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Uvod

Socialni monogamie spojena s biparentali pémlal’ata je u ptak jednim z nejasgjSich
parovacich systéin(Lack 1968). ProtoZe samice vice investuji do no@bovani, jsou obeén
povazovany za pohlavi, které si vybira partneraadBury a Vehrencamp 1998). Jako
odpowd samti preference se cestou pohlavniho &rgbvyvinula u sami fada znak, na
jejichz zaklad samice provafji volbu partnera (viz nap Fisher 1930). Existuje takada
hypotéz tykajicich se vzniku a udrZzovani gerh ornamentalnich znakkteré si mohou, ale i
nemusi odporovat, a které se snazi probléméilsv

Samti vybér na zaklad ornamentélnich znékjako indikatofi kvality samce mze
samicim pinaSet pimé ¢i nepimé vyhody. Bmou vyhodou, jakou samice sparovani
S ukitym samcem ziska, ide byt intenzivijsi podil samce na hnizdnigpédéle pak kvalitni
teritorium ¢i obrana hnizda (Kikpatrick a Ryan 1991). Tim, aenec nafiklad krmi s ¥tSi
intenzitou, niiZze zvysit jak Zivotaschopnost ndiat, tak dovolit samici krmit mé&na zajistit ji
tak lepSi kondici pro dalSifezivani. Podle teorie dobrého reeli(good parent model,
Kikpatrick a Ryan 1991) mohouizné sanii sekundarni pohlavni znaky signalizovat Gtove
rodicovské pée a umo#ovat tak samici fedem ohodnotit sathrodicovské kvality (Hoelzer
1989, Heywood 1989).

Neprimou vyhodu pedstavuji kvalitni geny, kteréirhe samice ziskat pro své potomky.
Dvé negastji zminované hypotézy o evoluci safihio vybiru na zaklad negimych vyhod
jsou Fisheitv ‘run-away’ model (Fisher 1930) a hypotéza dobrgemi (good genes model,
Bradbury a Anderson 1987). Tyto hypotézy ale nerstgi proti sob a existuji i pechodné
modely vychazejici z obou teorii (Kokko 2002).

Podle hypotézy dobrych g&rsamice pouziva tité santi sekundarni pohlavni znaky
k ohodnoceni genetické kvality samcéedpokladem toho, aby v praxi mohl samvybér
skute&né fungovat podle &hto hypotéz, je, Ze tyto znaky jsodddné a produkceéthto
sekundéarnich pohlavnich znelke pro samce nakladnd. To znamena, Ze tyto znsdy |
schopni v odpovidajici kvaditprodukovat pouze skutes kvalitni samci.

Jednim z nejvyrazfsich a nejasgji zkoumanych sekundarnich pohlavnich zihak
které mohou signalizovat s@&mkvality a které pouzivaji samicefipvybéru partnera je
zbarveni (Andersson 1994, Hill 2002). U velkéhaitpodruhi pévca existuje pohlavni
dimorfizmus ve zbarveni pea &tSinou existuje silny vztah mezi reprodnkm Usgchem

samce a kvalitou zbarveniipesamd. Zbarveni p# je dano jeho strukturou nebo obsahem



pigmenti. V ptaim pei se nachazejitit zakladni typy pigmerit karotenoidy, melaniny a
porfyriny (Fox 1976, Brush 1978, Hill a McGraw 2Q06strukturalini zbarveni Zgobuje
rozptyl swtla na povrchové strukte pe&i ptaki, zatimco pigmenty jsou ukladany do
struktury pera ghem jeho fistu. Karotenoidy nejsou Zigwhové schopni sami syntetizovat.
Jsou produkovany vyhradrv rostlindch a &kterych bakteriich a Ziviichové je pijimaji
pouze z potravy (Goodwin 1950, Brush 1976). Utoserveného zbarveni je ale zavisla nejen
na schopnosti samce obstarat potravu bohatou wéekaidy, ale je ovlivéna i genetickymi
faktory souvisejicimi s metabolickymi procesy z@jigcimi absorpci, feménu a ukladani
karotenoid do pe&i (Hill 1992). Navic karotenoidy funguji jako amtidanty a jsou
vyuzivany imunitnim systémem (Vershinin 1999). Tugi mozné fedpokladat, Ze nemocni
a parazitovani samci budou vystaveni vysSiigdtkarotenoid pro svou imunitu a mén
jim jich zastane pro tvorbu ornamentalnich zaalOlson a Owens 1998). Karotenoidni
zbarveni tak mize mimo jinécestreé signalizovat zdravotni stav a kondici jedince (&oa
1994). Samice by tedy mohlaednostiovanimcéervenych samc ziskat jak nepmou, tak
piimou vyhodu, jako ndfklad geny pro vySSi rezistenci proti paramit (Hamilton a Zuk
1982) a nizsi pravghodobnost fenosi patogei a parazii (Poiani a Wilks 2000). Cela
problematika karotenoida jejich vztahu k zdravotnimu stavu jedince jeddéeko sloZijSi
(viz Vinkler a Albrecht 2010).

Sila sexualni selekce je éma mfe variability reproduéniho asgchu, za ktery byva
vétSinou povazovan get zplozenych midiat (Crow 1958, Shuster a Wade 2003). Tdadli
byval jako hlavni zdroj variability v reprodéikim Usgchu uvadn paiet a kvalita samic,
které samec ziska, coz plati zejména u polygampiéki, kde se samci mohou sparovat
s vice samicemi a naopakkolik samic se mize sparovat s nejlepSim samcem (Darwin 1871,
Andersson 1994).i#dpokladalo se, Ze variabilita v reprodnin Usgchu samgé je naopak
relativre nizka u socialh monogamnich ptdk Diky zna&nému roz&eni molekularnich
metod je ovSem dnes znamo, Zébl¥né 86 % ptaich druhi je geneticky polygamnich
(Griffith 2002), neboli vyskytuji se u nich mimop&eé paternity (EPP). U monogamnich
druhi, zvlaSt pokud hnizdi pouze jednoucr&, jsou mimoparové paternity pro samce
jedinym zpisobem, jakym rize zvySit svj reprodukni Usgch v daném roce. To znamena,
Ze kvalitni samec, ktery e mit i diky sparovéni s kvalitni samicit$ paet mlalat ve
svém hnizd, maZze zarové zplodit dalSi ml&ata i mimo své hnizdo a zvySit tak svou
reprodukni zdatnost (fitness). Tak se zvySi i variabilie fitness mezi jednotlivymi samci
(Whittingham a Dunn 2005). Na druhou stranu i saniktera se sparuje s nekvalitnim

samcem, ize teoreticky diky EPP ziskat kvalij&i geny pro své potomky a zvysit tak svoji



fitness (Parker 1979). O tom, jaké dopady maji npiémové paternity na fitness saina
samic, se ovSem vedou diskuse (viz Arnqvist a Kitkipk 2005, Albrecht et al. 2006). Miru
mimoparovych paternit u daného druhuiza ovlivnit fada fakto#i, jako nap. hustota
populace, momentalni pam pohlavi (Hoi 1997), synchronizace hnimd (Stutchbury a
Morton 1995) a motivace samicecastnit se EPP, kterairbe byt zavisla na pfgbs sangi
rodicovské pée nebo atraktivit samce (Johnsen a Lifjeld 1995, Griffith et al. 2P0

Samice si ale nemusi vybirat partnera pouze naadakiejlepSich sekundarnich
pohlavnich znak ale také na zaklg&dvhodnosti svého genotypu ke genotypu konkrétniho
samce (model genetické komplementarity; Tregenagedell 2000, Pialek a Albrecht 2005,
Mays et al. 2008). Zatimco model dobrych @y@redpoklada, ze preferenceiiiych santich
fenotypovych znak jsou u vSech samic stejné (e.g. lwasa et al. 199bdel genetické
komplementarity pracuje s hypotézou, Ze kazda samfiegpasobuje vykr svého partnera
s ohledem na sy vlastni genotyp a hled& takového, aby jejich patomeli co nejvyhodijsi
kombinaci get (Hettyey et al. 2010). TudiZ pro kazdou samicijae@ nejvhodgjsi jevi
odliSny samec.

Pres vSechny vySe uvedené hypotézy by nebylo spratedpokladat, Ze usgpnost
samce fi EPP je ovliviéna pouze sarim vybérem. DileZitou roli miZze také hrat kompetice
mezi samotnymi samci a to riidad i v podol kompetice spermii (viz Arngvist a
Kirkpatrick 2005,Immler a Griffith 2009).

Ke studiu gkterych z vySe uvedenych hypotéz jsme si ja a mlugpacovnici zvolili
jako modelovy druh hyla rudéh@arpodacus erythrinus. Hyl rudy je maly (piblizné 22 g),
socialet monogamni §vec. Zbarveni dvouletych a starSich sammlisa od Zluté po
karminovou a je Zjsobeno karotenoidni pigmentaci. Hyl rudy migruje di@uhou
vzdalenost, na naSe Uzentilgta jako jeden z poslednich taznyckvgi v polovirg kvétna
(Stastny et al. 2006). Jeho hnizdni sezona je takemxiy kratka a hnizeéhi je tudiz velmi
synchronizované. Hyl rudy je neteritorialni a ktalieritoria tedy neiize hrat roli v sandim
vybéru partnera (Bjorklund 1990). 2p je velmi jednoduchy, liSi seét8inou pouze v pitu
strof (Bjorklund 1990)Cervené zbarveni se tedy jevi jako nejpigatiobrjsi znak, ktery
by samice mohly ip svém vylEru preferovat, a jeho Uroiieby mohla byt zodpasdna za
santi reprodukni Usgch.

Lokalita, na které vyzkum probihal, se nachaziwnpeore Narodniho parku Sumava,
ve Vitavském luhu, pobliz obce Zelnava (48°49” R°5B" E). Rozloha lokality je zhruba

1 kn?. Terén je plochy, rovinny a je velmighledny. Jedna se o zéplavova Gzemi, nivni



biotop podél meandrujicteky Vitavy. Krovinné porosty zaujimaji zhruba 15 % plochy,
prevladaji hlavi tavolnik Spiraea salicifolia, ve kterém hyl rudy hnizdi,\abaSalix sp.

Disert&ni prace se za#uje zejména na vztah mimoparovych paternitékterym
zvySe uvedenych hypotéz. Sklada zé publikovanych praci a jednoho rukopisu.
V nasledujicim textu jsem se pokusil stm& shrnout jejich vysledky a okomentovat je
v kontextu uvedené problematiky. Jakidlghu jsem pilozZil ¢lanek, ktery sice neni sésti

diserta&ni prace, ale dale rozg8je naSe znalosti o modelovém druhu.

Mimoparové paternity a jejich vliv na silu sexuélselekce

Mira mimparovych paternit (EPP) j&tgi u migrujicich druin, nez u stalych (Spottiswoode a
Mgller 2004). Tento fakt je mozné vydht pomoci fiznych mechanizin Nekolik studii
nalezlo pozitivni efekt mezi vyskytem EPP a synaoiraci hnizéni (Stutchbury a Morton
1995, Stutchbury 1998). ZvySeny p&mEPP v souvislosti se synchronizaciize souviset
s tim, Ze pokud je z ekologickychivbdi nutno zahnizdit kratce paorifetu, je mozné, ze
samice nema dostatélsu pro vybr vhodného partnera a tak se sparuje i sénkémalitnim
samcem a vy genetického partnera probihd aZz po sparovanios&lsim partnerem
(compensatory theory - Westneat et al. 1990, Weadlael a Yezerinac 1998, Spottiswoode a
Mgller 2004). Kratk4 sezona ma také za nasledekvaditni samci nerizou zvysit s
reprodukni Usgch jinou cestou, ndfklad vicenasobnym hnizdim (e.g. Hill et al. 1994).

Navic, migrace samaiie zvySovat miru EPP (Spottiswoode a Mgller 20049 sk, Ze



generuje dalSi genetickou variabilitu (Fitzpatrit®94, Mgller 1994, 1998, Spottiswoode a
Mgller 2004). Pokud se velka geneticka variabpitamitne i do velké variability fenotypové,
nebo variability ve schopnosti samce obstarat § ERompetici s ostatnimi samcijige tak
byt tato variabilita pozitivé korelovana s mirou EPP (Petrie et al. 1998). Bikychronizaci
se také v jednu dobu prezentuje samicim daleko s&eé a samice ma tak lepSi Sanci
porovnat jejich kvality (Stutchbury 1998). Na druhstranu ale synchronizace hnimtimize
pro samce limitovat fflezitosti k vyhledavani EPP, protoZze se musiovat hlidani vlastni
samice, aby neztratil paternitu ve svém hai@irkhead a Biggins 1987).

V nasi praci jsme se pokusili zjistit, jakou roliafe EPP ve zvySovani variability
v sangim reproduknim asgchu pmvct hnizdicich vtemperatni zén Zvlase jsme se
zan®iili na vztah mezi mirou jakou EPPrigpivaji k sami fitness a délkou migrace.
K objasreni tohoto problému jsme pouzili dvdigtupy. Srovnavaci mezidruhovou analyzu a
studium konkrétniho druhu, hyla rudého. Hyl rudygmje na dlouhou vzdélenost &hem
velmi kratké hnizdni sezony stihne zahnizdit pojezimou. Zarove je jeho hnizéni silng
synchronizované. Zji®vali jsme, zda usnost samce ip EPP neni vykoupena ztratou
paternity ve vlastnim hnizd Pokud by tomu tak nebylo, pak maly¢pb UsgsSnych sami
muze zplodit velky pdet mlal’at a tak sily prispet k variabili€ v reproduknim tsgchu.

PrestoZe jsme u hyla rudého nenalezli zawatysokou miru EPP (18 % mfat ve
30 % hnizd) ve srovnani s jinymi druhy (Griffith at 2002), ukazala naSe data, ze EPP
zvysuji variabilitu v reprodutnim Usgchu samé hyla rudého. Samci, ktebyli tspsSni @i
ziskavani EPP, neztratili paternitu ve svém vlastrtiniz&& a tudiz i jejich celkovy
reprodukni Usgch byl vy3Si, nez u ostatnich samdVavic u blizce fbuzného hyla
rudoprsého, ktery je charakteristicky dlouhou hnizsezénou (nemigruje) se EPP vyskytuji
jen zidka (Hill et al. 1994).

Existuje rgkolik moznych vys¥tleni této vysoké miry variability v reprodérim
aspichu mezi samci hyla rudého. Prvni moznost je, Zditki samci, kt& jsou uspsni i
EPP, zahnizdititve a v doB, kdy se ¥nuji EPP nemusi uz hlidat vlastni paternitu (Biddhe
a Mgller 1992). Na druhou stranu jsme nenasli prateiny rozdil v néasovani hnizghi
mezi tizreé usgsSnymi samci. To ale fize byt zgisobeno malou variabilitou v sasovani
hnizdéni v nasi populaci.

Fakt, Ze samci uspni @i EPP neztraceji paternitu ve svych hnizdech, nageaze
samice upednosiiuji konkrétni samce a to praygbdobré na zaklad jejich fenotypovych
znaki. Samice by pak vyhledavaly EPP pokud by se sp&revmalo kvalitnimi samci (e.qg.
Weatherhead a Yezerinac 1998, Spottiswoode a M2@led). U dalkovych migraft kde je



silny tlak na ¥asné zahnizghi, totiz miZe byt pro samici nevyhodné dlouho vybirat a nkit ta
opozd&né hnizdni. Misto toho ragi co nejdive zahnizdi a sy ptipadny Spatny vy
socialniho partnera kompenzuje cestou EPP. Sogidirdvani se d¥e jevit nakonec jako
nahodné, bez vztahu k séimu fenotypu, jak najiklad zaznamenal u hyla rudéhosBjund
(1990). Ztoho vyplyva nutnost detekce fertiimého Usgchu sam@ molekularnimi
metodami, pomoci nichz Ize rekonstruovat jednotkegnponenty fitness sarinc

Déale jsme pouzili data o hnizdni biologii a migra® druli pévca hnizdicich
v temperatni zGh ziskana z literatury, na jejichz zaktagsme testovali hypotézu, Ze
piispivek EPP Kk variabili v reproduknim asgchu, a tak sile sexualni selekce oliecn
souvisi s délkou migrace. Potvrdilo se, Ze EPPrpodéne hraji wtSi roli v sexudlni selekci u
druhi s kratkou hnizdni sezonou a mensi u drstdlouhou sezonou,cbem které rmze
samec zahnizdit vicekrat (e.g. Hill 1994). Ve skntesti vSak délka hnizdni sezony ztratila na
miru EPP vliv, pokud byla do analyzy zahrnuta niégtalomu by odpovidalo i zji&ti, ze
migrujici druhy jsou charakteristick&téim sexualnim dichromatizmem (Fitzpatrick 1994,
1998). Migrace ale pochopitérsouvisi s hnizdni synchronizaci (e.g. Spottiswamdégller
2004, Pitcher et al. 2005). Synchronizace byla yobprediktorem miry fispivku EPP
k variabilit¢ v celkovém reprodutnim Usgchu samé pii mezidruhovém porovnanAvsak
naSe data, jak se zda, podporuji hypotézu, Ze eafegtace je fimy a nezavisly na
synchronizaci.

Existuje fada hypotéz pokouSejici se vy, jakym zpisobem niZe migrace
ovlivnit miru EPP u ptédk bez ohledu na synchronizaci hnimd (Spottiswoode a Maller
2004). BohuZzel &Sinu je €Zké testovat pouZzitim komparativnich metod. #idpd vysSe
uvedena teorie kompenzace unahleného Spatnéhlimuvgbcialniho partnera, stéjtak jako
teorie redpokladajici #Si genetickou variabilitu u migrujicich ptakmohou vést ke
stejnému nalezenému vztahu mezi zdanlivou a 8&kate variabilitou v reproduinim
aspEchua migraci, akoliv evoluini mechanismy jsou odliSné. Navic jednotlivé teonighou
platit sowas® a nemusi se navzajem wtwat. NaSe pozorovani jsou tak v souladu
s hypotézami, Ze délka sezony, délka migrace ak@ysgnchronizace hnizdi mohou mit

vztah ke zvySeni sexualni selekce cestou EPP.

Mimopérové paternity a jejich fispévek k selekci sekundarnich pohlavnich ornamént
VétSina studii spojuje podle teorie sexudlni selegasti reprodukni Usgch s kvalitou
sekundarnich pohlavnich znakV piedchozi studii jsme ukazali, Ze mimoparové patgrnit

(EPP) mohou vyznamdnprispivat k variabili¢ v san¢im reproduknim Usgchu a tak k sile
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sexualni selekce. Jinymi autory bylo také Zj$t Ze vyskyt EPP @Ze korelovat s velikosti
samce (Yezerinac & Weatherhead 1997), repertodpruz Forstmeier et al. 2002, Suter et
al. 2009), zbarvenim pie(e.g. Foerster et al. 2003, Safran et al. 208&Ykturalnimi
ornamenty (Kleven et al. 2006) nebo kombinatatika faktomti dohromady (Sundberg &
Dixon 1996). Ke stanoveni role EPP v evoluci ornatmée nezbytné dit, jak vnitroparova a
mimoparova paternitaiigpivaji k celkové variabilt v san¢im reproduknim usgchu (viz
vySe) a naslednzda fenotypova kvalita samce ovlivni tyto jednalikomponenty saén
fitness.

V nasi studii jsme proto zjidvali, jak EPP mZou gispivat k sexualni selekci
cerveného karotenoidniho zabarveni samicyla rudého. MleZitou podminkou pro
zpracovani této studie byl fakt, Ze se nam ptma veétSiny mimoparovych midat stanovit
jejich genetického otce. Diky tomu jsme mohli n&la& naSich dat hledat vztah mezi
variabilitou ve zbarveni samica jednotlivymi komponenty jejich reprodiniho Usgchu.
Abychom zjistili, zda zbarveni samce ovlivnilo samivybér mimoparového partnera,
provedli jsme parové srovnani saim&teri méli mimoparova mld’ata ve svém hnizdse
samci, kté byli genetickymi otci jejich midiat. Nakonec jsme testovali hypotézu, zda
karotenoidni zbarveni sainovliviiuje cestou EPP jejich celkovy reprodakasgch.

Jako mira celkového zbarveni samce byla v naSii ggodzita hodnota z analyzy
hlavnich komponent (PCA) ozfena jako PC1. Ta odrazela samotnou barvu (hue}akée
sytost (saturation) a &tlost (brightness) géveého ornamentu hrudi safnd_ze gedpokladat,
Ze jednotlivé komponenty zbarveni jsdzmé citlivé na environmentalni stres diky odliSnym
mechaniznim jejich pivodu a vzniku a davaji tak odliSné informace o svasiteli (Hill
2006). | kdyz se iizeme pouze domnivat, jaka je signalni funkce jdohyoh komponent
zbarveni (HSB) u hyla rudého, zda se, Ze hue jerghgarametr, ktery je velmi zavisly na
kondici a zdravotnim stavu jedince tiluzného hyla rudoprséh@arpodacus mexicanus
(Hill 2002).

Nalezli jsme pozitivni vztah mezi Urovni s&mo zbarveni a jeho celkovym
reproduknim usgchem. Vybarve§Si samci jsou také usgrejSi pii ziskavani EPP. Pokud
bychom vSak hodnotili pouze zdanlivy reprodakusg@ch, neboli péet mla’at v hnizd, tak
podobré jako Bjorklund (1990) zZadny vztah nenalezneme.efoge vztahu mezi saim
zbarvenim, n&sovanim hnizthi a kvalitou samice fite byt disledkem rychlého,
nahodného a synchronniho parovani (Stjernberg, ;1Bf@klund, 1990; Albrecht et al.,
2007). Pokud se kvalitni samice diky rychlému pand sparuje s podfamérnym samcem,

muze cestou EPP napravit svou chybu. Tuto teorii podp i fakt, Ze samec, ktery ztratil
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paternitu ve svém hnizdbyva hire vybarveny, nez samec, se kterym jeho samice iglod
mimoparova mldata.

Jak jsem uved! vySe, u hyla rudého existuje pazitivztah mezi vnitroparovym i
mimoparovym reprodulnim dsgchem a tudiz EPPfigpivaji k sexualni selekci. Nami
zjisSttn4 skuteénd variabilita v reprodutnim dsgchu je zhrubaiikrat etSi nez zdanliva
(Albrecht et al. 2007). V této studii jsme ukazade schopnost uhlidat paternitu ve svém
hnizc, stejre jako schopnost samce ziskat EPP, koreluje se ebiamnv samce. Uvedené
vysledky naznéuji, Ze sexualni selekcé&gobi na zbarveni a to jak cestou vnitroparového, ta
mimoparového reprodikiho Usgchu. BohuZel ale nejsme schopni&inefekt zbarveni na
reprodukni Usgch samce &em celého jeho Zivota. ProtoZe samice ziska odsdtRce
pouze spermie, mohli jsme v této studii odfiltrowdtiernativni hypotézy vystujici saméi
preference pro vybarvené samce, jako jefifkégl model dobrého rotk. AvSak jakou ma

piesré samice vyhodu ze sparovaniesvenym samcem, je otazkou dalSich vyzkum

Mimoparové paternity a variabilita MHC geh

V poslednich letech se vyznatrzlepSily metody pouzitelné pro studium genetickych
aspekit vybéru partnera (Mays a Hill 2004). Ukazuje se taksaeice si nevybira partnera
pouze na zakladnejlepSich sekundarnich pohlavnich Zngigood genes’ model, Mays a
Hill 2004), ale také na zakladshodnosti svého genotypu ke genotypu konkrétndmce.
Dochazi tak k disasortativnimu parovani znamémwo jadodel genetické komplementarity
(Tregenza a Wedell 2000, Pialek a Albrecht 2005y$vit al. 2008).

Zatimco model dobrych génpredpoklada, Ze si samice vybiraji samce na zéklad
urcitych fenotypovych znaka preferencesthto znak jsou u vSech samic stejné (e.g. lwasa
et al. 1991), model genetické komplementarity pjacs hypotézou, Zze kazda samice
prizptisobuje vylr svého partnera s ohledem naijsviastni genotyp. Hleda tak partnera
s genotypem nejvice vhodném kjejimu vlastnimu taky jejich potomci rli co
nejvyhodrgjSi kombinaci get (Hettyey et al. 2010). TudiZz pro kazdou samicijaieo
nejvhodrjsi jevi odliSny samec, na rozdil od good genesehnpdkde se vSem samicim bude
jevit jako nejvhodgjSi ten samec, ktery ma nejlepSi alely wefv typickém pipac
signalizované ornamentaci). VysledKignych studii ale jednoztia nepodpdily jednu nebo
druhou hypotézu a vyb partnera tak rize byt nakonec kombinaci oboutizphi (Roberts a
Gosling 2003). Existuje vSak pouze velmi malo dtuklieré by zkoumaly sagtii vybeér,

zvlase pak pro mimoparové partnery, z hlediska obou motééttyey et al. 2010).
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Z pohledu evoleni biologie je sledovani vyiou mimoparového partnera obzviast
vhodny zpisob, jak studovat néjmé vyhody pro samici. V naSi studii jsme se &alimna
testovani hypotézy dobrych gem podol& arovre heterozygotnosti samce a hypotézy genové
kompatibility a to sledovanim variability MHC gé&nGeny MHC hraji u obratlovcduleZitou
roli v adaptivni (specifick€) imunit(Klein 1986). Hypotéza overdominanciegpoklada, Ze
¢im wtSi patet alel MHC gefi jedinec ma, tim &Simu spektru patogéne odolny (Piertney
a Oliver 2006). Lze tedyipdpokladat, Ze nejvyhodSi je sparovat se s jedincem, ktery ma
2006, Piertney a Oliver 2006). Nicnerprilis vysoka variabilita MHC geh muZze byt
nevyhodna. Pragbodobr tak existuje gjaky optimalni pdet alel MHC gef a tohoto poétu
pro potomky by se #ti snazit jedinci pi parovani dosahnout spiS nez maximalni variability
(Milinski 2006, Woelfing et al. 2009).

Existuje rfkolik domrenek, jak mize byt samice schopna rozeznat genetickou kvalitu
samce. Nafiiklad u savé nebo ryb niZe byt variabilita MHC geinrozpoznana pomoci pachu
(Singh et al. 1987, Penn a Potts 1998). Otazkojealgodleceho by rozpoznavali genetické
vlastnosti ptaci, kié se na rozdil od &Siny sav@ orientuji hlave zrakem a sluchem. Na
druhou stranu jejickichové receptory se zdaji byt podobné recdphoostatnich obratlovic
(Steiger et al. 2008).

U pévcu je zatim k dispozici posnné malo studii popisujicich vztah MHC a parovani a
vysledky jsou navicéasto nepikazné (Freeman-Gallant et al. 2003, Westerdahl 2004
Richardson et al. 2005). Ke stanoveni variabMtiiC geni tfidy I, konkrétg exonu 3, u
hyla rudého jsme pouzili metodu SSCP (single stramonformation polymorphism;
Promerova et al. 2009).

Zjistili jsme, Ze samci s niZSi variabilitou MHCrdeztraceji paternitu ve svém hnéd
castji, nez samci s&sSi variabilitou. AvSak mimoparova nifata nejsou v oblasti MHC
geni variabilrgjSi nez jejich nevlastni sourozenci zplozeni soéml partnerem. Navic ani
samec, ktery zplodil EP mi&@ta, neni heterozygafj§i nez samec, kterému hnizdo rpat
Stejre tak ve hnizdech se smiSenou paternitou jsme miédiaty nenasli vice rozdilnych alel
MHC ve srovnani s hnizdy, kde jsou vSechnadiata zplozena socialnim partnerem.
Nenalezli jsme tak Zadny vztah, ktery by podporowgbotézu komplementarity, coz ale
muze byt dané extrémni diverzitou MHC detfidy | u tohoto druhu a nemoZnosti ziskat
sekvence vSech alel. Domnivame se, Zktané alely mohou mit vzajeranpodobrjSi
sekvence nez jiné a tak, pokud bychom znali vSedwekwvence, mohlo by byt testovani

komplementarity dalekoipsrejsi.
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Na urovni variability MHC gef jsme nenalezli Zadnou n@mou vyhodu, kterou by
samice mohla ziskat cestou EPP. NaSe vysledkyaaeaniji, Ze samci s mensi variabilitou
MHC ztraci castji paternitu ve svém hnizda to ffesto, Zze samec ktery skme zplodi
mladata v jejich hniz&, nema vyssSi heterozygotnost. Téza znamenat, Ze samice nejsou
schopné fimo rozeznat heterozyg@jgiho samce, aleigtavaji heterozygotsim (a tedy asi
i kvalitngj§im) samé@m vice ¥rné. MnoZstvi alel MHC iize souviset i s dalSimi kvalitami
samce, vetre jeho kompetitivnich schopnosti (viz Zelano a Edi8aR002). Je mozne, Ze
velkou miru v determinaci mimoparoveho a vnitrop@to uspchu samé hyla rudého hraji
jiné faktory, nezli pimy vybér samice (viz Arngvist a Kirkpatrick 2005), riéidad kvalita
spermii (Immler a Griffith 2009).

Zbarveni samce, Urovepaternity a intenzita rodiovské pée

Rodiovska pée je obec# povaZzovana za velmi nakladnou, protoagesniZzovat fezivani
rodi¢t (Lessels 1991) a tudiz redukuje budouci reprédulisgch (Gustafsson a Sutherland
1988) nebo omezuje u safnenoznost ziskat dalSi partnerku. Proto je dodska pée
pravdEpodobré kompromisem mezi vyhodou zvyseného repra@dilko usgchu diky lepSimu
prezivani ml&at a néklady, kteréipdstavuji snizeni pravpodobnosti dalSiho vlastniho
pieziti a budouci fitness (Nur 1984, Houston 2005).

Samice sparovanim s konkrétnim samceiizarkrong dobrych gefi pro své potomky
obdrzet i pimou vyhodu (direct benefit, Kikpatrick a Ryan 199Jedna z fimych vyhod
sparovani s @itym samcem znamend, Ze se samec podili inte¢jziva hnizdni p&. Tim
muze zvysit jak kondici midiat, tak dovolit samici krmit s mensi intenzitou ajigtit tak
samici lepsi kondici pro dalSirgzivani. Podle teorie dobrého réeli(good parent model)
mohou fizné sami sekundarni pohlavni znaky kréndobrych gef signalizovat pra¥ i
arovei rodicovské pée a umo#uji tak samici pedem ohodnotit sath rodicovské kvality
(Hoelzer 1989, Heywood 1989).

Na druhou stranu nejen r@divska pée, ale i exprese sekundarnich pohlavnich &nak
je pro samcecasto velmi nakladna. Proto lze naopakelavat negativni vztah mezi
ornamenty samce a urovni jeho hnizdnéepéNeboli, zvySené investice do sexualnich
ornameni miazZou vést ke snizeni hnizdnicpé(differential allocation model, Burley 1986).
Zatimco tedy model dobrého rodi pedpoklada u sanicvznik znak cestré signalizujici
arovei p&e (Heywood 1989, Kelly 2009), differential allocatimodel pedpoklada trade-off
mezi atraktivitou a hnizdni pg&(Burley 1986, Kokko 1998).
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DalSi faktor, ktery mize ovlivnit miru sarti rodicovské pée je vyskyt mimoparovych
paternit, které jsou mezi ptaky velice raesié (Griffith et al. 2002, Birkhead a Mgller 1992).
Predpoklada se, Ze existuje negativni vztah miagem ¥novanym péi o mlal’ata acasem,
ve kterém se same@&muje moznosti ziskat EP samici nebo partnerku ngi dahnizéni.
MozZnost ziskat mimopéarové partnerky takiza hovdit pro existenci negativniho vztahu
mezi fenotypovou kvalitou samce a urovni jeho hnizie.

Teorie rodéovskych investic (parental investment theory, Tisv&972) pedpoklada,
Ze samci, kti ztratili ve svém vlastnim hnizgaternitu, krmi mé¥) protoze krmenim cizich
mlad’at by nejenze nezvysili svoji fitness, ale §ebly sniZili svoji kondici a tak Sanci na
pieziti do dalSiho hnizdi.

Variabilita v mie santi p&e o mla’ata pak nize byt vysledkem faktér které
ovliviuji is@sSnost samcetpziskavani dalSi partnerky, jako jsou fenotypovalita samce a
dostupnost fertilnich samic (Magrath 2003). Atrakiisamci tedy mohouénovat vice¢asu
sharini EP partnerky, nez krmeni (Houston et al 200%. Wsledku tak Ize &kéavat, Ze
samice sparovaneé s atraktivnim samcem budou nugemy s WtSi intenzitou (Witte 1995).
Na druhou stranu&si intenzita krmeni samic sparovanych s atraktiveamcem rize byt
vysledkem rozhodnuti samice investovat vice dodiatidproto, Ze fedpoklada, Ze tito
potomci budou také atraktivni a Ze tim zvySuje sfitsjess (Burley 1986).

V nasi studii jsme se zatili na vztah mezi Urovni rodovské pée (mefenou jako
pocet krmeni za hodinu), zbarvenim samce, vyskytem aparovych ml&at ve hnizd a
aspEchu samce ifp mimoparovych fertilizacich. Krmeni jsme sledovalobdobi sté mlad’at
6-9 dni a od kazdého sledovaného hnizda jsnié&posedmihodinovy kontinuélni zaznam.

NasSe vysledky nazdamji, Ze pouze schopnost samce aspii EPP koreluje s
intenzitou jeho krmeni. Zbarveni samce ani vyskkt Blal’at v jeho hniz8d nema zadny
vztah na jeho rodovské Usili. To znamend, Ze samciikiratili paternitu ve svém hnigd
neredukuji svoji p8. To miZe byt dano tim, Ze samec neni schopen odhalit pénowa
mladata. AvSak vzhledem ktomu, Ze hyl rudy krmi svéadata fFevazi semeny a
drobnymi ¢lenovci (Stejrnberg 1979, Albrecht nepublikovandajlanemusi byt pro &n
krmeni nijak nakladné. Uspora energie neni pro saimdiZ natolik vyznamna, aby vyvazila
riziko, Ze jeho vlastni miata by byla postizena redukci jeh@@é

Zda se, Ze u hyla rudého pré&pddobré neplati model dobrého radi. Fakt, Ze jsme
nenalezli Zzadny vztah mezi zbarvenim a hnizdui, péiZze souviset s tim, Ze parovani je diky

velmi kratké sezahu hyla rudého velice rychlé a vzhledem k gamornamenim vicemés
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nadhodné (Bjorklund 1990, Albrecht 2009). Zbarveak samicim rmiZze indikovat jiné sagi
kvality, nez hnizdni pg.

Na prvni pohled fekvapujici zji&ni, a to Ze samci, ktiebyli ds@sni @i EPP zarovie
krmili s vétSi intenzitou, lze vysitlit silnou synchronizaci hnizdi (Albrecht at al. 2007).
V dobkg, kdy jsme sledovali hnizdni giése totiz uz na lokalitv podstat nenachazely zadné
fertilni samice (krora téch, které pisSly o hnizdo a pokouSely se o ndhradni h&ngd Proto
se samec nemusi rozhodovat mezi hledanim mimopdgrartéerky nebo krmenim mifat.
Fakt, Ze usgsnost samceipEPP koreluje s jeho hnizdniggémaze tedy souviset sffakou
jinou, v této studii nerfenou kvalitou samce, jako je jeho vitalita a genetikvalita (Zelano
a Edwards 2002).

Pouzita literatura

Albrecht T., Kreisinger J., Pialek J. (2006) Theesgth of direct selection against female
promiscuity is associated with rates of extrapairtilizations in socially monogamous
songbirds. Am. Nat. 167: 739-744.

Albrecht T., Schnitzer J., Kreisinger J., ExnerdvaBryja J., Munclinger P. (2007) Extrapair
paternity and the opportunity for sexual selectiofong-distant migratory passerines. Behav.
Ecol. 18: 477-486.

Albrecht T., Vinkler M., Schnitzer J., Polakova Rlunclinger P., Bryja J. (2009) Extra-pair
fertilizations contribute to selection on secondanale ornamentation in a socially
monogamous passerine. J. Evol. Biol 22: 2020-2030.

Andersson M. (1994) Sexual Selection. Princetorvehsity Press, Princeton.

Arngvist G., Kirkpatrick M. (2005) The evolution ahfidelity in socially monogamous
passerines: the strength of direct and indireccsi®in on extrapair copulation behavior in
females. Am. Nat. 165: 26-37.

Birkhead T. R, Biggins J. D. (1987). Reproductiymchrony and extra-pair copulations in
birds. Ethology 74320-334

Birkhead T. R., Mgller A. P. (1992) Numbers andesaf sperm storage tubules and the
duration of sperm storage in birds. A komparatiwglg. Biol. J. Linn. Soc. 45:363-372.

Bjorklund M. (1990) Mate choice is not important fiemale reproductive success in the
common rosefinchGarpodacus erythrinus) Auk 107: 35 — 44

Bouwman K. M., Lessells C., Komdeur J. (2005) Maded buntings do not adjust parental
effort in relation to extrapair paternity. BehawdE 21: 499-506

16



Bradbury J. W., Anderson M. B. (1987) Sexual s&ectTesting the alternatives. Dahlem
Workshop report, Life Science 39

Bradbury J. W., Vehrencamp SL. (1998) Principalammmal comunitation. Sinauer

Brush A. H., Power D. M. (1976) House Finch pignagioih : Carotenoid metabolism and the
efect of diet. Auk 93725-739.

Brush A. H. (1978) Avian pigmentation. Chemical lomy. Vol X, Aves Academic Press,
New York

Burley N. (1986) Sexual selection aesthetic traitspecies with biparental care. Am. Nat.
127: 415-445

Crow JF. (1958) Some possibilities for measuriniga®n intensities in man. Hum. Biol.
30:1-13.

Darwin C. (1871) The descent of man and selechaelation to sex. New York: Appleton.

Fisher R. A. (1930) The genetical theory of natwalection. Oxford University Press,
Oxford

Fitzpatrick S. (1994) Colourful migratory birds:idgnce for a mechanism other than parasite
resistance for the maintenance of ‘good genes’aesalection. Proc. R. Soc. Lond. B. 257:
155-166.

Fitzpatrick S. (1998) Intraspecific variation inngi length and male plumage coloration with
migratory behaviour in continental and island papiohs. J. Avian Biol. 29:248-256.

Foerster K., Delhey K., Johnsen A., Lifijeld J. Kempenaers B. (2003) Females increase
offspring heterozygosity and fitness through extaa-matings. Nature 425: 714-717.

Forstmeier W., Kempenaers B., Meyer A., Leisler (B002) A novel song parameter
correlates with extra-pair paternity and reflectslenlongevity. Proc. R. Soc. Lond. B. 269:
1479-1485.

Fox D. L. (1976) Animal biochromes and structuralocs. University of California Press,
Berkeley

Freeman-Gallant C. R., Meguerdichian M., WheelwrighT., Sollecito S. V. (2003) Social
pairing and female mating fidelity predicted bytresion fragment length polymorphism
similarity at the major histocompatibility compléxa songbird. Mol. Ecol. 12: 3077-3083.
Goodwin T. W. (1950) Carotenoids and reproductiinlogical Reviews 25: 391-413.

Gray D. A. (1996) Carotenoids and sexual dichregnain north american passerine birds.
Am. Nat. 148: 453-478.

Griffith S. C., Owens I. P. F, Thuman K. A. (20@}trapair paternity in birds: a review of
interspecific variation and adaptive function. Migtol. 11:2195-2212.

17



Gustafsson L., Sutherland W. (1988) The costs pfoduction in the collared flycather
Ficedula albicolis. Nature 33813-815.

Hamilton W. D., Zuk M. (1982) Heritable True Fitsesind Bright Birds - A Role for
Parasites. Science 218: 384-387.

Hettyey A., Hegyi, G., Puurtinen, M., Hoi, H., Té&dJ., Penn, D. J. (2010) Mate choice for
genetic benefits: time to put the pieces togethtdrology 116: 1-9.

Heywood J. S. (1989) Sexual selection by the l@pdmechanism. Evolution 43: 1387—
1397.

Hill E. G. (1990) Female house finches prefer adid males: sexual selection for a
condition dependent trait. Anim. Behav. 40: 56257

Hill E. G. (1992) The proximate basis of inter- amdra-population variation in female
plumage coloration in the House Finch. Canadiam@luwof zoology 71: 619-626.

Hill G. E., Montgomerie R, Roeder C., Boag P. (19Séxual selection and cuckoldry in a
monogamous songbird: implications for theoriesefusal selection. Behav. Ecol. Sociobiol.
35: 193-200.

Hill G. E. (2002) A red bird in a brown bag: Thention and evolution of colourful plumage
in the house finch. Oxford University Press, Oxford

Hill G. E., McGraw E. (2006) Bird Colouration, Vol. + Il — Function and Evolution.
Harvard University Press, Cambridge, MA.

Hoi H., Hoi-Leitner M., (1997) An alternative route coloniality in the bearded tit: females
pursue extra-pair fertilizations. Behav. Ekol. 831119.

Hoelzer G. A. (1989) The good parent process otigegelection Anim. Behav. 38: 1067-
1078.

Houston A. I., Székely T., McNamara J. (2005) Ciehfbetween parents over care. Trends
Ecol. Evol. 20: 33-38.

Immler S., Pryke S. R., Birkhead T. R., GriffithGG.(2009) Pronounced within-individual
plasticity in sperm morphometry across social einents. Evolution 64: 1634-1643.

Iwasa Y., Pomiankowski A., Nee S. (1991) The evolubf costly mate preferences Il. The
‘handicap’ principle. Evolution 45: 1431-1442.

Johnsen A., Lifjeld J. T. (1995) Unattractive malgsard their mates more closely: an
experiment with bluethroats (Aves, Turdidae: Lugci svecica). Ethology 101: 200—212.

Kelly N. B., Alonzo S. H. (2009) Will male advemisient be a reliable indicator of parental
care, if offspring survival depends on male caneft FR. Soc. Lond. B. 276: 3175-3183.

18



Kempenaers B., Lanctot R. B., Robertson R. J. (L€3&tainty of paternity and paternal
investment in eastern bluebirds and tree swallédwsgn. Behav. 55: 845-860.

Kikpatrick M., Ryan M. J. (1991) The paradox of tek and evolution of mating preferences.
Nature 350: 33-38

Klein J. (1986) Natural history of the major histawpatibility complex. Wiley, New York.
Kleven O., Jacobsen F., Izadnegahdar R., Robefsod., Lifield J. T. (2006) Male talil
streamer length predicts fertilization successhm Worth American barn swallow (Hirundo

rustica erythrogaster). Behav. Ecol. Sociobiol. £22—-418.

Kokko H. (1998) Should advertising parental carehbeest? Proc. R. Soc. Lond. B 265:
1871-1878.

Kokko H., Brooks R., McNamara J. M., Houston A.(R002) The sexual selection
kontinuum. Proc. R. Soc. Lond. B 269: 1331-1340

Lack D. (1968) Ecological adaptations for breedirgs. Methuen Ltd, London

Lee S., Choi J., Jablonski P., Choe J. (2010) Pargmovisioning in response to natural
variation of brood size in the black-billed maggireca pica): video analysis of behaviors in
the nests. Pol. J. Ecol. 58: 553-562.

Lessels C. M. (1991) The evolution of life histari@ehavioral Ecology 3: 32-38.

Lifield J., Slagsvold T., Ellegren H. (199Bxperimentally reduced paternity affects paternal
effort and reproductive success in pied flycatcharsm. Behav. 55: 319-329.

Lozano G. A. (1994) Carotenoids, Parasites, and&eelection. Oikos 70: 309-311.

Magrath M. J. L., Komdeur J. (2003) Is male carenpmmised by additional mating
oportunity? Trends Ecol. Evol. 18: 424-430.

Mays H. L., Hill G. E. (2004) Choosing mates: gagehes versus genes that are a good fit.
Trends Ecol. Evol. 19: 554-559.

Mays H. L., Albrecht T., Liu M., Hill G. E. (2008)Female choice for genetic
complementarity in birds: a review. Genetica 1347-158.

Milinski M. (2006) The major histocompatibility cqtex, sexual selection, and mate choice.
Annu. Rev. Ecol. Evol. S. 37: 159-186.

Mgller A. P., Birkhead T. R. (1993) Certainty oft@anity covaries with paternal care in birds.
Behav. Ecol. Sociobiol 33: 261-268.

Mgller A.P. (1994) Phenotype-dependent arrival tiamel its consequences in a migratory
bird. Behav. Ecol. Sociobiol. 35: 115-122.

19



Mgller A.P. (1998) Sperm competition and sexuaea@n. In: Birkhead TR, Mgller AP,
editors. Sperm competition and sexual selectiondon: Academic Press..

Mgller A. P. (2000) Male parentel care, fiale raprotive sukces, and extrapair paternity.
Behav. Ecol. 11: 161-168.

Nur N. (1984) Feeding frequencies of nestling litee(Parus caeruleus): costs, benefits and
model of optimal feeding frequency. Oecologia 685-1.37.

Olson V., Owens I. (1998) Costly sexual signals: @arotenoids rare, risk or required?
Trends Ecol. Evoll3: 510-514.

Parker G. A. (1979) Sexual selektion and sexualflictn In Sexual selection and
Reproductive Competition in Insect. New York: Acade press.

Penn D. J., Potts W. K. (1998) How do major histopatibility comlex genes influence odor
and mating preferences? Adv. Immunol. 69: 411-436.

Peterson K. A., Thusius K. J., Whittigham L. A., uP. O. (2001) Allocation of male
parentel care in relation to paternity within armdosag broods of the common yellowthroat
(Geothlypistrichas). Ethology 107: 573-2001.

Petrie M, Doums C, Mgller A.P. (1998) The degreeerfra-pair paternity increases with
genetic variability. Proc. Natl. Acad. Sci. USA ®R890-9395.

Pialek, J., Albrecht, T. (2005) Choosing mates: plementary versus compatible genes.
Trends Ecol. Evol. 20: 63.

Piertney S. B., Oliver M. K. (2006) The evolutiopacology of the major histocompatibility
complex. Heredity. 96: 7-21.

Pitcher T. E., Dunn P. O., Whittingham L. A. (20@&perm competition and the evolution of
testes size in birds. J. Evol. Biol. 18: 557-567.

Poiani A., Wilks C. (2000) Sexually transmitted efises: a possible cost of promiscuity in
birds? Auk 117: 1061-1065.

Price T., Schluter D., Heckman N. E. (1993) Sexselection when the female directly
benefits. Biol. J. Linn Soc. 48: 187-211.

Promerova M., Albrecht T., Bryja J. (2009) Extreypnéligh MHC class | variation in a
population of a long-distance migrant, the scamesefinch (Carpodacus erythrinus).
Immunogen. 61: 451-461.

Richardson D. S. Komdeur, J. Burke T., von Schant2005) MHC-based patterns of social
and extra-pair matechoice in the Seychelles warBlgrc. R. Soc. B 272: 759-767.

Roberts, S. C., Gosling, L. M. (2003) Genetic samiyy and quality interact in mate choice
decisions by female mice. Nat. Genet. 35: 103-106.

20



Safran R. J., Neuman C. R., McGraw K .J., Lovet I(2005) Dynamic paternity allocation
as a function of male plumage colour in barn swedloScience 309: 2210-2212.

Senar J. C., Escobar D. (2002) Carotenoid derihachgge coloration in the siskiDarduelis
spinus is related to foraiging ability. Avian Sci. 2: P8k

Shuster S. M., Wade M. J. (2003) Mating systemssaradegies. Monographs in behavior and
ecology. Princeton (NJ): Princeton University Press

Singh P. M., Brown, R. E., Roser B. (1987) MHC getis in urine as olfactory recognition
cues. Nature 327: 161-164.

Spottiswoode C., Mgller A. P. (2004) Extrapair jpaity, migration, and breeding synchrony
in birds. Behav. Ecol. 15: 41-57.

Steiger S. S., Fidler A. E., Valcu M., KempenaergZ08) Avian olfactory receptor gene
repertoires: evidence for a welldeveloped sensendll in birds? Proc. R. Soc. B 275:
2309-2317.

Stjernberg, T. (1979) Breeding biology and popolatdynamics of the Scarlet Rosefinch
Carpodacus erythrinus Acta Zool. Fennica 157t — 88.

Struchtury B. J., Morton E. S. (1995) The effectaéeding synchrony on extra-pair mating
systems in songbirds. Behaviour 132: 675-690.

Stutchbury B. J. (1998) Female mate choice of exéia males: breeding synchrony is
important. Behav Ecol Sociobiol. 43: 213-215.

Sundberg J. (1994) Male coloration as an indicafgparentel quality in the yelowhammer
Emberizia citrinella. Anim. Behav. 48: 885-892.

Sundberg J., Dixon A. (1996) Old, colourful malellgghammers, Emberiza citrinella,
benefit from extra-pair copulations. Anim. Beha2: $13-122.

Suter S. M., Ermacora D., Rieille N., Meyer D. R0Q9) Adistinct reed bunting dawn song
and its relation to extrapair paternity. Anim. Beh@7: 473-480.

Stastny K, Bajek V, Hudec K (2006) Atlas hnizdniho razsii ptak v Ceské republice.
Aventinum, Praha

Tregenza T., Wedell N. (2000) Genetic compatihilihate choice and patterns of parentage:
an invited review. Molecular ecology 9: 1013 — 1027

Trivers R. L. (1972) Parental investment and sesa#dction .In: Sexual Selection and the
Descent of Man, 1871-1971. (Cambell B.G. ed.) Addi@hicago, pp. 136-179.

Vershinin A. (1999) Biological functions of caroteds - diversity and evolution. Biofactors
10: 99-104.

21



Vinkler M., Albrecht T.(2010) Carotenoid maintenance handicap and theiglbgy of
carotenoid-based signalisation of heaMNhturwissenschaften 97: 19-28.

Weatherhead P. J., Yezerinac S. M. (1998) Breesinghrony and extrapair mating in birds.
Behav Ecol Sociobiol. 43: 217-219.

Westerdahl H. (2004) No evidence of an MHC-basadafe mating preference in great reed
warblers. Mol. Ecol. 13: 2465-2470.

Westneat D. F., Sherman P.W., Morton M.L. (1990% Eeology and evolutionof extra-pair
copulations in birds. Current Ornithology 331-369.

Westneat D. F., Stewart |. R. K. (2003) Extra-gaternity in birds: Causes, correlates and
conflict. Annu. Rev. Ecol. Evol. Syst. 34: 365-396.

Whittingham L. A., Dunn P. O. (2005) Effects of expair and withinpair reproductive
success on the opportunity for selection in biRkEhav. Ecol. 16: 138-144.

Williams G. C. (1966) Natural selection, the costreproduction and refinement of Lack’s
pronciple. Am. Nat. 100: 687-690.

Witte K. (1995) The differential-allocation hypo#iie does the evidence support it?
Evolution 49: 1289-1290.

Woelfing B., Traulsen A., Milinski M., Boehm, T. @9) Does intra-individual major
histocompatibility complex diversity keep a golderan? Philos. T. R. Soc. B 364: 117-128.

Yezerinac S. M., Weatherhead P. J. (1997) Extratpating, male plumage colouration and
sexual selection in yellow warblers (Dendroica pei&). Proc. R. Soc. Lond. B 264: 527—
532.

Zelano B., Edwards S. V. (2002) A MHC componenkito recognition and mate choice in
birds: prediction, progress, and prospects. Am. Neit225-237.

22



Extrapair paternity and the opportunity for sexual selection in
long-distant migratory passerines

Tomas Albrecht, Jan Schnitzer, Jakub KreisingeiceANExnerova, Josef Bryja & Pavel
Munclinger

Behavioral Ecology (2007) 18: 477—-486

23



Behavioral Ecology Advance Access published February 13, 2007

Behavioral Ecology
d0i:10.1093/beheco/arm001

Extrapair paternity and the opportunity for
sexual selection in long-distant migratory
passerines

Tomas Albrecht,a"b Jan Schnitzer,” Jakub Kreisinger,b Alice Exnerovei,b Josef Bryja,” and

Pavel Munclinger™*

“Institute of Vertebrate Biology, Academy of Sciences of the Czech Republic, CZ-675 02, Studenec 122,
Czech RepublicbDepartment of Zoology, Faculty of Sciences, Charles University in Prague, CZ-128 44,
Prague, Czech Republic, and‘Institute of Animal Physiology and Genetics, Academy of Sciences of the
Czech Republic, Veveri 97, CZ-60200 Brno, Czech Republic

Extrapair fertilizations (EPFs) are frequently documented in songbirds; however, the extent to which this reproductive tactic
contributes to variance in male reproductive success and hence the strength of sexual selection on males remains little studied.
Using 2 approaches, intraspecific and comparative, we test the hypothesis that the contribution of EPFs to variance in male fitness
increases with migration distance in north temperate songbirds. Using data on the genetic mating system of the scarlet rosefinch
Carpodacus erythrinus, a long-distance migrant, we show that the number of extrapair mates and within-pair paternity are the most
important components of variance in male reproductive success. There was no evidence of a trade-off between extrapair and
within-pair success of individual males as males successful in procuring EPFs were less likely to be cuckolded. Comparative data
reveal that the opportunity for sexual selection due to EPFs is positively associated with both migration distance and breeding
synchrony in north temperate passerines, and we discuss several mechanisms that could extend these relationships. In general,
these data suggest that EPFs have a potential to play an important role in the evolution of sexually selected traits in long-distance
migratory songbirds such as rosefinches. Key words: comparative analysis, mate choice, parentage assignment, promiscuity, scarlet
rosefinch Carpodacus erythrinus, within-pair paternity. [Behav Ecol]

he strength of sexual selection is proportional to variance
in reproductive success, originally defined as the number
of mates an individual is able to obtain (Crow 1958; Arnold
and Wade 1984; Shuster and Wade 2003) and more widely
quoted as the total number of offspring produced by an in-
dividual (Webster et al. 1995). Variation in the number and
quality of social mates have traditionally been recognized as
the 2 main sources of variance in reproductive output among
males, leading to the evolution of male secondary ornaments
and increased sexual dimorphism (Darwin 1871; Andersson
1994). However, it is now accepted that extrapair fertilizations
(EPFs) are widespread in many bird species (Griffith et al.
2002; Westneat and Stewart 2003). Although rates of extrapair
paternity appear to be positively correlated with the extent
of plumage color dimorphism in birds (Owens and Hartley
1998; but see Dunn et al. 2001), it is not clear to what extent
EPFs increase the opportunity for sexual selection (Freeman-
Gallant et al. 2005). EPFs would have maximal impact on
variance in male fitness if the males that excelled at within-
pair paternity also achieve most EPFs at the expense of other
males (Webster et al. 1995; Whittingham and Dunn 2005).
Assessing the relative contribution of EPFs to sexual selec-
tion requires an accurate assignment of dams and sires to all
offspring within the study population. Despite recent advan-
ces in molecular tools (e.g., Webster et al. 2001), sufficient
data are only available for a limited number of species and
only 2 studies assigned paternity to all offspring (Hasselqvist
et al. 1995; Whittingham and Lifjeld 1995). In most species
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analyzed to date, extrapair matings increase variance in male
reproductive success, but their relative contribution to vari-
ance in male fitness varies considerably across species for
unknown reasons (but see Whittingham and Dunn 2005).
However, failure to assign sires to offspring in some studies
could have a big effect on reported estimates of opportunity
for selection due to EPFs (Freeman-Gallant et al. 2005).

Rates of EPFs are higher among migrant species than resi-
dents (Spottiswoode and Mgller 2004). Several mechanisms
have been proposed to explain this relationship. First, migra-
tion could be associated with increased breeding synchrony
due to strong selection on arrival time in most migratory
species. Although a few studies have revealed a positive rela-
tionship between breeding synchrony and EPFs at the inter-
specific level (Stutchbury and Morton 1995; Stutchbury 1998b),
there has been an ongoing debate as to the effect of breeding
synchrony on extrapair mating strategies (see Mgller and
Ninni 1998; Stutchbury 1998a, 1998b; Weatherhead and Yezerinac
1998). However, when breeding is synchronized, many males
are displaying simultaneously, and thus, females may have
a better opportunity to compare their social mate with other
males in the population (Stutchbury 1998a, 1998b). Similarly,
if female migrants are obliged for ecological reasons to start
breeding relatively quickly and synchronously after their ar-
rival at the breeding grounds, choice of genetic mate could
only occur after a choice of social mate, as reflected by high rates
of EPFs (Westneat et al. 1990; Weatherhead and Yezerinac
1998; Spottiswoode and Mgller 2004; but see Stutchbury
1998a). The short breeding season of some long-distance mi-
grants might also prevent high-quality males from increasing
the number of sired progeny in a season by mechanisms other
than EPFs, such as by producing more than one brood per
season with a social mate (e.g., Hill et al. 1994).
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In addition to the effects of the length of the breeding
season and breeding synchrony on rates of EPFs, migration
itself could increase rates of EPFs in bird populations by one
of the evolutionary pathways hypothesized by Spottiswoode and
Mgller (2004). For example, it has been suggested that migra-
tion in birds generates additive genetic variation (Fitzpatrick
1994; Mgller 1994, 1998; Spottiswoode and Mgller 2004) and
that this variation is positively associated with rates of EPFs
in birds (Petrie et al. 1998). If genetic variation translates into
either high variability in male attractiveness to females or high
variance in male ability to obtain EPFs in competition with
other males, simultaneous female choice of an extrapair mate
and monopolization of EPFs by certain males might be com-
monplace in migrants. In that case, a significant contribution
of EPFs to variance in male fitness should be expected. Sur-
prisingly, however, no study thus far has attempted to evaluate
the effects of migration on the opportunity for sexual selec-
tion via EPFs in birds.

Here we use 2 approaches, intraspecific and comparative,
to examine the role of EPFs in enhancing variance in male
reproductive success in songbirds breeding in the north tem-
perate zone, with special emphasis on how long-distance mi-
gration affects the contribution of EPFs to male fitness. First,
we use the scarlet rosefinch Carpodacus erythrinus, hereafter
referred to as rosefinch, as a model species to evaluate the
effects of EPFs on variance in male fitness in a typical long-
distance migratory, single-brooded passerine. We specifically
test the predictions that rosefinch males trade within pair for
EPF success (e.g., Webster et al. 1995; Whittingham and Dunn
2005). In the absence of this trade-off, monopolization of
EPFs by only a few males would strongly increase the contri-
bution of EPFs to variance in male reproductive success.
Breeding synchrony could affect the probability that a certain
male would engage in EPFs (Webster et al. 2001). We evaluate
how this parameter affects the occurrence of extrapair young
(EPY) in nests of rosefinches. In a second approach, we per-
form a comparative analysis that includes rosefinch data
from this study to test the prediction that the contribution
of EPFs to male fitness is positively linked with migration in
north temperate zone breeding passerines. Because breeding
synchrony and length of the breeding season can covary with
migration distance (Pitcher et al. 2005), these parameters are
included in the analyses.

METHODS
Study area and study species

The study was conducted from the end of May to early July
in the years 2000-2004 in the Vltava river valley, Sumava
Mountains National Park, Czech Republic (48°49'N, 13°56'E).
The study plot was an isolated patch of wet shrubby meadow
(110 ha) surrounded by agricultural landscape mosaics (for
a detailed description of the study site, see Albrecht 2004).
Scarlet rosefinches are small (ca., 20 g), semicolonial, sex-
ually dimorphic cardueline finches with delayed plumage
maturation in males (Stjernberg 1979). Second-year males re-
semble females in that they lack red feather ornament on the
breast and rump. Most males do not breed until their third
year, second-year males are only present infrequently on
breeding grounds (Bjorklund 1989). Each year, but particu-
larly in the 2001-2004 breeding seasons, we attempted to
catch all birds in our study area when they first arrived on
the breeding grounds using mist nets, although some birds
were caught during the chick-provisioning stage. Each netted
individual was banded with a National Museum of Prague
aluminum ring and provided with a unique combination of
1 to 3 color rings for individual identification. This enabled us

Behavioral Ecology

to follow most individuals from their arrival upon the study
area in May throughout the entire breeding season. Only res-
ident birds, that is, those seen on the study plot repeatedly
in the days following ringing, were considered in the analyses.
Every 2 days, we determined the pairing status of resident
males. Only a small proportion of resident males (and no
resident female) appeared to be unpaired. Only males ob-
served repeatedly feeding the female during the incubation,
and feeding chicks, were considered the social fathers of
young in a particular nest. Our estimates of realized reproduc-
tive success for males could be biased if males frequently sire
young outside our study plot; however, this is unlikely because
the nearest breeding colony of rosefinches is situated more
than 3 km away from our study area. In a 5 year period before
this study (1995-1999), a total of 51 male and 33 female rose-
finches were color banded in both colonies. No birds banded
in one of the colonies were ever recovered from the other,
which suggests that rosefinches do not regularly move between
the 2 colonies during the breeding season. However, for feed-
ing, both sexes range over large distances and far from breed-
ing areas (Stjernberg 1979); thus, we cannot exclude the
possibility that birds from different breeding colonies encoun-
ter each other in a third area, where communal feeding takes
place (also see Reyer et al. 1997; Westneat and Mays 2005).
Starting in late May, we systematically searched the study
area for rosefinch nests. Each potential breeding site was vis-
ited at least 3 times per season except of the year 2000 when
some places were visited less frequently. Hence, we are confi-
dent we were able to find most rosefinch nests on the study
area in most years and to genotype the vast majority of young
born on our study plot. All nests were found during the egg-
laying or incubation stages. A geographic positioning system
reading was taken at each nest, and these were used to calcu-
late distances between nests. Rosefinches only rear a single
brood per year, although one replacement clutch may be laid
in response to the loss of the first (Stjernberg 1979). Relatively
few nests were lost before fledging (predation rate 0-25%;
Albrecht 2004), and our sample of nests includes predomi-
nantly first clutches, not replacements. Nests were checked
every 1-4 days to determine the stage of breeding and nesting
success. A blood sample (approximately 20 pl) was taken from
7-day-old nestlings and adult birds and stored in 96% ethanol.

Identification of parentage

Blood samples were dried, and DNA was extracted and purified
using the DNeasy® Tissue Kit (Qiagen, Hilden, Germany).
The parentage analysis was conducted using 3 microsatellite
loci (LOX2, LOX7, and LOXS; Piertney at al. 1998) developed
for the Scottish Crossbill Loxia scotica. Microsatellite loci were
amplified individually using an M] Research PTC-200 thermo-
cycler. One primer of each primer pair was labeled with a dif-
ferent fluorochrome. The reaction conditions were slightly
modified from Piertney et al. (1998). The reaction mixture
contained the following: approximately 20 ng of genomic
DNA, 0.5 units of 7Taq polymerase, 1X reaction buffer, 2 mM
MgCls, 200 uM dNTPs, and 0.5 pM of each primer, in a final
volume of 15 pl. The thermal profile consisted of 30 cycles of
92 °C for 30 s, followed by 54 °C for 30 s. No extension step
was included in the cycles, except for a 5-min extension at
72 °C after the final cycle.

For each sample, polymerase chain reaction (PCR) prod-
ucts from each of the 3 loci were combined (0.7-1.5 pl of each
reaction according to DNA concentration) and added to a de-
natured mixture of size standard (Genescan®, TAMRA 500,
Applied Biosystems, Foster City, CA) and formamide. These
mixes were denatured for 5 min at 95 °C, snap-cooled on ice,
and loaded on an ABI Prism® 310 Genetic Analyzer (Applied
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Biosystems) for separation and detection. DNA fragments
were manually compared and analyzed using GeneScan® soft-
ware (Applied Biosystems). Although the loci were described
as tetranucleotide repeats in the Scottish Crossbill (Piertney
et al. 1998), we frequently encountered differences smaller
than one repeat unit size, which may suggest either indels in
flanking regions or a more complex repeat structure (Primmer
and Ellegren 1998). To avoid genotyping errors, we consid-
ered 2 fragments differing by less than one repeat unit to be
different alleles only after very careful analysis. As a final
check, we compared the fragment length of each locus for
each individual in a family (i.e., the length of an allele did
not usually vary within a family but differences were evident
between families) and in doubtful cases, we repeated the frag-
ment analysis or PCR.

The average probabilities of excluding a single randomly
chosen unrelated individual from being a parent were calcu-
lated for each locus and for all 3 loci when the maternal
genotype was known using the program Cervus 2.0 (Marshall
et al. 1998). These analyses were based on all resident adult
individuals genotyped in the course of the study (Table 1).
The 3 microsatellite loci examined were extremely variable,
had high heterozygosities, and each adult individual possessed
a unique genotype. Thus, although we only used 3 loci, the
total exclusionary power exceeded 99% for both the first and
second parent (Table 1).

We did not find any genetic mismatches between an off-
spring and its social mother. The offspring’s paternal alleles
were subsequently compared with the alleles of its putative
father (the female’s social partner). If alleles did not match
at 2 or 3 loci, the putative father was excluded as a sire. One
nestling did not match its putative father at just a single locus.
We calculated the probability of resemblance for the 2 remain-
ing loci using the method given in Ibarguchi et al. (2004,
equations 1 and 3). Because the cumulative probability of re-
semblance (Pracum—the probability that the young and the
sire match just by chance) is extremely low (1.51 X 107°) and
the size difference between the offspring allele and that of the
putative father was a single repeat unit, we assumed that a mu-
tation is responsible for the difference and we did not exclude
the father as the sire. The presence of null alleles (alleles that
consistently fail to amplify to detected levels) can cause seri-
ous problems in paternity studies (Dakin and Avise 2004). As
locus LOX2 suggests that null alleles may be present at low
frequency (Table 1), we paid particular attention to instance
where the excluded putative father was homozygous at LOX2.
In all such cases, the putative father was also excluded at the
other 2 loci.

Table 1

Sires of EPY were determined using the exclusion approach
(Jones and Ardren 2003). We compared the paternal alleles
of EPFs with the genotypes of all males in the population. The
males that did not match the EPY at one or more loci were
excluded as sires. If no male matched the particular EPY at all
loci, the sire was categorized as “unknown.” For the remain-
ing EPY, a single male was found to match at all 3 loci and was
therefore assigned as the sire.

Variance in reproductive success of males, breeding
synchrony

Apparent reproductive success was estimated by simply count-
ing the number of the young in a male’s nest, when the young
were 7 days old. By contrast, realized reproductive success for
each male was based on the total young sired by him, involving
both losses of paternity in his own nest and extrapair offspring
sired by him. Chick mortality before the age of 7 days was
extremely low (only 4 young out of 270 died due to partial
predation or starvation). As for eggs, about 5% remained un-
hatched in successful nests, but we were unable to extract
DNA from any of them. Only the data from the years 2001-
2004 were used to calculate the opportunity for sexual selec-
tion due to EPFs as we were not able to catch all males in 2000.
We calculated standardized variances of realized and apparent
success (L, Lapp; Arnold and Wade 1984) and used the ratio
between [ and f,pp, as an estimate of the relative contribution
of EPFs to male fitness (Webster et al. 1995; Freeman-Gallant
et al. 2005; Whittingham and Dunn 2005). The components
of standardized variance in reproductive success among males
were calculated following the method outlined in Webster
et al. (1995). The total variance in male reproductive success
(7m) can be expressed as

var(Tm) = var(W) + var(E) + 2cov(W, E), (1)

where Wand E denote the variance in within-pair and extrapair
success, respectively. Both W and E can be further partitioned
into variance in number of mates (within [M,] and extrapair
[M.]), proportion of young sired in a nest (P,and F,.), and mate
quality expressed as mate productivity (&, and N; Webster etal.
1995, equation 17), with the effects of extrapair terms being
additive to those of within-pair terms. All means, variances,
and covariances were calculated using only individuals with a de-
fined value for the fitness component of interest (nonzero fit-
ness in the previous episode of selection; see Webster et al.
1995). To avoid pseudoreplication, data were only used from
the first breeding season of each male in the period 2001-2004

Summary statistics of the microsatellite loci used to determine parentage in scarlet rosefinches

Estimated
Allele size ~ Het Het frequency
Locus n* I range (exp)®  (obs)? P (excl) 1° P (excl) 2°  of null alleles
LOX2 98 22 166-282 0.905 0.867 0.665 0.799 0.0204
LOX7 93 70  130-357 0.983 0.968 0.916 0.956 0.0055
LOX8 98 73 200-439 0.980 0.949 0.904 0.949 0.0134
Combined 0.997 >0.999

Number of individuals tested.
Number of alleles.

Expected heterozygosity.
Observed heterozygosity.
Probability of maternal exclusion.
Probability of paternal exclusion.
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(see also Whittingham and Dunn 2005). Three nests with
known social parents were lost before we took blood samples
from the young. Males from these nests as well as 3 EPY sired by
one of them were excluded from calculations of variance in
male reproductive success.

A breeding synchrony index (SI) for each breeding female
in breeding population was calculated following Kempenaers
(1993). We did not distinguish between “population level”
and “local” breeding synchrony sensu Chuang et al. (1999)
and treated the breeding colony as a unit where all birds
are equally likely to encounter each other, as suggested by
Martens and Kessler (2000). “Fertile period” was defined as
the period starting 5 days before the first egg in a clutch was
laid and ending with the penultimate egg in a clutch being
laid (Stutchbury et al. 1997; Birkhead 1998), which reflects
the potential for stored sperm to fertilize ovulated eggs later
(Birkhead and Mpgller 1992). This fertile period in rosefinch
females is also indicated by intensity of mate guarding because
this appears to be high and stable over the whole period of
5 days before the first egg in a clutch appears (Albrecht T,
unpublished data).

Statistical analysis

We performed multiple logistic regressions (general linear
model procedures, S-Plus 6.0; Mathsoft 2001) with binary
response variable to analyze how the timing of breeding (stan-
dardized around the median laying date) and breeding
synchrony with other pairs in local population affects the
likelihood of a male being cuckolded and losing paternity in
his own nest. We repeated the analysis with the number of
within-pair young as a dependent variable and the total num-
ber of young in the nest as the binomial denominator to
account for the fact that different proportions of young in
a nest were sired by social male parents. However, this second
analysis led to the same conclusions and is not shown. All
significance values of multiple tests are based on the Type
IIT sum of squares (Crawley 2002). Numbers of EPY in nests
were compared with the expected random values estimated
from a prediction of multivariate hypergeometric distribution
of EPY among nests (Neuhauser et al. 2001; Byers et al. 2004).
Sufficient data were only available for broods of 5 young (the
modal brood size). Differences in sample sizes between anal-
yses were the result of incomplete data for some males or
nests. Means are presented * standard error throughout.

Comparative analysis

We first compared the contribution EPFs make with the vari-
ation in male reproductive success in species with similar
breeding phenology as rosefinches (single brooded) and
2-brooded species. To do this, we used nonparametric Mann—
Whitney statistics (see also Whittingham and Dunn 2005),
with the [/ L,pp Tatio as a dependent variable. Means were
used when more than one I/ Ly, ratio was available for a sin-
gle species. Single-brooded species were defined as those in
which a second breeding attempt (not replacement clutch) in
one season has never been recorded, or is rare. The data on
the number of breeding attempts per season were obtained
from Cramp et al. (1977-1994) and from The Birds of North
America Online (Poole 2005). It has been argued that the
data published on [/ L,p, ratios should be considered pre-
liminary because studies where the paternity was assigned to
only a low proportion of EPY tend to overestimate variance in
realized male reproductive success (Freeman-Gallant et al.
2005). Therefore, we evaluated whether the groups of inter-
est differed in this respect. When possible, we estimated the
typical length of the main egg-laying period (an approxima-
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Figure 1

Phylogeny for passerine species used in the comparative analysis.
Relationships among higher taxa were based on the phylogeny
published in Barker et al. (2004). We used the phylogeny presented
in Spottiswoode and Mgller (2004) for Hirundinidae and Parulidae.

tion of the length of the breeding season) to the nearest week
from the pie charts reported in Cramp et al. (1977-1994) and
Poole (2005). We did not consider the tails signaling excep-
tionally early and exceptionally late breeding attempts. Data
on mean migration distance (to the nearest 1000 km) and
breeding synchrony were obtained from Spottiswoode and
Mgller (2004) and using the compendia cited above. We re-
alize that our sample is restricted to northern temperate zone
breeding passerines, in contrast to some previous comparative
studies (e.g., Spottiswoode and Mgller 2004; Pitcher et al.
2005). Hence, we did not include latitude as an explanatory
variable; species vary relatively little for this parameter (range
38.96-52.07, sensu Spottiswoode and Mgller 2004; ca., 1500 km
along the meridian), and there is no relationship between
mean latitude and the length of breeding season in our sam-
ple of species (r, = —0.25, P = 0.32, n = 18).

We employed methods based on phylogenetically inde-
pendent contrasts (Felsenstein 1985) to evaluate how the
breeding season length, breeding synchrony (arcsin-root
transformed), and migration distance affect the contribution
of EPF to the opportunity for sexual selection across species.
Relationships among higher taxa were based on molecular
phylogeny presented in Barker et al. (2004), which is consis-
tent with other phylogenies based on nucleotide sequence
data (e.g., Ericson and Johansson 2003). For familes Hirundi-
nidae and Parulidae, detailed phylogenies presented in Spot-
tiswoode and Mgller (2004) were used (Figure 1). We assessed
arbitrary branch lengths in our analysis assuming both a punc-
tuated mode of evolution (equal branch length, hereafter
PUNCT; Harvey and Pagel 1991) and a gradual mode of evo-
lution (branch lengths proportional to the number of species
in the clade, hereafter GRAD; Grafen 1989). Because the
I/ Lapp ratio deviated from normality (Shapiro-Wilk’s test,
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P < 0.005), we performed a Box-Cox transformation (Crawley
2002) in which the power transformation A was set to —0.60,
that is, to the value equal to the minimum residual sum of
squares. After this transformation, the L/ Lapp, ratio was nor-
mally distributed (Shapiro-Wilk’s test, P = 0.55). Phylogeny
contrasts were calculated for the L/ L,pp ratio (transformed)
as the dependent variable and the length of the breeding
season, breeding synchrony, and migration distance as predic-
tors, using COMPARE 4.6 (Martins 2004). In all regressions,
results were statistically controlled for the variation among the
proportion of EPY that had assigned sires (arcsin-root trans-
formed). No correlation between the absolute values of inde-
pendent contrasts and their standard deviation was detected
for any variable under both modes of character evolution
(PUNCT and GRAD); this indicates that the branch lengths
successfully standardized the contrasts and, therefore, are rea-
sonable for use in our analysis (Garland et al. 1992). Because
the null expectation for a contrast at any given node is zero,
all regressions in comparative analyses were forced through
the origin (Harvey and Pagel 1991).

RESULTS
Rates of extrapair paternity

Over the 2000-2004 study period, 62 rosefinch nests were
found to contain a total of 266 young of which 48 in 21 nests
were EPY (mean: 2.29 * 0.244 EPY per nest containing EPY).
The proportion of nests containing EPY varied from 14% in
2000 (n = 7 nests) to 40% in 2004 (n = 15 nests). EPY were
nonrandomly distributed in broods of 5 young, with zero and
>3 EPY in a brood occurring more frequently than would be
expected by chance (xg = 33.59, P < 0.001, n = 23 broods;
Figure 2). Between 1 and 3, males sired EPY in broods with
a mixed paternity (mean = 1.19 = 0.136).

Effects of breeding synchrony and geography on
extrapair paternity

Breeding synchrony as well as the geographical distribution of
male—female interactions could affect the probability of cuck-
oldry. Over the 5 study years, the egg-laying period in rose-
finches lasted 14 * 2.4 days (range 10-22), and only few nests
(n = 11) were established very late in the season (commenc-
ing >10 days after the first clutch of the season, hereafter
described as late nests; also see Stjernberg 1979). Breeding
synchrony (SI) averaged 57 = 2.8% (range 2-96, n = 62).
The probability a nest would contain at least one EPY was
unrelated to standardized timing of breeding (partial effect:
x3 = 0.01, P=0.98, n = 62) or breeding synchrony (SI) with
other pairs on the study plot (partial effect: 3 = 0.082, P =
0.77, n = 62). EPY occurred with equal probability in the nests
of early and late breeders (15 of 51 vs. 6 of 11 nests, Fisher’s
exact test, P = 0.17). However, this result should be treated
with caution because the power of the analysis is low (0.22).
The difference in the timing of breeding of males who sired
EPY in nests and males they cuckolded was 6.6 = 1.1 days
(range = 1-14, n = 12), but there was no evidence that the
cuckolders bred earlier or later than the males that lost pater-
nity (Wilcoxon matched pairs test, z= 1.02, P= 0.31, n = 12).
Similarly, there appeared to be no difference between cuck-
olded and extrapair sire in the value of SI (Wilcoxon matched
pairs test, z = 0.71, P=0.48, n = 12). In only one case was
a male cuckolded by his closest neighbor. In all other cases,
there was at least one other nest (median = 6, range 1-11)
located closer to the nest of the cuckolded male than was the
nest of the extrapair sire. In fact, nests of the extrapair sire
and cuckolded male were sometimes situated at considerable
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Expected and observed numbers of EPY in nests of scarlet rose-

finches (n = 23) containing 5 young. Expected numbers of EPY
were estimated from a prediction of multivariate hypergeometric
distribution of EPY among nests (Neuhauser et al. 2001).

distances apart, in one case over the length of the study plot
(mean 144 * 28.3 m; range 25-920 m).

Variance in male reproductive success due to
extrapair paternity

Over the restricted period 2001-2004, we examined the an-
nual reproductive success of 46 male rosefinches, of which
2 were second-year males. Together, these males sired 24 of
a total of 33 EPY uncovered in their nests. Each male sired
0-5 EPY (mean 0.54 *= 0.178, n = 46), and males that sired
EPY achieved this in either 1 or 2 nests. Variance in total re-
productive success (7) was 7.02 greater for paired males than
for paired females (variance ratio test: Fys 40 = 0.158, P <
0.001; Lmates = 0.344, Lgemales = 0.049). When we partitioned
the variance in overall male reproductive success (7m) into
the variance due to the number of mates, the average number

Table 2

Standardized variance in male reproductive success in scarlet
rosefinches attributable to within (W) and extrapair (E) success and
a covariance between them

total
variance
Variance in male reproductive success (%)
w 67.3
E 229
2 X Cov (W, E) 9.8
Within-pair terms
Due to variance in no. of mates (M) 17.4
Due to variance in no. of young/mate (N,,) 9.2
Due to variance in proportion of young sired (F,) 28.7
Extrapair terms
Due to variance in no. of mates (M,) 18.9
Due to variance in no. of young/mate (N,) 0.2
Due to variance in proportion of young sired (P.) 1.3
Covariances + D 16.0

This variance is further partitioned into variance due to the number
of mates (M), the average number of young produced per mate (N),
and the proportion of young sired by male in mate’s nest (P). The
table shows also the proportion of variance in male fitness attributable
to all covariance terms and D (remainder term that reflects
multivariate skewness; Webster et al. 1995).
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Mean annual reproductive success (number of young sired) of
scarlet rosefinch males that were able to sire EPY (left column; n=9
males) and those that avoided cuckoldry but did not sire any EPY
(right column; n = 22). Only paired males are included. Vertical
bars denote standard error.

of young per mate and the proportion of young sired through
both within and extrapair mates. The major source of variance
in male fitness was within-pair paternity (F,) in combination
with the number of extrapair mates (M.) (Table 2), both
positively correlated with 7m (only paired males; Spearman
rank, 7, = 0.74, P < 0.001 and » = 0.44, P < 0.001, respec-
tively, » = 43). The number of social mates (M,,) also contrib-
uted to variance in male fitness and was correlated with 7m
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(all males: r, = 0.39, P < 0.01, n = 46). Three bachelor males
occurred on the study plot, one of which sired 3 young in
2 nests, and we recorded one case of simultaneous polygyny
(1 male with 2 social mates).

There was no evidence that males faced a trade-off between
achieving EPFs and ensuring paternity within their own nests
because the correlation between P, and M, was positive (r; =
0.31, P=0.040, n=43), and, interestingly, no male that gained
EPFs was cuckolded (comparison with other males, Fisher’s
exact test, P= 0.044, n =9 and 34). As a result, males that were
able to sire EPY achieved greater reproductive success than
males that avoided cuckoldry but were not able to sire young
outside their pair-bond (analysis of variance, ] 99 = 6.13, P =
0.019; Figure 3). The covariance term between within-pair and
extrapair success of males was positive and amounted to 10%
(Table 2). Standardized variance in realized reproductive
success of males (/) was 3.31 times greater than variance in
apparentreproductive success (0.402vs. 0.122). Realized repro-
ductive success of paired males (7in) was unrelated to the tim-
ing of breeding (7, = —0.23, P=0.13, n = 43).

The opportunity for sexual selection due to extrapair
paternity in north temperate zone passerines

In single-brooded species, such as rosefinches, EPFs tended
to contribute relatively more to male fitness, defined as the
L/ Lpp ratio, than in those with 2 breeding attempts per sea-
son (n = 6 and 12; Mann-Whitney U'test, Z= 2.43, P= 0.015;
Table 3). However, assignment success was higher in 2-brooded

Table 3
The contribution of EPFs to the opportunity for sexual selection expressed as the L/L;,,, ratio for temperate zone breeding songbirds

Breeding
%EPY Mating  attempts/
Species Tapn L IR %EPY  assigned  system®  season Migrb SI¢ Length® Source®
Acrocephalus arundinacews — 1.00 1.02 1.0 3 100 Poly 2 8 30 8 1
Agelaius phoeniceus 1 0.25 0.39 1.1 26 78.5 Poly 2 5 36 11 2
Agelaius phoeniceus 2 0.34 0.49 1.4 25 60.0 Poly 2 ) 36 11 3
Agelaius phoeniceus 3 0.25 0.39 1.6 28 93.0 Poly 2 5 36 11 4
Carpodacus erythrinus 0.12 040 3.3 18 73.0 Mono il 6° 57 4 5
Delichon urbica 0.06 0.31 5.2 19 100 Mono 2 8 60 10 6
Dendroica caerulescens 0.49 0.71 1.4 21 62.3 Mono 2 2 27 7 7
Dendroica petechia 0.04 053 133 37 35.4 Mono 1 6 47 3 8
Ficedula albicollis 0.03 0.14 4.7 16 53.8 Mono ol 7 — 5 9
Geothlypis trichas 0.28 0.48 17 26 83.0 Mono 2 5 25.5 B 10
Icterus galbula bullockii 0.07 017 2.4 32 44.6 Mono il 3 — 8 11
Junco hyemalis 0.55 0.72 1.3 28 54.7 Mono 2 3 — 10 12
Luscinia svecica svecica 0.08 0.37 4.6 29 56 Mono 1 b 66 4 13
Parus caeruleus 0.16 0.27 1.7 11 72.3 Mono 2 0 57 12 14
Passerculus sandwicensis 0.27 0.48 1.8 47 92.3 Poly 2 4 34 8 15
Poecile atricapillus 0.04  0.10 2.5 9 46.9 Mono 2 0 53 6 16
Progne subis 0.05  0.33 6.6 19 53.8 Mono 2 7 28 6 17
Tachycineta bicolor 0.09 0.99 11.0 52 47.2 Mono 1 5 46 3 18
Troglodytes aedon 0.18 0.22 1.2 10 88.0 Poly 2 3 — 8 9
Wilsonia citrina 0.18  0.46 2.6 27 54.7 Mono 2 2 33 5 19

* poly, socially polygynous, mono, socially monogamous.

" Values for migration distance (migr; to the nearest thousand kilometer) and breeding SI obtained from Spottiswoode and Mgller (2004) and
from Cramp et al. (1977-1994).

¢ Length in weeks of the main laying period from Cramp et al. (1977-1994) and Poole (2005): if possible, estimated to the nearest week from pie
charts, without considering the tails signalizing exceptionally early or exceptionally late breeding attempts.

4 Distance (to the nearest thousand kilometer) between breeding areas in Central Europe and wintering grounds in India (Cramp et al. 1977-1994).
© Source for realized variance in male reproductive success (, Lapp), percentage of EPY in a population (%EPY) and %EPY for which extrapair
sires were assigned (%EPY assigned): 1, Hasselqyist et al. (1995); 2, Weatherhead and Boag (1997); 3, Webster et al. (1995); 4, Gibbs et al.
(1990); 5, this study; 6, Whittingham and Lifjeld (1995); 7, Webster et al. (2001); 8, Yezerinac et al. (1995); 9, Sheldon and Ellegren (1999); 10,
Whittingham and Dunn (2005); 11, Richardson and Burke (2001); 12, Ketterson et al. (1997); Whittingham and Dunn (2005); 13, Johnsen et al.
(2002); 14, Kempenaers et al. (1992); 15, Freeman-Gallant et al. (2005); 16, Otter et al. (1998); Whittingham and Dunn (2005); 17, Wagner

et al. (1996); Mgller (1998); 18, Kempenaers et al. (2001); 19, Stutchbury et al. (1997).
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Figure 4
Migration distance (left col-
umn) and breeding synchrony

0_65 0_'15 (right column) as predictors
of the opportunity for sexual
selection due to EPFs (L/ Lapp
ratio) in temperate zone
breeding passerines. Effects
controlled for percentage of
young with assigned sire, the
length breeding season, and
migration distance or breeding
synchrony, respectively. (A)
Assuming gradual mode of
evolution (Grafen 1989). (B)
Assuming punctuated mode
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contrasts for migration distance

compared with single-brooded species (Mann-Whitney U test,
Z =220, P= 0.023) and for polygynous compared with so-
cially monogamous species (n = 4 and 14; Mann-Whitney
Utest, Z= 2.50, P = 0.012). When the analysis was restricted
to socially monogamous species, the difference in L/ Ly
ratio between single and 2-brooded species approached sig-
nificance (7 = 6 and 8; Mann—-Whitney U test, Z= 1.81, P =
0.07) with no difference in assignment success between the
groups (Mann-Whitney U test, Z= 1.48, P = 0.13).

The length of the breeding season tended to be inversely
correlated with the opportunity for sexual selection to operate
through extrapair paternity after being statistically controlled
for percentage of EPY assigned (GRAD: F= 6.20, P = 0.025;
PUNCT: F= 4.16, P= 0.059; n = 18). However, this effect was
lost (P = 0.057 and 0.21, respectively) when migration dis-
tance was added into the model. Migration distance tended
to be a better predictor of L/ L,pp, ratio than the length of the
breeding season (partial effect of migration—GRAD: F'= 5.38,
P=0.036; PUNCT: F= 2.82, P= 0.11). This pattern was even
stronger when the analysis was restricted to socially monoga-
mous species (n = 14; partial effect of migration—GRAD: F'=
13.59, P < 0.005; PUNCT: F= 8.14, P= 0.018; partial effect of
breeding season length—GRAD: FF= 3.46, P = 0.09; PUNCT:
F=253, P=0.14). In a more complex model, using a set of
14 species for which the effects of breeding season length,
migration distance, and breeding synchrony could be simul-
taneously evaluated (Table 3), the length of breeding season
again was no longer significant (P > 0.40 in both cases) and
both migration distance (GRAD: F'= 8.36, P= 0.018; PUNCT:
F = 232, P= 0.16) and breeding synchrony (GRAD: F =
15.13, P < 0.01; PUNCT: F = 10.03, P = 0.011) tended to
be positively correlated with the L/ L,pp ratio (Figure 4).

DISCUSSION

We show that EPFs considerably increase variance in repro-
ductive success among rosefinch males despite only a moder-
ate level of extrapair paternity (18% young in 30% nests were
extrapair) in comparison with other passerines (reviewed in
Griffith et al. 2002). Consistent with this result, EPYs were
nonrandomly distributed across broods of 5 young. Because

contrasts for breeding synchrony

of evolution (Harvey and Pagel
1991). Regression lines are
forced through the origin.

0.05 0.15

we were able to identify genetic sires to a relatively large pro-
portion of EPY in our study population over the period of
2001-2004, the relatively high value of the L/ Ly, ratio (a
measure of the opportunity for sexual selection due to EPFs)
is probably not due to bias resulting from an artificial over-
estimation of variance in realized reproductive success of
males (e.g., Freeman-Gallant et al. 2005). Moreover, other
lines of evidence highlight the contribution EPFs make in
enhancing the reproductive success of certain males at the
expense of others. There was a positive relationship between
an individual male’s success regarding within- and extrapair
paternity, suggested also by a positive covariance term between
these components of male fitness. Similarly, realized repro-
ductive success was higher for males that achieved EPFs than
in males that did not and was positively related to the number
of extrapair mates.

There are several explanations that may account for high
variance in male fertilization success in rosefinches. If, for
example, high-quality males successful in EPFs were those that
started to breed earlier than the rest of males, those males
may not have to trade-off pursuing extrapair copulations
against investments to protect within-pair paternity (Birkhead
and Mgller 1992). However, in this study, no systematic differ-
ence in the timing of breeding or breeding synchrony was
found between males that lost paternity and those that sired
EPY in their nests. Moreover, neither breeding synchrony nor
timing of breeding influenced occurrence of EPY in rosefinch
nests. It is possible that too few nests in our sample were
asynchronous for any intraspecific effects of breeding syn-
chrony to be detectable. Whether breeding synchrony affects
extrapair paternity remains an area of debate (Westneat and
Stewart 2003). Consistent with other within-species studies, we
failed to detect any significant effects, either positive or neg-
ative, of breeding synchrony on extrapair paternity (reviewed
in Griffith et al. 2002; see also Mgller and Ninni 1998). Terri-
toriality is another factor that may limit access of high-quality
males to extrapair females, as well as sampling among an
adequate number of males by females (Webster et al. 2001).
However, Indeed, we found that even males up to 920 m
away could sire EPY. This indicates that choice of extrapair
mates may not be restricted to a local spatial scale (closest
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neighbors) in rosefinches, a finding reported in other song-
birds (e.g., Reyer et al. 1997; Westneat and Mays 2005; Wool-
fenden et al. 2005; Kleven et al. 2006).

The fact that males that achieve EPFs were not cuckolded
themselves could be a result of congruent female preference
for a particular male phenotype combined with the willing-
ness of females paired with low-quality males to accept ex-
trapair mates of higher quality. It has been argued that high
rates of extrapair paternity in long-distance migrants, such
as rosefinches, indicate that females in these species accept
an extrapair male to offset their hasty or inappropriate choice
of social mates (e.g., Weatherhead and Yezerinac 1998;
Spottiswoode and Mgller 2004). Females may be less “choosy”
during social pairing if any delay in breeding incurs fitness
costs to them (Westneat et al. 1990), and these costs of delay
can be expected high in long-distance migratory species.
Whether this explanation applies to rosefinches remains un-
clear. However, in line with this “compensatory” hypothesis,
social pairing in rosefinches seems to be random with respect
to morphological and plumage characters of males, possibly as
a result of time constraints that appear to limit female choice
(Bjorklund 1990). To date, however, no data are available on
extrapair mating preferences. Monopolization of EPFs by cer-
tain males could also be a result of male-male competition
and male pursuit tactics (Westneat and Stewart 2003).

Using comparative methods, we tested the prediction that
patterns of contribution of EPFs to the opportunity for sexual
selection in rosefinches can be explained by explicit hypothe-
ses related to migration. Although effects of migration on rates
of EPFs and/or the level of sperm competition in birds have
been already evaluated (e.g., Spottiswoode and Mgller 2004;
Pitcher et al. 2005), our analysis extends previous studies by
focusing on variance in fertilization success among males due
to EPFs. We found that the potential role of EPFs in sexual
selection is higher in species with short breeding seasons than
in species with a prolonged breeding season where high-quality
males could increase their number of annual progeny by mul-
tiple breeding with high-quality females (e.g., Hill 1994). How-
ever, a more detailed analysis reveals that migration may be
a confounding factor in this relationship. In fact, breeding
season length lost its effect when migration was added to the
model. This suggests, all else being equal, that EPFs contribute
more to variance in male reproductive success and thus result
in a greater opportunity for selection in migratory species com-
pared with sedentary species. This result is consistent with
the finding that migratory species tend to exhibit more sexual
dichromatism (Fitzpatrick 1994, 1998).

Migration can covary with breeding synchrony (e.g.,
Spottiswoode and Mgller 2004; Pitcher et al. 2005). Although
breeding synchrony seemed to have no effect on the fertiliza-
tion success of rosefinch males, it was an important predictor
of variance in male success due to EPFs in the interspecific
comparison. Such a discrepancy between the results of intra-
and interspecific analyses seems to be relatively common in
evolutionary ecology (e.g., Martin et al. 2001) and was also
reported for the effect of breeding synchrony on rates of EPFs
in socially monogamous passerines (slight negative intraspe-
cific effect, Mgller and Ninni 1998 vs. positive interspecific
trend, Stutchbury 1998b). Here we demonstrate a positive
interspecific effect, independent of migration, of breeding
synchrony on variance in fertilization success among males.
These results are in line with the prediction that synchrony
allows females to compare potential extrapair males that
are competing and displaying for EPFs at the same time
(Stutchbury and Morton 1995) and simultaneously provides
high-quality males more EPF opportunities. However, data
seem to support the idea that the effect of migration is direct
and independent of breeding synchrony, as breeding syn-
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chrony did not significantly changed a positive relationship
between migration and I/ Lapp ratio at least under one (grad-
ual) mode of evolution.

A set of non-mutually exclusive hypotheses has already
been invoked to explain the direct effects of migration on
rates of EPFs in birds (Spottiswoode and Mgller 2004), all of
them also applicable to the relationship between opportunity
for sexual selection due to EPFs and migration demonstrated
in our study. Unfortunately, most are difficult to distinguish
using comparative methods. For example, the above-
mentioned “compensatory” hypothesis as well as “higher var-
iance in male quality in migrants” hypothesis (Fitzpatrick
1994) would lead to the same relationship between L/ Lapp
ratio and migration, despite evolutionary mechanisms being
different. The latter would attribute either higher fertilization
success of certain males to their superior genetic and pheno-
typic qualities (that could involve, e.g., quality of ejaculate and
the ability to gain EPFs in competition with other males) or
higher attractiveness of certain males to all females in a pop-
ulation and greater benefits from EPFs to females. It specifi-
cally demands that migration generates additive variation in
genetic quality among individuals, a prediction that has bio-
logical relevance (Fitzpatrick 1994, 1998). However, whether
long-distance migration in birds is associated with higher ge-
netic variability deserves further investigation.

Using a large set of species from several geographic regions,
Pitcher et al. (2005) found that strength of sperm competi-
tion, as measured by relative testes size, is related to social
mating system and breeding density rather than to migration
in birds. However, these authors treated migration as a 2-level
categorical variable used also as an index of breeding syn-
chrony. We demonstrate that EPFs have the potential to in-
crease the opportunity for sexual selection particularly in
long-distance migratory songbirds such as rosefinches, and
analyses should distinguish between sedentary species, short-
distance, and long-distance migrants. Moreover, our data in-
dicate that migration and breeding synchrony could promote
sexual selection via EPFs through independent pathways,
at least in passerine species from the north temperate zone.
Our findings agree with the prediction that at a given latitude
and implicit level of seasonality, long-distance migration and
high breeding synchrony could be associated with increased
strength of sexual selection through extrapair paternity.
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Abstract

Despite considerable research effort, it remains unclear whether extra-pair
fertilizations (EPF) drive the evolution of male secondary ornamentation in
socially monogamous systems. In this study, we test the hypothesis that EPF
contribute to the evolution or maintenance of male feather ornamentation in
a sexually dichromatic passerine, the Scarlet Rosefinch, Carpodacus erythrinus.
We show that the colouration of ornamental breast feathers is a good predictor
of basic sources of variation in male annual reproductive output in rosefinches
and that the annual realized reproductive success of males is positively
associated with measures of ornamental colouration only when gains and
losses because of EPF are considered. The results indicate that EPF in
rosefinches may rely on absolute (good genes) rather than self referential
(genetic complementarity) criteria of mate choice. Our study corroborates the
potentially important role of EPF in the evolution and/or maintenance of
elaborate male ornaments in socially monogamous taxa.

Introduction

Sexual selection has long been proposed as an explana-
tion for the existence of elaborate male ornaments
(Darwin, 1871). The opportunity (and strength) of sexual
selection has traditionally been attributed to variance in
the number of social mates among males, or the variance
in the fecundity of social mates pairing with these males
(Andersson, 1994; Shuster & Wade, 2003). However,
with the advent of molecular tools, it has become
apparent that there are other sources of variation in
reproductive success. For example, it has been shown
that female promiscuity occurs in mammals (Wolff &
Macdonald, 2004), reptiles (Uller & Olsson, 2008) or
amphibians (Liebgold ef al., 2006), and both males and
females frequently mate outside their pair bonds in
socially monogamous birds (Griffith et al., 2002; West-
neat & Stewart, 2003). The resulting extra-pair
fertilizations (EPF) may represent an important process

Correspondence: Tomas Albrecht, Institute of Vertebrate Biology Academy
of Sciences of the Czech Republic, v.v.i., Studenec 122, CZ-675 02, Czech
Republic.

Tel.: +420 608 237 158; fax: +420 543 211 346; e-mail: albrecht@ivb.cz

© 2009 THE AUTHORS. J. EVOL. BIOL.

leading to an increased variance in the reproductive
success of males and the strength of sexual selection; if
distributed unequally over individuals, EPF may contrib-
ute to the evolution of secondary ornaments even in
strictly socially monogamous species (Webster ef al.,
1995; Owens & Hartley, 1998).

Previous studies have demonstrated that in birds,
extra-pair mating can contribute to variance in male
reproductive success, or to the opportunity for sexual
selection (OSS). However, whereas some intra-specific
studies have suggested that this reproductive tactic
significantly adds to variance in male fitness (reviewed
in Whittingham & Dunn, 2005; see also Albrecht ef al.,
2007), others reported slight or no increase of OSS
because of EPF (e.g. Kraaijeveld ef al., 2004; Freeman-
Gallant et al., 2005). The contribution of EPF to OSS
seems to be affected by inter-specific migration distance
(Albrecht et al., 2007) and mating system (polygyny or
monogamy; Freeman-Gallant ef al., 2005; Whittingham
& Dunn, 2005), but may also vary depending on the
mechanism of mate choice, i.e. whether the extra-pair
mate choice is mainly driven by self-referential or
absolute criteria (Mays et al., 2008). Similarly, rates of
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extra-pair paternity across species seem to correlate with
degree of sexual dimorphism (Owens & Hartley, 1998)
and testes size (Pitcher et al, 2005), but apparently not
with the OSS itself (Freeman-Gallant et al., 2005).

Empirical studies that have attempted to evaluate the
basic predictions of sexual selection theory, linking
fertilization success of males with ornamental expression,
have found that the occurrence of extra-pair paternity
correlates with male size (Yezerinac & Weatherhead,
1997), song repertoire (Forstmeier et al., 2002; Suter
et al., 2009), feather colouration (e.g. Foerster et al.,
2003; Safran et al.,, 2005), structural ornaments (Kleven
et al., 2006), or a combination of several factors (e.g.
Sundberg & Dixon, 1996). Yet other studies have found
no selection via EPF acting on secondary male ornaments
despite high contribution of EPF to OSS (Westneat,
2006). Thus, understanding the role of EPF in the process
of evolution/maintenance of elaborate male ornamenta-
tion remains a challenging issue of evolutionary biology
(Westneat & Stewart, 2003), particularly important for
understanding the signalling function of various orna-
ments given the mainly indirect benefits that females
gain from extra-pair mating (Griffith ef al., 2002).

Variance in total reproductive success of males [var (T,,)]
can be partitioned between within- and extra-pair
components (Webster ef al., 1995). To determine the
evolutionary significance of EPF, it is necessary to identify
(1) how the terms describing the ability of a male to avoid
being cuckolded (within-pair fertilization success of
males), and his ability to obtain extra-pair mate(s)
contribute to overall variation in male fitness (Webster
et al., 2007) and (2) how phenotypic traits affect these
components of male fertilization success. Although this
information is crucial for understanding the mechanism by
which promiscuity contributes to the process of sexual
selection (Webster et al., 2007), obtaining it is particularly
challenging because to track the entire reproductive output
of males, most if not all sires of extra-pair young (EPY) in
nests must be identified (Freeman-Gallant ef al., 2005).

In this study, we evaluate the hypothesis that extra-pair
mating drives selection on orange-to-red carotenoid-based
feather male ornamentation in sexually dichromatic
Scarlet Rosefinches (Carpodacus erythrinus, Pallas) by
relating data on within- and EPF success of males with
the extent of their sexual ornamentation in a population
where most EPY can be associated with their biological
fathers (Albrecht et al., 2007). As in other related species,
redness was expected to indicate a high level of expression
of carotenoid-based ornamentation (for review see Hill,
2002). The data allowed us to link variation in sexual
ornamentation to several components of fertilization
success of males, in particular (1) the proportion of
within-pair young (WPY) sired and (2) the number of
extra-pair mates a male is able to obtain. Variation in these
two fitness components (P, and M, sensu Webster et al.,
1995) has been shown to explain most (29% and 19%)
variance in total annual reproductive output of male

rosefinches (Albrecht ef al.,, 2007). We also performed a
pair-wise comparison of extra-pair males and males they
cuckolded to elucidate whether sexual ornamentation
affects female extra-pair mate choice. Finally, we test the
hypothesis that sexual ornamentation via EPF success
determines annual reproductive output in rosefinch
males. While costly carotenoid-based sexual ornamenta-
tion plays a crucial role in mate choice decision in House
Finches (Carpodacus mexicanus), where yellow males tend
to be ignored by females and red males are preferred as
mates (Hill, 2002; Oh & Badyaev, 2006), the speed of
pairing between social mates in rosefinches appear to be
unrelated to many male traits, including feather colour-
ation (Bjorklund, 1990). However, thus far, data linking
various components of EPF success and ornamentation
have not been available for these species.

Methods

General procedures

Field work was carried out from May to July during the
years 2001-2007 in the Sumava Mountains National
Park, Czech Republic (48°49'N, 13°56’E). A detailed
description of the study site and field procedures is
presented in Albrecht ef al. (2007). Briefly, the study was
conducted in a shrubby wetland meadow of about 1 km?
surrounded by a mosaic agricultural landscape hosting a
colony of 10-20 breeding pairs of rosefinches per year
(see also Albrecht, 2004; Albrecht et al., 2007). The study
site was searched systematically several times over each
breeding season where there is vegetation suitable for
nesting (mainly Spiraea bushes) so that nearly all nests
were found during the egg-laying or incubation stages.
Nests were visited regularly during the field season to
estimate the exact day of egg hatching. Blood samples
(~20 pL) were taken by venipuncture from adults and in
7-day-old chicks. Since nest survival in the study area
was high (Albrecht, 2004), only a few broods (< 20%)
were lost before it was possible to sample the chicks for
blood. Adult birds were trapped using mist-nets either
upon their arrival to the study area in May, or during the
provisioning of chicks later in the season. Each adult bird
was ringed with one aluminium ring (N MUSEUM
PRAHA) and with an individual combination of 1-3
coloured plastic rings (AVINET). Individual females were
assigned to a nest having either been flushed from that
nests during the incubation period, or observed feeding
and/or brooding the chicks in that nest. Males observed
repeatedly feeding the female during incubation, and/or
feeding chicks, were considered the social fathers of
young in a particular nest.

Since the colour of ornamental patches in itself appears
to be the most important feature in mate choice decision in
several avian species (e.g. Hill, 2002; Safran et al., 2005),
and breast characteristics of rosefinch males seem to be of a
particular importance during mate attraction (Stjernberg,
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1979), we decided to concentrate on breast patch colour as
the most relevant ornamentation in this species. In the
analyses (see below), we thus omitted other potentially
important parameters that might each convey further
individual information, such as pigment symmetry, patch
size or patch symmetry (Badyaev et al.,, 2001) and also
omitted ornamentation on other parts of the male body.
Where possible, the breast patch of males in their 3rd year
or older were photographed using a digital camera
(Olympus Corp., Tokyo, Japan). Only photographed
males were included in the analyses. All photographs
were taken under standard lighting conditions in the dark
room of a nearby field station using an electronic flash
40 cm from the colour patch, and colour swatches (grey
card GC 18 and colour & grey chart Q 14; Danes-Picta,
Praha, Czech Republic) were used to standardize
measurements (Montgomerie, 2006). Each bird was
placed directly on the grey card in a standardized position.
Photographs were analysed using Apose PrortoSHOP™
software (Adobe Systems Inc., San Jose, California). Hue,
saturation and brightness (HSB colour space) were
measured on 10 5 x 5 pixels points randomly distributed
over the breast colour patch of males (also Kilner, 1997).
There was a high repeatability in estimates for all three
parameters within individual males (hue: r = 0.996;
saturation: r = 0.946; brightness: r = 0.987). Increasing
values of hue [range —9.1 (hue angle 350.9) to 23.17] indicate
a yellower (less red) plumage, increasing values of saturation
(range 42.75-85.45%) indicate more intensive colouration,
and increasing values of brightness (range 35.08-95.30%)
indicate lighter colouration (Montgomerie, 2006). Digital
image analysis of avian ornaments and other methods
based on human perception have been criticized (Bennett
et al., 1994) since birds are able to recognize reflectance in
UV (320-400 nm) spectra. However, it has been argued
that these methods can capture biologically relevant
colour signal under certain conditions (reviewed in
Andersson & Prager, 2006; Montgomerie, 2006). We
compared measures obtained using the above method
(not sensitive to UV wavelengths) with those received
from spectrometer using a sample of 20 males trapped on
the study plot or in nearby areas in the 2007 field season.
Spectra were obtained using an Avantes Avaspec 2048
spectrometer with light source Avalight XE (Avantes BV,
Eerbeek, The Netherlands). Standardized measurements
were taken on ornaments with reflection probe (2 mm
diameter). Colorimetric measures of the colour of the
breast patch [spectral intensity (brightness), spectral loca-
tion (hue) and spectral purity (saturation)] were assessed
following equations given in Andersson & Prager (2006)
using the average of five measurements per bird. There
was a significant correlation between HSB obtained by
both methods (hue: 7 = 0.847, F, ;5 = 99.915, P <
0.0001; saturation: * = 0.509, Fi18 = 18.687, P < 0.001;
brightness: * = 0.224, Fy18 = 5.197, P = 0.037), indicating
that our estimates based on digital photography can be used
to describe colouration of ornamental feathers in rosefinches.

EPF and sexual selection in a passerine 3

Delayed plumage maturation occurs in rosefinches,
with males in their 2nd calendar year (SY males) resem-
bling females (Stjernberg, 1979). Only five SY males (9%)
were found to be breeding on our study plot, a situation
also reported from other areas (Bjorklund, 1989). As there
is no sexual ornamentation in SY males (Stjernberg,
1979), these males were excluded from analyses. Only six
after-second-year (ASY) males on the study plot were
identified as being unpaired (for criteria see Albrechtet al.,
2007). Sexual ornamentation was scored in five of these
males, but these were excluded from all analyses since no
data on within-pair fertilization success were by definition
available for them (and in any case, inclusion of these
males in potentially relevant analyses did not change the
results). However, we were able to use one unpaired male
in pair-wise comparisons of cuckolded and cuckolding
males. Males trapped as ASY individuals in more than one
season (n = 13) were used to evaluate how sexual
ornamentation changes with age.

Identification of parentage

Parentage analysis was conducted using 15 microsatellite
loci developed by screening genomic libraries of two
Carpodacus finches and by cross-species amplification of
loci from related species: CE207, CE165, CE150,
CETC215, CE152, CE147, CM026, CM014, CM001 and
CMOOS8E (Polakova et al.,, 2007), Hofi 17, Hofi 52, Hofi
24, Hofi 5 (Hawley, 2005) and LOX 1 (Piertney et al.,
1998). Primer details, PCR amplification conditions,
fragment detection and analysis are described in Pola-
kova et al. (2007). The loci used for parentage analyses
were remarkably variable (4-95 alleles per locus;
median = 18), had high heterozygosities for particular
loci within adult individuals (He = 0.39-0.98, med-
ian = 0.86), and each adult individual possessed a unique
genotype. The average probabilities of excluding a single
randomly chosen unrelated individual from being a
parent were calculated for all 15 loci (when the maternal
genotype was known) using the program Cervus 3.0
(Kalinowski et al., 2007). These analyses were based (1)
on all resident adult individuals genotyped in the course
of the study and (2) separately for each year. The total
exclusionary power exceeded in all cases 99%.

We did not find any genetic mismatches (i.e. evidence
of a mutation) between an offspring and its social
mother. The offspring’s paternal alleles were subse-
quently compared with the alleles of its putative father
(the female’s social partner). Some offspring did not
match their social father at 5-14 loci (mean = 9.44) and
they were considered EPY. Sires of EPY were determined
using the exclusion approach (Jones & Ardren, 2003);
that is, we compared the paternal alleles of EPY with the
genotypes of all males in the population using the
Cervus 3.0 software. Because we found no mismatches
between WPY and their parents, we also used the same
strict criteria when attempting to identify the EPY sires. If
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no male matched a particular EPY at all loci (in fact,
social fathers either matched at all loci or differed at least
at three loci), the sire was categorized as unknown.

Estimating reproductive success

Apparent reproductive success for a given male was
measured as the total number of chicks (including
possible EPY) that survived until age 7 days in his nest,
corresponding to the age when chicks are able to leave
the nest unaided in response to a perceived threat
(Bjorklund, 1990). As some mortality of young occurs
after this age, the above method of measuring reproduc-
tive success may lead to an over-estimate; however, these
random mortality events will not bias our estimates of
relative reproductive output of males. Realized repro-
ductive success of a particular male was measured as a
sum of offspring sired in his nest and in nests of other
males in the study area surviving to 7 days post-hatch.
Although our estimate of realized reproductive success
could be biased if males frequently sire young outside the
study plot, and we cannot rule out the possibility that
birds from the different breeding colonies encounter each
other on a third site, this seems unlikely to occur with
high frequency in our study animals considering the
relative isolation of our study area (the nearest rosefinch
colony is situated 3 km away; for further discussion see
Albrecht et al., 2007). Although the incomplete sampling
of nests (e.g. because of predation, see above) may also
affect estimates of EPF success in males, this would not
significantly change the directions of ornamentation—
reproductive success correlations as males that mono-
polized fertilizations in sampled nests are also those more
likely to fertilize eggs in nests we missed. Variation in
male fitness can be partitioned into several components
(Webster ef al., 1995), such as the variance in number of
mates [within (M) and extrapair (M.)], proportion of
young sired in a nest (P, and P.), and mate quality
expressed as mate productivity (N, and N.; Webster
et al., 1995). In this study, we relate variation in male
ornamentation to components associated with EPF
success of males that were previously shown to account
for significant portion of variance in male fitness in
rosefinches (M., P,; Albrecht et al., 2007).

Statistical analyses

All analyses were based on data from ASY males for which
we had photographs of the breast patch to score sexual
ornamentation (nz = 54 males, 75 observations). To reduce
the number of explanatory variables describing the sexual
ornamentation to a minimum, we performed a principal
component analysis (PCA) on tri-stimulus HSB measures
of all resident males for which we had adequate data. First,
we checked the distribution of HSB for normality using a
Kolmogorov-Smirnov test which revealed a normal dis-
tribution in all cases (all * > 0.10). The single PCA axis

(PC1, eigenvalue = 1.66) was strongly associated with
hue (r = —-0.91) and, albeit only to a lesser extend, also
with saturation (r = —0.67) and brightness (r = —0.64),
and explained 55.36 % of variation in data. We interpreted
scores from the PC1 axis (hereafter ‘composite colour-
ation’ or ‘overall sexual ornamentation’) as the combined
measure of ornamentation and assumed that the expres-
sion of sexual ornamentation (degree of carotenoid-based
colouration, redness) in rosefinches was positively asso-
ciated with PC1 values. However, we also present analyses
based raw measures of HSB of ornamental feathers.

As some males were scored in more than 1 year
(n = 13), in most analyses we used generalized linear-
mixed effect model approach (GLMM) with male identity
(n = 54) treated as a random effect to avoid pseudore-
plications (Faraway, 2006). We chose link functions in
the models following the nature of dependent variables.
When modelling numbers (the number of offspring sired,
the number of extra-pair mates obtained) we assumed a
Poisson distribution of error terms and used log-link
function. When modelling probabilities and proportions
(the likelihood of being cuckolded, the proportion of
young sired in a nest), logit-link function was applied
instead, assuming a binomial distribution of error terms
(Faraway, 2006). The onset of breeding, if included in the
analysis, was standardized over years (1, the day a first
egg in a season was laid) and log transformed to achieve
normality. The significance of a particular term in models
was based on the change in deviance between the full
and reduced/null models, distributed as 3> with degrees
of freedom equal to the difference in the degrees of
freedom between the models with and without the term
in question (Faraway, 2006). Minimal adequate models,
i.e. models with all terms significant, are presented
(Crawley, 2007). When modelling change in colouration
of individual males over years, GLMM with an identity
link function was applied, with year of male occurrence
treated as the ordered categorical predictor, measures of
sexual ornamentation as the dependent variables, and
male identity as a random effect. Pair-wise comparisons
of cuckolding and cuckolded males at the same nest were
conducted using standard z-tests for dependent samples.
In cases when more than one male was cuckolding in the
nest of a single social male we considered these as
independent events in the analysis. However, results (not
shown) remained similar even when nests cuckolded by
only a single male were evaluated. Analyses were
performed using r 2.8.1 (http://www.r-project.org/)
and staTisTICA 6.0 statistical packages. Estimates are
presented + SE unless stated otherwise.

Results

Patterns of paternity

Extra-pair young were identified in 24 of 75 (32%)
broods for which we also obtained phenotypic traits of
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social fathers. In most cases, broods with mixed paternity
contained two EPY (mean 2.17 +0.214, range 1-5,
n = 24), and three broods consisted exclusively of EPY.
A total of 52 EPY were sired in these nests and the
biological father was assigned to 39 (72.2%) of them. The
number of genetic fathers siring young in nests varied
from one (no EPY detected) to four (mean 2.30 + 0.092,
n =75), and paired males obtained between zero and
two extra-pair mates (mean 0.22 + 0.052, n = 75) and
sired zero to four EPY (mean 0.48 + 0.12, n = 75). The
overall probability of occurrence of at least one EPY in
nests was not associated with the onset of breeding and
year, though the slope of the relation between the
occurrence of EPF and the onset of breeding in particular
years differed (Table 1). Similarly, the onset of breeding
was not correlated with the overall sexual ornamentation
of males (Table 1).

Extra-pair paternity and male ornamentation

We found no systematic effect of age on hue (GLMM,
1% = 0.604, P = 0.989) or brightness (GLMM, y3% = 9.639,
P =0.089), but a positive effect of age on saturation
(GLMM, 125 =11.864, P =0.038) in a subset of males
scored in more than 1 year (7 = 13 males, 34 repeats in
total). However, no effect of age on the composed measure
of sexual ornamentation (PCl) was detectable (GLMM,
%% = 0.819, P = 0.976). In models describing within-pair
and EPF success of males (n = 54 individuals and 75
observations), the occurrence of at least one EPY in nests
was not significantly associated with the composite
colouration of social fathers (PC1: GLMM, binomial errors;
73 = 1.994, P = 0.158, Fig. la), but was associated with
hue (Table 2). On the other hand, overall sexual
ornamentation was identified as an important predictor
explaining variation in the proportion of young sired by a
male in his nest [GLMM, binomial errors; le = 6.274,
P < 0.05 (slope: 0.701 + 0.296)]; was strongly associated
with the probability of obtaining at least one EPF [GLMM,
binomial errors; PC1: 121 =12.690, P<0.001 (slope:
1.303 + 0.435); Fig. 1b]; and was also a good predictor of

Table 1 (a) Correlates of the occurrence of EPF, i.e. of at least one
extra-pair young (EPY) found in nest (n = 75) as a function of the
standardized timing of breeding (log transformed) and year, and (b)
the onset of breeding as a function of male sexual ornamentation
(PC1) and year.

(@ df. 2 P (b) df. F P

Timing 1 1.619 0203 PCt1 1,67 0.129 0.721
Year 6 5.000 0.544 Year 6,67 1.144 0.347
Year:itiming 6 13.277 0.039 PCiyear 6,61 0.651 0.689

Analyses are based on logistic regression (a) and general linear (b)
models, respectively. Significances are based on Type III sums of
squares. The total numbers of nests analysed in respective years
are as follows (year in parenthesis): 10 (2001), 9 (2002), 10 (2003),
13 (2004), 13 (2005), 9 (2006) and 11 (2007).

EPF and sexual selection in a passerine 5

the total number of EPY a male obtained in a season
[GLMM, Poisson errors; )(21 =10.764, P < 0.001 (slope:
0.867 + 0.278)]. Again, specific components of colour-
ation contributed unequally to these associations, with
hue and brightness being the most important predictors of
male fertilization success (Table 2). Finally, composite
colouration was a parameter which allowed the discrim-
ination between cuckolding and cuckolded males in nests
containing EPY where both the social and cuckolding
males were scored for sexual ornamentation (7 = 19 male
couples), indicating that cuckolding males were redder
than the males they cuckolded (t-test for dependent
samples, 13 = —2.404, P = 0.027, Fig. 2). Cuckolding and
cuckolded males, however, did not differ in hue, satura-
tion or brightness when these were treated separately
(hue: t,3 = -1.931, P =0.069, saturation: f;5 = —1.698,
P = 0.107, brightness: t;3 = —0.820, P = 0.423).

Sexual ornamentation and annual reproductive
success of males

There was no relationship between apparent reproductive
success of males and their overall sexual ornamentation

—
)
~

1.0 o o o o o 00000 000O® 0 00 ©O O o

0.8

Probability of being cuckolded

0.0 o oo

(b

~
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Probability of obtaining
at least one extra-pair mate
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Fig. 1 Predicted probability of (a) being cuckolded and (b) obtaining
at least one extra-pair mate for rosefinch males as a function of
composite male ornamentation (PC1; higher values of PC1 indicate
higher degree of ornamentation). Dotted lines are 95% confidence
limits. Estimations on the figures are based on simple logistic
regression models not adjusted for repeated sampling for several
males (see the main text for results based on mixed-model effect
approach).
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Table 2 Results of mixed-effect models (GLMM) evaluating the
effects of hue, saturation and brightness on (a) the probability of
having at least one EPY in a nest (0 — no EPY, 1 — EPY); (b) the
proportion of young sired by a male in his nest; (c) the probability of
obtaining at least one extra-pair mate (0 — no mate, 1 — EP mate);
and (d) the number of extra-pair offspring sired.

MAM Term Estimate SE 2z df. P
(@) Hue Intercept  -1.452 0.435
Hue 0.179 0.0932 4.311 1 0.038
(b) Hue Intercept 3.327 0.481
Hue -0.164 0.061 8.108 1 0.004
(c) Hue + Brightness Intercept 2.720 1.899
Hue -0.270 0.103 8.675 1 0.003
Brightness —0.069 0.034  4.895 1 0.027
(d) Hue + Brightness Intercept 3.440 1.531
Hue -0.205 0.079 8.101 1 0.004
Brightness —0.087 0.028 12.544 1 < 0.001

Minimal adequate models (MAM), i.e. models for which all terms
are significant are presented in bold. Values of significance for
particular terms are based on Type III sum of squares (adjusted for
effects of other terms in a particular MAM). Analyses a, b and c are
logistic regressions (logit link function), while analysis D is a Poisson
regression (log link function).
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Cuckolded male PC1
Fig. 2 The relationship between the PC1 scores (higher values of
PC1 indicate higher degree of ornamentation) for cuckolded and
cuckolding males at the same nests. Diagonal dashed line represents
identical colouration of cuckolded and cuckolding males.

(GLMM, Poisson errors; }52] =0.705, P=0.401, n =54
individuals and 75 observations; Fig. 3a), and the same
was true for particular components of sexual ornamenta-
tion (GLMM, Poisson errors; hue: 72 = 0.507, P = 0.476;
saturation: y3 = 0.607, P = 0.436; brightness: y7 = 0.013,
P = 0.910). However, an increased number of extra-pair
mates also increased annual reproductive success of males
(Spearman Rank Correlation, r; =0.508, P < 0.0001,
n=175), and standardized variance in fitness (sensu
Arnold & Wade, 1984) was 3.36 higher for realized than
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Fig. 3 The relationship between PC1 (higher values of PC1 indicate
higher degree of ornamentation) and (a) apparent annual repro-
ductive success of paired Scarlet Rosefinch males when no gains and
losses because of extra-pair fertilizations (EPF) were considered;
and (b) realized reproductive success for paired males with the effect
of EPF taken into account. The line on the bottom graph (b) is
based on the predictions from a simple Poisson regression model
with the number of offspring as dependent variable. Calculations
based on mixed-effect model (male identity included as random
effect) assuming Poisson distribution of dependent variable showed
that only realized reproductive success of males was associated
with male colouration (see the main text for further details).

for apparent reproductive success (0.234 and 0.069,
respectively) in a sample of males (# = 54 males, 75
observations, all years combined) used in the analyses.
When the analysis accounted for gains and losses because
of EPF, composite colouration was a significant predictor of
annual reproductive success of males [GLMM, Poisson
errors; PC1: y3 = 8.167, P < 0.01 (slope: 0.172 + 0.061),
n = 54 individuals and 75 observations; Fig. 3b]. Of the
three components of colouration, only hue was a
significant predictor of total male reproductive output
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[GLMM, Poisson errors; hue: y3 = 7.712, P < 0.01 (slope:
-0.036 + 0.014); saturation: 3 = 0.874, P = 0.350;
brightness: 33 = 3.133, P = 0.077].

Discussion

We found a positive association between the expression
of ornamental feather colouration in rosefinch males and
their annual reproductive success. Similarly, colouration
was a good predictor of male ability to obtain extra-pair
mates. Sexual ornamentation was only important as a
predictor of male fitness when gains and losses because of
EPF were taken into account; that is, when we consid-
ered the realized reproductive success. The fact that
apparent reproductive success was unrelated to male
ornamentation indicates that drab and bright males did
not differ in their ability to attract high quality (fecund)
females. We have shown elsewhere (Albrecht et al.,
2007) that variation in fecundity of social mate (N)
contributes some 9% to the OSS in rosefinches, but this
variation is apparently not related to male characteristics
we measured. The onset of breeding, which may reflect
pairing date and hence male attractiveness, was also not
associated with male ornamentation. The lack of rela-
tionship between male secondary ornamentation, the
onset of breeding, and female quality could be the
outcome of the rapid, random and synchronous pairing
in this long-distance migratory passerine (Stjernberg,
1979; Bjorklund, 1990; Albrecht ef al., 2007). Female
promiscuity in rosefinches might thus have evolved as a
‘compensatory’ mechanism through which high-quality
females paired socially to inferior (drab) males engage in
extra-pair copulations to adjust for their inappropriate
choice of social mate. In fact, a comparison of cuckolded
and cuckolding males at the same nest showed that the
latter were more colourful.

The idea of EPF as the outcome of female behaviour
correcting for inappropriate or hasty choice of social
males has been already advocated by several studies (e.g.
Weatherhead & Yezerinac, 1998), and seems to be
supported by some comparative studies. For example,
long distance migration may be associated with hasty and
apparently inappropriate choice of social mate. Corre-
spondingly, rates of EPF are higher in migratory than
sedentary species (Spottiswoode & Moller, 2004), and the
OSS because of EPF is positively associated with migra-
tion distance in north-temperate zone breeding passe-
rines (Albrecht ef al., 2007). An implicit assumption in
this scenario is, however, that EPF represent a female
strategy, a view that is not shared by all authors (e.g.
Arngvist & Kirkpatrick, 2005; but see Griffith, 2007).
Moreover, other factors, such as breeding synchrony, can
independently contribute to high contribution of EPF to
0SS across species (Albrecht et al., 2007; Macedo et al.,
2008).

Male sexual ornamentation could also serve as a
dominance signal in male-male competition, or may

EPF and sexual selection in a passerine 7

signal the intensity of mate guarding, factors that may
affect the variation among males in the ability to obtain
EPF or loose paternity in own nests independently of
direct female preferences (Qvarnstrom, 1997). However,
in house finches, pale males tend to be dominant over
red males and seem to invest more in obtaining mates,
yet red males have a greater ability to attract females
(McGraw & Hill, 2000). Similarly, attractive males devote
less time guarding their mates in bluethroats, despite
being more successful in both within- and EPF than drab
males (Johnsen ef al.,, 1998). This indicates that, at least
in some passerines, mate guarding is not a very effective
paternity-assurance strategy (Johnsen et al, 2003; but
see Chuang-Dobbs ef al., 2001), and a negative relation-
ship between male ornamentation and the intensity of
mate guarding could even be the rule (Kokko & Morrell,
2005). Ornament colouration might also reflect quality of
males not directly assessed by females. For example,
health and oxidative state of an individual could affect
both the male ornamentation (e.g. Alonso-Alvarez et al.,
2004) and ejaculate quality (Tremellen, 2008). Higher
fertilization success of superiorly ornamented males in
the process of extra-pair-mating-induced sperm compe-
tition may thus not be under direct behavioural control
of females (Pizzari et al., 2008), although post-copulatory
cryptic female choice (e.g. Birkhead & Moller, 1998)
cannot be ruled out. Although this possibility was not
evaluated in our study, both within- and extra-pair
success were associated with various components of
sexual ornamentation of rosefinch males.

Traits associated with life history but not sexual
selection per se could be another important factor affect-
ing the distribution of EPF in a population. Young males
are typically more prone to cuckoldry than older males,
and age is associated positively with the ability of males
to obtain EPF outside their pair bonds in birds (e.g.
Richardson & Burke, 1999; Bouwman et al, 2007).
However, age itself is unlikely to bias the relationship
between male ornamentation and reproductive success
reported in our study. First, we have restricted our
analyses to ASY males, thus decreasing the variance in
age of males in the sample. In addition, there was either
no (for hue and brightness) or only moderate (for
saturation) association between male ornamentation
and age in a group of males sampled repeatedly over
several breeding seasons. It seems that hue in particular
represents only a poor indicator of male age. We
therefore conclude that this parameter of male orna-
mentation is a good predictor of annual realized success
for rosefinch males independent of age.

The variation in realized reproductive success of males
is affected by at least two processes: male ability to
protect paternity in his own nest, and his ability to attract
extra-pair mates (Webster et al, 1995, 2007). These
components have either a synergistic positive effect on
male fitness, or there could be a trade-off when males
loose paternity in own nests when seeking for EPF
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(Webster et al., 1995). High contribution of EPF to the
0SS is typically associated with positive covariance
between within-pair paternity and EPF, and seems to
indicate absolute (good genes) rather than self-referential
(genetic complementarity) criteria of female extra-pair
mating preferences (Mays & Hill, 2004; Pialek & Albr-
echt, 2005; Mays et al., 2008). We have demonstrated
elsewhere that variance in realized reproductive success
is about three times higher than in apparent reproductive
success in rosefinches, with EPF accounting for a signif-
icant portion of variance in male fitness (Albrecht et al.,
2007). This figure corresponds to that reported for other
long-distance migratory passerines (Albrecht et al,
2007). In this study, we evaluated the effect of male
sexual ornamentation on basic components of variation
in reproductive output in male rosefinches. First, we
demonstrate that variation in male ability to sire offspring
in their own nests (P,) is explained by ornamental
expression. However, sexual ornamentation was also
associated with the variance among males in the number
of extra-pair mates obtained (M.). These results imply
that the selection on sexual colouration in rosefinches
operates simultaneously through both within- and EPF
success, in line with predictions of absolute criteria of
female extra-pair mating preferences (e.g. Mays & Hill,
2004). Unfortunately, we were unable to measure the
effect of colouration on the contribution of within- and
extra-pair paternity to the life-time reproductive success
of males, a common pitfall of many similar studies (but
see Webster ef al., 2007).

Orange to red ornamentation of cardueline finches is
caused by carotenoids (e.g. Hill, 2006), and although
there have been other studies suggesting an important
role of EPF in the evolution of carotenoid-based orna-
mentation in passerines (e.g. Sundberg & Dixon, 1996;
Oh & Badyaev, 2006; Reudink et al, 2009; but see Hill
et al., 1994), our study provides to our knowledge one of
the first evidence of a link between carotenoid-based
colouration and various components of male extra-pair
and within-pair fertilization success in this taxon.
Because female birds only obtain sperm from extra-pair
mates, we can eliminate some alternatives often used to
explain female preferences for brightly coloured males
(e.g. the ‘good parent” model). Similarly, the quality of
territory and/or spatial distribution of nests were
unlikely to affect our results (see discussion in Albrecht
et al., 2007). However, whether (and how) female
rosefinches benefit from preferring coloured males as
extra-pair mates awaits further study. Carotenoid-based
colouration honestly reflects health status and condition
of the bearer in a wide array of taxa, including fish
(Magurran, 2005) and birds (reviewed in Hill, 2006),
therefore, females might gain both direct and indirect
benefits by preferring ornamented extra-pair mates,
either through decreased probability of parasite/patho-
gen transfer (Poiani & Wilks, 2000), or through genetic
quality reflected by ornamentation that can be inherited

by offspring (e.g. good immunocompetence genes are
reflected by ornaments; Hamilton & Zuk, 1982). The
expression of carotenoid-based ornamentation could be
linked with immunocompetence genes via several path-
ways (e.g. Zelano & Edwards, 2002), but the evidence for
any ‘good genes’ related to carotenoid-based colouration
in birds, although substantial, is still only indirect (Hill,
2006). However, it has been unequivocally established
that the expression of carotenoid-based colouration
reflects the ability of an individual to cope with and
liberate itself from experimentally-induced infection (Hill
& Farmer, 2004); in addition, it has been suggested that
the intensity of carotenoid-based colouration has a
heritable component (Birkhead et al., 2006).

Our measure of overall sexual ornamentation (PCI)
was mainly based on hue, but was also positively
correlated with saturation and brightness. It has been
suggested that different colour parameters have different
sensitivity to environmental stress given their different
mechanisms of origin and development, and thus convey
different information about the bearer (reviewed in Hill,
2006). For example, hue may be a function of the
proportion of yellow xanthophylls and costly red keto-
carotenoids deposited in feathers, whereas the saturation
will be determined by total carotenoid concentrations
(Inouye et al, 2001; Andersson & Prager, 2006) and
brightness reflects the structural properties of the feather
surface (e.g. bacterial damage; Shawkey et al., 2007). We
can only speculate about the signalling function of HSB
in rosefinches. However, it seems that hue of the
ornament (redness) is a parameter extremely sensitive
to condition and health status in related house finches
(see Hill, 2002 for review). Hence, hue (perhaps better
than other colour components) reflects either the indi-
rect qualities males provide via EPF to females, or at least
mirror variance in the general vigour of male rosefinches.
Although hue was the most important predictor of male
fertilization success in rosefinches, it is worth noting that
compared with saturation and brightness, our photogra-
phy-based estimates of hue were the least different from
measurements taken by a spectrometer (also Hill, 1998).
This may indicate that there was some variation among
individuals in saturation and brightness that was not
measurable using simple digital photographs. In any case,
the brightness we measured was still a good predictor of
male abilities to obtain an extra-pair mate, independent
of hue.

In summary, our study demonstrates the propensity
of brightly coloured males to gain both high within-pair
paternity and EPF at the expense of drab males,
resulting in a link between ornamental colouration of
males and their total annual reproductive success. As
our study is correlative, we cannot distinguish between
alternative explanations of the observed pattern and to
fully exclude the possibility that ornamentation and
fertilization success of males may be correlated with a
third, unmeasured variable, such as overall male com-
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petitive abilities. Most importantly, the interpretation of
the results is based on the understanding of the adaptive
value of extra-pair behaviour for female birds (e.g.
Westneat & Stewart, 2003; Arnqvist & Kirkpatrick,
2005; Albrecht et al., 2006). In any case, we show that
EPF may significantly contribute to the evolution
and/or maintenance of sexual ornamentation in rose-
finches, and conclude that EPF not only represent an
important process contributing to the increased OSS,
but also promote the evolution of male secondary traits
in socially monogamous systems, and at least in some
passerine species.
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Genes of the Major Histocompatibility Complex (MHC) represent an essential component of the vertebrate acquired
immune system. In the last decades, the role of MHC genes in mate choice has been subject of particular scientific
interest. However, results of studies dealing with this topic in different species are equivocal and mechanisms conducting
MHC-based mate choice are still puzzling. We investigated the impact of MHC class I variability on within-pair and
extra-pair fertilisation success in a wild population of a socially monogamous passerine bird with considerable rates of
extra-pair paternity, the scarlet rosefinch Carpodacus erythrinus. We found some support for the ‘good-genes-as-
heterozygosity model’, as social males of high MHC-heterozygosity were cheated by their females less frequently than less
MHC-heterozygous males. However, cuckolding males were not more MHC-heterozygous than the cheated social males,
nor were extra-pair young more MHC-heterozygous than within-pair young. We did not find any evidence for mating

preferences according to the complementarity model.

In recent years, the tools for studying genetic aspects of
mate choice have improved significantly (Mays and Hill
2004). It has been proved that females may optimize their
choice not only by choosing males exhibiting the most
elaborate ornaments (the ‘good genes’ model, Mays and
Hill 2004) but also according to their own genotype by
disassortative mating, which is referred to as the genetic
complementarity model (also known as compatibility, see
e.g. Pialek and Albrecht 2005, Mays et al. 2008). According
to the ‘good genes’ model, males with certain phenotypic
traits should be generally preferred by females in a
population as they might confer advantageous alleles
increasing offspring quality (e.g. Iwasa et al. 1991),
assuming that there is additive genetic variation in fitness.
According to the complementarity model female prefer-
ences depend on their own genotype and they aim at the
best possible combination of maternal and paternal genes to
create optimal offspring genomes gaining non-additive
genetic benefits for their progeny (reviewed in Hettyey
et al. 2010). However, evidence shows that in some species
the pattern is not unequivocal, but mate choice might be a
complex of both of these (Roberts and Gosling 2003). As
reviewed in Hettyey et al. (2010) there is a lack of studies
examining mate choice (mainly extra-pair mating) in the
frame of both ‘good genes” and ‘complementarity’ models
in relation to particular genes.

Via their choosiness females may obtain direct benefits,
e.g. male’s territory, nuptial food gifts or male’s ability to

fertlize ova, or indirect benefits, i.e. genes that confer
increased offspring viability (Andersson 1994). In some
mating systems, for example in lekking birds or in socially
monogamous avian species where females engage in extra-
pair copulations (EPC), exclusively indirect benefits are
obtained by females since all that males or extra-pair males,
respectively, contribute to the offspring are genes (reviewed
in Griffith et al. 2002).

From the perspective of evolutionary biology, extra-pair
mating offers a particularly useful model for the investiga-
tion of the indirect benefits rising from mating with males
differing in quality. Extra-pair mating has been recorded in
approximately 90% of avian species and if we take into
account only the socially monogamous species (in which
extra-pair paternity [EPP] is twice as common as in the
polygynous species, Hasselquist and Sherman 2001) then
the level of EPP is estimated on average to 11% of offspring
and approximately 19% of broods (Griffith et al. 2002).
Thus far, we do not understand EPPs enough to fully
comprehend the EPC behaviour. For instance, as proposed
by Arngvist and Kirkpatrick (2005) EPCs may represent a
solely male offensive strategy bringing no sufficient benefits
to females. However, this conclusion was exposed to severe
criticism (Griffith 2007), and as there is evidence suggesting
that females may directly search for EPCs and initiate them
(Kempenaers et al. 1992, Birkhead and Meller 1993,
Strohbach et al. 1998, Bouwman et al. 2006, Dunn and
Whittingham 2007), the question concerning female
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benefits from EPFs remain unresolved. In socially mono-
gamous species EPCs might be the only way how females
could get offspring with chosen males when these are
already paired (Westneat et al. 1990, Birkhead and Moller
1993) or when their previous social-partner choice showed
to be inappropriate (reviewed in Jennions and Petrie 2000),
but we clearly need more evidence concerning these
potential indirect benefits of extra-pair fertilisations
(EPFs) to females.

Genes of the major histocompatibility complex (MHC)
play a crucial role in the vertebrate acquired immunity
(Klein 1986). They encode glycoproteins which bind
antigen peptides and present them on cell surfaces to
T cells. If the antigen peptide is recognised by a T cell, an
immune response is triggered (Abbas et al. 1994). The
MHC genes are under strong positive selection, acting
mainly on amino-acid sites involved in antigen binding
(peptide-binding region). In the last decades they have been
subject of particular interest as they were shown to influence
mate choice in several non-model species of mammals
(Schwensow et al. 2008), fish (Eizaguirre et al. 2009),
amphibians (Bos et al. 2009), reptiles (Miller et al. 2009),
and also in birds (Richardson et al. 2005, Bonneaud et al.
2006).

Evidence shows that resistance to a specific parasite is
ensured mostly by one or only few MHC alleles (e.g.
Bonneaud et al. 2005, Loiseau et al. 2008, Mankowski et al.
2008, Fraser and Neff 2010; reviewed in Jeffery and
Bangham 2000). Overdominance hypothesis (reviewed in
Piertney and Oliver 2006) assumes that the more MHC
alleles an individual has, the higher should be its resistance
to a wide spectrum of pathogens. It might be difficult to
distinguish which alleles are advantageous, therefore it has
been suggested that as ‘the best of a bad job’ it might be
convenient for individuals to mate with MHC-dissimilar
mates to produce the most MHC-heterozygous offspring
(Milinski 2006, reviewed in Piertney and Oliver 20006).
Also mating with highly MHC-heterozygous mates might
be beneficial, because it has been shown that highly MHC-
heterozygous parents produce highly MHC-diverse young
(Bonneaud et al. 2006). On the contrary, theoretical models
(Nowak et al. 1992) suggest that too high heterozygosity on
MHC might be disadvantageous. This is because of
increased loss of T-cell variability due to negative selection
of autoreactive T-cell clones in thymus. When there are too
many MHC molecules, too many peptide variants are
generated from self proteins leaving less peptide variants to
be recognised as non-self by the T cells. Therefore it was
suggested that an individual should possess an optimal
rather than maximal number of MHC alleles (Milinski
2006, Woelfing et al. 2009). This was evidenced by some
experimental studies (Hill et al. 1991, Ilmonen et al. 2007,
Bos et al. 2009). If individuals optimize mate-choice to
achieve an optimal level of MHC-heterozygosity, rather
than maximal, then mates of an intermediate level of
MHC-dissimilarity should be preferred (Milinski 2006,
Eizaguirre et al. 2009). Here, we evaluate the hypotheses of
‘good genes as heterozygosity’ and complementarity in a
mating system of social monogamy with considerable rates
of extra-pair fertilisations, studying MHC class I diversity.
We examined the variation of exon 3, which encodes parts

of the peptide-binding region. Our model species, the
Scarlet rosefinch, is a sexually dichromatic long-distance
migratory passerine with delayed plumage maturation and
high levels of plumage ornament variability in males
(Stjernberg 1979). It is a socially monogamous species
with moderate rates of extra-pair paternity (almost 40% of
nests contained extra-pair young; Albrecht et al. 2007). It
breeds once a year and the breeding season is extremely
short (Bjorklund 1990). Females build social pairs with
males immediately after arrival on the breeding site, but
later some of them have young also with males outside the

pair-bond (Albrecht et al. 2007).

Materials and methods
Study population and field procedures

We studied a population of Scarlet rosefinches nesting in
the Sumava Mountains National Park, Czech Republic
(48°49" N, 13°56" E, ~750 m a.s.l.). A detailed descrip-
tion of the study site and field procedures is given in
Albrecht et al. (2007). The dataset included samples of 614
individuals (108 nests, 70 females, 91 males and 453
nestlings) collected during breeding seasons of 2000—-2008.
Adult birds were captured upon their arrival, weighed and
their tarsus length was measured. Males in their 3rd year or
older were photographed for colour analysis of the breast
ornament, which is a secondary sexual trait in this species:
hue, saturation and brightness (HSB colour space) were
measured (for a detailed description of ornament analysis
see Albrecht et al. 2009). In all adults and 7 day old chicks a
blood sample (20-30 pl) was collected and stored in 96%
ethanol at —20° C until DNA extraction.

Genetic analyses

Genomic DNA was extracted using the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany) according to
manufacturer’s instructions. A previous study on the
structure and diversity of MHC in the Scarlet rosefinch
revealed that there are 82 MHC class I variants (hereafter
called ‘alleles’ for simplicity) in this population, with
individuals displaying between three to nine alleles (mean:
males =5.15+0.12 (SE), females =5.140.12 (SE)). Most
of the adult birds displayed unique MHC class I genotypes
(Promerova et al. 2009). We used single-strand conforma-
tion polymorphism (SSCP) analysis in a capillary to assess
allelic diversity of the exon 3 region in MHC class I genes,
which encodes parts of the peptide-binding region of the
protein (for more details see Promerova et al. 2009). Alleles
were visualized using GeneMapper v3.7 (Applied Biosys-
tems). To assess paternity, we genotyped all individuals at
15 polymorphic microsatellite loci (amplification condi-
tions used in this study are described in Polikova et al.
(2007), for more details on parentage analysis see Albrecht
et al. 2009). The genotypes were analysed using GeneMap-
per v3.7 (Applied Biosystems). The same panel of micro-
satellites and two additional loci were used for calculating
Internal relatedness (IR; Amos et al. 2001) and standardized
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heterozygosity (Hetss Coltman et al. 1999) using ‘IR
macroN3’ (Kwww.zoo.cam.ac.uk/zoostaff/amos>).

Statistical analyses

Pairs were considered social if the mates took care of the
young together (feeding, nest defence). Extra-pair (EP) were
considered males with which females had young outside the
pair-bond, and these males apparently did not contribute to
parental care. Generalized linear mixed models (GLMM; R
2.8.1 <http://www.r-project.org/>) were used to assess the
effect of allelic diversity (number of identified MHC class I
alleles) of fathers on the occurrence of extra-pair paternity
(EPP), since several males were sampled repeatedly over
years. To find out whether females can gain indirect
benefits from EP matings via increasing offspring MHC
variability, the number of alleles per chick in within-pair
(WPO) and extra-pair offspring (EPO) was compared,
using nest identity as a random effect in the analysis
(GLMM; R 2.8.1). We also tested if females might increase
the number of different alleles in their broods via EPC, by
comparing the overall number of different MHC class I
alleles for the whole broods with and without EPP. To
account for pseudoreplication arising from repeated inclu-
sion of particular females in successive breeding seasons,
female identity was included as a random effect in the
analysis (GLMM; R 2.8.1).

MHC-similarity between males and females was calcu-
lated as MHC allele-sharing: the proportion of allele-
sharing in a pair is twice the sum of alleles the individuals
share divided by the sum of alleles of both individuals —
(D =2F,,/(F,+F,); Wetton et al. 1987). We tested
whether females were more dissimilar in MHC from EP-
males than from their social mates by comparing MHC
allele-sharing between social and extra-pair mates, respec-
tively (t-test, STATISTICA 6.0).

We tested for correlation between individual standar-
dized heterozygosity on microsatellites (using both IR and
Hetst) and number of MHC alleles using Spearman’s
correlation test (STATISTICA 6.0).

Results
Effect of MHC variation on extra-pair mating

EPO were found in 37.8% of nests. We found significant
negative effect of the number of MHC alleles in the
social male on the occurrence of EPP in his own nest (N =
104 nests, GLMM, x2 =7.3, DF=1, p<0.01; slope:
—0.573+0.216 (SE); Fig. 1) independent of female MHC
variability (GLMM, female MHC: 3> =0.47, DE =1, p =
0.49; slope: 0.164 +0.230 (SE), interaction between M- and
F-MHC: y>=1.19, DF =1, p =0.28; slope: —0.210+
0.200 (SE); random factor = male identity). However, the
cuckolded social male was not less MHC heterozygous than
the male that had cuckolded on him (paired #test: p =0.29,
n =36 male couples). We compared MHC allele-sharing
between females and their social and EP mates, respectively.
There was no evidence supporting the idea of higher MHC
dissimilarity of EP than social males (p =0.6, n =34 pairs of

mating events). There was no correlation between MHC
similarity of social pairs and occurrence of EPP (Spearman;
p =0.8, n =104 mating events).

Finally we compared the number of MHC class I alleles
of EPO and WPO for each nest with mixed paternity,
and we found no difference in allelic diversity between
the nestlings (GLMM, p =0.8, x2 =0.064, DF =1, slope:
—0.021+0.082; random factor =brood identity). To
address the possibility that females increase the total
number of MHC class I allels in their broods via EPP, we
compared the number of alleles in nests containing EPO
with nests without EPO in an analysis assuming Poisson
distribution of the dependent variable (total number of
different alleles). However, in a model containing brood
size, total number of alleles in social partners and nest type
(containing or not containing EPO) as explanatory vari-
ables, the latter was a poor predictor of the number of
different alleles in broods (n =102 nests, GLMM, effect of
EPO occurrence in nest: Xz =2.329, p=0.127, slope:
0.118 +0.078; effect of brood size: x* =2.736, p =0.098,
slope: 0.05640.034; effect of the number of parental
alleles: x> =14.234, p <0.001, slope: 0.099 +0.026).

Association of MHC diversity and phenotypic traits

We analysed whether some of the measured phenotypic
traits could be affected by the number of MHC class I
alleles to reflect male genotype. However, we failed to show
any relation between individual MHC diversity and body
weight (Spearman; F: p =0.4, n =66; M: p =0.16, n =91)
or tarsus length (Spearman; F: p=0.7, n=065; M: p=
0.09, n =88), neither in males nor in females. Moreover,
there was no association between the number of MHC
alleles and the level of expression of the carotenoid-based
feather ornamentation in males (Spearman; hue: p =0.3,
saturation: p =0.6, brightness: p =0.12; n =91).
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Figure 1. Predicted effect of MHC class I allelic diversity of social
males on the occurrence of extra-pair paternity (EPP) in their
nests. Counts of observations per each category of MHC class I
allele numbers are given in parentheses. Dashed lines represent
95% CI. The lines are based on GLM, with occurrence of EPP in
nests treated as binary variable (0 — no EPP detected, 1 — at lest one
extra-pair offspring detected).

49



Comparing overall heterozygosity and MHC diversity
To exclude the probability that the individual MHC

variability could be only a reflection of the overall
heterozygosity, we tested if the number of MHC class I
alleles in an individual is correlated with the individual’s IR
or Hetst. We found no such pattern in the scarlet
rosefinches (Spearman; IR: p =0.83, n =614; Hetgr: p =
0.86, n =614).

Discussion

We tested for female extra-pair mate choice mechanisms in
a socially monogamous songbird with biparental care. We
found evidence that more MHC heterozygous males lose
paternity in their own nest less frequently than males with
low MHC variability. However, EP males were not more
MHC-heterozygous than cuckolded social males, and EPO
were not more MHC-heterozygous than WPO. Neither did
the broods with EPO contain a higher number of different
alleles than broods of entirely within-pair chicks. There was
no support found for the complementarity hypothesis, but
this might be partly due to the extreme diversity of MHC
class I in this species and the impossibility of obtaining
nucleotide sequences for all alleles. We think there is quite
a high probability that some alleles are more similar in
sequence to each other than others, thus testing of the
complementarity hypothesis would be more robust with the
data on sequences.

Hence, at least based on MHC class I variability there is
no evidence for females gaining any indirect advantage from
mating outside the pair-bond in the scarlet rosefinch.
We also tested if these results might not only reflect a
preference for overall heterozygosity, but the individual
MHC-variability is not correlated to genome-wide hetero-
zygosity in our dataset.

Our findings imply that the more MHC class I alleles a
male has, the higher is the probability of protecting paternity
in his own nest. Males which obtained extra-pair copula-
tions were not more MHC-heterozygous than the males
they cuckolded on, thus we suppose that females are unable
to directly discriminate for more MHC-heterozygous males;
they only seem to remain faithful to males with high MHC
diversity. This might be due to better mate-guarding in the
more MHC:-heterozygous males (Zelano and Edwards
2002), but we cannot exclude the posibility that sperm-
sperm and sperm-ova interactions contribute to the
observed pattern. In any case, our study provides one of
the first evidences for the effect of number of MHC class I
alleles on within-pair fertilization success of males in birds.

In songbirds, there are so far only few studies reporting
the impact of MHC genes on mating (Freeman-Gallant
et al. 2003, Westerdahl 2004, Richardson et al. 2005,
Bonneaud et al. 2006) and the results are largely equivocal.
Moreover, only two of them focus on extra-pair mating. In
their study in Seychelles warblers Acrocephalus sechellensis.
Richardson et al. (2005) showed that EPP occurred when
the social male was of low MHC diversity. However, unlike
in the Scarlet rosefinches, in the Seychelles warblers the
MHC diversity of the EP male was significantly higher than

that of the cuckolded social male indicating a female

preference for high MHC-heterozygosity. In Savannah
sparrows Passerculus sandwichensis, Freeman-Gallant et al.
(2003) found that yearling females (but not older) were
more likely to obtain EPP if mated to a male with similar
MHC to their own. Similar studies were conducted also in
mammals. For example in the socially monogamous fat-
tailed dwarf lemur Cheiragalens medius females engaging in
extra-pair copulations shared more MHC supertypes (allelic
lineages grouped by functionality) with their social males
than faithful females (Schwensow et al. 2008). In this study,
nevertheless there was also evidence for ‘good-genes-as-
heterozygosity’ hypothesis predicting mate choice in general
for both social and extra-pair males, as the genetic fathers of
offspring had more MHC supertypes than randomly chosen
males (Schwensow et al. 2008).

The polygamous mating system precludes existence of
any extra-pair copulations per se. Despite different scheme
of pair forming and successive parental care the evidence
obtained in polygamous fish may help to investigate female
strategy concerning MHC variability in multiple mating. In
the three-spined sticklebacks Guasterosteus aculeatus Eiza-
guirre et al. (2009) found that females preferentially mated
with males with whom they shared an intermediate level of
MHC diversity to produce offspring with optimal MHC
heterozygosity (see also Milinski et al. 2005). At the same
time males with certain MHC haplotypes ensuring resis-
tance against common parasites were preferred (Eizaguirre
et al. 2009).

Females may assess the genetic quality of males accord-
ing to different cues. In mammals or fish, for instance,
MHC has been shown to affect odour (Singh et al 1987,
reviewed in Penn and Potts 1998), and through odour also
sexual selection (in humans, Thornhill et al. 2003; mice,
Penn and Potts 1998; fish, Milinski et al. 2010; lizards,
Olsson et al. 2003). However, birds are presumed to rely
more on visual cues and hearing than on olfaction (Roper
1999, but see also Balthazart and Taziaux 2009), although
their olfactory receptors seem to be similar as in other
vertebrates (Steiger et al. 2008). Alhough the relationship
between condition-associated phenotypic traits and certain
MHC genotype has been found in birds (von Schantz et al.
1997, Ekblom et al. 2004, Hale et al. 2009), in the Scarlet
rosefinch we failed to find any correlation between the
number of MHC class I alleles and condition-dependent
traits such as body mass and tarsus length or expression of a
secondary sexual ornamentation in males. This is despite
the fact that the carotenoid-based feather ornament has
already been proved to govern reproductive success in this
species (Albrecht et al. 2009).

The molecular methods we used in this study are
routinely used for analysing MHC in non-model species
(e.g. Binz et al. 2001, Bryja et al. 2005, Alcaide et al. 2010,
Baratti et al. 2010). When using the method of CE-SSCP,
although the outcome is reliable genotyping, the particular
nucleotide sequences remain unknown. Nevertheless, con-
sidering the impact of MHC on mate choice and
phenotypic traits, it is possible that not only the number
of alleles and identity of alleles is important, but also the
actual nucleotide sequences and hence the structural
differences among alleles. To conclude, in the future, new
methods like ‘next generation sequencing’, which produce
huge sets of sequence data (Babik et al. 2009) might

50



elaborate our understanding of the role of MHC in mate
choice.
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Abstrakt

Offspring provisioning by male is typical in sodjamonogamous passerines. As proposed by
the good Good parent model of evolution of secondamle ornamentation, secondary
ornaments may signalize male provisioning ratesthatefore the direct benefits to females.
On the other hand, the intensity of male parerded can be affected by ocurence of extrapair
young ones in its nest. According to the Pareintadstment theory, males that lost paternity
in their nests should reduce their parental cémethis study we evaluate potential
relationships between the intensity of parentakcamale ornamentation, the occurrence of
extra-pair paternity and male extra-pair fertilisat success in the Scarlet Rosefinch
Carpodacus erythrinus. Our results indicate no effect of paternity lags the rate of food
provisioning to young in Scarlet Rosefinches. Stamgously, we found no evidence for a

linkage between male ornamentation and male feedites. The only male trait associated
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with feeding was its ability to sire extra-pair gffing, indicating no evidence for a trade-off

between investments into parental care and exirax@ding in this species.

Introduction

Social monogamy, closely associated with bi-patectaie, is the most frequent pairing

system found in birds (Lack 1968). In general, ptakecare bears certain costs, since this
investment may reduce survival of parents (Les4®81) and limit future reproductive

success (Gustafsson a Sutherland 1988) or affalityatm gain another sexual partner.

However, the intensity of parental care definitelffects offspring fithess and survival

(Williams 1966, Lee et. all 2010). Parental invesnt is therefore a compromise between
investments into the current reproductive atterptgrms of improved quality of offspring)

and future reproduction (Nurl1984, Houston 2005).

Extra-pair paternity (EPP), resulting from fematgpuglations with other than social mates,
leads to the occurrence of extra-pair offspring QERN nests. Extra-pair matings are
widespread in socially monogamous passerines {Briét al. 2002, Westneat and Stewart
2003). Whereas (EPO) are genetically related tdarpthey are not related to its social mate.
According to parental investment theory, those m#bhat lost paternity in their nests should
invest less into the current reproductive attersipice investment in non-related offspring will
not lead to increase in their fithess and coste®aaed with investment will reduce the
probability of their future reproduction (Triver®972). However this mechanism requires
males to be able to assess the levels of femalaipecaity. Although the ability to respond
behaviorally to reduced paternity has been confirnmesome passerine species (e.g., Ewen
2000, Mgller 2000), where males tend to reducernpakeare in response to female infidelity,

this reduction parental investments in respons@aternity los is weak or has not been
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observed in others (see Arngvist and KirkpatriclD2Gor a review). There seems to be
variation in response to reduced paternity evewéeh populations of the same species. For
example, in highly promiscuous Reed Bunting, nactidn of male parental care in response
to the occurrence of EPP was found in one studyu{Boan et al. 2005) but was
demonstrated in another one (Dixon et al. 1994)rd#lucing parental care, social male may
also reduce its own fitness. Strong reductionsanéptal care cannot be expected in situation
when the assessment of the level of social mat@migcuity is difficult and nests contain
unknown proportion of male’s and extra-pair offagriKokko 1998). The ability of males to
detect the occurrence of extra-pair offspring ieittown nests is still a matter of discussion

(Peterson 2001).

In promiscuous systems, where males may increase ¢hwvn fithess by siring offspring
outside their pair bonds, the male ability to obtextra-pair mate may affect its investments
into the parental care. If males trade parenta egainst seeking for extra-pair copulations, a
negative relationship between male phenotypic gualihd parental care can be expected
(Magrath 2003, Houston et al. 2005). It followsttfeanales mated to attractive social partner
may invest more into parental care to compensatého lack of investment of their social

mate (Witte 1995, Burley 1986).

Regarding the mate choice male ability to invesd parental care may represent an important
trait affecting female mating preferences. As psgebby the Good parent model of evolution
of secondary male ornamentation, secondary ornasegnalize direct benefits to females
(Hoelzer 1989, Heywood 1989, Préault 2005). Byipgiwith good-parent males, females
increase their own fitness in terms of better offgpquality and simultaneously save energy

for future reproductive attempts. Genetic qualitf @ male may affect both male
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ornamentation and parental investments (Zelandzaiwhrds 2002). Females may thus prefer
ornamented males as social mates to obtain bottctdand indirect (genetic) benefits

(Sundberg J. et al. 1994, Senar JC et al. 2002uR1&. et al. 2005)

The expression of secondary male ornamentatidmisever, costly (Bradbury and Anderson
1987) and a trade-off between male investments settondary male ornamentation and
parental care may appear, as proposed in diffeesitocation model (Burley 1986, Kokko
1998). The good parent and differential allocatioodels thus differ in the expected direction
of association between male ornamentation and fareare, with the positive relationship
being expected in the former, and a negative omegbexpected in the latter (Kokko 1998,
Kelly 2009). Based on the different allocation mipdemales may even prefer drab males as
mates, if low expression of ornamentation reflentde parental investments and when male

parental care is important (Kikpatrick et al. 1990)

The flexibility of adopted reproductive strategiesn be demonstrated in House finches,
socially monogamous bird in which males expressabée, carotenoid-based ornamental
feathers on breast (Hill 2002). While in some stsdand some populations a positive
relationship between male ornamentation and pdreraiee has been demonstrated (Hill
1990), other studies found an opposite pattern Kidocth 2003). In this study we evaluate
potential relationships between the intensity ofeptal care measured as a feeding effort
devoted to 6-9-days-old offspring and (1) male oreatation, (2) the occurrence of EPP and
(3) male extra-pair fertilization success in the@t RosefinciCarpodacus erythrinus. This
species is characterized by moderate levels of BRRsIignificantly contribute to variation in

male fitness (Albrecht et al. 2007). Moreover, madgefinches express carotenoid based
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ornamentation, associated with within- and extria-pertilization success (Albrecht et al.

2009) and male condition (Vinkler, unpublished jlata

METHODS

General procedures

The study was conducted in 8 breeding seasons, 2@0t-2008 in the Vlitava river valley,
Sumava Mountains National Park, Czech Republic 488N, 13 56#E). A detailed
description of the study site is given in Albreehil. (2004).

Adult birds were captured upon their arrival oridgrbreeding season. Each adult was ringed
with one aluminium ring (N MUSEUM PRAHA) and witmandividual combination of 1-2
coloured plastic rings (AVINET).

Males in their 3rd year or older were photograpfadcolour analysis of the ornamental
patches. All photographs were taken in standartitiom in the dark room of a nearby field
station. Grey card and colour & grey chart wereduse standardize measurements.
Photographs were analysed using ADOBE PHOTOSHOMWaid (Adobe Systems Inc., San
Jose, California). Hue, saturation and brightné$SH colour space) were measured (for a
detailed description of ornament analysis see Alreet al. 2009). Previous analyses
indicated good correlation between measures tak@an photographs and with the use of
AVANTES spectrophotometer (Albrecht et al. 2009).

The study site was searched systematically sewienak over each breeding season where
there is vegetation suitable for nesting (mainlyr&a bushes) so that nearly all nests were
found during the egg-laying or incubation stagesst were visited regularly during the field

season to estimate the exact day of egg hatching.
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Identification of parentage

Males observed repeatedly feeding nestlings, wemnsidered the social fathers of young in a
nest. For the parentage analysis in all adults7addy old nestlings a blood sample (20-40 pl)
was collected and stored in 96% ethanol at -@ntil DNA extraction. The analysis was
conducted using 17 highly polymorphic microsatellivci (for a detailed description of the

parentage analysis see Polakova et al. 2007, Albet@l. 2009).

Parental food-provisioning care

Rate of food provisioning to young was used as asme of male and female parental care.
Observations were made when nestlings were 6 —-y89 da. The rate was recorded using
micro-cameras positioned in a close proximity ohest, connected with hidden video
recorder located ca 5-10 m from the nest. The casndid not appear to affect parental
behaviour, females typically returned to nests émv fminutes after the installation the
cameras. Seven hours of a continuous record weatysaa for each nest. Following
paramteres were later obtained for both the feediade and female at each nest: total
number of visits to the nest, feeding frequency lpmur and interval of provisioning (mean
interval between two feeding visits to the nest rimale of female). However, since these
parameters used to describe feeding effort werghhigtercorrelated (r = 0.749, r = -0.586, r
=-0.691 for males and r = 0.828, r = -0.506, r 75@ for females respectively, p << 0.001 in
all cases), and results remained qualitatively guahtitatively unchanged irrespective of the
parameter used, later we used in analyses onlydh#er of feeding per hour (MFED for

male, FFED for female) as a measurement of thenparieeding effort.
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Statistical analyses

Male and female feeding per hour were normallyritisted. Since several males were
followed repeatedly over several years, genera&alimmixed effect models were applied to
find variables associated with MFED. In the anaysirnament saturation, brightness, and
hue, together with FFED, number of young in nastjng of breeding, the proportion of
extra-pair young in nest and male ability to engagextra-pair fertilizations were used as
explanatory variables and male identity (n = 38awmakith a total of 50 observed nests) as
random effect. Minimal adequate modelss (MAM, se@sawley 2007), i.e. models with all
terms significant, were selected based on backefardnation of full model containing main
effects, comparing changes of deviance of the maditél the term of interest included and
the model where the term was removed. The sigmifieaof a particular term in models was
based on the change in deviance between the fllte@duced / null models, distributed-ds
with degrees of freedom equal to the differencnéndegrees of freedom between the models
with and without the term in question (Faraway, @0®\Il analyses were performed with R

2.9.2.

RESULTS

Male fed 0.77 times/hour, while female fed 0.91ewthour (n=50). Over the 2001-2008
study period, 50 nests were observed. Extra-pdspohg occurred in 21 cases (42 % of
evaluated nests), 45 EPO of total 226 youngs wezd.dn general, nest with EPO contained
between 1 and 5 EPO (25 - 100% of young in the) n@$tvariables considered as predictors
for MFED, only male ability to gain extra-pair gfisng was associated with male feeding
rates (Table 1) and was thus the only variablehan MAM. The MAM was significantly
different from the null model@ = 6.64,ADf = 1, P = 0.010). The model indicated that males

able to gain EPP fed the offspring with higher msi¢y than males not able to gain EPPs (Fig
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2). Interestingly, neither the proportion of EPPniest nor male ornamentation traits was
associated with MFED (Table 1). Although no asdamiabetween the expression of male
ornamentation and MFED was found, males able taioEPP had lower brightness than
other males, but were similar in hue and saturatibernamental feathers (general linear
models with binomial error term and male abilityget EPP as binary dependent variable;
hue:y2 = 0.003ADf = 1, P = 0.96; saturation2 = 0.526 ADf = 1, P = 0.468; brightnesg2

=8.129,ADf = 1, P = 0.004, Fig ..B).

Table 1. Significance of variables used to exptaale provisioning per hour (MFED) in
Scarlet Rosefinches, based on general linear neéedt models with male identity threated
as a random effect. Estimates are based on TypmIds squares, i.e. by comparing the
model involving the term of interest with the nolbdel. The minimum adequate model

(MAM, see the main text) only involved male abilityobtain extra-pair fertilizations.

Estimate Std. Error Chi P

female provisioning per hour 0.205 0.167 1.503 20.2
rate of EP young/ WP young 0.002 1.144 0.002 0.960
EP young in own nest 0.031 0.085 0.130 0.710
male ability to gain EPP 0.340 0.130 6.640 0.009
onset of breeding 0.002 0.010 0.040 0.842
hue 0.011 0.012 0.925 0.336
saturation -0.001 0.004 0.015 0.902
brightnes -0.003 0.003 1.013 0.314
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Fig. 1 Male provisionig per hour in relation to fi@sence of extrapair offspring in their

broods.
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Fig. 2 The differnece in male provisionig per hbetween males that achieve EPP and those

that did not sired any extra-pair offspring.
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DISCUSSION

Our study indicates no effect of paternity losspwavisioning rates in Scarlet Rosefinches.
Simultaneously, we found no evidence for any lirkkbgtween male ornamentation and male
feeding rates. Surprisingly, the only male trasasated with feeding was the ability of a

male to sire extra-pair offspring.

Based on prediction from parental investment theohngated males should reduce offspring
provisioning in response to female infidelity (Ter¢ 1972). However, this change of
behavior requires that several criteria are matstfFmales must able to recognize female
cheating (Peterson 2001). While male ability toogguze female infidelity has been
demonstrated in some passerines (e.g., Ewen 2808),eduction in male provisioning rates
observed in response to female cheating (reviewesrmqvist and Kirkpatrick 2005), other
studies have failed to find any evidence for thighdvioural response from males
(Kempenaers 1998, Vigon 2009) despite suggestamgstselection in terms of frequent
occurrence of extra-pair young in nests (Bouwmanalet2005). Mechanism of male
inspection of female fidelity may involve mate giiag (Birkhead 1982), and male
rosefinches tend to intensively guard their matasngd the period of egg-laying (Bjorklund
1990, Schnitzer, unpubl). It has been observedrizés in some species punish females for
their short term absence in the territory (Mota afdi - Leitner 2003) or reduce feeding in
response to female removal during the fertile merd egg-laying (Mgller and Birkhead
1993). However, this experimental reduction of enabntrol over female behaviour during
the critical period of egg-laying has resulted mneduction in male feeding in other cases
(Kempenaers 1998). Despite intense mate guardisgfinch males may not be able to assess

female promiscuity accurately (also see Kokko ararsll 2005). Second, female extra-pair

63



forays should result in the occurrence of EPP, ratise reduction in parental care affects
offspring sired by a social male. This may not be tase in all occasions (Birkhead 2009)
and males than risk reduction of own reproductivecess by not investing into their own
offspring. Third, investment into feeding must dmestly for male to respond strongly to the
perceived risk of cuckolding by reductions in ofisg feeding (Mgller and Birkhead 1993).
In the case of rosefinches, species holding rrddees and feeding offspring with a mixture
of seeds and small passively collected arthrop&dierQiberg 1979, Albrecht, unpublished
data) that are abound around the nests, the coiteding unrelated offspring might be
relatively low compared to potential cost of redgcifeeding in response to inapropriately

assessed paternity.

Apparently, species tend vary in male responsetenuale cheating in terms of reduced
parental investment, and this seems to be assdcwith species-specific levels of
promiscuity (Albrecht et al. 2006). From this pexsiive, relatively high levels of extra-pair
paternity found in rosefinches (Albrecht et al. 20@009) accompanied with the lack of
response to the loss of paternity from males fidl wito this trend. Our study was only
correlative, since it was impossible to follow imidiual males with the same partner over
more than one breeding attempt (e.g., Bouwman. 204l5, Dixon et al. 1994, Moller and
Cuervo 2000). However, our analyses involved regzbatbservations of individual males
with different females, suggesting no change invigioning rates of males with paternity

loss.

Our data suggest that male ornamentation may beisext by females as a signal of male

parental abilities. This is in line with the obsaiens in House finches, where carotenoid-

based male ornamentation was not associated wibisowning rate at least in one
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population, but contradicts finding from anothepplations of the same species (Hill 1990,
2002, Duckworth 2003). Based on the results, weclooke that the ‘good parent” model of
evolution of secondary male ornamentation does apyly to rosefinches. In fact, as
suggested previously, social pairing is rapid ims tlong-distance migratory passerine
(Bjorklund 1990) and random with respect to manyenatributes, including song rate and
plumage colouration. Since colouration is not asged with male parental care, we suspect
that male colouration may signalize other bendfit§emales. These may include indirect
benefits, such as higher genetic quality of offspriFossay et al. 2006, Foerster et al. 2003).
We have indeed shown that the male ability to ob®&itrapair mates is associated with
plumage hue and brightness (Albrecht et al. 20880, results from a restricted dataset used
in this study partly corroborates our previous iimg$ since male brightness was positively
associated with male ability to obtain extra-paates in this study. Plumage colouration was
associated with male fertilization success, but thias only due to extra-pair fertilization —
apparent reproductive success and the number ofgyfaund in nests, were not associated
with any male colour attribute (Albrecht et al. 200Male colouration thus determines male
extra-pair attractiveness, but not its parentabgtments or female reproductive investemets

in terms of clutch size.

The only male trait associated with feeding wasaibdity to obtain extra-pair offspring.
Contrary to expectations, males siring offspringpiher nests were those investing more into
parental feeding. These males did not differ frdme test of males in their within-pair
paternity. This finding may indicate the nonexisterof a trade-off between seeking extra-
pair paternity and parental investments. In spéeldiesrosefinches, where breeding is highly
synchronized (Albrecht et al. 2007), the occurreoiceuch a trade-off is unlikely, however.

In fact, at the time of offspring provisioning (s&cl half of June in Sumava Mts.) only few
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females are in fertile phase (usually in pairs thed lost their regular first nesting attempt).
Hence extra-pair copulations mostly occur earliezll before the feeding of offspring takes
place. The fact that the male ability to sire exta@r offspring positively correlates with his
provisioning rate may indicate that both are debeedh by a third unmeasured factor, such as
general male vigor and/or genetic quality (alscadeland Edwards 2002). This idea requires

further evaluation.
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