné skaly, ktera slouzila jako pfedloha pro namichani barev ur¢enych
na natfeni modelovych vajec. M je zdkladni purpurovéd barva, B je modrd, C azurova, G
zelena, Y zlutd a R je cervend barva, uvedend procenta jsou jednotlivé poméry mezi
zakladnimi barvami pro jejich michani. Jednotlivé kruhy se li§i mirou saturace, pfi¢emz vné;jsi
kruh je bez ptidané bilé barvy (nejvyssi saturace), u stiedniho kruhu jsem pii michani ptidal

polovicni objem bilé barvy k objemu barvy piivodni a v nejmensim kruhu jsem pii mixovani

Barevna skala obsahovala 7 zakladnich barev a to bilou, modrou, azurovou, zelenou, Zlutou,
cervenou a purpurovou. Dale pak zahrnovala také barvy vzniklé jejich vzdjemnym miSenim.
Pfed experimentalnim pouzitim jsem nabarvena vejce nejdiive zméftil pomoci spektrometru
Ocean Optics Jaz (Obr. 1.), abych kvantifikoval barevné spektrum kazdého z nich. Poté jsem
pristoupil k experimentu v terénu, kdy jsem takto nabarvené modely vkladal do hostitelskych
hnizd. Hnizda, ktera jsem vybral pro experiment, musela obsahovat vejce plné sntisky neboli
maximalni mozny pocet vajec pro dany par. Pro kazdy model jsem vybral a pouzil pouze

jedno hostitelské hnizdo (obr. 8.).
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Obrazek 8. Vlozené barevné modelové vejce mezi vejci plné snliiSky v hnizd¢ kosa ¢erného.

Autor: Karel Gern.
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Po vloZeni modelu do hnizda jsem nésledujicich 6 dni (Grim et al. 2011) sledoval reakci
samice na takto pfidané parazitické vejce, protoze pouze samice z hostitelského parti vyhazuje
parazitické vejce z hnizda (Weiszensteinova 2012). Po ziskani odpovédi na vSech 73 modelt
a dat z 15 kontrolnich hnizd jsem za pomoci statistické analyzy vyhodnotil vysledky

experimentu.

Vysledky

Vysledky studie ukdzaly, ze zdsadni vliv ovliviiujici rozhodovani o pfijeti ¢i odmitnuti vejce z
hnizda ma barevny odstin. Modrozelena vejce byla spiSe pfijimana, zatimco ostatni barvy,
predevs§im hnédd, vice odmitana. Ultrafialovd komponenta a sytost barvy naopak nehraly
dilezitou roli. Vysledky naznacuji, Ze samotnd barva hraje nejzasadné;jsi roli v rozhodovani o

tom, zda bude parazitické vejce v hostitelském hnizdé aspésné akceptovano ¢i nikoliv.

Diplomovou préci predkladam jako ptilozeny rukopis.
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Abstract

Despite extensive research on the sensory and cognitive processes of host recognition of
brood parasitic eggs, the underlying 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 colors and discovered that hosts’ were more likely to reject
brown parasitic eggs despite their absolute perceived color difference to their own eggs’
color. However, it remains unclear how these color-based biases are distributed throughout
their perceivable color space. To address this, we built upon these previous tests by further
testing blackbird (Turdus merula) responses to model eggs spanning a wide array of avian
visible colors. We found that host decisions depended on hue of parasitic egg, but not its
saturation. Hosts generally accepted green and blue-green eggs more than other colors. We
suggest that future studies should replicate our experimental design in other bird species to

determine how general these perceptual biases are among hosts of brood parasites.

Introduction
Co-evolutionary arms races are widespread in nature, and a driving force in evolution
(Dawkins and Krebs 1979, Davies 2000). Although there are many types of arms-races, those

associated with the brood 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 of the nests other individuals of the same species, and
interspecific, in which these relationships manifest between different species (Dawkins and
Krebs 1979), such as the or parasites and their hosts, for example parasite trematodes and
their hosts molluscs (Becker 1980). An arms race can ensue because defense abilities select
for counter adaptations to evade those defenses, such that defenses and counter defenses
improve reciprocally (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, Feeney et al. 2014). 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 all their
offspring and raise a genetically unrelated parasite (Davies 2000, Stoddard and Stevens 2011).
Therefore, many hosts evade parasitism by adaptive defense behaviors (Feeney et al. 2014),
and one of the most commonly used strategies is rejecting foreign offspring from their nests
as either eggs (Davies and Welbergen 2009) or young (Grim 2006). Because hosts tend to
reject less mimetic eggs, they inadvertently increase the fitness of individuals with more
mimetic eggs (Brooke and Davies 1988, Antonov et al. 2006, Spottiswoode and Stevens
2010, Ban et al. 2013, Samas et al. 2014).

Parasitism provides the selection pressure necessary to select for improvements in the
recognition abilities of hosts, which in turn selects for to parasites to evolve counter-
adaptations such as egg mimicry (Brooke and Davies 1988, Stoddard and Stevens 2011). This
arms-race makes a host’s decision based on eggshell appearance an increasingly difficult
choice; however, all eggs contain species specific visual information that allows them to be
distinguished (Spottiswoode and Stevens 2010), and hosts can 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, Moskat et al. 2014). Eggshells provide this
information through a range of cues, including egg size (Rothstein 1982), shape (Béan 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 an equally dissimilar blue-green
color are more often accepted (Hanley et al. 2017). Here, we examine host recognition across
a larger avian color gamut than in the study of Hanley et al. (2017) to determine the breadth
and depth of these color-based biases. Specifically, we examine the behavioral responses of
the blackbird (Turdus merula) to variably colored egg models spanning a broad array of
colors (hues) and intensities (saturation). We predict that hosts will be biased toward
accepting blue-green egg colors, such that the rejection probability will increase as they
deviate from blue-green colors (see Figure S3 in Hanley et al. 2017). Furthermore, we predict
that rejection probability will increase with increasing color saturation (Stoddard and Stevens

2011).

Material and Methods

Study area and experimental procedures

To more fully sample across the avian perceivable color space, we added to our previously
collected data (Hanley et al. 2017) through a series of new experiments. We collected these
new data 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 88 non-predated nests in our experiment, focusing on
nests that reached clutch completion without failure, due to desertion or predation, and that
were not used for other experiments. 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 the experimental egg one day after the
last laid egg (nest age; days = SE; 4.65 + 0.42 days) such that each experiment started on the
first day of incubation. Similar to most other cuckoo hosts, blackbirds do not vary their egg
rejection responses between laying and incubation stages (Grim et al. 2011) including in our
study population (Grim et al. 2014). To avoid influencing host response (Hanley et al. 2015a),
we tried to add the experimental egg when the host parents had flown away from the nest and
left it unguarded. All of experimental nests were checked daily, for six days to determine if
the egg was accepted or ejected (following Grim et al. 2011). Nests deserted during this 6-day
period were excluded because nest desertion is not a specific response to parasitism when a
host female is parasitized by artificial egg models (Samas et al. 2014, Soler et al. 2015, Ruiz-
Raya et al. 2016). These data were combined with identically collected data (Hanley et al.
2017).



Experimental egg models

Models were painted to mimic both natural colors (Hanley et al. 2015a) and unnatural color
ranges (see 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
(Figure 1). 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,
respectively. 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. Each egg

model was painting using a single unique color.

Color measurement and analysis

We used spectrometer Ocean Optics Jaz (Ocean Optics, Dunedin, Florida), a pulsed xenon
light source (Jaz PX), and a white reflectance standard (WS-1) for reflectance spectrometry to
objectively measure each color. During the course of our experiment the distance between the
probe tip and the egg changed; therefore, color data from 2015-2016 were based on paints
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. The previously
collected data used a different spectrometer (Hanley et al. 2017); therefore, to ensure
comparability between the datasets all spectra were normalized prior to analysis. This, has no
influence on the coordinates within a color space or just noticeable differences in colors, but
will alter just estimates of noticeable achromatic differences in color, which we will not
consider in this study since previous research found that this did not influence host responses
(Hanley et al. 2017). Therefore, we focus solely on the influence of color, not brightness in

this study.

Visual models

We used the “pavo” R package (Maia et al. 2013) to calculate the relative sensitivity of each
of the blackbird’s photoreceptors (Hart & Vorobyev 2005; Govardovskii et al. 2000;
Vorobyev et al. 1998), while accounting for oil droplet cut-offs (Hart & Vorobyev 2005),
following Hanley et al. (2017). This neural noise-limited visual model (Vorobyev et al. 1998;

Vorobyev & Osorio 1998) integrates stimulus reflectance, photoreceptor sensitivity, and a
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standard metric of daylight illumination to generate relative quantum catch estimates. These
values can then be transformed into the avian tetrahedral color space (Stoddard & Prum 2008;
Endler & Mielke 2005). This color space encompasses the range of colors visible to birds and
is a chromaticity diagram lacking any brightness information (Stoddard & Prum 2011). It is
defined by four apices corresponding with each photoreceptor. Any stimulus 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. Within this space a few spherical coordinates can be used to
define the location of any color: theta represents the hue or colors around the color wheel
(range: —m to m), phi the angle from the UV receptor (range: —n/2 to w/2), and r represents the
saturation or intensity of the color as measured as the relative distance from the achromatic

point (range: 0 to 1).

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 rejection), because these models 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 © would match up (Wood 2006). Unlike hue,
phi and saturation were not circular and were included as fixed effects in the predictive
model. We performed a backward stepwise elimination procedure to account for other
potentially influential variables: clutch size (mean + se: 4.33 + 0.05 eggs), whether the female
was flushed or not (yes or no), nest age (6.46 + 0.17 days), year of the experiment (2014,
2015, or 2016), and since we have combined data we also controlled for the dataset (either
current or previous). For this stepwise selection, the smoothing parameter estimation was
calculated via maximum likelihood, but we report parameter estimates after performing
smoothing parameter estimation using Mallows' Cp (Mallows 1973). All analyses were

conducted in R v. 3.1.2.



Results

Only the hue of the foreign eggs predicted rejection behavior in blackbird females (Table 1).
Blue-green egg models were accepted more compared to other colors, especially egg model
that had magenta through orange colors (Fig. 1b). Neither phi (z =—0.37, p = 0.71) nor color
saturation predicted host female rejection behavior (z = 0.20, p = 0.84). Furthermore, the year
of experiment, nest age, clutch size, whether the female was flushed, and study the data came

from did not predict rejection behavior in blackbird females (Table 1)

Discussion

We demonstrate that the blackbird responses to parasitic eggs are influenced by the hue of
experimental foreign egg. Blackbird females accepted blue-green and green, but they had a
tendency to increase the frequency of rejecting other colors, especially eggs ranging from
magenta through yellow. Although many of these colors do not occur in nature (Hanley et al.
2015a), brown colors that are present on birds eggs do fall within this range of hue. This may
be the reason why these colors were strongly rejected. These findings are in line with an
independent series of experiments in the same blackbird population (Hanley et al. 2017), and
are generally consistent with our predictions. Surprisingly, saturation of eggshell colors did
not influence host decisions. One explanation for not detecting an effect with saturation was
because the variable lighting conditions found at every nest influenced the birds’ decision
making abilities (Stevens et al. 2013).

Interestingly, despite examining a range of potential color and life history variables,
only hue significantly predicted host response. If females experience pigment limitation
across the laying sequence, or after multiple brood attempts, the ability to base decisions on
hue discrimination, independent of saturation, may reduce the chance of rejection errors (i.e.,
rejecting their own eggs). As found previously (Hanley et al. 2017), color was a better
predictor of host response than whether the female was flushed before the experiment (Hanley
et al. 2015c). In addition, previous studies found that clutch size was an important predictor of
blackbird response (e.g., Ruiz-Raya et al. 2016); however, we found that clutch size did not
significantly predict host response when considering hue. In fact, even other color variables
did not explain host response suggesting that blackbirds might use relatively simple color
decision rules to make rejection decisions.

In these experiments we used artificial model eggs, which could not be punctured by
the blackbird. Although the blackbird is a grasp rejector (Soler et al. 2017), this might have

influenced host responses in this study. For example, recent studies have shown that the host
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females can accept parasitic eggs when they fail to puncture them (Martin-Vivaldi et al. 2002,
Prather et al. 2007, Antonov et al. 2009). In addition, Soler et al. (2012) have shown that host
response is related to the host’s motivation to reject the parasitic egg, regardless of whether
the eggs are soft or not. Moreover, a recent experiment on blackbirds has suggested that
blackbirds only touch parasitic eggs if they recognize those eggs, even if they do not puncture
or remove them (Soler et al. 2017). Overall, these studies suggest that parasitic eggs may be
detected but are not always rejected from nest (Antonov et al 2009, Soler et al. 2012, Ruiz-
Raya et al. 2015). This, of course, does not affect our findings because whether these findings
reflect recognition or motivation to respond the outcome is the same. Why should blackbirds
be more motivated to remove a brown egg than an equally obvious green parasitic egg or an
egg of an entirely novel color?

Based on our findings, future research should examine host response across their
visual spaces in more avian species to determine whether these findings might be more
general. Ideally, this future research should examine a range of hosts which face brood
parasitism from both conspecifics (Samas et al. 2014) and heterospecifics parasites (Ruiz-
Raya et al. 2016). Although we have used artificial egg models, the methods employed here
may be more successful in the future if they explored the use of coloring natural eggs and
using different types of egg models. Lastly, future research should experimentally test the
effect of a host’s prior experience with eggshell colors, which can influence their decisions in

some species (Grim et al. 2014, Moskat et al. 2014), but not all (Grim et al. 2014), species.
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Fig. 1. Here we depict a color wheel illustrating the a) color patches represent the systematic
color wheel we created. Hue values ranged from —n to +n (following Stoddard and Prum
2008), around the color wheel while colors become more saturated as they approach the edge
of the wheel. Rejection probabilities for egg models with colors on this gradient varied with

b) respect to hue.
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Table 1. General additive model outputs predicting the behavioral response of blackbirds to experimental parasitism. We present the full and
final models. We show a the parameter estimates with their standard error, a standardized effect (z-score), a Chi square value, and significance.

Significant predictors are in bold. More details are available at Materials and Methods section.

Full model Final model

Predictor Estimate + SE z v P Estimate = SE z v P
Whole model (R*=0.13, AICc =168.96) (R”*=0.06, AICc = 166.39)
Intercept 550.12+1261.50 0.44 - 0.66 0.08+4.69  0.017 - 0.99
Saturation —8.84+7.22  —1.22 150  0.22 0.95+4.74  0.200  0.040 0.84
Phi ~1.14+1.25 -0.91 083  0.36 —0.42+1.12  -0.371  0.138 0.71
Year —0.27+0.63 —0.43 0.19  0.67 — — - —
Clutch size 0.33+0.34 0.98 096  0.33 — — - —
Flushed ~-1.22+0.82  —1.49 221 0.14 — — - —
Age —-0.02£0.12  —0.15 0.02  0.88 — — - —
Study —-2.14£132  -1.62 2.63 0.1 — — - —
Hue - - 6.68 0.005 — - 4.63 0.04
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