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,Tabon tedy pro inkubaci svych vajec musi jediné vyhrabat pres dva metry
krychlové zeminy, nacpat do jamy pres dva metry krychlové materialu, udélat z
toho hromadu, a pak uZ staci jen nepretrzité zkoumat teplotu a pridavat a
ubirat z hromady. Tim si tedy usetri tu neskutecnou otravu obcas sedét na
vejcich.”

(Douglas Adams)



PODEKOVANI

Od okamziku, kdy jsem nastoupila na doktorat az do chvile, kdy jsem dopsala tuto praci
uplynuly témér ctyri roky. Je to dlouhd doba, a tak neni divu, Ze jsem béhem ni potkala
mnoho lidi, ktefi vice ¢i méné prispéli at uz pfimo ke vzniku této prace, nebo k tomu, Ze jsem
se v psychické pohodé dostala az sem a nesekla stim vjedné z mnoha chvil absolutni
beznadéje.

Nejvice ze vSech lidi dékuji VIadovi Remesovi za jeho trpélivost, genialitu (ten ¢lovék fakt
vi véechno) a hlavné ochotu délit se o své zkuSenosti a védomosti. Otazku Zivota, vesmiru a
vibec jsem z néj bohuzZel doposud nevymamila, ale jinak byl vidy ochoten poradit, bylo-li
potieba. Také mu dékuji za opravdu prikladnou spolupraci v terénu (ten Kosit byl drsny),
financovani celého mého vyzkumu a za tu Austrdlii.

Kromé svého ,nejvyssiho” jsem na univerzité byla obklopena dalsimi lidmi, které nemohu
ve svém podékovani nezminit. Matovi Paclikovi dékuji za neuvéritelné milé prijeti do tehdy
jesté jeho ,kanclu”, a hlavné za to, Ze po celou dobu naseho ,kanclového” souziti snasel ty
moje kecy. Urcité jsem ho stdla minimalné jeden ,pejpr”. Taky mu dékuji za hektolitry
badaciho caje, které do mne (na vlastni naklady) nalil. Kolegyfa Lucia Turéokova byla vZdy po
ruce, kdyz uz ¢lovék (mysleno ja) nevédél kudy kam a potieboval si postézovat. Vétsinou to
stejné vedlo k tomu, Ze jsem se dozvédéla, Ze jsem vlastné ,,nana“. Ale at uz to znamena, co
chce, casto to stacilo. Peterovi Adamikovi, Tomasi Grimovi, MiloSi Kristovi a Karlu
Weidingerovi dékuji, Ze pomahali vytvaret podnétné prostredi, ve kterém clovék musi
zabrat, i kdyby nechtél. Tomasi Grimovi pak patfi specialni dik za Calibri. ,Mél jsi pravdu, je
to mnohem lepsi“. Beaté, Julii a pani Jané MIc¢ochové dékuiji, Ze i presto, Ze kazdy student
prece vi, jak se zapisuje do STAGuU a co s objednavkami ¢i paragony, vidy mi ochotné v tomto
sméru pomohly, ¢imZz mQj Zivot na univerzité ucinily podstatné snazSim. Se sbérem dat
v komary zamoFeném Grygové mi pomdhaly Kristyna Bartlova a Jana Suterova.

Béhem doktorského studia jsem meéla pfrileZitost navstivit dvé zahrani¢ni univerzity a
podivat se, jak to tam v té ciziné vlastné chodi. UmozZnilo mi to potkat mnoho zajimavych lidi,
ktefi mne po odborné strance hodné obohatili. Jelikoz nem(zZu dékovat kazdému zvlast
(urcité bych stejné na nékoho zapomnéla), rada bych podékovala alespori dvéma z nich, tém
nejdllezitéjSim. Prvnim je Piotr Tryjanowski, kterému dékuji nejen za milé pfijeti vjeho
,labu“, ale i za ochotu vénovat se mym védeckym problémidm a také za odborné debaty
béhem Malych a Velkych Darwin(. A hlavné za tu tykajici se ¢apQ. ,Piotr, czy ty wogdle
pamietasz, ile byto tych bocianéw?“ Druhym je pak Andrew Cockburn, diky kterému ted vim
mnohem vice o modroplastnicich, nez jsem védéla kdy predtim, znam strategii vyuzivanou
lyrochvosty béhem pozard (samoziejmé, Ze tomu nevérim) a taky vim, Ze i ti nejvétsi védci
chodi do terénu a dokaZzi byt neskutec¢né vtipni a pratelsti. Pobyt na ,jeho” univerzité mi
navic ukazal, Ze vSechno muZe vypadat Uplné jinak a Ze zaleZi hlavné na lidech.



Kotéti, Motkovi, Jané Pavlickové a Jiti Madrové dékuji, Ze se celd ta léta zajimali o mé
studium. | kdyz ted , kdyz tak nad tim premyslim, nevim, zda dotaz: , A kdy ty vlastné
dostudujes?” Ize az tak Uplné brat jako zdjem o studium.... Velky zdjem o mé vzdélani vidy
prekvapivé projevoval i maj milovany starsi bratr Marek, takZze: ,Diky bracho”. Honza
Koutny, kdykoli bylo tfeba néjaké té gramatické korektury, vidy ochotné pomohl, pfipadné
nevahal zmobilizovat své pribuzenstvo. Jeho bratru Tomovi dékuji, Ze kdyz jsem pred lety
prohlasovala, Ze na ty pfijimacky urcité nepljdu, protoZze na to nemam, presvédcil mne, at to
alespon zkusim.

Pavlu Kantorkovi dékuji za svoleni pouZit jeden z jeho vskutku genialnich obrazkd. Kosi
cerni z prvni strany jsou dilem Johna Goulda.

Specidlni podékovani patfi mym rodi¢lim Soni a Januszowi, ktefi mne podporovali nejen
financné, ale hlavné psychicky béhem mého studia i presto, Ze dodnes vlastné nechapou, jak
muZe nékdo stravit devét let na vysoké skole ,hranim si se zviratky”. A navic tvrdit, Ze ho to
bavi.

Nejen kolegové, pratelé ¢i moje rodina vSak maji zasluhy na vzniku této prace. Microsoftu
dékuji za Windows Media Player (nechapu, jak nékdo muze ,hazet” data do Excelu a
neposlouchat u toho muziku) a Australii za Cabernet Sauvignon. Bez néj by téch ¢lankd bylo
jisté vice, ale urcité ne tak kvalitnich:-). VSem sykoram dékuiji, Ze to s nami vydrzely, ochotné
nastavovaly béhaky a poskytovaly pefi a nevahaly se zase za rok vratit zpét do nasich budek.




ABSTRAKT

Prace se zabyva faktory, které na vnitrodruhové a mezidruhové urovni ovliviiuji inkubacnich
chovéni pévcll. Na vnitrodruhové urovni probihal vyzkum na sykore konladre (Parus major).
Na drovni mezidruhové byli jako studijni systém zvoleni pévci Australie a Nového Zélandu.
Vétsi pozornost je dale vénovana dvéma faktorim, které se na rozdilech v inkubacnim
chovani mohou vyznamné podilet. Na vnitrodruhové uUrovni se jednd o miru exprese
karotenoidovych a melaninovych ornament(l jakoZto indikator( kvality jejich nositel(. Na
urovni mezidruhové pak o miru hnizdni predace.

U sykory koniadry inkubuje pouze samice, ale samec ji béhem inkubace krmi. U samic
jsme se tak pri vyzkumu faktor( ovliviujicich miru rodicovského Usili béhem inkubace
zaméfili na intenzitu inkubace, u samcl pak na intenzitu inkubaéniho krmeni. Dale nas
zajimalo, zda samci inkubacni krmeni ovliviiuje intenzitu inkubace a ta nasledné lihnivost, jak
predpokladd hypotéza samici vyzivy. Zjistili jsme, Ze se intenzita inkubaéniho krmeni
snizovala s teplotou vnéjsiho prostredi, denni dobou a vékem snusky. Pozitivni vliv na
inkubacni krmeni méla v nasi studii kvalita hnizdniho teritoria, ale pouze v letech s nizkou
potravni nabidkou. Naproti tomu vék samce, sam¢i ornamenty ¢i vék snsky nebyly dobrymi
indikatory intenzity inkubacniho krmeni. Co se tyce intenzity inkubace, tak ji pozitivné
ovliviiovala velikost snGsky a negativné pak teplota vnéjsiho prostredi. Vék sndsky, datum
zahdjeni snusky, kvalita hnizdniho teritoria, intenzita inkubaéniho krmeni, vék samice a jeji
ornamenty intenzitu inkubace nepredikovaly. Inkubacéni krmeni v nasi populaci nemélo vliv
na intenzitu inkubace a ta také neovliviiovala lihnivost. Nase data tak nejsou ve shodé s
hypotézou samici vyZivy.

Co se samotného vyzkumu ornamentt tyce, tak abychom zjistili, jak se kvalita jedince
projevuje pri zatéZzové situaci, hendikepovali jsme pomoci stfihani rydovacich per a letek
samice sykory konadry béhem inkubace. Predpokladali jsme, Ze si samice s vyraznéjSimi
ornamenty poradi s experimentdlnim hendikepem lépe, tj. dojde u nich k nizSimu poklesu
hmotnosti béhem inkubace a mensi zméné v intenzité inkubace pred a po experimentalnim
zasahu. NA&s predpoklad se ale nepotvrdil a mira exprese samicich ornamentl o jejich
schopnosti se vyrovnat se zatézi béhem inkubace nevypovidala.

K ornamentim jsme se vratili béhem vyzkumu ptilochronologie jako moziné metody
uréovani kondice u sykory konadry. Zjistovali jsme, zda mira exprese karotenoidovych a
melaninovych ornament(, jeZ jsou u sykory konadry povazovdny za kondi¢né zavislé,
koreluje s rychlosti rGstu jejich per. Zjistili jsme negativni vztah mezi rychlosti rlstu per a
mnoZstvim karotenoidd v pefi a nezjistili vztah mezi rychlosti rdstu a plochou melaninového
ornamentu. Z vysledku naseho vyzkumu a z porovnani nasich zavérd se zavéry podobnych
studii jsme usoudili, Ze se ptilochronologie jako metoda k uréeni kondice u sykory konadry
nehodi.



Na mezidruhové Urovni jsme zkoumali faktory, které potencidlné ovlivnily evoluci
inkubaéniho krmeni u pévcli Austrdlie a Nového Zélandu. Nejlépe vysvétlovala rozdily v mire
inkubacniho krmeni mezi druhy mira hnizdni predace, ktera s frekvenci inkuba¢niho krmeni
korelovala pozitivné. Dalsi faktory (télesnd velikosti druhu a socidlni struktura) se na
rozdilech ve frekvenci inkubacniho krmeni u zkoumanych druh( nepodilely.

V dalsi studii jsme se zaméfili na hnizdni predaci samotnou. Nasim zamérem bylo zjistit
nejdllezitéjsi korelaty, které vysvétluji miru hnizdni predace u australskych a
novozélandskych pévcu. Zjistili jsme, Ze rozdily mezi druhy jsou ¢astecné vysvétleny télesnou
velikosti druhu, ktera korelovala s mirou predace negativné. DalSim vyznamnym koreldatem
v hnizdech otevrenych. Mira predace také vyznamné negativné korelovala se zemépisnou
Sitkou studie. Poslednim vyznamnym koreldatem byl rok, ve kterém byl vyzkum provadén a se

kterym predace korelovala pozitivné.

ABSTRACT - Reproductive strategies in songbirds during incubation

This study focuses on the factors influencing incubation behavior of songbirds on both
intraspecific and interspecific level. The Great Tit (Parus major) was chosen as a model
species for the research conducted on the intraspecific level. The research on the
interspecific level was done on Australian and New Zealand songbirds using literature data.
Moreover, special attention was paid to two factors, which can significantly influence
incubation behavior. The first is the expression of carotenoid- and melanin-based
ornaments, which are supposed to be good indicators of individual quality and thus could
influence the incubation behavior on intraspecific level. The second is the rate of nest
predation, which can affect incubation behavior on the interspecific level.

Female is responsible for incubation in the Great Tit. However, male assists the female
by feeding her, a behavior called the incubation feeding. Therefore, while studying the
factors influencing parental effort during incubation, we focused on the rate of incubation
feeding in males and the intensity of nest attentiveness in females. Furthermore, we wanted
to find out whether incubation feeding affects nest attentiveness and nest attentiveness
hatching success, which would be in agreement with the Female nutrition hypothesis. In our
population, the intensity of incubation feeding decreased with increasing ambient
temperature, time of day and clutch size. We found a positive relationship between
incubation feeding rate and territory quality, but only in years with poor food supply. On the
other hand, male age, male ornamentation and age of the clutch were not correlated with
the intensity of incubation feeding. Female nest attentiveness correlated positively with
clutch size and negatively with ambient temperature. There was no effect of age of the
clutch, date in the season, territory quality, rate of incubation feeding, female age and
female ornamentation on nest attentiveness. Incubation feeding did not correlate with nest



attentiveness and nest attentiveness did not correlate with hatching success. Thus, our
findings were not in agreement with the Female nutrition hypothesis.

With respect to the research on ornamentation itself, we handicapped females of the
Great Tit by feather clipping to find out how individual quality manifests during challenging
situations. We expected females with more elaborate carotenoid-based ornamentation to
deal with experimental treatment better. We expected them to loose less weight during
incubation. Moreover, we predicted that these females would experience smaller change in
the nest attentiveness before and after treatment. However, our findings did not confirm
these predictions. The elaboration of carotenoid-based ornaments in Great Tit females did
not predict their ability to cope with the challenging situation.

We returned to the problem of ornamentation during our study of ptilochronology. We
aimed to find out whether the expression of carotenoid- and melanin-based ornaments,
which are considered to be condition-dependent in the Great Tit, correlate with the growth
rate of feathers and hence whether ptilochronology is an acceptable method to assess body
condition in the Great Tit. There was a negative relationship between feather growth rate
and the amount of carotenoids in the breast feathers and no relationship between feather
growth rate and the size of the melanin ornament. It follows from these results and from the
comparison of our conclusions with the conclusions of other similar studies that
ptilochronology is not a suitable method to assess body condition in the Great Tit.

On the interspecific level we focused on factors, which could affect the evolution of
incubation feeding in Australian and New Zealand songbirds. The differences in the rate of
incubation feeding among species were best explained by the rate of the nest predation,
which correlated with the rate of the incubation feeding positively. Other factors (species
body mass and social structure) did not correlate with the rate of incubation feeding.

In the next study we focused on the nest predation itself. Our aim was to find out the
most important correlates of the nest predation rate in Australian and New Zealand
songbirds. Differences among species were partly explained by species body mass, which
correlated with nest predation rate negatively. Another important correlate was nest type,
with the lowest rates of nest predation in cavity nesters and the highest in open nesting
species. The rate of the nest predation significantly negatively correlated with latitude of the
study as well. The last important factor, which correlated with nest predation rate positively,
was the year in which the study was conducted.
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1. SEZNAM PRILOZENYCH PRIiSPEVKU
Dizertacni prace je zaloZzena na nasledujicich prispévcich:
Prispévek I. Matysiokova B. 2010: Inkubaéni krmeni u ptaka. Sylvia, in press.

Prispévek Il. Matysiokova B. & Remes V.: Incubation feeding in Australian a New Zealand

songbirds. Zasldno do recenzniho fizeni (Emu).

Prispévek Ill. Matysiokova B. & Reme3 V. 2010: Incubation feeding and nest attentiveness
in a socially monogamous songbird: role of feather colouration, territory quality, and
ambient environment. Ethology 116: 596-607.

Prispévek IV. Reme$ V., Matysiokovd B. & Cockburn A.: Long-Term and Large-Scale
Analyses of Nest Predation and Failure Patterns in the Southern Hemisphere: a Study of
Australian and New Zealand Songbirds. Zasldno do recenzniho fizeni (PLoS ONE).

Prispévek V. Matysiokova B. & Reme$ V. 2010: Responses to increased costs of activity

during incubation in a songbird with female-only incubation. Journal of Ornithology, in press.
Prispévek VI. Matysiokovd B. & Reme$ V. 2010: Assessing the usefulness of ptilo-

chronology in the study of melanin- and carotenoid-based ornaments in the Great Tit Parus
major. lbis 152: 397-401.
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2. UvoD A CiLE PRACE

Obdobi hnizdéni je klicovou soucasti Zivotniho cyklu ptakd. Obecné zahrnuje predinkubacni
chovani (vybér a obhajoba hnizdniho teritoria, namluvy, stavba hnizda), kladeni vajec,
inkubaci, obdobi péce o mladata na hnizdé a v dobé po vylétnuti. Jednotlivé druhy ptaki se
liSi jak pritomnosti ¢i nepfitomnosti nékterych ¢asti reprodukéniho cyklu, jako je kuptikladu
absence péce o mladata u tabon(, tak délkou a charakterem jednotlivych fazi. Délka obdobi
péce o mladata na hnizdé se naptiklad u pévcid pohybuje zpravidla v fadech dnl ¢&i tydnq,
zatimco u trubkonosych ¢i tuéndkd se jedna az o nékolik mésich (Kendeigh 1952, Brooke
2004). Mensi rozdily pak nachazime i v rdmci jednotlivych druhd, kdy napfiklad rozdil v délce
inkubacni periody mlize mezi jednotlivymi pary Cinit i nékolik dni (Nilsson & Smith 1988,
Moreno 1989).

Davodu, proc se druhy ¢i jedinci v reprodukcnich strategiich a parametrech lisi, mGze byt
vice. Na mezidruhové Urovni je asi nejdulezitéjsim faktorem prezivani dospélct (Roff 1992,
sezonach ve srovndani s druhy dlouhovékymi, a proto by mély investovat do soucasné sntsky
vice. Na vnitrodruhové urovni se spiSe uplatiuji faktory, jako je kvalita hnizdniho teritoria ci
kvalita hnizdicich jedincl (napf. Siikamaki 1998). Jak na vnitrodruhové, tak i na mezidruhové
urovni hraje zfejmé vyznamnou roli mira hnizdni predace (Martin & Briskie 2009).

Ve své dizertacni prdci jsem se zaméfila hlavné na obdobi inkubace. Mym cilem bylo
zjistit, jaké faktory maji vliv na samdci a samici inkubacni chovani na vnitrodruhové a
mezidruhové urovni. Dale jsem se hloubéji zabyvala dvéma faktory potencidlné ovliviujicimi
reprodukéni chovani ptakd. Na vnitrodruhové urovni se jednalo o kvalitu jedincg,
definovanou jako mira exprese jejich ornamentl, a na mezidruhové Urovni pak $lo o miru
hnizdni predace. Veskery vyzkum byl provadén na pévcich, jakoZzto nejpocetnéjsi skupiné
ptakd s Sirokou skdlou reprodukénich strategii. BEhem svého vyzkumu jsem pouzila vice
metodickych pristupl (srovndvaci studie, experiment, observacni data) a technik
uzitych v jednotlivych fazich mého vyzkumu jsou prezentovany v pfilozenych ¢lancich a
nebudou zde proto probirany.

3. INKUBACE

vvvvvv

S néjakou formou inkubaéniho chovani se setkdme u naprosté vétSiny ptacich druhd.
Vyjimku tvofi hnizdni parazité, ktefi tento ukol pfenechdvaji na starost hostiteldm (Sealy et
al. 2002), a taboni, kde teplo potfebné pro inkubaci vajec vytvafi tlejici rostlinny material
(Booth & Jones 2002). Drive byla inkubace povazovana za obdobi, béhem néhoz maji ptaci
pouze nizké energetické vydaje (Walsberg 1983, Murphy & Haukioja 1986), ale novéjsi studie
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ukazuji, Ze energetické vydaje béhem inkubace jsou stejné nebo dokonce jesté vyssi nez
energetické vydaje béhem péce o mladata (Williams 1996, Tinbergen & Williams 2002).
Inkubujici jedinec ma kromé zvysenych energetickych vydaji navic redukovan cas, ktery by
mohl vénovat sbéru potravy a péci o sebe sama (Drent 1975, Mertens 1977). Inkubace tak
mUlzZe negativné ovliviiovat télesnou kondici inkubujiciho ptdka ¢i jeho prezivani do
nasledujici hnizdni sezény (Heinsohn & Cockburn 1994, Heaney & Monaghan 1996, Reid et
al. 2000, Visser & Lessells 2001, de Heij et al. 2006). Délka inkubacni periody se vyrazné lisi
mezi druhy. Napfiklad u pévcli se pohybuje v rozmezi asi 10-50 dni (Lill 1979, Lloyd 2004a).
Na jeji délku ma vliv predevsim fylogeneticka pfislusnost (Ricklefs 1993), ale také velikost
vajec (Rahn & Ar 1974) &i typ vyvoje mladat (altricidlni nebo prekocidlni; Ricklefs & Starck
1998).

3.1. Samdi inkubacni chovani — inkubacni krmeni

U témér 50 % ptacich Celedi se na inkubaci podileji oba rodice. V ptipadé, Ze inkubuje pouze
jeden jedinec, je to v naprosté vétsiné pripadl samice (Skutch 1957, Deeming 2002b). U
mnoha rtznych druh(l vSsak samec asistuje samici béhem inkubace tim, Ze ji krmi (Lack 1940).
Toto chovdni se jmenuje inkubacni krmeni a setkdme se snim u pévcl, dravcl, sov,
papouskll a zoborozcl (Kendeigh 1952).

Existuje nékolik hypotéz navrzenych k vysvétleni vyznamu inkubaéniho krmeni u ptaka.
V dnesni dobé je nejrozsirenéjsi hypotéza samici vyzivy (female nutrition hypothesis, von
Haartman 1958, Prispévek 1), podle niz inkubacni krmeni umoZfiuje samici stravit méné casu
sbérem potravy. Samice tak mlze zvysit intenzitu inkubace, tj. procento ¢asu béhem dne,
které vénuje inkubaci (Martin & Ghalambor 1999, Tewksbury et al. 2002, Prispévek Il). Vyssi
intenzita inkubace vede k vyssi lihnivosti a/nebo ke zkraceni inkubacni periody (Lyon &
Montgomerie 1985, Martin et al. 2007). Zkraceni vyvojovych period obecné sniZuje riziko
hnizdni predace (Bosque & Bosque 1995, Remes & Martin 2002). Inkubacni krmeni tak patti
mezi faktory, které se vyznamné podileji na reprodukéni uspésnosti hnizdiciho paru.

Hypotézu samici vyZivy jsme testovali u sykory konadry (Parus major, Prispévek Ill). U
tohoto druhu inkubuje pouze samice a samec ji béhem této doby asistuje v podobé
inkubacniho krmeni jak na hnizdé, tak i mimo néj (Perrins 1979). Zjistovali jsme, zda
inkubacni krmeni ovliviiuje intenzitu inkubace a ta nasledné lihnivost vajec. Kromé toho jsme
se zaméfili na faktory, které mohou mit na vnitrodruhové urovni na inkubacni krmeni vliv.
Jednalo se o velikost a stari sndsky, datum zahdjeni hnizdéni, denni dobu, teplotu vnéjsiho
prostfedi, vék a kvalitu samce definovanou mirou exprese jeho karotenoidovych a
melaninovych ornamentd a kvalitu hnizdniho teritoria. Zjistili jsme, Ze samci sniZovali
intenzitu inkubacniho krmeni se zvysujici se teplotou vnéjsiho prostredi. JelikoZz se
energetické vydaje inkubujici samice se zvysujici se teplotou sniZuji (Biebach 1981, Haftorn &
Reinertsen 1985, de Heij et al. 2008), neni prekvapivé, ze se zaroven snizuje i frekvence
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inkubacéniho krmeni (Lifjeld et al. 1987, Nilsson & Smith 1988, Pearse et al. 2004). Teplota
vnéjSiho prostiedi je také parametr, ktery nejcastéji negativné koreloval s intenzitou
inkuba¢niho krmeni v dalSich studiich zkoumajicich tuto problematiku (Ptispévek I).
Frekvence inkubacniho krmeni se sniZovala i s denni dobou a vékem snusky, stejné jak u
sykory konadry zjistily i jiné studie (Kluijver 1950, Hinde 1952, Royama 1966). Vliv na
inkubacni krmeni méla v nasi studii i kvalita hnizdniho teritoria. Samci z kvalitnéjsich teritorii
krmili samice s vétsi intenzitou nez samci z teritorii méné kvalitnich. Tento vztah se ale
projevoval pouze v letech s nizkou potravni nabidkou. Naproti tomu vék samce, samci
ornamenty ¢i vék snGsky nebyly dobrymi prediktory intenzity inkubacniho krmeni v nasi
populaci. Z naseho vyzkumu tedy vyplyva, Ze inkubaéni krmeni je u sykory konadry ovlivnéno
spiSe vnéjsimi podminkami (kvalita hnizdniho teritoria, vnéjsi teplota) nez charakteristikami
samce (ornamenty, vék). JelikoZz jsme nenasli vztah mezi inkubacnim krmenim, intenzitou
inkubace a lihnivosti, miZeme také fict, Ze nase vysledky nejsou ve shodé s hypotézou samici
vyzZivy.

Intenzita inkubaéniho krmeni neni variabilni jen vramci druhd (Sedgwick 1993,
Prispévek Ill), ale jeho frekvence se vyrazné lisi i mezi jednotlivymi druhy (Martin &
Ghalambor 1999, Prispévek Il). Proc a jak se liSi druhy v intenzité inkubac¢niho krmeni, jsme
zkoumali u australskych a novozélandskych pévcu (Prispévek Il). Zaméfili jsme se hlavné na
vliv miry hnizdni predace, télesné velikosti druhu a socialni struktury, tj. zda se jednalo o
kooperativni hnizdi¢e nebo o druhy hnizdici v paru. Druhy se mezi sebou vyrazné lisi v mire
hnizdni predace (Ricklefs 1969, Conway & Martin 2000a), a to plati i u naseho studijniho
systému (viz kap. 5, Prispévek IV). Vysokd mira inkubaéniho krmeni vede k vysoké aktivité
kolem hnizda, takZe lze ocekavat evoluci nizké aktivity u hnizda u druhl trpicich vysokou
mirou hnizdni predace (Skutch 1949, Conway & Martin 2000a). Rozdilnd mira hnizdni
predace mlzZe byt jednim z vysvétleni rlizné intenzity inkubacniho krmeni na mezidruhové
urovni. Vysledky studii, které se zaméfily na vztah mezi rizikem hnizdni predace a intenzitou
inkubacniho krmeni mezi jednotlivymi druhy, se vsak lisi. U severoamerickych pévcu bylo
zjisténo, Ze se intenzita inkubacniho krmeni se zvysujicim se rizikem hnizdni predace snizuje
(Martin & Ghalambor 1999, Fontaine et al. 2007), pripadné neméni (Conway & Martin
2000a). Nase studie odhalila, Ze intenzita inkuba¢niho krmeni u australskych a
novozélandskych pévcu je naopak nejvyssi u druhd, které trpi nejvy$si mirou hnizdni predace
(Prispévek 1l). V pripadé prace Conwaye a Martina (2000a) vsak nebyl k urceni intenzity
inkubacniho krmeni pro dany druh pouzit skutecny kvantitativni Gdaj, ale pouze kvalitativni
popis (Conway & Martin 2000a). Je proto sporné, zda je mozino vysledky této prace
srovnavat s vysledky ostatnich studii, které pouzily udaje kvantitativni (Martin & Ghalambor
1999, Fontaine et al. 2007, Prispévek II).

MoZnym vysvétlenim kontraintuitivniho vztahu, ktery jsme zjistili u pévcl Australie a
Nového Zélandu, je korelace vyssiho inkubacniho krmeni s vyssi intenzitou inkubace, ktera
byla nalezena jak mezi jedinci (Tewskubry et al. 2002, Lloyd et al. 2009), tak mezi druhy
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(Martin & Ghalambor 1999, Fontaine et al. 2007, Prispévek Il). Zvyseni intenzity inkubace
(umozZnéné vyssi frekvenci inkubaéniho krmeni) mize ndsledné zkratit inkubacni periodu, jak
bylo demonstrovano opét v ramci jednotlivych druh( (Haftorn 1983, Lyon & Montgomerie
1985, Prispévek V) i mezi druhy (Martin 2002, Martin et al. 2007). Zkraceni délky vyvojové
periody je efektivni zplsob zvySovani fitness (Lack 1968, Remes & Martin 2002). Selekce u
druht s vysokou mirou hnizdni predace proto muze preferovat zvySovani intenzity inkubace
a nasledné i frekvence inkubacniho krmeni (Fontaine & Martin 2006). O d(ivodech, pro¢ by
mél vyssi predacni tlak vést k jedné strategii v Severni Americe a k opacné v Australii a na
Novém Zélandu, lze pouze spekulovat. Jednim z moinych vysvétleni mlze byt rozdil
ve zpusobu orientace preddator(. Pokud se v Severni Americe fidi vétSina predator( zrakem,
pak se ptakim vyplati sniZit intenzitu aktivity u hnizda a tim i ndpadnost hnizda pro
pfipadného predatora. Pokud se vSak v Austrdlii a na Novém Zélandu predatoti fidi spiSe
¢ichem nebo nachazeji hnizda nahodou, je naopak vyhodnéjsi co nejvice zkratit vyvojové
periody, coZ ale vede k vyssi intenzité rodi¢ovské aktivity v okoli hnizda. BohuZel uréeni
skute¢né identity predator(i za pouZiti videi je velmi narocné (Weidinger 2008) a takovych
studii je dosud mdlo (napf. Brown et al. 1998, Morgan et al. 2006). Je proto velmi obtizné
¢init jakékoli zavéry. Dale na intenzitu inkubacniho krmeni neméla u australskych a
novozélandskych pévcu vliv télesna velikost druhu (PFispévek Il). Stejny vysledek byl zjistén i
pro pévce Arizony a Montany (Martin & Ghalambor 1999) a malé pévce hnizdici v dutinach
(Ghalambor 1998). Podobné se v nasi studii intenzita inkuba¢niho krmeni nelisila mezi druhy
hnizdicimi kooperativné a v paru. Zda se tedy, Ze nejvyznamnéjsim faktorem ovliviiujicim
evoluci intenzity inkubaéniho krmeni u pévcl Australie a Nového Zélandu je mira hnizdni
predace.

3.2. Samici inkubacni chovani — intenzita inkubace

Pro zdarny vyvoj ptac¢iho embrya je dalezité, aby se vyvijelo v teplotnim rozmezi 36—40.5 °C.
Pfi teplotach nizsSich nez 26 °C dochazi az k zastaveni vyvoje, delSi vystaveni teplotdam
prekracujicim 40.5 °C je letalni. Teploty v rozmezi 26-36 °C vedou ke zpomaleni vyvoje
(Webb 1987, Conway & Martin 2000b). Samice® tak musi vyvaZit teplotni potieby vyvijejiciho
se embrya se svymi vlastnimi energetickymi potfebami, které jsou navic béhem inkubace
pomérné vysoké (Williams 1996, Thomson et al. 1998). Intenzita inkubace se mezi druhy
vyrazné lisi. Napriklad u australskych a novozélandskych pévcl se pohybuje v rozmezi od 31
do 100 % (n = 100 druh; Matysiokova, nepubl.), u severoamerickych pévcud v rozmezi od 32
do 97 % (Conway & Martin 2000a). Vyrazné rozdily vSsak mlzeme najit i v rdmci jednotlivych
druh( (Hatupka 1994, Boulton et al. 2010). Napfiklad u sykory konadry se intenzita inkubace
jednotlivych samic pohybuje v rozmezi 61-89 % (Prispévek Il).

! pfestoze u nékolika druhti inkubuji vyhradné samci, pouzivdm pro zpiehlednéni pro inkubujiciho
jedince vyraz samice, jelikoZ se jedna o nejcastéji inkubujici pohlavi (Skutch 1957, Deeming 2002).
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Dlvod(, proc se samice mezi sebou lisi vintenzité inkubace, mlze byt hned nékolik.
Jedna se jak o faktory vnéjsiho prostredi, jako je napfiklad kvalita hnizdniho teritoria Ci
teplota vnéjsSiho prostredi (Skutch 1962, Sedgwick 1993, Rauter & Ryer 1997), tak o
charakteristiky inkubujici samice, jako je vék nebo kondice (Aldrich & Raveling 1983, Hegyi &
Sasvari 1998). V nasem vyzkumu intenzity inkubace u sykory konadry jsme se zaméfili na
nékolik faktor(, které by mohly samici inkubacni chovani ovliviiovat (PFispévek Ill). Jako
faktory vnéjsiho prostiedi jsme zvolili velikost a vék sntsky, datum zahajeni snasky, teplotu
vnéjsiho prostredi, kvalitu hnizdniho teritoria a miru, do jaké byla samice béhem inkubace
krmena samcem (tj. inkubacni krmeni, viz 3.1.). Jako charakteristiky samice pak kondici
definovanou jako exprese karotenoidovych a melaninovych ornamentl a vék samice. Ze
vSech nami zkoumanych faktor( ovliviovala intenzitu inkubace v nasi populaci pouze
velikost snlsky a teplota vnéjsiho prostredi. Samice inkubujici vétsi snasky travily na hnizdé
vice ¢asu nez samice inkubujici snGsky mensi.

Samice se mdze b&hem inkubace fidit bud svymi potfebami a ukonéit inkubaéni interval®
ve chvili, kdy vycerpa energetické zasoby (Chaurand & Weimerskirch 1995, Reid et al. 1999)
nebo aktualnim stavem snlsky a ukoncit inkubacni interval ve chvili, kdy snliska dosahne
urcité teploty (White & Kinney 1974). V prvnim pfipadé bude vztah mezi velikosti snisky a
intenzitou inkubace pozitivni. Vétsi snisky pomaleji chladnou (Frost & Siegfred 1977, Reid et
al. 2002) a samice tak na jejich opétovné zahrati (které je energeticky narocnéjsi nez pouhé
udrzovani teploty; Vleck 1981) potiebuje vydat méné energie nez u rychleji chladnoucich
snGsek mensich. Pomalejsi vyCerpani energetickych zasob tak samici umoznuje prodlouZit
délku jednotlivych inkubacnich intervall (bez nutnosti zaroven prodluzovat délku interval(i
potravnich) a tim i zvysit intenzitu inkubace. Pokud se vSak samice fidi aktudlnim stavem
sntsky, lze ocCekavat vztah presné opacny. Vtakovém pripadé by totiz vétsi, pomaleji
chladnouci sntiska umoznovala samici zkratit délku inkubacnich interval(i, protoZe dosahne
kritické teploty dfive, a tim sniZit intenzitu inkubace (Reid et al. 2002). Nase vysledky
naznacuji, Zze samice sykory konadry se béhem inkubace fidi vlastnimi potfebami spiSe nez
aktudlnim stavem sn(sky. Podobné chovani bylo pozorovano napftiklad u sykory modfinky
(Cyanistes caeruleus; Jones 1987, Tripet et al. 2002) ¢i lejska cernohlavého (Ficedula
hypoleuca; Blagosklonov 1977). Intenzita inkubace se v nasi populaci také sniZovala se
zvySujici se teplotou vnéjsiho prostfedi. Obdobné vysledky byly zjistény i v jinych studiich
(Hinde 1952, Sanz 1997, Camfield & Martin 2009). Tento vysledek je prfedvidatelny. Embryo
se potrebuje vyvijet v Uzkém rozmezi teplot (viz vyse), proto by samice méla zabranit
vystaveni snasky nizkym teplotdm v pfipadé, Ze dochazi ke snizeni teploty vnéjsiho prostredi.
Toho miZe dosdhnout pravé zvySenim intenzity inkubace pfi sniZujici se teploté vnéjsiho
prostiedi (Conway & Martin 2000b, Prispévek Ill). Ani jeden ze zbyvajicich faktorl na

v v v “ v

? Jeliko? Eedtina nema adekvatni vyraz pro anglické , bout” ve spojeni ,incubation bout” ¢i ,foraging bout”
pouZivam v téchto pfipadech slovo ,interval®. V pfipadé inkubacéniho intervalu se tak jednd o dobu mezi
priletem inkubujici samice na hnizdo a jejim odletem. V pfipadé potravniho intervalu se naopak jedna o
periodu mezi ukonéenim jednoho inkubacniho intervalu a zahajenim druhého.
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intenzitu inkubace vliv nemél. Znaseho vyzkumu tak vyplyvd, Ze podobné jako samdi
inkubacni chovani (viz 3.1.) i samici inkubacni chovani je u sykory konadry vice ovlivnéno
podminkami vnéjSiho prostiedi (velikost snlsky, vnéjsi teplota), nez samicimi

charakteristikami (ornamenty, vék).

4. ORNAMENTACE A PTILOCHRONOLOGIE ANEB JAK (NE)MERIT KVALITU

Kvalita jedincd je jednim z faktor(, jez maze rlznym zplsobem ovlivnit inkubacéni chovani
samcuU i samic. Kvalitni samci mohou byt schopni investovat do snusky vice (Hill 1991, Senar
et al. 2002, Griggio et al. 2010), ale k vyssi investici nemusi byt nutné ochotni (Magrath &
Komdeur 2003). DalSi mozZnosti je, Ze samec je ochoten vice investovat do snlsky, pokud je
sparovany s kvalitnéjsi ¢i atraktivnéjsi samici (Burley 1988). Naopak samec mUZe vice krmit
méné kvalitni samici, kterd ma vétsi energetické naroky nez samice kvalitnéjsi (Hatupka
1994). Podobné jako u samce i u samice mohou byt investice do soucasné snlsky zavislé na
jeji kvalité (Aldrich & Raveling 1983, Hegyi & Sasvari 1998, Hanssen et al. 2003, Broggi &
Senar 2009).

Je mnoho zplsobd, jak méfit kvalitu ¢i kondici u ptak (Brown 1996, Stejskalova 2001).
Kromé nejcastéji pouzivanych parametr(, jako jsou biometricka data (délka béhaku, kridla,
zobaku, télesna hmotnost) ¢i na nich zaloZené indexy, je jednou zmoZnosti i
ptilochronologie. Tato metoda spociva v ur¢ovani nutri¢ni kondice na zakladé Sirky denniho
prirdstku per. Siroké rlstové prouzky znamenaji rychly rlist per, a jelikoz rlist pera je
nakladny, predpoklada se, Ze Sirka rlstovych prouzk( odrazi kondici ptak( v obdobi béhem
prepefovani (Grubb 1989). Skutecnost, Ze se jednd o jednoduchou a finanéné dostupnou
metodu, ktera je navic Setrna k ptakim samotnym, délad z ptilochronologie metodu velmi
vhodnou pro terénni vyzkum (Grubb 2006). Platnost této metody vsak byla nékterymi védci
zpochybnéna (Murphy & King 1991). Rozhodli jsme se proto zjistit, zda by ji bylo mozno
pouzit k uréovani kondice u naseho modelového druhu, sykory koriadry. U tohoto druhu se
setkdme hlavné se dvéma druhy ornamentd — melaninovymi a karotenoidovymi. Oba tyto
typy ornamentl jsou obecné povazovany za kondi¢né zavislé (von Schantz et al. 1999, Hill
2002, Griffith et al. 2006, Galvan & Alonso-Alvarez 2008). Ocekavali jsme proto, Zze pokud
rychlost rlstu per skute¢né odrazi kondici ptakl béhem preperovani, nalezneme pozitivni
vztah mezi Sitkou ristovych prouzkd a expresi ornamentd.

Mezi plochou melaninového ornamentu a Sitkou rlstovych prouzkd jsme nezjistili Zadny
vztah (PFispévek VI). Toto zjisténi odpovida vysledklm jinych studii tykajicich se stejného
druhu (Senar et al. 2003, Hegyi et al. 2007). Proti veskerému ocekavani jsme ale zjistili
negativni vztah mezi karotenoidovymi ornamenty a rychlosti rlstu per, tzn. jedinci
s nejvyssim obsahem karotenoidl v pefi méli rdstové prouzky nejuzsi (Ptispévek VI).
Vysledky praci, které zkoumaly vztah mezi karotenoidovymi ornamenty a rychlosti rlistu per
u sykory konadry, se tedy vyrazné liSi. Nékteré z téchto praci nasly vztah mezi rychlosti rlistu
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per a expresi karotenoidovych ornament(l pozitivni (Senar et al. 2003), jiné negativni
(Prispévek VI) a zbyvajici nenasly vztah Zadny (Eeva et al. 1998, Senar et al. 2003, Hegyi et al.
2007). Z nasi studie tak vyplyva, ze u sykory koniadry nelze ptilochronologii povazovat za
spolehlivou metodu k urceni nutriéni kondice. V dalSim vyzkumu jsme se proto rozhodli
naddle pouzivat jako indikator kvality jedincl expresi jejich ornament( (viz také 3.1., 3.2.).

U ptakl se muzeme setkat svice druhy ornamentl. Kromé zpévu a rlaznych typa
vyrastk( mezi né patfi i zbarveni pefi. Nejéastéji se setkdme se zbarvenim zaloZzenym na
karotenoidech, melaninech a strukturnich mechanismech (Hill & McGraw 2006). Béznymi
ornamenty u ptakd jsou ornamenty karotenoidové (Olson & Owens 2005). Zivocichové
nedokazi karotenoidy sami syntetizovat, a musi je proto pfijimat zvnéjSiho prostredi
s potravou (Olson & Owens 1998). Karotenoidy jsou c¢asto navic pred uloienim do
ornamentu metabolizovany (Hill 2002). Nizsi dostupnost karotenoidl a pripadnd nutnost
energeticky ndkladné premény vede ktomu, Ze je exprese karotenoidovych ornamentl
nakladna (McGraw 2006a). Karotenoidové ornamenty jsou proto povazovany za indikatory
kvality a/nebo kondice jedince (Mgller et al. 2000). Melaninové ornamenty nebyly dfive
povazovany za vhodné indikatory pro urceni kondice, protoZe melaniny si organismy dokazi
samy syntetizovat (McGraw 2006b). Z recentnich studii vSak vyplyvd, Ze mohou odrazet
kondici stejné dobre jako ornamenty karotenoidové (Griffith et al. 2006, Galvan & Alonso-
Alvarez 2008). Vztah mezi expresi strukturniho zbarveni a kondici jedince (Hill 2006) byl
prokazan v nékolika studiich, avsak mechanismus tohoto vztahu je nejasny (Prum 2006).

V nasem vyzkumu vztahu mezi ornamentaci a inkubaénim chovanim u sykory konadry
jsme se zaméfili na karotenoidové (Prispévek Ill, Pfispévek V) i melaninové ornamenty
(Prispévek lll). Zkoumali jsme, zda mira exprese téchto dvou typl ornamentl predikuje
samci a samici inkubacni chovani (Prispévek lll). Zjistili jsme, Ze za béinych podminek
ornamenty nebyly dobrymi prediktory inkubac¢niho chovani ani u jednoho pohlavi (viz 3.1.,
3.2.). JelikozZ se kvalita jedince m{Ze projevit az pti zatéZové situaci (Ardia & Clotfelter 2007),
rozhodli jsme se experimentalné ztizit podminky samicim sykory konadry pomoci tzv.
hendikepovani a zkoumali jsme, jak se zvySend zatéZ projevi na jejich inkubacnim chovani
(PFispévek V). Z moznych metod hendikepovani (upevinovani zavazi, slepovani per, strihani
per) jsme zvolili stfihdni rucnich a ocasnich per, jelikoz zlomenad ¢i chybéjici pera patfi mezi
nejcastéjsi prirozené hendikepy u divoce Zijicich ptak( (Dawson et al. 2001). Schopnost
vyrovnat se s takovymto hendikepem vypovida o individudlni kvalité jedince (Harding et al.
2009). ProtoZe nas zajimala zejména role ornamentl ve schopnosti vyrovnat se
s experimentalni zatézi, zjistovali jsme, jak se zménila intenzita inkubace a télesnd hmotnost
hendikepovanych samic ve vztahu kexpresi jejich karotenoidovych ornamentda.
Pfredpokladali jsme, Ze se samice svyraznéjSimi karotenoidovymi ornamenty
s experimentalnim zasahem vyrovnaji lépe (tj. dojde k nizSimu poklesu télesné hmotnosti a
mensi zméné v intenzité inkubace) neZ samice s ornamenty méné vyraznymi. Nenasli jsme
vsak rozdil ve zméné télesné hmotnosti ¢i zméné v intenzité inkubace mezi samicemi s méné
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a vice vyraznymi karotenoidovymi ornamenty. Zda se tedy, Ze mira exprese karotenoidovych
ornamentl neni dobrym prediktorem schopnosti vyrovnat se se zatéZzovou situaci béhem
inkubace. Vyznam ornamentu se pravdépodobné uplatriiuje spiSe v jinych ¢astech hnizdniho
cyklu, jako je naptiklad obdobi péce o mladata (Griffith & Pryke 2006) nebo obdobi mimo
hnizdéni (Senar 2006, Broggi & Senar 2009), nez béhem obdobi inkubace (Prispévek V,
Prispévek ).

5. HNizDNi PREDACE

Predace je nejdulezitéjsi faktor ovliviiujici reprodukéni Uspésnost u ptakd, protoze zpUsobuje
vétsSinu hnizdnich ztrat (Ricklefs 1969, Martin 1993, Thompson 2007). Druhy se mezi sebou
vyznamné liSi v mife hnizdni predace (Ricklefs 1969, Conway & Martin 2000a). Dosavadni
vyzkumy ukazuji, Ze hlavni rozdily jsou zplsobené typem hnizda (Nice 1957, Lack 1968,
Martin & Li 1992, Wesotowski & Tomiatoj¢ 2005, Fontaine et al. 2007), vegetacnim patrem
(Martin 1993), typem vegetace (Tewksbury et al. 2006), nadmofiskou vyskou (Boyle 2008) a
geografickou polohou (Thompson 2007). Predchozi vyzkumy vsak byly provadény témér
vyluéné na ptacich severniho mirného pasu. Neni proto jasné, zda tyto zavéry plati i pro
ptaky tropické, subtropické a ptaky jizni polokoule (Martin 1996, Stutchbury & Morton
2001).

Cilem mého vyzkumu bylo zjistit, zda (a pokud ano, tak jakym zplsobem) mohla predace
formovat evoluci inkubac¢niho chovani u pévci Australie a Nového Zélandu. O tom, jak se
mira predace mezi jednotlivymi druhy na jizni polokouli lisi a co ji ovliviiuje, je jen velmi malo
znamo (viz vySe). Vyzkumu vlivu predace na inkubacni chovani tak predchdzel vyzkum
samotné predace u australskych a novozélandskych pévcl a snaha o identifikaci
nejdulezitéjsich korelatli s ni souvisejicich.

| presto, Ze celkové hnizdni ztraty byly podobné jako v jinych oblastech (58 %), proporce
ztrdt zplUsobena predatory byla v Austrdlii a na Novém Zélandu prekvapivé nizsi (69 %;
Prispévek IV) neZ v jinych oblastech mirného (84-92 %; Mezquida & Marone 2001, BBIRD
2003, Wesotowski & Tomiatojé 2005), tropického a subtropického pasu (6594 %; Marchant
1960, Oniki 1979, Robinson et al. 2000, Lloyd 2004b, Auer et al. 2007). Mira hnizdni predace
byla vy$si u mensich druh(l. Tento vysledek se zda byt intuitivni, protoZe vétsi druhy se
mohou |épe branit. | pfesto je to jedina studie, kterd takovyto vztah odhalila (Ricklefs 1969,
Remes 2006, Lyer 2008). Stejné jako v jinych regionech i v Australii a na Novém Zélandu ma
na riziko predace vyznamny vliv typ hnizda. Nejméné jsou predaci postizeni dutinohnizdici,
vice pak druhy obyvajicimi uzaviend hnizda a nejvice oteviené hnizdici druhy (Prispévek IV).
Hlavnim dlvodem vétsi bezpecnosti dutin je zfejmé nizsi dostupnost pro predatory ve
srovnani s ostatnimi typy hnizd (Paclik et al. 2009). Nase studie dale odhalila vyznamny vliv
zemépisné Sirky na miru hnizdni predace. Predace se sniZzovala se zvySujici se zemépisnou
Sitkou, coz je ve shodé s tradicnim poznatkem, Ze mira predace je nejvyssi pravé v tropech
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(Martin 1996). Mira hnizdni predace také pozitivné korelovala s rokem, ve kterém byla
studie provadéna. O tom, pro€ v Austrdlii a na Novém Zélandu stoupa mira hnizdni predace
se da jen spekulovat. MUze jit o fragmentaci prostredi pripadné sifeni hnizdnich predator(. Z
vySe uvedenych vysledk( vyplyva, Ze mezi pévci Austrdlie a Nového Zélandu jsou hnizdni
predaci nejvice postizeny malé druhy hnizdici v otevienych hnizdech a obyvajici nizsi
zemeépisné Sitky a Ze se mira predace obecné zvysuje. Typ hnizda, velikost téla a geograficka
lokace tak potencialné mohou mit velky vyznam v ur€eni miry hnizdni predace a nasledné
v evoluci Zivotnich strategii u australskych a novozélandskych pévcu (Prispévek IV). O tom,
jak se predace mohla podilet na evoluci samciho inkubaéniho chovani u pévca Australie a
Nového Zélandu viz kapitolu 3.1. (Pfispévek Il). Budouci plany na vyzkum vlivu predace na
evoluci samiciho inkubacniho chovani jsou zminény nize.

6. ZAVER

Hlavni zavéry mého vyzkumu vyznamu ornamentu a predace u ptakl a vlivu rdznych faktort
na inkubacni chovani jsou nasledujici: 1) u sykory konadry nepredikuje exprese
karotenoidovych ani melaninovych ornamentd miru rodi¢ovskych investic béhem inkubace
ani u jednoho pohlavi, 2) inkubaéni chovani je u sykory konadry ovliviiovano prevdiné
faktory vnéjsiho prostredi, 3) hypotéza samici vyzivy nevysvétluje variabilitu v inkubacnim
krmeni u sykory konadry, 4) pfinejmensim u sykory konadry nelze ptilochronologii doporucit
jako spolehlivou metodu k urceni nutri¢ni kondice, 5) mira hnizdni predace v Australii a na
Novém Zélandu je ovlivnéna hlavné télesnou velikosti druhu, typem hnizda, geografickou
polohou a rokem, 6) predace je ziejmé vyznamny faktor, ktery ovlivnil evoluci inkubacéniho
krmeni u pévcu Australie a Nového Zélandu.

Ve svém dalSim vyzkumu bych se chtéla nadale vénovat pévclm Australie a Nového
Zélandu. Vychozimi studiemi pro tento vyzkum budou mé prace, v nichZ se zabyvdm samcim
inkubacnim chovani a problematikou predace u této skupiny pévcl (PFispévek Il, Pfispévek
IV). Cilem vyzkumu bude zjistit, jak se mezi sebou lisi druhy v mife samicich rodi¢ovskych
investic béhem inkubace ve vztahu k predaci a dalSim faktorim, které se na formovani
evoluce samiciho inkubac¢niho chovani mohou podilet (napfiklad teplota vnéjsiho prostredi).
Ziskané udaje chci srovnat s udaji, které byly publikovany pro pévce severni (Martin &
Ghalambor 1999, Conway & Martin 2000a) a jizni polokoule (Auer et al. 2007).
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Matysiokova B. 2010: Inkubacni krmeni u ptakt. Sylvia 46: XX—XX.

Inkubacni krmenti je takové chovani, kdy samec krmi samici béhem inkubace. Vyskytuje se u
celé tady skupin ptakl, nejcastéj$i je u zoborozci, dravcd, sov, papouskd a pévei. V
soucasnosti existuje nékolik hypotéz pokousejicich se vysvétlit jeho vyznam. V tomto
piehledu pfedstavuji vSechny hypotézy a shrnuji publikované prace zabyvajici se vyznamem
inkubac¢niho krmeni u ptaki. Nejprve shrnuji faktory, které ovliviiuji intenzitu inkubacniho
krmeni. Mezi né patii kvalita hnizdniho teritoria, kondice samice, charakteristiky samce,
riziko predace, teplota vnéjsiho prostiedi, denni doba, datum, velikost a stafi sntisky a socialni
struktura. Dale pak faktory, které jsou samy inkuba¢nim krmenim ovliviiovany. Jedné se o
intenzitu inkubace, riziko predace, kondici samice, inkubacni periodu a reprodukéni
uspésnost. Z faktort, které ovliviiuji inkubacni krmeni, byla nalezena nejcastéji negativni
korelace s teplotou vnéjsiho prostiedi a rizikem predace. Z faktor, které jsou samy
inkubacnim krmenim ovliviiovany, korelovalo inkuba¢ni krmeni nejCastéji pozitivné
s intenzitou inkubace. VétSina studii zahrnutych do tohoto pfehledu jsou vSak studie
korela¢ni, a proto je té¢zké najit pficinné vztahy mezi chovanim, fenotypem a podminkami
vnéjsiho prostiedim.

Incubation feeding is a behaviour whereby the male feeds his mate during incubation. This
behaviour occurs in several groups of birds, most often in hornbills, raptors, owls, parrots
and songbirds. This review presents all hypotheses, which were proposed to explain the
function of incubation feeding and summarizes published studies dealing with this behaviour
in birds. First, I summarise the factors that have an influence on the rate of incubation
feeding. These include territory quality, female condition, male characteristics, risk of
predation, ambient temperature, time of day, date, clutch size, age of the clutch and social
structure. The second factors summarized are those, which are affected by incubation feeding.
These include nest attentiveness, risk of predation, female condition, incubation period and
reproductive success. Incubation feeding correlated most often negatively with ambient
temperature and the risk of nest depredation and positively with female nest attentiveness.
However, most of the studies included in this review are correlational and thus it is difficult to
infer causal relationships between individual behavioural, phenotypic, and environmental
characteristics.

Keywords: incubation behaviour, male provisioning, parental investment



UVOD

Inkubace je jednim z klicovych procest ptaci reprodukce (White & Kinney 1974, Deeming
2002a). S n¢jakou formou inkubace se setkdme u naprosté vétSiny ptac¢ich druht. U druhd, kde
inkubuje pouze jeden z rodict (zpravidla se jednd o samici, Skutch 1957, Deeming 2002b), ma
inkubujici jedinec omezeny Cas pro sbér potravy a péci o sebe sama (Drent 1975). Jelikoz je
inkubace energeticky naro¢na (Willams 1996, Thomson et al. 1998, Tinbergen & Williams
2002), mize to mit negativni dopad na jeho kondici, naslednou rodi¢ovskou péci béhem
stejného ¢i nasledujiciho hnizdniho pokusu nebo jeho piezivani do dalsi sezony (Heinsohn &
Cockburn 1994, Heaney & Monaghan 1996, Reid et al. 2000, Visser & Lessells 2001, de Heij
et al. 2006).

U mnoha riznych druhi ptakd samec krmi inkubujici samici (Lack 1940, Ricklefs 1974).
Tento typ inkubace se nazyvad podporovand samici inkubace (assisted gyneparental
incubation, Williams 1996) a sam¢i chovani pak inkubacni krmeni (incubation feeding,
Cottam 1941). U zoborozci a n¢kterych dravci, sov a papouski jsou samice béhem inkubace
na sam¢im krmeni plné zavislé (Moreau 1934, Poulsen 1970, Altenburg et al. 1982, Saunders
1982, Korpimdki 1987) a ztrata samce muze vést az k opusSténi snisky samici (Saunders
1982). Veskeré nebo vétSinu krmeni poskytuje samec samici béhem inkubace také u
nékterych pévcei, jako naptiklad u havrana polniho Corvus frugilegus (Reskaft 1983), straky
obecné Pica pica (Mugaas & King 1981, Buitron 1988) ¢i straky zlutozobé Pica nuttali
(Verbeek 1972). U mnoha dalSich druhi ptakti pak samec poskytuje samici jen ¢ast jejiho
denniho pfijmu potravy, zbytek si samice zajistuje sama (napt. Davies 1977).

V tomto ¢lanku shrnuji veskeré mné znamé publikované prace, které se otazkou
inkuba¢niho krmeni zabyvaji. Jednim z problému tykajicich se ziskdvani a zpracovavani
informaci o inkuba¢nim krmeni z literatury je skuteCnost, ze autofi nékdy neodliSuji krmeni
béhem inkubace, tj. inkubac¢ni krmeni od krmeni pted zahdjenim inkubace, tj. krmeni
zasnubniho (courtship feeding). Mnoho autort tak pod pojmem zasnubni krmeni rozumi jak
krmeni zdsnubni v uz§im slova smyslu, tak krmeni inkubacéni (napt. Smith 1980, Silver et al.
1985), coz je casto velmi matouci. Jelikoz jsem se v této praci chtéla zabyvat vyhradné
inkuba¢nim krmenim, opomenula jsem zdmérn€ prace, z nichz neni zcela ziejmé, o jaky druh
krmeni se jedna, ¢i kde je inkubac¢ni a zasnubni krmeni spojovano do jediného pojmu.

Kde se s inkuba¢nim krmenim miiZeme setkat

Inkubaéni krmeni se vyskytuje u celé fady ptacich druhti, naptiklad u pévci Severni Ameriky
se s nim muzeme setkat u vice nezZ 41 % druht (Verner & Willson 1969). Je Castéjsi u péveil
nez u nepévcl (Kendeigh 1952) a u druhti, kde inkubuje pouze samice (Lifjeld 1989). Také je
Cast¢jsi u dutinovych hnizdi¢l nez u druhti vyuzivajicich k hnizdéni oteviend hnizda (Lifjeld
1989), coz pravdépodobné souvisi s nizsi rizikem predace u dutinovych hnizdi¢t (Martin &
Li 1992). Pravdépodobnost, ze se u daného druhu inkubaéni krmeni vyskytuje, neni zavisla na
télesné velikosti dan¢ho druhu (Ghalambor 1998, Martin & Ghalambor 1999).



K ¢emu inkubaéni krmeni slouzi?

Vyzkumem funkce inkuba¢niho krmeni se zabyvalo mnoho autorti. J& zde uvadim ¢tyfi hlavni
hypotézy vysvétlujici funkci inkubac¢niho krmeni. Pata navrhnutd hypotéza (hypotéza
vyzadujiciho chovani, Demand behavior hypothesis, Smith 1980) povazuje inkubacni krmeni
za projev sami¢i dominance nad samcem. Jedna se tak spiSe o proximatni vysvétleni
inkubacéniho krmeni, které neni v protikladu k ostatnim hypotézam, a proto se jim dale nebudu
zabyvat.

1. Hypotéza upeviiovani paru (Pair-bonding ¢i Pair bond maintenance hypothesis, Lack
1940, Kluijver 1950)

Podle této hypotézy se jedné o chovani symbolické, jehoz hlavni funkci je stmelovani paru.
Predpovida, Zze samice pii opakovaném hnizdéni (napiiklad po netispéchu prvniho hnizdéni)
pravdépodobnéji zlstane se samcem, ktery ji béhem inkubace poskytl relativné vice potravy.
Vztah mezi frekvenci inkuba¢niho krmeni a ,,rozvodovosti® zkoumal Hatchwell et al. (1999)
u mlynatikti dlouhoocasych (4egithalos caudatus), experimentalné pak Lifjeld & Slagsvold
(1986) u lejskt Cernohlavych (Ficedula hypoleuca). Ani v jednom piipad¢ nebyl tento vztah
nalezen a hypotézu upeviovani paru se tak nepodafilo podpofit.

2. Hypotéza samici vyzivy (Female nutrition hypothesis, von Haartman 1958, Royama 1966)
V soucasné dobé se jednd o nejpopularnéjsSi a nejcastéji testovanou hypotézu. Protoze je
inkubace energeticky narocna (Willams 1996, Thomson et al. 1998, Tinbergen & Williams
2002), zamétila se vétSina autorti na vyznam inkubacniho krmeni jako dilezit¢ho zdroje
energie pro inkubujici samici. Inkubaéni krmeni by pak mélo mit vliv na reprodukéni uspéch
a/nebo kondici samice. Samec poskytujici samici ¢ast jejiho denniho pfijmu potravy ji
umoziuje stravit méné casu hledanim potravy. Toto umoznuje samici zvysit procento ¢asu
behem dne, ktery miize vénovat inkubaci, tj. zvysit inteznitu inkubace (Martin & Ghalambor
1999, Tewksbury et al. 2002). Vyssi intenzita inkubace pak muize vést k vy$si lihnivosti
a/nebo ke zkraceni inkubacéni periody (Lyon & Montgomerie 1985, Martin et al. 2007), coz
muze mit za nasledek sniZzeni rizika predace. Vyssi lihnivost i nizs§i predace pak pozitivné
ovlivityji reprodukéni uspésnost celého paru.

3. Hypotéza samdi kvality (Male-quality hypothesis, Nisbet 1973)

Podle této hypotézy se jedna o indikator kvality samce vypovidajici o jeho schopnosti starat
se o mlad’ata. Jestlize inkubacni krmeni indikuje schopnost ¢i ochotu samce investovat do
rodi¢ovské péce, Ize ocekavat vztah mezi frekvenci krmeni béhem inkubace a béhem péce o
mlad’ata. Tento vztah byl opravdu potvrzen u hyla mexického (Carpodacus mexicanus) v
Montang, kde byla intenzita inkubac¢niho krmeni vyznamnym prediktorem pozdéjsi intenzity
krmeni mlad’at samcem (Badyaev & Hill 2002). U populace stejného druhu v Arizoné uz vSak
vztah mezi intenzitou inkuba¢niho krmeni a intenzitou krmeni mlédd’at nalezen nebyl (Stein et
al. 2010). Stejn¢ tak intenzita inkubac¢niho krmeni nic nevypovidala o nasledné intenzité
krmeni mladat u lejska cernohlavého, mlynaiika dlouhoocasého a kardinala cerveného
Cardinalis cardinalis (Lifjeld & Slagsvold 1986, Hatchwell et al. 1999, Jawor & Breitwisch
2006). U mlynafika dlouhoocasého dokonce v téch ptipadech, kdy hnizdnicimu paru
pomahali pomocnici byla korelace mezi intenzitou inkubaéniho krmeni a naslednou intenzitou
krmeni mlad’at hnizdicim samcem negativni (Hatchwell et al. 1999). Nutno podotknout, ze



hypotéza sam¢i kvality se vétSinou udava spiSe ve spojitosti se zdsnubnim krmenim, tzn.
krmenim samice samcem v obdobi jesté pied kladenim vajec, protoze ocefiovat samcovu
kvalitu mé4 smysl spiSe pied inkubaci nez az béhem ni. V této spojitosti také byla n¢kolikrat
prokazana (Nisbet 1973, Niebuhr 1981, Tryjanowski & Hromada 2005).

4. Hypotéza piredcasného prinasSeni potravy (Anticipatory food-bringing hypothesis, Skutch
1954)

Podle této hypotézy se jednd o omyl samce, ktery piindsi potravu na hnizdo domnélym
mlad’atim. Je zalozena na viceméné anekdotickych pozorovanich samct piilétajicich na
hnizdo s potravou v dob¢, kdy je samice mimo hnizdo (Skutch 1954, Nolan 1958). Je nutno
podotknout, Ze ve vSech ptipadech ale samec pftilétal s potravou i v dob¢€ pfitomnosti samice a
samici na hnizd¢ prokazatelné¢ krmil. Navic néktefi pozdéjsi autofi i piiklady skutecného
inkubacniho krmeni apriori nazyvaji pred¢asnym piinaSenim potravy (napi. Davis 1960). Je to
ziejm¢ zpusobeno tim, ze v dobé, kdy tyto prace vznikaly, byla inkubace pokladana za
energeticky nenaro¢nou (Tinbergen & Williams 2002), a tak autoti prehlizeli mozny vyznam
krmeni samice samcem. Hypotéza nebyla experimentalné testovana.

Jak ¢asto krmi samec inkubujici samici?

Frekvence inkuba¢niho krmeni se li§i mezi jednotlivymi druhy, kdy u nékterych je velmi
nizkéd (napt. 0,48 zakrmeni za hodinu u stfizlika zahradniho Troglodytes aedon, Johnson &
Kermott 1992), u jinych pak mnohem vyssi (napt.13,9 zakrmeni za hodinu u sykory babky
Poecile palustris, Nilsson & Smith 1988). Intenzita inkubac¢niho krmeni se lisi nejen mezi
druhy, ale i vramci jednotlivych druhli. Variabilita mezi hnizdy v ramci druhu se muze
pohybovat naptiklad od 0 do 4,7 zakrmeni za hodinu u lindusky lu¢ni (Anthus pratensis,
Hatlupka 1994) nebo dokonce od 0,6 do 13 zakrmeni za hodinu u tyranovce Oberholserova
(Empidonax oberholseri, Sedgwick 1993). Pak je zajimavé ptat se na pficiny a dusledky této
variability.

Na ¢em je inkuba¢ni krmeni zavislé?

Ve snaze pochopit vyznam inkuba¢niho krmeni se rtizni autofi zamétili na faktory, které
mohou intenzitu inkubaéniho krmeni ovlivilovat. Patfi mezi né kvalita hnizdniho teritoria,
kondice samice, charakteristiky samce, riziko predace, teplota vnéj$iho prostiedi, denni doba,
datum, velikost a staii snisky a socidlni struktura.

Kvalita hnizdniho teritoria
Kvalita teritoria je velmi dilezity faktor ovliviiujici dostupnost potravy pro hnizdici par.
Samci obhajujici kvalitngjsi teritoria by mohli byt schopni zajistit vice potravy nez samci
z teritorii chudSich (Wilkin et al. 2009). Alternativnim vysvétlenim je, ze pomoci inkubacniho
krmeni samci kompenzuji nizsi kvalitu teritoria, a tudiz bychom mohli naopak ocekéavat
negativni vztah mezi kvalitou teritoria a intenzitou inkuba¢niho krmeni (Lifjeld & Slagsvold
1986).

Pozitivni vztah mezi kvalitou teritoria a intenzitou inkuba¢niho krmeni byl nalezen u
lejs¢ika zlutého (Eopsaltria australis), kde samci z velkych fragmentl (v nichz je vice



potravy) krmili inkubujici samice o 40 % vice nez samci z fragmentii malych (Zanette et al.
2000). Stejné tak ovliviiovala kvalita teritoria sam¢i inkubaéni krmeni u sykory konadry
(Parus major), ale pouze v letech s nizkou potravni nabidkou (Matysiokova & Remes 2010).
V ostatnich studiich rozdil v intenzité inkuba¢niho krmeni mezi rzné kvalitnimi hnizdnimi
teritorii (Lifjeld & Slagsvold 1986, Rauter & Reyer 1997) ¢i typy prostiedi (Lloyd et al. 2009)
nebyl nalezen.

Kondice samice

Jestlize samec upravuje intenzitu inkubacniho krmeni podle skute¢nych potfeb samice, dalo
by se ocekévat, Ze nutricni pozadavky samic v horsi kondici budou vétsi nez samic v kondici
lepsi, a tak budou krmeny s vétsi intenzitou. Dal§i moznosti je, Ze samec nereaguje na
okamzité potfeby samice, ale naopak bude ochotnéji investovat do samice v lepsi kondici ¢i
samice atraktivngjsi (Burley 1988).

Snizeni kondice samic lejska Cernohlavého vytrzenim nékolika ruénich letek (tzv.
hendikepovani) nemélo na inkubacni krmeni zadny vliv a hendikepované samice byly krmeny
se stejnou intenzitou jako samice kontrolni (Lifjeld & Slagvold 1986). Naopak zlepSeni
nutricniho stavu samic stejného druhu a samic stiizlika pokfovniho (7hryomanes bewickii)
pomoci suplementace potravou vedlo k tomu, ze dokrmované samice byly samcem krmeny
mén¢ neZz samice kontrolni (Smith et al. 1989, Pearse et al. 2004). Podobné& u jiné populace
lejska ¢ernohlavého mélo dokrmovani primarni samice pozitivni vliv na intenzitu krmeni
samice sekundarni. U parti, kde byla priméarni samice dokrmovéna, krmili samci vice samici
sekundarni, zatimco u kontrolnich parii byla primdrni a sekundarni samice krmena stejné
(Lifjeld & Slagvold 1989).

Charakteristiky samce

Jednim ze zékladnich parametri, ktery by mohl ovlivnit sam¢i inkubaéni chovéni, je kvalita ¢i
kondice samce. Kvalitn¢j$i samci mohou byt schopni investovat vice nez samci méné kvalitni,
ale na druhou stranu nemusi byt k vyssi investici ochotni (Magrath & Komdeur 2003).
K odhadu kondice u ptdk je pouzivano mnoho pfistupii (Brown 1996). Pii zkoumani
inkubacniho krmeni jsou pouzivana pfevazné biometrickd data (hmotnost, délka b&haku,
délka kiidla) ¢i indexy na nich zalozené. O kvalité jedince mohou také vypovidat jeho
ornamenty. Sem patii zpev, rizné vyrustky a zbarveni peti. U ptakd se setkavame hlavné se
zbarvenim zalozenym na karotenoidech, melaninech a strukturnich mechanismech (Hill &
McGraw 2006). Karotenoidové ornamenty jsou mezi ptaky hodné rozsitené (Olson & Owens
2005), a jelikoz je jejich exprese ndkladnd a ovliviiovdna prostiedim (McGraw 2006a), jsou
povazovany za indikatory kvality a/nebo kondice jedince (Meller et al. 2000). Melaninové
ornamenty sice nebyly diive povazovany za vhodné indikatory pro urceni kondice (McGraw
2006b), ale z recentnich studii vyplyva, ze mohou stejné¢ dobfe odrazet kondici jako
ornamenty karotenoidové (Griffith et al. 2006, Galvan & Alonso-Alvarez 2008). Nékolik
studii prokazalo vztah mezi expresi strukturniho zbarveni a kondici jedince (Hill 2006), avSak
mechanismus tohoto vztahu je zcela nejasny (Prum 2006). Reprodukéni uspéch se u zivocicha
li§i také mezi riznymi vékovymi kategoriemi (Clutton-Brock 1988). Ptaci mohou s vékem
zlepSovat své schopnosti ve sbéru potravy (Desrochers 1992) nebo obsazuji lepsi teritoria



(Part 2001). Na druhou stranu hnizdni uspéch jedinct, ktefi uz ptesdhnou urcitou vékovou
hranici, se snizuje (Newton 1989).

Biometricka data

Ze vsech sledovanych parametrti kondice (délka béhaku a kiidla, hmotnost) u lejska
cernohlavého intenzita inkuba¢niho krmeni pozitivné korelovala pouze s hmotnosti samce.
Délka béhdku ani délka kiidla statisticky vyznamné nebyly (Lifjeld et al. 1987). U jiné
populace stejného druhu nebyl nalezen statisticky vyznamny vztah mezi inkuba¢nim krmenim
a zadnym z téchto parametrti kondice (Lifjeld & Slagsvold 1986).

Ornamentace

Vztah mezi sam¢i ornamentaci a inkuba¢nim krmenim zkoumali Siefferman & Hill (2005) u
salasnika modrého (Sialia sialis). Zjistili, Ze nejlepSim prediktorem inkubacniho krmeni je
jasnost strukturniho zbarveni, zatimco melaninové ornamenty inkubac¢ni krmeni
nepredikovaly. AvSak titiz autofi nenasli v jiné studii téhoz druhu Zzadny vztah mezi
inkubacnim krmenim, a ani strukturnim ani melaninovym zbarvenim samci (Siefferman &
Hill 2003). Melaninové ani karotenoidové ornamenty se také neuplatiiovaly jako prediktory
inkuba¢niho krmeni u sykory konadry (Matysiokova & Reme§ 2010). Jawor a Breitwisch
(2006) zkoumali vztah mezi sam¢i ornamentaci a inkubacnim krmenim u kardinala
cervené¢ho. Nenasli vztah mezi zZddnym ze samcich ornamentl (délka chocholky, velikost
masky, zbarveni zobdku, karotenoidové zbarveni pefi) a intenzitou inkubac¢niho krmeni.
Negativni vztah mezi sam¢i ornamentaci a inkuba¢nim krmenim nasli Badyaev & Hill (2002)
u hyla mexického, kde samci s nejrozvinutéjSimi karotenoidovymi ornamenty (tj. samci
cerveni) krmili samici méné nez samci s ornamentaci rozvinutou méné (samci zluti). Opacny
vysledek vSak u stejného druhu zjistil Hill (1999), kde samci s vétSim mnoZzstvim karotenoida
v pefi krmili samice vice nez samci svétlej$i. Vztah mezi celkovym zbarvenim a inkuba¢nim
krmenim nebyl nalezen u lejska ¢ernohlavého (Lifjeld & Slagsvold 1986, Lifjeld et al. 1987).
Stejné tak nebyl nalezen vztah mezi charakteristikami zpévu samce a jeho intenzitou
inkubaéniho krmeni u snéhule severni (Plectrophenax nivalis, Hofstad et al. 2002).

Vek

V¢ek samce nekoreloval s inkubacnim krmenim u salasnika modrého (Siefferman & Hill 2005)
ani u sykory konadry (Matysiokova & Remes$ 2010), ale negativné koreloval s inkuba¢nim
krmenim u havranii polnich, kde dvouleti (tj. poprvé hnizdici) samci krmili samice vice nez
samci star$i (Reskaft et al. 1983). I pfesto byly samice sparované s mlad$imi samci ziejmé
hladové;jsi, protoZze Zadonily vice neZ samice, sparované se samci starSimi. Zda se proto, Ze u
havran polnich nejsou mladsi samci tak efektivni v pfinadSeni potravy jako samci star$i
(Roskaft et al. 1983). Inkubaéni krmeni bylo na véku zavislé i u lejska cernohlavého, kde se
vSak vysledky li§i mezi lety a populacemi. V roce 1983 krmili starS$i samci vice nez samci
mladsi, zatimco nasledujici rok tomu bylo naopak (Lifjeld & Slagsvold 1986). V jiné populaci
nebyl vztah mezi vékem samce a intenzitou, s jakou krmi samici béhem inkubace, pozorovan
vubec (Lifjeld et al. 1987).



Experimentalni snizeni kondice

Snizeni kondice pomoci hendikepovani u lejskit ¢ernohlavych nemélo vliv na inkubacni
krmeni u prvniho hnizdéni, ale negativné ovlivnilo inkubaéni krmeni u opakovaného hnizdéni
v jednom ze dvou sledovanych roki (Lifjeld & Slagsvold 1986).

Riziko predace

Predace je hlavni divod hnizdniho netspéchu u ptaka (Ricklefs 1969, Martin 1995). Riziko
predace vzrista s rodiCovskou aktivitou u hnizda (Martin et al. 2000), proto by méla byt
intenzita inkubac¢niho krmeni nizsi u druhti ¢i populaci trpicich vyssi mirou predace.

Evoluci niz$i intenzity inkubaéniho krmeni u druhii ohrozenych vysSim rizikem predace
opravdu potvrdily srovnavaci analyzy u severoamerickych pévct (Martin & Ghalambor 1999,
Fontaine et al. 2007), ale uz ji nepotvrdila dal$i analyza na rozsdhlejSim souboru druhti
(Conway & Martin 2000). V posledné jmenované praci vSak nebyla analyzovéna skutecna
frekvence inkubacniho krmeni vyjadfena jako pocet zakrmeni za hodinu, ale pouze
kvalitativni popis pro frekvenci inkubacniho krmeni u jednotlivych druhti (malokdy nebo
nikdy, vzacné, stfedné Casto, Casto). Jelikoz se jedna o data sebrana z diive publikovanych
praci a tyto kvalitativni popisy tak byly navrzeny riznymi autory, je takto zaznamenana
frekvence inkubac¢niho krmeni pon&kud subjektivni. Je proto otidzka, jak interpretovat
vysledky této studie ve srovnani se studiemi Martina & Ghalambora (1999) a Fontaine et al.
(2007), v nichz autofi pocitali se skute¢nou frekvenci inkuba¢niho krmeni.

Frekvence inkubac¢niho krmeni se také 1isi mezi jednotlivymi typy hnizd (Lifjeld 1989,
Martin & Ghalambor 1999, Fontaine et al. 2007), pfi¢emz nejvys$i je u druhd tesajicich
hnizdicich druhti, které obecné trpi mirou predace vyssi (Martin & Li 1992).

Experimentalné pak vliv predace na plastiticitu v intenzité inkubacniho krmeni dokazali
Ghalambor & Martin (2002) u severoamerickych pévcl, kdy péti druhim dutinovych
hnizdi¢h predvadéli u hnizda atrapu predéatora. Druhy, které jsou pfirozené vystaveny vysSimu
riziku predace, snizily intenzitu inkuba¢niho krmeni po pfedvedeni atrapy vice nez ty, které
maji predaci niz8i. Mira predace je ziejmé také jednim z hlavnich dvodd, pro¢ se inkubaéni
krmeni vyskytuje u sn¢hule severni trpici pfirozené¢ niz§i mirou predace, ale uz se s nim
nesetkame u blizce ptibuzného strnada severniho (Calcarius lapponicus), u néjZz je mira
predace vyssi (Lyon & Montgomerie 1987).

Experimentalné potvrdili zménu v inkuba¢nim krmeni se snizujicim se rizikem predace
Fontaine & Martin (2006). Béhem cCtyf let systematicky odstranovali predatory z
10 vyzkumnych ploch, zatimco 10 dalSich ploch nechali nedotéenych jako plochy kontrolni.
Zjistili, Ze intenzita inkubacniho krmeni u 12 zkoumanych druht byla vyssi na plochéach se
snizenym mnozstvim predatori nez na plochach kontrolnich. Zda se proto, zZe ptaci upravuji
intenzitu inkubac¢niho krmeni, a tim aktivitu na hnizd€, podle aktualniho rizika predace.

Teplota vnéjsiho prostredi

Se snizujici se teplotou vnéj$iho prostiedi musi ptaci zvySovat svlij metabolismus tak, aby
jejich telesnd teplota neklesla pod kritickou hladinu. ZvySeny metabolismus je spojen se
zvySenim piijmu energie (Johnston & Bennett 2008), proto je-li intenzita inkuba¢niho krmeni



zavisld na skuteénych samicich potfebach, 1ze ocekavat, zZe se bude se snizujici se teplotou
zvysovat.

Vysledky praci tykajicich se vlivu teploty na inkubacni krmeni vSak jsou nejednotné.
V nékterych studiich bylo zjiSténo, Ze se intenzita inkuba¢niho krmeni se snizujici se teplotou
vn¢jSiho prostiedi zvySuje (Lifjeld et al. 1987, Nilsson & Smith 1988, Ghalambor 1998,
Pearse et al. 2004, Matysiokova & Remes 2010), zatimco v jinych studiich se s teplotou
nemeénila (Hatupka 1994, Rauter & Reyer 1997, Ghalambor 1998, Hatchwell et al. 1999,
Laiolo & Rolando 2001, Jawor & Breitwisch 2006). Stejn¢ tak rozsahla srovnavaci studie
tykajici se 97 druhii severoamerickych pévcl neodhalila vliv teploty na inkuba¢ni krmeni na
mezidruhové trovni (Conway & Martin 2000).

Nékdy se mezi sebou lisily i vysledky zjedné populace, kdy naptiklad u lejska
cernohlavého se v jednom roce intenzita inkuba¢niho krmeni s teplotou zvySovala, zatimco ve
druhém snizovala (Lifjeld & Slagsvold 1986). Podobné rozdily byly nalezeny v experimentu
tykajicim se dokrmovani inkubujicich samic lejska cernohlavého. U samic kontrolnich byl
nalezen negativni vztah mezi teplotou vnéjSiho prostfedi a intenzitou inkubacniho krmeni,
zatimco tento vztah uplné zmizel u samic experimentalné¢ dokrmovanych (Smith et al. 1989).
Podobné byly nalezeny i rozdily mezi blizce piibuznymi druhy. U experimentu, kde bylo
uméle ochlazovdno a oteplovano hnizdo, reagovali samci na zménu teploty u brhlika
kanadského (Sitta canadensis), ale u blizce ptibuzného brhlika béloprsého (Sitta carolinensis)
k zadné odezve ze strany samct nedoslo (Ghalambor 1998).

Denni doba

U ptéaku se setkdvame s typickym vzorcem potravni aktivity béhem dne kdy nejvyssi aktivita
je rano, mirna béhem dne a stiedni az vyrazna pozd¢ odpoledne (Bednekoff & Houston 1994).
Zvysena potieba piijmu potravy hlavné v rannich a ve€ernich hodinach by tak mohla vyrazné
ovlivnit miru inkuba¢niho krmeni.

Nejvyssi intenzita inkuba¢niho krmeni rdno byla skute¢né pozorovana u brhlika
kanadského (Ghalambor 1998) a sykory konadry (Kluijver 1950, Hinde 1952, Matysiokova &
Remes 2010). U ostatnich sledovanych druhti (havran polni, lejsek ¢ernohlavy, sykora babka,
brhlik béloprsy, lejscik zluty, dudkovec stromovy Phoeniculus purpureus) vsak byla
konstantni béhem celého dne (Reskaft 1981, Lifjeld & Slagsvold 1986, Lifjeld et al. 1987,
Nilsson & Smith 1988, Ghalambor 1998, Smith et al. 1989, Zanette et al. 2000, Radford
2004). U havrana polniho nastala zména az po 18. hodiné, kdy intenzita inkuba¢niho krmeni
statisticky vyznamné klesla (Roskaft 1981).

Datum

U mnoha riznych druhti ptakii se s postupujici sezoénou zkracuje délka inkubacni periody
(Runde & Barrett 1981, Murphy 1995, Hipfner et al. 2001). Samice mohou zacit inkubovat
drive (Haftorn 1981, Rowe & Weatherhead 2009) ¢i s vétsi intenzitou (Cresswell & McCleery
2003, Lloyd et al. 2009), coz zfejmé odrazi jejich snahu o co nejc¢asnéjsi vylihnuti pozdéjsich
snusek, a tim zvySeni pravdépodobnosti nasledného pireziti mlad’at (Perrins 1970, Monrds et
al. 2002). Samec tak mulze vys$i intenzitou inkubacniho krmeni vyznamné ptispét
k ¢asnéjSimu vylihnuti mléd’at, a tim k vyssi reprodukéni GspéSnosti paru.



Ptekvapivé opacny vysledek zjistili Zanette et al. (2000) u lejsc¢ika zlutého, Lloyd et al.
(2009) u pévce jihoafrického (Cercotrichas coryphaeus) a Smith et al. (1989) u lejska
cernohlavého, kde se intenzita inkuba¢niho krmeni v pribéhu sezony snizovala. U ostatnich
zkoumanych druhli nebylo inkubacni krmeni na datu zavislé¢ vibec (Lifjeld & Slagsvold
1986, Lifjeld et al. 1987, Nilsson & Smith 1988, Jawor & Breitwisch 2006, Matysiokova &
Remes 2010).

Velikost sniisky

Energetické vydaje inkubujici samice se zvySuji s velikosti sntiSky (Thomson et al. 1998).
Pfirozena velikost snlsky vSak ptekvapivé negativné korelovala s frekvenci inkubaéniho
krmeni u lejska ¢ernohlavého (Moreno & Carlson 1989). U ostatnich zkoumanych druht vliv
nalezen nebyl (Cervenka obecnd Erithacus rubecula, East 1981; havran polni, Reskaft 1983;
lejsek cernohlavy, Smith et al. 1989; papousicek vrabCi Forpus passerinus, Waltman &
Beissinger 1992; lejs¢ik zluty, Zanette et al. 2000; sykora konadra, Matysiokova & Remes
2010).

Naproti tomu experimentalni zvétSeni sniisky pozitivné ovlivnilo intenzitu inkubaéniho
krmeni u lejska Cernohlavého (Blagosklonov 1977), kdy se frekvence inkuba¢niho krmeni
zvysila z 0 zakrmeni za hodinu u sniiSek se ¢tyfmi vejci na 3,3 zakrmeni u snisek s osmi vejci
a 5,3 zakrmeni u sntsek s vejci dvanacti. Podobny vysledek u lejska ¢ernohlavého ziskal i
Sanz (1997), v jehoz experimentu zvétSeni sntiSky o dvé vejce vedlo k navyseni frekvence
inkuba¢niho krmeni o 0,6 zakrmeni za hodinu. Manipulace s velikosti snlsky vSak
neovlivnila frekvenci inkuba¢niho krmeni u jiné populace stejného druhu (Moreno & Carlson
1989).

Stari snisky
Pokud plati hypotéza predCasného pfindSeni potravy a samec piindSi potravu domnélym
mlad’atim, mélo by se inkubac¢ni krmeni objevovat prevazné ke konci inkubacni periody.

U sykory konadry (Matysiokova & Reme$ 2010) vsak byla intenzita krmeni naopak
nejvetsi na zacatku inkubaéni periody a s vékem snlisky se snizovala. Podobné ani u ostatnich
zkoumanych druhti nedoslo ke zvyseni frekvence inkuba¢niho krmeni ke konci inkubacéni
periody, ale inkubacni krmeni bylo v pribéhu celé¢ inkubacni periody konstantni (sykora
konadra, Royama 1966; lejsek cernohlavy, Lifjeld et al. 1987; sykora babka, Nilsson & Smith
1988; stizlik zahradni, Johnson & Kermott 1992; lejscik zluty, Zanette et al. 2000; kavce
zlutozobé a kavce Cervenozobé Pyrrhocorax graculus a P. pyrrhocorax, Laiolo & Rolando
2001; dudkovec stromovy, Radford 2004; kardinal cerveny, Jawor & Breitwisch 2006).

Jedinou vyjimkou, kde se intenzita inkuba¢niho krmeni s vékem snliSky zvySovala, byl
timaliovec Sedotemenny (Pomatostomus temporalis, King 1980). Autorovi se vSak jen v 69 %
pfipadii podafilo urcit, Ze samec pfilétal opravdu s potravou. Neni proto vylou€eno, Ze se
s vékem snisky mohla ménit frekvence navstév bez potravy, coz by vyrazné ovlivnilo
vysledek.

Socialni struktura
U kooperativné hnizdicich druhit pomahaji s pé¢i o potomstvo rodicim zpravidla potomci
z predchozich hnizdéni, na rozdil od druhii solitérné hnizdicich, u kterych si hnizdni par musi



vystadit sam (Koenig & Dickinson 2004). U druht polygynnich jeden samec pomahd béhem
hnizdéni vice samicim. Pocet jedinct ve skupiné pomdhajicich s hnizdénim ¢i pocet samic,
které musi samec zaopatfovat, mize vyznamné ovlivnit schopnost samce zasobovat samici
potravou béhem inkubace.

Kooperativni hnizdeni

U pévce jihoafrického byla intenzita inkuba¢niho krmeni vySs$i u kooperativné hnizdicich
skupin ve srovnani se solitérn¢ hnizdicimi pary (Lloyd et al. 2009). U australského lez¢ika
prouzkobtichého (Climacteris affinis) se mezi kooperativné a solitérn¢ hnizdicimi pary
intenzita inkuba¢niho krmeni neliSila (Radford 2002). U blizce ptibuzného lez¢ika hnédého
(Climacteris picumnus) po€et pomocnikil pozitivné koreloval s celkovou intenzitou
inkuba¢niho krmeni (Doerr & Doerr 2007). U dudkovce stromového, ktery hnizdi vyhradné
kooperativng, neméla velikost skupiny na celkovou intenzitu inkubac¢niho krmeni vliv
(Radford 2004), ale negativné ovliviiovala intenzitu inkuba¢niho krmeni hnizdicim samcem
(Ligon & Ligon 1978, Radford 2004). U dudkovce stromového, lez¢ika hnédého a pévce
jihoafrického krmili hnizdici samci vice nez jednotlivi pomocnici (Radford 2004, Doerr &
Doerr 2007, Lloyd et al. 2009).

Parovaci systéem

Vliv péarovaciho systému na inkuba¢ni krmeni byl zkouman u lejskli cernohlavych v Norsku.
Samice, jejichz samci byli polygynni, dostdvaly méné potravy nez samice monogamnich
samci. Jednotlivé samice zijici s polygynnim samcem vSak obdrzely stejné mnozstvi potravy
a celkové intenzita inkubacniho krmeni polygynniho samce se neliSila od intenzity krmeni
samce monogamniho (Lifjeld et al. 1987, Lifjeld & Slagvold 1989). Podobné u motaka
pochopa (Circus aeruginosus) krmil polygynni samec béhem inkubace primédrni samici (tj.
samici, kterd zahnizdila dfive) stejné Casto jako samici sekundarni. Narozdil od samic lejskli
vSak samice monogamnich samcli neobdrzely vice potravy nez samice samcil polygynnich
(Altenburg et al. 1982). Vjiné studii tykajici se opét lejska cernohlavého krmil
polyteritoridlni samec (tj. samec, ktery obhajoval vice nez jednu hnizdni budku) samici méné
nez samec, ktery mél pouze jedno teritorium. Ve druhém roce vSak tento rozdil nebyl
vyznamny (Lifjeld & Slagsvold 1986). Z prace bohuzel neni patrné, zdali byl polyteritorialni
samec také polygamni nebo ne.

Na co ma inkuba¢ni krmeni vliv?

Existuje n¢kolik faktord, které mohou byt inkubacnim krmenim ovliviiovany, at uz piimo
(intenzita inkubace, riziko predace, kondice samice) nebo nepiimo prostiednictvim zvysené
intenzity inkubace (inkubaéni perioda, reprodukéni GspéSnost).

Intenzita inkubace

Intenzita inkubace ovliviiuje teplotu vajec (White & Kinney 1974), ktera dale ovliviiuje
lihnivost (Webb 1987) a/nebo délku inkubacni periody (Martin et al. 2007). Z téchto davodi
je intenzita inkubace velmi dilezitym faktorem podilejicim se na celkové reprodukéni
uspésnosti hnizdiciho paru.
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Pozitivni vztah mezi frekvenci inkuba¢niho krmeni a intenzitou inkubace byl nalezen u
lindusky lu¢ni (Hatupka 1994), lejska cernohlavého (Lifjeld & Slagvold 1986, Moreno &
Carlson 1989), lesnacka zlutého (Dendroica petechia, Tewksbury et al. 2002), tuhyka
Sedohtbetého (Lanius excubitoroides, Zack 1986), tangary Sarlatové (Piranga olivacea, Klatt
et al. 2008), lejsc¢ika dlouhonohého (Petroica australis, Powlesland 1983) a pévce
jihoafrického (Lloyd et al. 2009). Podobné u tyranovce Oberholserova byla intenzita inkubace
samic, které byly béhem inkubace alespoil jednou za hodinu krmeny samcem, vys$i nez u
samic, které nebyly krmeny viibec (Sedgwick 1993). Experimentalni dokrmovani samic lejska
¢ernohlavého, stiizlika zahradniho a sttizlika pokfovniho vedlo k podobnym vysledkim, kdy
dokrmované samice vykazovaly vétsi intenzitu inkubace neZ samice kontrolni (Smith et al.
1989, Pearse et al. 2004).

Na mezidruhové Urovni pozitivni vztah mezi frekvenci inkuba¢niho krmeni a intenzitou
inkubace odhalily i studie srovnavajici severoamerické druhy pévcl (Martin & Ghalambor
1999, Conway & Martin 2000, Fontaine et al. 2007). Ve studii Conwaye & Martina (2000)
byl ale tento vztah pfitomen jen v pfipad€, ze byl zkouman vztah pouze mezi intenzitou
inkubac¢niho krmeni a intenzitou inkubace. Tento vztah vSak vymizel, kdyZz byly do analyzy
pridany dalsi vysvétlujici proménné (napt. predace, velikost téla). To naznacuje, Ze vztah
mezi intezitou inkubac¢niho krmeni a intenzitou inkubace byl nejspiSe zpisobeny treti
proménnou (napi. korelaci obou proménnych s predaci), a proto pfidani této proménné do
analyzy vedlo k jeho vymizeni.

U sttizlika pokiovniho (Pearse et al. 2004), kardindla Cerveného (Jawor & Breitwisch
20006), lindusky horské (Anthus spinoletta, Rauter & Ryer 1997), sykory konadry
(Matysiokova & Remes 2010) a péti druht pévct v Arizoné (Ghalambor & Martin 2002)
vztah mezi intenzitou inkubacniho krmeni a intenzitou inkubace nalezen nebyl. Stejné tak
inkuba¢ni krmeni neovlivnilo primérnou intenzitu inkubace u mlynaiika dlouhoocasého
(Hatchwell et al. 1999) ani dudkovce stromového (Radford 2004). Kdyz vSak u poslednich
dvou jmenovanych druhil nebyla brana v tivahu primérna intenzita inkubace a inkuba¢niho
krmeni, ale jednotliva pozorovani, zjistilo se, ze inkubacni krmeni intenzitu inkubace na takto
kratké casové Skale ovlivituje pozitivne.

Zajimavé je, ze u papousicka vrab¢iho a sykory modtinky (Cyanistes caeruleus) byl
nalezen vztah negativni, tj. ¢im vice samci inkubujici samice krmili, tim nizsi byla intenzita
inkubace (Grenier & Beissinger 1999, Tripet et al. 2002). U papousicka vrab¢iho samice
opousti hnizdo, aby mohla byt nakrmena samcem. Jelikoz samec potravu samici vyvrhuje,
celé krmeni trvd minimalné 10 minut. Cim &astéji samec pfilétal na hnizdo s potravou, tim
Castéji samice opoustéla hnizdo a tim delsi dobu travila mimo hnizdo (Grenier & Beissinger
1999). Negativni vztah mezi intenzitou inkubace a frekvenci inkuba¢niho krmeni tak zistava
nevysvétlen pouze v ptipadé sykory modiinky.

Nepfitomnost inkuba¢niho krmeni zplsobena experimentalnim odstranénim samce u
sn¢hule severni, druhu, u néjz se inkubacni krmeni bézn¢ vyskytuje, vedla ke snizeni intenzity
inkubace o 16,2 % ve srovnani s kontrolnimi samicemi (Lyon & Montgomerie 1985). Stejné
tak odstranéni samce u lejska ¢ernohlavého, a tim sniZeni intenzity inkuba¢niho krmeni z 8,5
na 0 zakrmeni za hodinu vedlo k poklesu intenzity inkubace o 20,8 % (von Haartman 1958).
Nutno vSak podotknout, ze tento experiment byl proveden pouze na jednom hnizd¢€, a
vysledky maji tudiz jen omezenou vypovédni hodnotu.
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Na mezidruhové urovni neméla piitomnost ¢i nepfitomnost inkubacéniho krmeni u
zkoumaného druhu vliv na jeho intenzitu inkubace, jak bylo zjiSténo ve srovndvaci studii
zamétené na 18 druhti pévceil subtropické Argentiny (Auer et al. 2007).

Riziko predace
Riziko predace vzrista s rodicovskou aktivitou u hnizda (Martin et al. 2000), a proto muiize byt
vys$$i mira inkubac¢niho krmeni doprovazena vyssi mirou predace.

Vzristajici mira predace se zvySujici se intenzitou inkubacniho krmeni byla opravdu
nalezena u lesniiacka zlutého (Tewksbury et al. 2002). Hnizda, kterda podlehla predaci, m¢la
vEtsi intenzitu inkuba¢niho krmeni (primérné pét zakrmeni za hodinu) nez hnizda uspésna, u
nichz byla intenzita inkuba¢niho krmeni primérné nizsi (tfi zakrmeni za hodinu). Tento vztah
uz ale nebyl potvrzen u mlynatikti dlouhoocasych (Hatchwell et al. 1999) ¢i tangary Sarlatové
(Klatt et al. 2008), kde se intenzita krmeni samcem neliSila mezi hnizdy zni¢enymi
predatorem a hnizdy GspeSnymi.

Kondice samice

Studii, které by zkoumaly vliv inkuba¢niho krmeni na kondici samice na konci inkubace, je
velmi malo. Pozitivn€ ovlivnilo hmotnost samice u lejska cernohlavého (Lifjeld & Slagvold
1986), ale pouze v jednom ze dvou sledovanych let. Ve druhém roce, stejné jako v dalsi studii
tykajici se téhoz druhu, frekvence inkubac¢niho krmeni s hmotnosti samice nekorelovala
(Lifjeld & Slagvold 1986, 1987).

To, ze inkuba¢ni krmeni pfesto mize ovliviiovat kondici samice, naznacuji dvé dalsi
prace. U havrana polniho, kde je samice na krmeni samcem pln¢ zavisla béhem celé inkubace
1 zpocatku obdobi péce o mladata, prokdzal Reskaft (1983) vztah mezi intenzitou
inkuba¢niho krmeni a mnozstvim vylétlych mlad’at. Samice, které dostavaly vice potravy
béhem inkubace, byly na zacatku obdobi péfe o mlad’ata zfejm¢ v lepsi kondici, coz se
projevilo na poctu vylétlych mlad’at. U sn¢huli severnich vedlo experimentdlni odstranéni
samce (a tim 1 odstranéni inkuba¢niho krmeni) k tomu, ze v ptipadé uhynuti dvou ¢i vice
mlad’at doSlo k thynu druhého mladéte statisticky vyznamné dfive nez u samic, které o
inkubaéni krmeni ochuzeny nebyly. Podle autorii tyto rozdily v naasovani redukce sntsky
naznacuji, ze neptitomnost inkubac¢niho krmeni snizila kondici inkubujici samice, a tim i jeji
schopnost péce o mlad’ata (Lyon & Montgomerie 1985).

Inkubacni perioda
Délka inkubac¢ni periody je dal$i parametr, ktery mize vyznamné ovlivnit hnizdni ispéSnost
paru. Prodlouzenda inkubacni perioda znamené del$i dobu vystaveni hnizda riziku predace a
Monr6s et al. 2002). Délka inkubacéni periody se 1iSi mezi druhy a v rdmci jednotlivych druha
se odviji od riznych parametrii, mezi néz patii i intenzita inkubace (Moreno 1989, Martin et
al. 2007). Samec tak muze ke zkraceni inkubacni periody piispét zvySenou intenzitou
inkubac¢niho krmeni, a tim umozni samici stravit vice ¢asu na hnizdé.

Intenzita inkuba¢niho krmeni korelovala s délkou inkubacni periody u sykory babky, kde
zvySeni frekvence inkubac¢niho krmeni o kazdé jedno zakrmeni za hodinu odpovidalo
zkraceni délky inkubaéni periody o 0,7 dne. Rozdil mezi nejkrat$i a nejdel$i inkubacéni
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periodou €inil ¢tyfi dny (Nilsson & Smith 1988). Experimentalni odstranéni samce v dobé
pfed inkubaci, a tim i1 inkuba¢niho krmeni mélo za nasledek prodlouzeni délky inkubacéni
periody u sn¢hule severni v priméru o 1,4 dne (Lyon & Montgomerie 1985). Naopak u lejska
¢ernohlavého, mlynatika dlouhoocasého ani salasnika modrého vliv inkuba¢niho krmeni na
délku inkubacni periody prokazan nebyl (Lifjeld & Slagsvold 1986, Hatchwell et al. 1999,
Siefferman & Hill 2005).

Podobné nekonzistentni jsou vysledky experimentdlniho dokrmovani samic b&hem
inkubace, jez m¢lo simulovat inkuba¢ni krmeni samcem. U stfizlika zahradniho a stfizlika
pokifovniho neovlivnilo dokrmovani samic délku inkubacni periody (Pearse et al. 2004),
zatimco u sykory babky doslo k jejimu vyznamnému zkraceni (Nilsson & Smith 1988).

Reprodukéni aspéSnost

Ma-li mit inkubaéni krmeni podstatny vyznam pro reprodukcni uspéSnost paru, mélo by
pozitivné ovliviiovat uspésnost lihnuti, pfipadné i pocet vylétlych mlad’at. Mozny vliv
inkubaéniho krmeni na spés$nost lihnuti dokazuje i to, Ze experimentalni dokrmovani samic
sykory babky béhem inkubace vedlo ke zvySeni procenta vylihlych vajec o 6 % (Nilsson &
Smith 1988).

Uspésnost lihnuti

Naprosta vétSina studii, které se na vztah mezi sam¢im inkuba¢nim chovanim a lihnivosti
zaméfily, neodhalila zadny vztah mezi intenzitou inkuba¢niho krmeni a GspéSnosti lihnuti
(Lifjeld & Slagsvold 1986, Hatupka 1994, Hatchwell et al. 1999, Siefferman & Hill 2005,
Stein et al. 2010). Pozitivni vliv inkubac¢niho krmeni na uspésnost lihnuti byl nalezen pouze u
sn¢hule severni, kdy byl €asti samic experimentalné odebran na zacatku inkubace samec. Tyto
samice tak na rozdil od samic kontrolnich byly ochuzeny o samci asistenci v podobé¢
inkuba¢niho krmeni. Uspé&snost lihnuti se u experimentilnich samic snizila o 152 % ve
srovnani se samicemi kontrolnimi (Lyon & Montgomerie 1985). V tomto pfipad€ vSak neslo
o vliv intenzity inkuba¢niho krmeni na Gispé$nost lihnuti, ale o vliv jeho pfitomnosti.

Pocet vylétlych mladat

Intenzita inkubaéniho krmeni pozitivné korelovala s poctem vylétlych mlad’at u lezéika
hnédého (Doerr & Doerr 2007) a havrana polniho (Reskaft 1983). Jelikoz u havrant je samice
na sam¢im krmeni pln€ zavisld po celou dobu inkubace a prvnich 2 tydni po vylihnuti
mléad’at, je mozné, ze samice, které byly vice krmeny béhem inkubace, byly na zac¢atku obdobi
péce o mlad’ata v lepsi kondici. To mohlo mit za nasledek vétsi proporei vylétlych mladat
(Roskaft 1983). Zajimavé je, Ze u lindusky luéni Halupka (1994) nasel mezi poctem mlad’at
tésné pred vylétnutim a frekvenci inkuba¢niho krmeni vztah negativni. Autor toto prekvapivé
zjisténi vysvétluje tak, Ze samice, které jsou krmeny vice, mohou byt ty, které jsou v horsi
kondici, a maji proto vyssi energetické ndroky. Samci se tak vyssi intenzitou inkubacniho
krmeni mohou snazit zachranit snisSku spiSe nez zvysit reprodukéni uspésSnost. Intenzita
inkuba¢niho krmeni se ve stejné studii neliSila mezi hnizdy, ktera vyvedla alespon jedno
mlade, a témi, ktera nebyla Gspésna.
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Dalsi studie uz vliv intenzity (Lifjeld & Slagsvold 1986, Jawor & Breitwisch 2006, Klatt
et al. 2008) ¢i pfitomnosti (Lyon & Montgomerie 1985) inkuba¢niho krmeni na pocet
vylétlych mlad’at ¢i mlad’at t€sné pred vylétnutim neprokéazaly.

ZAVER

Pfestoze praci zabyvajicich se vyznamem inkubac¢niho krmeni u ptaka je celé tada, je patrné,
ze se svymi vysledky lisi, a to nejen mezi druhy, ale 1 v ramci jednotlivych druht, ptipadné i
populaci. Nejvice praci se zabyvalo vlivem inkuba¢niho krmeni na intenzitu inkubace,
nejméné pak vztahem mezi intenzitou inkuba¢niho krmeni a kondici samice a intenzitou
inkubaéniho krmeni a kvalitou teritoria. Z faktord, které maji vliv na inkubacni krmeni, byla
nalezena negativni korelace nejcastéji s teplotou vnéjsiho prostiedi, a to u poloviny z Sestnacti
druhti a rizikem predace, s nimz negativné¢ korelovala u vSech péti sledovanych druht.
Z faktord, které jsou samy inkuba¢nim krmenim ovlivilovany, nejcastéji inkubacni krmeni
pozitivné korelovalo s intenzitou inkubace, a to u osmi z dvaceti druhti. Toto zjisténi je ve
shodé¢ s hypotézou samici vyzivy. Studie nepodpoftily hypotézu upeviovani part, jelikoz ani
jedna z praci nenaSla vztah mezi intenzitou inkuba¢niho krmeni a pravdépodobnosti dalSiho
zahnizdéni se stejnym samcem. Stejné tak nebyla podpotfena hypotéza samci kvality, jelikoz
intenzita krmeni béhem inkubace predikovala intenzitu krmeni mlad’at pouze v jedné z Sesti
studii. V tomto piipadé navic v jiné populaci stejného druhu uZ tento vztah nalezen nebyl.
Podobné nebyla podpofena ani hypotéza predcasného pfindSeni potravy, protoze ani u
jednoho druhu nepiinéseli samci krmeni samici Castéji ke konci inkubace, jak tato hypotéza
piedpovida.

Zda se proto, ze nejpravdépodobnéjSim vysvétlenim funkce inkubac¢niho krmeni je
umoznéni samici stravit vice ¢asu na hnizd¢é. BohuZzel vétSina studii, které byly zahrnuty do
tohoto ptehledu, jsou studie observacni, tj. nezaloZzené na pokusech, a proto je obtizné z nich
odvodit pfi¢inné vztahy mezi jednotlivymi prvky chovéni. Do budoucna by tak dalsi studie
zkoumajici inkubacni krmeni u ptakd mély byt zaméfeny na provadéni experimentt, jako je
manipulace velkosti snlsky, kondice samice, rizika predace ¢i napiiklad kvality hnizdniho
teritoria, protoze pouze experimentdlni studie jsou schopny odhalit pfi¢inné vztahy mezi
zkoumanymi proménnymi.
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SUMMARY

In bird species where only the female incubates the eggs, the male often feeds his mate during
incubation. Such behavior is call incubation feeding. Several hypotheses were proposed to
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explain its function. The Pair-bond maintenance hypothesis claims that incubation feeding is
just a symbolic act, which serves to strengthen the pair bond. A female fed frequently by her
mate during incubation should preferentially pair with this particular male during the next
breeding attempt. According to the Female nutrition hypothesis food received by the female
from her mate during incubation contributes significantly to her energy budget. This allows
her to spend more time on the nest incubating the eggs leading to higher nest attentiveness. As
higher nest attentiveness can result in higher hatching success and/or a shorter incubation
period, incubation feeding can have significant positive impact on the reproductive success of
the breeding pair. This hypothesis is currently the most popular one and was tested most
often. The Male-quality hypothesis considers incubation feeding to be an indicator of male
quality. The male that feeds his mate frequently during incubation should be able or willing to
provide superior parental care to his offspring later during the nestling period. The
Anticipatory-food bringing hypothesis claims that food brought by the male is not intended
primarily for the incubating female but is an inadvertent result of the male bringing food to
the young that have not yet hatched.

I summarized all published studies dealing with the variation in the rate and functional
significance of incubation feeding in birds. First, I focused on factors that influence the rate of
incubation feeding. They included territory quality, female condition, male characteristics
(biometric measurements, ornamentation and age), risk of nest depredation, ambient
temperature, time of day, date, clutch size, and age of the clutch. From these factors,
incubation feeding correlated most often negatively with ambient temperature and the risk of
nest depredation. Second, I focused on factors that are themselves affected by the rate of
incubation feeding. These included nest attentiveness, risk of nest depredation, female
condition, the length of incubation period and reproductive success. Incubation feeding
correlated most often positively with female nest attentiveness, which agrees with the Female
nutrition hypothesis. The Pair-bond maintenance hypothesis was not supported by the
studies, because none of them found any relationship between the rate of incubation feeding
and divorce rate. Similarly, the Male-quality hypothesis was not supported, because the rate of
incubation feeding predicted nestling feeding rate just in one of six studies. Moreover, in
another population of the same species this relationship was absent. Since the rate of
incubation feeding was not highest during the end of incubation period in any species, the
Anticipatory food-bringing hypothesis was not supported as well. Thus, the most probable
explanation of the function of incubation feeding seems to be to allow the female to spend
more time on the nest. However, it is important to mention that most of the studies included in
this review are correlational and thus it is difficult to infer causal relationships between
individual behavioral, phenotypic, and environmental characteristics.
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Abstract

Incubation behaviour is an important component of avian reproduction. At the same time, we
know very little about incubation behaviour of tropical and southern hemisphere birds. Thus,
we collated all available data on the rate of incubation feeding in Australian and New Zealand
songbirds (25 species from 12 families). Mean incubation feeding rate was 1.93 per hour
across all populations (n = 29). The rate of incubation feeding differed between families. The
rate of incubation feeding across species was not related to body mass, did not differ between
cooperative and pair-breeding species but was positively correlated with nest predation rate.
Across populations, the intensity of incubation feeding changed neither with latitude nor
temperature prevailing during incubation, although the negative correlation with temperature
approached statistical significance. Incubation intensity of females correlated positively with
the rate of incubation feeding by males among species. We compare our results with those
found in North American songbirds.

Running head: Incubation feeding in songbirds



Introduction

Understanding why species differ in reproductive strategies is a major focus of life history
studies (Roff 1992). One of the key phases of avian reproduction is incubation (Deeming
2002). As incubation behaviour is energetically demanding (Williams 1996; Thomson et al.
1998) it can negatively influence condition and/or survival of the incubating individual (de
Heij 2006, and references therein). In bird species with uniparental incubation, it is in most
cases the female who is responsible for incubating the eggs (Deeming 2002). Hence, she faces
a trade-off between time- and energy-consuming incubation behaviour on the one side and
foraging for self-maintenance on the other side (Drent 1975; Mertens 1977).

From this perspective, a behaviour whereby the male feeds the female during incubation,
called incubation feeding (Lack 1941), might be critical for maintaining female condition and
incubation effort at the same time (von Haartman 1952; Reskaft 1983; Lyon and
Montgomerie 1985). Incubation feeding is quite widespread in birds (Kendeigh 1952), but
species differ in its intensity (Martin and Ghalambor 1999). Understanding selective forces
shaping the occurrence and intensity of incubation feeding across species has been hindered
by paucity of data on incubation feeding and its correlates. There are just a few studies
dealing with incubation feeding on the interspecific level. Moreover, all of them focused on
North American songbirds (Martin and Ghalambor 1999; Conway and Martin 2000; Fontaine
et al. 2007) with the exception of Auer et al. (2007) who studied birds of subtropical
Argentina. Besides, only two of the studies dealt with actual rate of incubation feeding
(Martin and Ghalambor 1999; Fontaine et al. 2007). Remaining studies used just presence or
absence of incubation feeding (Auer et al. 2007) or categorized the relative frequency of
incubation feeding according to qualitative descriptions gained from the literature (Conway
and Martin 2000).

To advance our understanding of the incubation feeding in birds, we focused on much
less studied southern hemisphere species of songbirds. We used all published information to
obtain the rate of incubation feeding in Australian and New Zealand songbirds. Furthermore,
we investigated correlates of incubation feeding among species. We focused on geographic
latitude, ambient temperature, adult body mass, sociality and risk of nest depredation. We also
investigated whether incubation feeding predicts female incubation effort across species.
Finally, we compared our results with previous studies conducted on northern hemisphere
species.

Materials and methods

Data collection

We collected data for this study from the literature. We started with Handbook of Australian,
New Zealand, and Antarctic Birds (HANZAB) vols. 5, 6, and 7 (Higgins et al. 2001; Higgins
and Peter 2002; Higgins et al. 2006). Here, we located all studies in which incubation feeding
was mentioned and, whenever possible, obtained the primary source. To find articles that
were published after HANZAB had been published, we also went through all the articles
between 2000 and 2008 in Australian Bird Watcher, Australian Field Ornithology, Austral



Ecology, Australian Journal of Zoology, Australian Zoologist, Canberra Bird Notes, Corella,
Emu, New Zealand Journal of Ecology, New Zealand Journal of Zoology, Notornis, Pacific
Conservation Biology, South Australian Ornithologist, Sunbird, VOGR Notes, Western
Australian Naturalist, and Wildlife Research. Here we located all the articles dealing with
incubation feeding in songbirds.

Moreover, we did a comprehensive search on databases unrestricted by the year of
publication. On Web of Science (available since 1945) and Zoological Record Plus (since
1978), we searched with the scientific name of every species. We went through all the titles
and abstracts and in majority of them obtained the primary article. We left out only articles
that were not about the breeding biology of a particular species, or which were done in
captivity, e.g. many studies of the zebra finch (Taeniopygia guttata). On Google, we searched
for the combination of the scientific name of the species and following terms: incubation
feeding, courtship feeding, incubation behaviour, male feeds female, and breeding biology.
We also searched on the web pages of Emu, Notornis, New Zealand Journal of Zoology, and
New Zealand Journal of Ecology, i.e. all volumes of these journals. We used the scientific
name of the species, and separately the above-mentioned search terms concerning breeding
biology. Subsequently, we searched the text of thus obtained articles to locate information on
incubation feeding. All these searches were done from October 2008 to January 2009.

Original studies often provided only qualitative, verbal description of the intensity of
incubation feeding rather than precise figures. This classification seemed to us to be
subjective and not comparable across studies; thus we included only species with exact
quantitative information available (i.e., the number of feedings per hour). To be able to
meaningfully compare across species, we included only species with female-only incubation.
As most studies provided only information on the rate of incubation feeding performed on the
nest, we used this rate in all our analyses. Thus we excluded six studies where we could not
distinguish between on- vs. off-nest incubation feeding. We also excluded three studies where
we were not able to distinguish between the feeding having occurred before the incubation
began and that occurring during incubation.

We extracted from all the studies information about the location of study site, and year(s)
and months of the study. We used the information on the study site to find out the geographic
latitude where the study was done using Google Earth. The year(s) and months of the study
were used to find out the ambient temperature during the time when the rate of incubation
feeding was quantified. Temperature information was extracted from the databases of the
Australian Bureau of Meteorology for Australian study sites and the National Institute of
Water and Atmospheric Research for New Zealand study sites. We obtained mean monthly
temperature as the average of mean monthly minimum and maximum temperatures, which
were available from the respective agencies. If the particular study covered a longer period of
time than the incubation phase, we used just the months when the birds incubated to obtain
temperature during incubation. We obtained data on nest attentiveness and nest losses caused
by nest predators by a comprehensive literature search similar to that used for incubation
feeding (B. Matysiokova and V. Remes, unpubl. data). Nest attentiveness was defined as
percentage of daytime female spent by incubating the eggs. We transformed data on predator-



caused nest losses to daily predation rates by the method of Ricklefs (1969). For this
transformation, the length of the nest cycle was calculated as the sum of clutch size,
incubation period, and nestling period of every species. For each species on our list, we
obtained information on adult body mass (g) (Higgins et al. 2001; Higgins and Peter 2002;
Higgins et al. 2006) and social organisation (cooperative vs. pair-breeding, Cockburn 2006).

Data analysis

The primary aim of this study was to collate all available information on the rate of incubation
feeding in Australian and New Zealand songbirds. However, we also performed some simple
correlational analyses to infer possible factors responsible for the variation in the intensity of
incubation feeding. We included factors that had been previously shown to be important (e.g.
Conway and Martin 2000) or could be reasonably expected to be important based on the
current understanding of the incubation behaviour in birds (reviewed in Deeming 2002). The
factors included into the analyses are apparent from Tables 1 and 2. We conducted two types
of analyses. First, in traits that do not vary among populations within species (social
organisation) or in which we had data from populations different from those used to obtain
incubation feeding rate (body mass and predation rate), we fitted models with the average
incubation feeding rate for individual species. Second, in traits for which we had data from
the same populations from which we obtained also data on incubation feeding (latitude and
temperature), we fitted models based on these population-specific values. For both types of
analyses (i.e., across species and across populations), we fitted both univariate and
multivariate models. In all the analyses body mass was log; transformed, incubation feeding
rate was square root transformed, and latitude was raised to the power of two. As our analyses
were exploratory, we did not attempt to control for phylogenetic relationships among species.
However, in population-level analyses, we adjusted for multiple observations for the same
species by treating species as a random factor in linear mixed models.

Results

Altogether, we collected data on the rate of incubation feeding performed on the nest from 29
different populations of 25 species of Australian and New Zealand songbirds coming from 12
families. We were able to find geographic latitude and temperature during incubation in 27 of
these populations. From the 25 species, 11 were cooperative. We obtained data on nest
predation rate for 16 species and on nest attentiveness for 21 species. Seven of the 12 families
included just one species (Maluridae, Neosittidae, Pomatostomidae, Pachycephalidae,
Callaeidae, Sylviidae, Muscicapidae), two families two species (Meliphagidae and
Artamidae), one family three species (Climacteriidae), one four (Corvidae) and one family
seven species (Petroicidae).

Incubation feeding rate ranged from 0.07 to 6.30 feedings per hour (mean = 1.93, sd =
1.47, median = 1.70, n = 29) across populations and from 0.07 to 5.21 (mean = 1.78, sd =
1.26, median = 1.63, n = 25) across species (i.e. averages for individual species weighed by
sample size). Families significantly differed in the average species-specific incubation feeding



rate (Fi1,13 =2.82, P =0.039, n = 25). Nest attentiveness ranged from 52.0 to 95.7 % (mean =
73.1, sd = 11.4, median = 74.3, n = 21).

In univariate analyses conducted on species averages, incubation feeding rate did not
differ between cooperative and pair-breeding species. It did not correlate with body mass but
was positively correlated with nest predation rate (Table 1, Fig. 1). Across populations, the
intensity of incubation feeding changed neither with latitude nor temperature during
incubation (Table 1).

In multivariate analyses conducted on species averages, incubation feeding rate again did
not differ between cooperative and pair-breeding species. It was not related to body mass but
was positively correlated with nest predation rate (Table 2). Across populations, the intensity
of incubation feeding was related neither to latitude nor temperature during incubation,
although the correlation with temperature approached statistical significance (Table 2). In all
three population-level analyses, species as a random factor explained substantial proportion of
variation (from 31.5 to 40.5 %, Tables 1 and 2).

Nest attentiveness correlated positively with adult body mass (Fz,5= 7.73, P = 0.012)
and the rate of incubation feeding performed on the nest (F2,13=4.60, P = 0.046; whole model
R*=0.37, Fig. 2).

Discussion

In general, rates of male incubation feeding found in Australian and New Zealand songbirds
were similar to those recorded in songbirds in North America, which averaged ca 1.44 per
hour (19 species; Martin and Ghalambor 1999). They were higher in species suffering from
increased risk of nest depredation. An increase of daily nest predation rate by 1 % was
coupled with an increase of incubation feeding rate by ca 0.9 per hour. This finding is quite
surprising. Higher incubation feeding rate results in comparatively higher activity around the
nest. Therefore, we expected to find lower rate of incubation feeding in species suffering from
higher risk of nest depredation, similarly as was found in North American songbirds (Martin
and Ghalambor 1999; Fontaine et al. 2007), although the evidence is not unequivocal
(Conway and Martin 2000).

A possible explanation is that higher incubation feeding rates correlate with higher nest
attentiveness both within (Tewskubry et al. 2002; Lloyd et al. 2009) and among species
(Martin and Ghalambor 1999; Fontaine et al. 2007; this study). An increase in nest
attentiveness can subsequently lead to shorter incubation periods, which was again
demonstrated both within (Haftorn 1983; Lyon and Montgomerie 1985) and among species
(Martin 2002; Martin et al. 2007). Decreasing the length of the development period in the
nest, which is typically the period of high offspring mortality (Roff et al. 2005), is an
effective way to increase fitness (Lack 1968; Remes and Martin 2002). Hence, selection can
favour an increase in nest attentiveness and consequently in the rate of incubation feeding in
species suffering from higher risk of nest depredation (Fontaine and Martin 2006). The
difference between our results and patterns observed in North American songbirds may be
caused by different predator-prey interactions. In our system, benefits of faster development
might have outweighed costs of higher activity around the nest, whereas in North American



songbirds benefits of low activity around the nest might be more important than benefits of
faster development. Relative importance of these different costs and benefits will depend
primarily on nest searching strategies of principal predators.

It is difficult to infer a cause and effect from comparative data alone. Thus, we do not
know whether high incubation feeding is a cause or a consequence of high nest depredation
risk. Traditionally, it has been assumed that high activity around the nest leads to high nest
depredation risk within species and that this translates into a negative relationship between
nest depredation risk and activity around the nest on the interspecific level (Martin et al.
2000). Contrary to this expectation, we found out a positive relationship between nest
depredation risk and activity around the nest (i.e., on-nest incubation feeding rate) among
species. We suggest that the above-mentioned model is valid for nestling feeding rates, where
activity around the nest (i.e., nestling feeding rates) is generally much higher than during
incubation (East 1981; Hofstad et al. 2002; Barg et al. 2006). Then, parental activity during
nestling feeding might be a very important source of nest disclosure to potential predators. On
the contrary, during incubation nests might be located by predators more at random,
independently of relatively low parental activity on the nest. Consequently, it would be
possible to increase incubation feeding rates with the benefit of increasing nest attentiveness
and consequently shortening the development time without bearing the cost of nest disclosure.

We found a marginally non-significant negative relationship between incubation feeding
rate and ambient temperature during incubation. An increase of ambient temperature by 10°C
was coupled with a decrease of incubation feeding rate by ca 2.2 per hour. This negative
relationship is typically found on the intraspecific level (Nilsson and Smith 1988; Pearse et al.
2004; Matysiokova and Remes 2010). Energetic expenditure of the incubating female
increases with declining temperature (Biebach 1981; Haftorn and Reinertsen 1985; de Heij et
al. 2008). Therefore it is not surprising that we found similar (though marginally non-
significant) pattern on the interspecific level. In a large dataset of North American passerine
species, Conway and Martin (2000) did not find any relationship between ambient
temperature and male incubation feeding. However, they did not use the frequency of
incubation feeding in the analyses, but instead used only qualitative descriptions. Similarly,
they did not use actual ambient temperature from the same sites and time as the description of
incubation feeding came from, but used the average temperature prevailing typically within
the breeding range of the species during the breeding season (Conway and Martin 2000). This
indirect estimation of both incubation feeding intensity and temperature might have obscured
possible patterns in the data.

Annual reproductive effort typically declines with increasing adult survival rate (Roff
1992). This may be the cause of lower reproductive effort in the tropics and southern latitudes
where adult mortality rate is generally lower compared to northern latitudes (Rowley and
Russell 1991; Ghalambor and Martin 2001; Sanz 2001). Hence, we predicted that the rate of
incubation feeding (a component of reproductive effort) would be increasing from the equator
towards more temperate, southern latitudes. There was no such pattern in our data, suggesting
that our sample size was probably too small to reveal such a pattern. Alternatively, southern
latitudes experience typically milder climate compared to northern latitudes, and life-histories



of southern birds are more similar to the tropical birds than to northern birds living at the
same latitudes (Cody 1966; Russell et al. 2004). Thus, the gradient of environment and adult
mortality rates from the equator to the south (ultimately to southern New Zealand) might have
been too weak to generate a pattern in incubation feeding rate.
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Figure captions

Fig. 1. Relationship of the rate of incubation feeding to daily nest predation rate across

species (n = 16).

Fig. 2. Relationship of nest attentiveness to the rate of incubation feeding across species (n =
21).
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Table 1. Univariate analyses relating incubation feeding rate to individual environmental
factors and covariates both across species and across populations. P-values of statistically
significant factors are in bold.

Factor Estimate (SE) DF F P
Species-level
Body mass -0.04 (0.29) 1,24 0.80 0.804
Sociality (pair) cooperation: -0.01 (0.10) 1,24 0.02 0.890
Nest predation 30.23 (11.56) 1,15 6.84 0.020
Population-level
Latitude -0.0003 (0.0003) 1,244 0.96 0.338
Species variance component 0.11 (0.13)
Residual variance component 0.17 (0.12)
Temperature -0.05 (0.04) 1,24.2 1.60 0.218
Species variance component 0.08 (0.13)
Residual variance component 0.18 (0.13)

Table 2. Multivariate analyses relating incubation feeding rate simultaneously to several
environmental factors and covariates both across species and across populations. P-values of
statistically significant factors are in bold.

Factor Estimate (SE) DF F P
Species-level
Body mass 0.18 (0.36) 3,12 0.24 0.630
Sociality (pair) cooperation: 0.08 (0.15) 3,12 0.31 0.586
Nest predation 35.00 (14.54) 3,12 5.79 0.033
Population-level
Latitude -0.0006 (0.0004) 1,224 2.81 0.107
Temperature -0.08 (0.04) 1,21.9 3.46 0.077
Species variance component 0.08 (0.15)
Residual variance component 0.17 (0.14)
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Introduction

Abstract

Parental investment and environmental conditions determine reproduc-
tive success in wild-ranging animals. Parental effort during incubation,
and consequently factors driving it, has profound consequences for
reproductive success in birds. The female nutrition hypothesis states that
high male feeding enables the incubating female to spend more time on
eggs, which can lead to higher hatching success. Moreover, both male
and female parental investment during incubation might be signalled by
plumage colouration. To test these hypotheses, we investigated relation-
ships between male and female incubation behaviour and carotenoid
and melanin-based plumage colouration, territory quality and ambient
temperature in the Great Tit Parus major. We also studied the effect of
female incubation behaviour on hatching success. Intensity of male
incubation feeding increased with lower temperatures and was higher in
territories with more food supply, but only in poor years with low over-
all food supply. Female nest attentiveness increased with lower tempera-
tures. Plumage colouration did not predict incubation behaviour of
either parent. Thus, incubation behaviour of both parents was related
mainly to environmental conditions. Moreover, there was no relation-
ship between male incubation feeding, female nest attentiveness and
hatching success. Consequently, our data were not consistent with the
female nutrition hypothesis.

have negative effects on body condition of the incu-
bating parent, subsequent care during the same or

Parental investment and environmental conditions
during reproduction are key determinants of repro-
ductive output in free-ranging animals. Incubation is
one of the key processes in avian reproduction
(White & Kinney 1974; Deeming 2002a). Some form
of incubation behaviour is present in 99% of all bird
species. In species with uniparental incubation,
which is usually done by females (Skutch 1957), the
incubating individual has reduced time for foraging
and self-maintenance (Drent 1975). As incubation is
energetically demanding (Williams 1996; Thomson
et al. 1998; Tinbergen & Williams 2002), this can
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next breeding attempt, or survival to the next breed-
ing season (Heinsohn & Cockburn 1994; Heaney &
Monaghan 1996; Reid et al. 2000; Visser & Lessells
2001; de Heij et al. 2006).

In many species in which the male does not
participate directly in warming the eggs, he feeds the
incubating female. This behaviour is called incuba-
tion feeding (Lack 1940; Kendeigh 1952). In horn-
bills, some raptors and some songbirds, the
incubating female is completely dependent on incu-
bation feeding (Kendeigh 1952; Poulsen 1970;
Verbeek 1972). However, in the majority of species
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males provide only a certain part of the daily food
intake of incubating females (Davies 1977). The
intensity of incubation feeding differs both within
and among species (Kendeigh 1952; Conway & Mar-
tin 2000), and can be influenced by various factors.
Its intensity was found to increase with decreasing
ambient temperature (Nilsson & Smith 1988; Smith
et al. 1989; Pearse et al. 2004), higher male quality
(Lifjeld et al. 1987; Siefferman & Hill 2005), or
higher food supply on territory (Zanette et al. 2000).
Currently, the most popular hypothesis to explain
the occurrence and patterns of incubation feeding is
the female nutrition hypothesis (von Haartman
1958; Royama 1966). It claims that incubation feed-
ing is an important source of energy for the incubat-
ing female. Consequently, male provides female
with an important part of her daily energy intake,
that allows her to spend more time on eggs, i.e. to
increase her nest attentiveness (Martin & Ghalambor
1999; Tewksbury et al. 2002).

As higher nest attentiveness can lead to higher
hatching success (Lyon & Montgomerie 1985; Webb
1987), incubation feeding can significantly affect
reproductive performance of birds. However, nest
attentiveness can be influenced by other factors in
addition to incubation feeding. Females increase nest
attentiveness in cold temperatures to keep eggs
within temperature limits necessary for successful
development of the embryo (Yom-Tov et al. 1978;
Webb 1987; Sanz 1997). High-quality territories with
superior food supply enable females to spend more
time on eggs (Rauter & Reyer 1997; Zanette et al.
2000; Zimmerling & Ankney 2005). Apart from
environmental conditions, higher quality females
also spend more time on eggs (Ardia & Clotfelter
2007), which is also evidenced by a positive relation-
ship between clutch size and nest attentiveness
found in some species of birds (Blagosklonov 1977;
Jones 1987; Deeming 2002b).

Individual quality and ability to provide parental
care and invest in a given breeding attempt can be
signalled by plumage colouration (Hill & McGraw
2006). Carotenoid-based feather colouration is wide-
spread in birds (Olson & Owens 2005). Carotenoids
cannot be synthesized by birds, and thus their con-
centration in feathers is dependent on both food
availability and foraging efficiency (McGraw 2006a).
Moreover, when deposited into feathers they cannot
be wused for important physiological functions,
including immunological defence or mitigating
oxidative stress. Consequently, carotenoids allocated
to feathers should indicate individual quality and/or
condition (Mogller et al. 2000). Although melanin
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ornaments are often claimed not to reflect condition
(McGraw 2006b), recent evidence suggests that in
certain conditions they might be as condition-depen-
dent as carotenoid-based ornaments (Griffith et al.
2006). Potential proximate mechanisms of condi-
tion-dependence might include corticosterone-medi-
ated stress (Roulin et al. 2008), oxidative stress
(Galvan & Alonso-Alvarez 2008, 2009), allocation of
calcium among competing physiological functions
(Roulin et al. 2006) or hormonal control of melanin
deposition (McGraw 2008). Thus, both types of
plumage colouration can be important in signalling
capability of parental investment.

In our study, we examined male and female incu-
bation behaviour in the Great Tit Parus major, a
typical socially monogamous passerine with female-
only incubation. Our aims were to find out: (1)
which factors affect the intensity of male incubation
behaviour, i.e. incubation feeding, (2) what is the
effect of incubation feeding and other factors on
female incubation behaviour, i.e. nest attentiveness,
(3) what is the effect of nest attentiveness on
hatching success, and (4) whether carotenoid- and
melanin-based plumage colouration predicts parental
effort during incubation in both males and females.
Based on the predictions of the female nutrition
hypothesis, we expected to find a positive relation-
ship between incubation feeding and nest attentive-
ness; we also expected a positive relationship
between nest attentiveness and hatching success. We
expected that parental effort will be positively
related to the intensity of both carotenoid- and
melanin-based plumage colourations.

Methods

General Fieldwork

This work was conducted on three adjacent nest-box
plots (188 nest-boxes in total), in a deciduous forest
near Grygov (49°31’N, 17°19’E) in eastern Czech
Republic. The forest is dominated by lime Tilia spp.
and oak Quercus spp. with interspersed ash Fraxinus
excelsior, hornbeam Carpinus betulus, and alder Alnus
glutinosa. Nest boxes are placed about 1.5 m above
ground and besides Great Tit are inhabited by Blue
Tit Cyanistes caeruleus, Collared Flycatcher Ficedula
albicollis, and Nuthatch Sitta europea. Fieldwork was
carried out between 2005 and 2007 from early Apr.
until mid-Jun. We checked nest-boxes daily to
record the laying of the first egg and final clutch
size. Later, we checked which eggs hatched to deter-
mine the hatching success. We defined hatching
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success as the percentage of eggs that hatched. We
used only nests where we knew the exact fate of all
the eggs.

Incubation Behaviour

During incubation, we monitored nest attentiveness
of females and incubation feeding by males. We
obtained one sample from each nest. To determine
nest attentiveness, we deployed temperature data
loggers (Hobo H8 Temp/External; Onset Computer
Corp., Pocasset, MA, USA), by putting their first
probe (1.8 m cable) through the nest wall into the
bottom of the nest cup. The data logger itself with
the second, inner probe was mounted under the
nest-box. These probes measured inner and outer
temperature at every nest from 06.00 until
12.00 hours (i.e. for 6 h) in 9-s intervals. This inter-
val is the shortest possible to enable the coverage of
6 h of recording with respect to the memory capacity
of our data loggers. To determine incubation feeding,
we placed video cameras about 5 m in front of the
nest-box on the ground and recorded bird activity for
90 min. This is a standard recording period in studies
of incubation feeding in songbirds (e.g. Zanette et al.
2000; Badyaev & Hill 2002; Doerr & Doerr 2007). We
deployed cameras in the morning, between 07.30
and 12.00 hours. We took ambient temperature dur-
ing incubation feeding from a local meteorological
station. Both data loggers and cameras were deployed
early in the incubation period. Median was day 4
(range 1-8) for data loggers and day 3 (1-9) for cam-
eras, where day 0 means the day when the last egg
was laid. Female Great Tits were in full incubation
already on day 1, as evidenced by no significant
effect of the day of incubation on nest attentiveness
(see Results). In 80 nests, cameras were deployed on
the same morning when data loggers were recording
temperature. Setting cameras took very short time
(<1 min). However, to check for potential distur-
bance, we compared nest attentiveness for nests,
where cameras and data loggers were recording on
the same morning vs. on different days; there was no
difference (F; 150 = 0.02; p = 0.900) excluding any
potential systematic bias in the data.

On the nest temperature recordings, time when
the incubating female is away from the nest, is rec-
ognisable by downward spikes (Fig. 1). Temperature
drops quickly when the female leaves the clutch
(off-bout) and then starts to increase sharply when
she returns (on-bout). Consequently, it is easy to
make the difference between an attended and an
empty nest (Zimmerling & Ankney 2005). From the
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Fig. 1: Graph of a typical incubation profile of the Great Tit (tempera-
ture in the nest cup: full line, ambient temperature: dashed line).

pattern of nest temperatures, we calculated nest
attentiveness during the 6 morning hours. It was
calculated as time (in seconds) the female was
inferred to be on the eggs divided by total monitor-
ing time and expressed in percents. To evaluate reli-
ability of temperature data loggers in monitoring
nest attentiveness, we calculated the number of min-
utes on the temperature recording that was wrongly
identified as either on-bout or off-bout by direct
comparison with video tapes taken at the same time.
Only 3.3% of 7200 minutes were misidentified (n =
80 nests). To get ambient temperature for every nest,
we took outer temperature for the start of each on-
and off-bout and averaged it across the 6 h of
monitoring.

Adults

During feeding of nestlings (median age of young for
females = 7 days, for males = 9 days), we captured
parents in the nest-box. We captured females on
almost all the nests (n = 165). However, because of
time constraints, we captured males only on a subset
of nests (n =109). We took from 10 to 15 yellow
feathers from the upper right part of breast for later
spectrophotometric analysis. We photographed the
breast by a digital camera (Panasonic DMC-FZ5).
When taking the picture of the breast, we held the
bird outstretched by its tarsi and beak; we photo-
graphed it form a standard distance fixed by a
tripode, together with a standard following proce-
dures given by Figuerola & Senar (2000). All these
measurements and photographs were taken by VR.
We also determined the age of birds based on their
plumage as 1 yr old or older (Svensson 1992).
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Territory Quality

We characterized territory quality by assessing food
supply during incubation of every pair in the vicinity
of its nest-box. As the main food consumed by Great
Tit during incubation, which takes place in our pop-
ulation mostly in early May, is caterpillars (Betts
1955), we characterized food supply as the amount
of caterpillars on trees within the territory. We
determined (1) relative food supply on each of the
five most numerous tree species by the frass fall
method (Zandt 1994) and (2) counted all trees with
a diameter above 10 cm at breast height in a circle
with 20-m radius around every occupied nest-box.
We put three plates (0.15 m?) around an occupied
box during incubation under randomly chosen trees,
always ca. 5 m from the box in three equidistant
directions. We collected fallen frass after 48 h into
small plastic bags that were sealed and stored in a
cold place. After the field season, we let the contents
dry overnight under room temperature and humid-
ity, removed large debris and weighed the rest to the
nearest 0.0001 g.

We analysed the amount of frass fallen on the
plate in relation to tree species and controlled for
canopy height (three categories: low, medium, high),
year and date. There was a significant effect of tree
species (Fq170 = 11.7, p <0.001, n=179). Least
squares means for the five tree species were 0.075
for oak, 0.060 for hornbeam, 0.031 for lime, 0.026
for alder, and 0.016 for ash (in g/48 h/0.15 m?). We
recalculated these means so that ash, species with
the least frass, had coefficient of 1. Other species had
accordingly higher coefficients: 4.6 for oak, 3.7 for
hornbeam, 1.9 for lime and 1.6 for alder. Thus, for
example one oak was equivalent to 4.6 individuals
of ash, because our data indicated that it had 4.6
times more caterpillars as compared to ash, when
controlled for possible confounding effects of sam-
pling. Our results concerning relative food supply on
different species of trees agree with previous analy-
ses (Keller & van Noordwijk 1994; Naef-Daenzer
2000). To determine territory quality, we summed
the number of trees within 20-m radius around the
nest multiplied by their respective coefficients. Tit
parents do not limit their foraging exclusively to
20 m around their nest. The distance where the
great majority of their foraging takes place is given
in literature, variously as within 25 m (Naef-Daenzer
2000), 30 m (Smith & Sweatman 1974) or 45 m
from the nest (Naef-Daenzer & Keller 1999) in simi-
lar habitats to ours. These figures come from studies
done during feeding of the young;, comparable
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figures for the incubation period are currently lack-
ing. The radius of 20 m was chosen as a compromise
between biological plausibility and the workload of
counting trees.

Analyses of Samples

We measured the area of the black breast stripe from
photos in Adobe Photoshop CS3 Extended. We used
the quick selection tool to roughly delimit the breast
stripe. Then, we manually finished the selection so
that it was as precise as possible and measured its
area. We used a ruler photographed together with
every bird to adjust the scale of each photo and to
obtain absolute area (in cm?). We defined stripe area
as the area of the black band between the point of
inflexion, where the ventral stripe widens to a throat
patch, and the posterior end of the stripe (Figuerola
& Senar 2000). All measurements were taken by BM.
To assess repeatability, a different observer measured
a subsample of photos. Repeatability, calculated as an
intraclass correlation coefficient (Lessels & Boag
1987), was high (r; = 0.87, p < 0.001, n = 75).

According to standard procedures (Andersson &
Prager 2006), we quantified reflectance spectra of
yellow feathers sampled from the breast. We used
10-15 feathers from each bird, which is enough to
obtain reliable values in Great Tit (Quesada & Senar
2006). We used Avantes AvaSpec-2048 fiber optic
spectrometer (Avantes BV, Eerbeek, The Nether-
lands) together with AvaLight-XE xenon pulsed light
source and WS-2 white reference tile. The probe was
used both to provide light and to sample reflected
light stream, and was held perpendicular to feather
surface. We took five readings, each from different
part of each set of feathers. Feathers were arranged
on black, non-reflective surface so that they over-
lapped extensively.

We needed a spectrophotometric measure of the
amount of carotenoids in the breast feathers. Senar
et al. (2008) showed that hue, measured by a
Minolta colorimeter (Minolta CR200 colorimeter;
Konica Minolta, Tokyo, Japan), correlated with
lutein content of breast feathers in the Great Tit.
Similarly, Isaksson & Andersson (2008) and Isaks-
son et al. (2008) showed that so called carotenoid
chroma correlated positively with feather carote-
noids in the Great Tit. Carotenoids present in Great
Tit breast feathers (lutein, zeaxanthin) absorb the
most at around 450 nm, and theoretical modelling
also showed that carotenoid chroma directly reflects
the amount of carotenoids in feathers (Andersson
& Prager 2006). As we used a spectrophotometric
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approach equal to that of Isaksson & Andersson
(2008) and Isaksson et al. (2008), and as the hue
calculated from spectrophotometric measurement of
feathers does not correlate with the amount of
carotenoids in feathers (Isaksson et al. 2008), we use
here carotenoid chroma. We obtained reflectance
(in %) from the wavelength of 320-700 nm in
1-nm increments. We calculated carotenoid chroma
as (Ry00—R4s50)/R700, Where Ry, is reflectance at
700 nm and R,s, reflectance at 450 nm. In statistical
analyses, we used the average carotenoid chroma
calculated from the five readings from each set of
feathers. To assess the repeatability of our measure-
ments, in a subsample of feathers, we arranged
feathers anew and took another five readings and
again averaged the carotenoid chroma calculated
from them. We calculated repeatability of these two
average carotenoid chroma estimates, calculated as
intraclass correlation coefficient (Lessels & Boag
1987), which was high (r;=0.85, p<0.001,
n = 55).

Statistical Analyses

Due to the fidelity of birds to their breeding grounds,
some females were sampled in more than 1 yr (22
females two times, 4 females three times, n = 143).
Thus, we adjusted for this by fitting female identity
as a random effect in mixed models for repeated
measurements. In contrast, only three males were

B. Matysiokova & V. Remes

sampled two times (n = 93). As their treatment as
repeated measurements would lead to strongly
unbalanced data, we instead excluded at random
one observation for each of these three males.

We used general linear mixed models to explain
variation in female nest attentiveness (Proc Mixed of
SAS 9.1, SAS Institute Inc., Cary, NC, USA). We
used generalized linear mixed models with binomial
distribution and logit link function for hatching suc-
cess (Proc Glimmix of SAS 9.1), which was coded as
number of eggs hatched/clutch size. Finally, we used
generalized linear models with Poisson distribution
and log link function for male incubation feeding
(the response variable was no. of feedings per
90 min, Proc Genmod of SAS 9.1). These models fit
the data well and the overdispersion of data in
generalized linear models was reasonable (devi-
ance/df = 1.3 for hatching success and 1.9 for incu-
bation feeding). Chi-square values from the models
of incubation feeding are likelihood ratio test
statistics for type 3 tests.

To keep the number of predictors low, we
included only predictors that have been previously
shown to affect our dependent variables. We always
started with a set of variables that were either factors
of interest (feather colouration and age of adults,
nest attentiveness, incubation feeding), characteris-
tics of the environment (laying date, ambient tem-
perature, territory quality) or covariates (year, clutch
size, age of clutch, time of day). In the analyses of

Incubation feeding

Table 1: Results of a generalised linear model
explaining male incubation feeding (n = 90)

Factor Va df o Estimate (SE)

Intercept 4.44 (0.941)

Year 11.06 2,81 0.004  0.38 (0.688): 2005
2.42 (0.744): 2006

Clutch size 203 1,80 0.154  +

Laying date 1.63 1,79 0202 +

Age of clutch 4.1 1, 81 0.043 -0.22 (0.115)

Time of day 2078 1,81 <0.001 —0.38 (0.088)

Ambient temperature 6.35 1, 81 0.012 -0.07 (0.029)

Territory quality 029 1,381 0.592 0.01 (0.002)

Male age <0.01 1,76 0.989 1 yrold > older

Male stripe area 0.66 1,78 0.418 -

Male carotenoid chroma 038 1,77 0539 +

Territory quality x year 7.69 1,81 0.021  0.002 (0.0053): 2005
—0.014 (0.0057): 2006

Territory quality x male stripe area 070 1,74 0.404

Territory quality x male carotenoid chroma 2.21 1,75 0.137

p-values of the final model are in bold. Sign (+ or —) or text in Estimate show the direction of
the non-significant effects; exact parameter estimates are listed only for variables retained in the

final model.
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Table 2: Results of a general linear mixed
model explaining female nest attentiveness
(n =143)

Incubation Behaviour in Great Tit

Nest attentiveness

Factor F df p Estimate (SE)
Intercept 0.76 (0.034)
Year 2.20 2,137 0.114 2007 > 2005 > 2006
Clutch size 6.76 1, 140 0.010 0.01 (0.003)
Laying date 1.37 1,139 0.244 +
Age of clutch 0.04 1,131 0.852 +
Ambient temperature 38.04 1, 140 <0.001 —0.01 (0.001)
Territory quality 1.83 1,135 0.179 -
Female age 0.26 1,134 0.608 1 yr old > older
Female stripe area 2.07 1,136 0.153 -
Female carotenoid chroma 0.13 1,132 0.720 -
Male incubation feeding 0.14 1,133 0.710 -
Territory quality x year 0.18 2,125 0.832
Territory quality x female 1.00 1,130 0.320

stripe area
Territory quality x female 0.02 1,124 0.900

carotenoid chroma
Territory quality x male 0.12 1,129 0.730

incubation feeding
Male incubation feeding x year 0.48 2,127 0.618

p-values of the final model are in bold. Sign (+ or =) or text in Estimate show the direction of
the non-significant effects; exact parameter estimates are listed only for variables retained in the

final model.

male incubation feeding, we fitted interactions of
territory quality with year, male breast stripe area
and male breast carotenoid chroma (Table 1). In the
analyses of female nest attentiveness, we also fitted
interactions of territory quality with year, female
breast stripe area, female breast carotenoid chroma
and male incubation feeding, and the interaction of
male incubation feeding with year (Table 2). We
included these interactions because we wanted to
know whether effects of territory quality and male
incubation feeding differ with year, and whether the
effects of male and female colouration and male
incubation feeding depend on territory quality. Vari-
ables included into models differed according to the
dependent variable and are apparent from Tables 1—
3. We did not include male incubation feeding as a
predictor in the analysis of hatching success, because
the only way incubation feeding could affect hatch-
ing success is through nest attentiveness. We also
did not include male plumage colouration as a
predictor in the analysis of female nest attentiveness,
because we did not want to test hypotheses on
differential allocation or compensation. Male plum-
age colouration was not likely to bias the results
obtained on the effects of female colouration on
nest attentiveness, because there was no assortative
pairing in relation to colouration in our population
(correlation between mates: carotenoid chroma
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Table 3: Results of a generalised linear mixed model explaining
hatching success (n = 119)

Hatching success

Factor F df p Estimate (SE)
Intercept 0.21 (1.167)
Year 0.15 2,110 0.860 2005 > 2006 > 2007
Clutch size 498 1,117 0.028 0.27 (0.121)
Laying date 0.01 1,112 0.927 +
Female age 058 1,116  0.446 1 yr old > older
Female stripe area 0.10 1,114 0.751 +
Female carotenoid 0.12 1,113 0.729 -

chroma
Nest attentiveness 0.25 1, 115 0.619 +

p-values of the final model are in bold. Sign (+ or —) or text in Estimate
show the direction of the non-significant effects; exact parameter
estimates are listed only for variables retained in the final model.

r=-0.15, p=0.121, n=104; breast stripe size
r=0.07, p=0.487, n=104). We subsequently
removed one by one the least significant factors until
we ended with only statistically significant variables
of the final model (Grafen & Hails 2002). In tables,
we give F, 7%, df and p-values of non-significant pre-
dictors, immediately before they were removed from
the model. Residuals were always checked to con-
form to the requirements of a particular model.
Denominator df were estimated by Satterthwaite
method.
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Ethical Note

We used standard methods in capturing and han-
dling birds used in the research of cavity-nesting
passerines. We captured adults in the nest-box. We
handled them for as short time as possible to mini-
mize any distress. We plucked the smallest number
of feathers possible to obtain reliable results based
on a previous methodological study (Quesada &
Senar 2006). Our temperature probes had no
adverse effects on birds.

This study complies with the current law of the
Czech Republic. We had all necessary permits for
this study and it was overseen by the Ethical
Committee of Palacky University.

Results

Altogether we had 176 active nests over the 3 yr.
However, we did not obtain all measurements for all
the nests and thus, sample sizes for individual
analyses differ. Clutch size was 10.6 + 1.34 eggs
(mean £+ SD, range 7-16, n = 174), nest attentive-
ness 75 £ 6% (range 61-89, n = 161), incubation
feeding 0.86 + 1.19 per hour (range 0-5.4, n = 166),
and hatching success was 94 + 9.5% (range =
44-100, n = 136).

Incubation Feeding

Male incubation feeding was negatively associated
with ambient temperature (Fig. 2a), time of day
and age of the clutch. Thus, the intensity of incuba-
tion feeding decreased with higher temperatures,
later time of the day and advancing age of the
clutch. The frequency of incubation feeding
increased with territory quality, but only in years
with low overall food supply (2005 and 2007;
Fig 3). Frass fall amounted to 0.14 (g/48 h/1 m?) in
2005, 0.11 in 2007 and 0.51 in 2006. Thus, year
2006 had about five times more frass compared
with years 2005 and 2007. Other effects were not
significant (Table 1).

Nest Attentiveness

Nest attentiveness was negatively related to ambient
temperature (Fig. 2b) and positively to clutch size.
Thus, percentage of time females spent on eggs
increased with lower temperatures and a higher
number of eggs in the nest. Other factors were not
significant (Table 2; Fig. 4a).
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Fig. 4: Relationships between (a) female nest attentiveness and male
incubation feeding (n = 143) and (b) hatching success and nest atten-
tiveness (n = 114). These relationships are predicted to be positive
under the female nutrition hypothesis.

Hatching Success

Hatching success was positively related to clutch size;
other factors were not significant (Table 3; Fig. 4b).

Discussion

Incubation feeding rate in our population was simi-
lar to that observed in other secondary cavity nesters
(e.g. Moreno & Carlson 1989; Siefferman & Hill
2005) and varied substantially among males (0-5.4
per hour). Neither of male characteristics (plumage
colouration, age) predicted the rate of incubation
feeding, whereas environmental conditions and
characteristics of the nesting attempt did (ambient
temperature, territory quality, time of day and age
of the clutch). Incubation feeding did not predict
nest attentiveness (Fig. 4a). Nest attentiveness was
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associated neither with any of the female character-
istics (plumage colouration, age), nor territory qual-
ity, but it was associated with ambient temperature
and clutch size. Nest attentiveness did not predict
hatching success (Fig. 4b).

Predictors of Incubation Behaviour

Carotenoid and melanin-based ornaments can signal
male quality and his capacity to invest in a given
breeding attempt (Griffith & Pryke 2006). However,
in our population of Great Tit neither of the exam-
ined colouration traits predicted male incubation
behaviour. This agrees with results obtained for the
same type of feather colouration in Northern Cardi-
nal Cardinalis cardinalis (Jawor & Breitwisch 2006)
and Eastern Bluebird Sialia sialis (Siefferman & Hill
2003, 2005), although structural feather colour
predicted incubation feeding in Eastern Bluebird.
The only species where a positive relationship
between carotenoid-based feather colouration and
incubation feeding was observed is House Finch
Carpodacus mexicanus (Hill 1991; Badyaev & Hill
2002). Male age did not correlate with incubation
feeding in our population, whereas it did so in some
other species (Roskaft et al. 1983; Lifjeld & Slagsvold
1986). Statistically significant predictors of incuba-
tion feeding in our population of Great Tit were
ambient temperature, territory quality, time of day
and age of the clutch. Thus, male incubation feeding
in our population was related to environmental
conditions rather than to male characteristics.

All studies examining female parental care and/or
breeding success in relation to female plumage col-
ouration have focused on nestling period (Amund-
sen & Parn 2006). Our study is the first that focused
on the relationship between female plumage colour-
ation and female behaviour during incubation.
Neither carotenoid-based nor melanin-based female
plumage colouration predicted female nest attentive-
ness in our population of Great Tit. In species where
male does not participate directly in incubating the
eggs, he can increase female nest attentiveness, and
hence probably hatching success, by higher intensity
of incubation feeding (Sedgwick 1993; Tewksbury
et al. 2002; Fontaine et al. 2007). However, we did
not find such a relationship. Female incubation
behaviour in our population was related only to
ambient temperature and clutch size and not to male
behaviour, female characteristics, or quality of the
breeding territory.

Environmental conditions were the main corre-
lates of incubation behaviour in both male and
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female Great Tit. In particular, females increased
nest attentiveness with colder temperatures (see also
Hinde 1952; White & Kinney 1974; Sanz 1997),
which was mirrored by increased male incubation
feeding. Attentiveness increased on average from
68% at 20°C to 81% at 4°C. Variation between
females at the same temperature was about 20%
(Fig. 2b).  Similarly, male incubation {feeding
increased from 0.2 to 1.8 per hour with temperature
drop from 24 to 6°C, whereas variation among males
at the same temperature might have been as high as
from 0 to 5 per hour (Fig. 2a).

Male incubation feeding increased with territory
quality, but only in years with low overall food sup-
ply. Zanette et al. (2000) found out that male East-
ern Yellow Robins FEopsaltria australis fed their
incubating females more in a habitat with higher
food supply. The effect of territory food supply on
male incubation feeding agrees with previous obser-
vations that Great Tit parents on territories with
higher food supply have lower energy expenditure
during nestling feeding (Tinbergen & Dietz 1994),
breed early (Wilkin et al. 2007) or have better grow-
ing nestlings that fledge in higher body weight
(Naef-Daenzer & Keller 1999). Thus, territories with
higher food supply enable parents to invest more in
current breeding attempt and rear higher quality
young or to save energy. It is remarkable that this
effect was apparent only in years with low overall
food supply. It seems that in a good year, all males
had territories with enough food to supply their
incubating mate and male provisioning capacity
played a role only in poor years. On the other hand,
nest attentiveness was not related to territory quality
in our study, whereas in some other species it was
(Rauter & Reyer 1997; Zanette et al. 2000). Extra
resources obtained by females on good territories
could be allocated to self-maintenance rather than to
incubation effort. Thus, females foraging in good ter-
ritories during incubation off-bouts and receiving
more food from males during on-bouts might have
lost less weight during incubation, suffered less costs
to other functions (physiological, behavioural) or
increased their parental effort in other parts of the
breeding cycle or in future breeding bouts.

Female Nutrition Hypothesis

Incubation feeding did not predict nest attentiveness,
which in turn was not related to hatching success
(Fig. 4). Thus, our data were not consistent with the
female nutrition hypothesis. However, three alterna-
tives should be mentioned here. First, as mentioned
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above, females might have allocated extra food
obtained from males into self-maintenance instead
of incubation effort. Second, female nest attentive-
ness might respond to the amount or quality of food
brought by the male on the nest. Any patterns that
could arise from the effects of food load or quality
would be missed by our approach. Third, Great Tit
male feeds his female also while she is off the nest
(Hinde 1952; Royama 1966; de Heij 2006). Incuba-
tion feeding off the nest is very difficult to record
(Hinde 1952; Nilsson & Smith 1988; Pearse et al.
2004). We were not able to follow females during
off-bouts in the dense canopy of our flood-plain
forest (B. Matysiokova & V. Remes$, unpubl. data).
Similarly, most of the previous studies focused
exclusively on feeding on the nest, even in species
with off-nest incubation feeding occurring (e.g. Hin-
de 1952; Lifjeld et al. 1987; Nilsson & Smith 1988;
Smith et al. 1989; Sanz 1997; Pearse et al. 2004; de
Heij 2006; Lloyd etal. 2009; but see Klatt et al.
2008). However, rate of incubation feeding on the
nest need not fully correspond to overall incubation
feeding rate. In the only study that quantified incu-
bation feeding both on and off the nest, which was
done on Scarlet Tanager Piranga olivacea, no signifi-
cant relationship between incubation feeding on and
off the nest was found (Klatt et al. 2008; B. Stutch-
bury, pers. comm.). Thus, if incubation feeding off
the nest were more important for the female, we
would have missed some important patterns in our
population. On the other hand, food load delivered
to female when on the nest might be larger, i.e.
more important, than that delivered to female out-
side of nest (Nilsson & Smith 1988). However, these
questions remain unresolved.

Conclusions

In summary, our work is one of the first studies that
deal with relationships between feather colouration
and incubation behaviour in birds. Our data suggest
that neither carotenoid-based nor melanin-based col-
ouration predict bird behaviour during incubation,
which agrees with previous findings in other species
(Siefferman & Hill 2003, 2005; Jawor & Breitwisch
2006; but see Hill 1991). However, it is possible that
they play a role in other parts of the breeding cycle,
e.g. in nestling period (Senar et al. 2002; Doutrelant
et al. 2008; Quesada & Senar 2007; review in Griffith
& Pryke 2006), or during non-breeding season
(review in Senar 2006). On the contrary, we revealed
significant relationships with environmental condi-
tions, including ambient temperature and territory
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quality. There was no relationship between incuba-
tion feeding, nest attentiveness and hatching success.
Consequently, although alternative explanations are
possible, our data are not consistent with the female
nutrition hypothesis conceived to explain the occur-
rence and rate of male incubation feeding in birds.
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Abstract

Background

Juvenile mortality is one of crucial drivers of life-history evolution. At the same time,
predation is the main cause of nest loss in birds. Thus, identifying factors influencing the risk
of depredation is crucial for better understanding life history evolution and, moreover, for
effective conservation.

Methodology/Principal Findings

We used published data and unpublished records to study factors influencing nest predation
and total failure rates in 226 populations of 115 Australian and New Zealand species of
songbirds. Predation (average 42.3%) and failure rates (57.6%) increased over the last four
decades, particularly in eastern Australia. Predation and failure rates also increased from
temperate regions to the tropics and were highest in eastern Australia, lowest in south-western
Australia and intermediate in New Zealand. Predation and failure were higher in smaller
species, lower in cavity nesters than in species with open nests, and higher in introduced
species. Contrary to previous studies, there was no effect of habitat type and nest site (ground,
shrub, canopy). Nest predation caused on average 70% of total nest failure, lower than in
other tropical, subtropical, and temperate areas. The contribution of nest predators to failure is
at least 1.2 times higher now than 40 years ago.

Conclusions/Significance

In the first study of nest predation and failure spanning from the tropics to temperate regions
conducted on almost 17000 nests, we confirmed that tropical birds faced higher nest failure
rates. We identified a steep increase in nest depredation rates in the last four decades,
suggesting that a large-scale ecological phenomenon must be responsible. It may include
increases in predator abundances and/or ranges or habitat fragmentation. We further discuss
implications of our results for the evolution of reproductive strategies and for the conservation
of Australian and New Zealand birds.



Introduction

Juvenile mortality is one of crucial drivers of the evolution and plasticity of life-history traits
[1]. Thus, identification of robust predictors of juvenile mortality across a broad range of
species is critical for better understanding of variation in life-history and behavioural traits [2—
4]. For example, nest predation is the main source of nest failure in most birds [5—7] and has
been identified as an important correlate of a suite of life-history traits across species [8,9].
Additionally, population growth of especially shorter-lived species (e.g. songbirds as opposed
to long-lived seabirds) is particularly sensitive to reproductive failure [10]. Thus, effective
conservation efforts require robust estimates of species vulnerability to nest predation as a
potential limit on population growth rates.

Many nest predation studies have been conducted on northern temperate songbirds [reviewed
in refs. 5,7] including detailed studies of nest predators using video cameras [reviewed in ref.
11]. These studies identified several consistent correlates of nest predation, including nest
type [12—15], vegetation layer [6], habitat [16], elevation [17], and geography [7]. However,
these studies were conducted on limited and non-overlapping samples of species. Moreover,
how these results apply in tropical, subtropical and southern hemisphere birds with their
distinctive life histories is not clear [18,19]. Although nest predation studies of tropical and
southern hemisphere birds have a long tradition [20-22], they are certainly much less
numerous. The only correlate of nest predation that has been studied to some extent in these
birds is nest type, with some studies reporting lower nest predation in cavity compared to
open nesters [21-23] while others reporting no difference [24] or mixed results [25].

For a major advance in identifying predictors of nest predation and failure in tropical and
southern hemisphere birds, we need studies on a broad and varied sample of species on a large
number of nests. Australian and New Zealand songbirds provide a unique opportunity to
achieve these aims, because local avifauna is diverse and comparatively well studied.
Moreover, songbirds are here mostly phylogenetically distinct from well-studied European
and North American species [26] with typically slow life-history more similar to that of
tropical species than to northern temperate species living at corresponding latitudes [27].
Additionally, in Australia and New Zealand both observational and experimental studies show
that introduced predators hamper reproductive success of native songbirds [28-30].
Consequently, identification of populations and species that are particularly vulnerable to nest
predation might help in their conservation.

In this study we accumulated detailed data on nest predation and total nest failure in
Australian and New Zealand songbirds based on published studies. Subsequently, we
searched for predictors of nest predation and failure rates on large spatial and temporal scales.
Specifically, we asked which of the traits identified previously to correlate with nest predation
risk in northern temperate birds (see above) are important in Australian and New Zealand
songbirds. This also provides assessment of the determinants of species vulnerability to nest



predation that could be used in conservation. We provide comparisons with other published
large-scale datasets elsewhere in the world to advance our general understanding of
similarities and differences in nest predation patterns on a global scale.

Methods
Data collection

We collected data for this study from the literature. We focused on intensive field studies of
single or several species and avoided published accounts based on Nest Record Scheme from
Australia or New Zealand. We started with Handbook of Australian, New Zealand, and
Antarctic Birds (HANZAB) vols. 5, 6, and 7 [31-33]. Here, we located all studies dealing
with nest failure and predation and obtained the primary source. To find articles that were
published after HANZAB had been published, we also surveyed all the articles between 2000
and 2008 in Australian Bird Watcher, Australian Field Ornithology, Austral Ecology,
Australian Journal of Zoology, Australian Zoologist, Canberra Bird Notes, Corella, Emu,
New Zealand Journal of Ecology, New Zealand Journal of Zoology, Notornis, Pacific
Conservation Biology, South Australian Ornithologist, Sunbird, VOGR Notes, Western
Australian Naturalist, and Wildlife Research. Here we located all the articles dealing with nest
failure and predation in songbirds.

Moreover, we did a comprehensive search on databases unrestricted by the year of
publication. On Web of Science (available since 1945) and Zoological Record Plus (since
1978), we searched with the scientific name of every species. We went through all the titles
and abstracts and in majority of them obtained the primary article. We left out only articles
that were obviously not about the breeding biology of a particular species, or which were
obviously done in captivity, e.g. many studies of the zebra finch (Taeniopygia guttata). On
Google, we searched for the combination of the scientific name of the species and following
terms: predation, nest failure, breeding success, and breeding biology. We also searched on
the web pages of Emu, Notornis, New Zealand Journal of Zoology, and New Zealand Journal
of Ecology, i.e. all volumes of these journals. We used the scientific name of the species, and
separately the above-mentioned search terms concerning breeding biology. Subsequently, we
searched the text of thus obtained articles to locate information on nest failure and predation.
All these searches were done from October 2008 to January 2009.

From the resulting articles we extracted where possible: the number of nests failed, number of
nests destroyed by predators, number of nests studied, and when and where the study was
done. An obvious constraint on the data is that it is not always possible to assign a particular
nest loss to predation without direct evidence obtained by video-taping. Here we relied on two
approaches to identify nest losses caused by predators. First, if the author(s) explicitly stated
how many nests were taken by predators, we accepted this claim. Second, if nests lost to



predators were not explicitly enumerated, we assigned a loss to nest predation if the total
clutch or brood disappeared suddenly without other obvious reasons (e.g. storm or human
interference). We did not include partial losses unless losses were reported as total number of
eggs or nestling lost instead of the number of nests affected. In such cases, there was no way
of teasing apart partial and total losses. We calculated the number of nests studied as number
of eggs divided by clutch size reported for that particular study. Because this method includes
partial predation, total losses will be overestimated in these populations.

Besides analysing proportion of failed nests and nests lost to predators, we also transformed
these data to daily nest failure (DFR) and predation rates (DPR) by the method of ref. 5. To
validate the values thus obtained, we also calculated daily failure rates by two other
approaches [34; V. Remes, unpubl. results), which were based on the nest survival model of
ref. 35. Estimates produced by all three methods were highly correlated (r = 0.99-1.00, n =
225) and we used only values obtained by the method of ref. 5 in all statistical analyses. For
all these estimates, length of the nest cycle was calculated as the sum of incubation period,
nestling period, and clutch size. This assumes that eggs are laid daily, which is true in most of
the species (81 of 107 species where known, the rest lay in intervals of 2 days) and thus
provides a reasonable approximation. None of these methods estimates true daily rates that
can be obtained by applying the Mayfield method [35] on original data sets — these are
obviously not available when working with literature data. However, we included the best
available estimates of DFR and DPR into our analyses, because overall nest failure is a
product of daily failure rate and the length of exposure. Thus, excluding daily rates might lead
to biased estimates of selection pressures on anti-predation adaptations [9].

For each species in our database, we obtained its typical habitat (forest, shrubland, open, and
"various" for generalist species), nest type (open, domed, and cavity), nest height (in meters),
nest location (ground, shrub, and canopy), adult body mass (g), and whether the species is
native or introduced [31-33]. To put our data from Australia and New Zealand into
perspective, we compared it with published large-scale datasets elsewhere in the world.

Data analysis

We used two approaches to modelling the data, in both cases carrying out the analyses in SAS
9.2. First, we used generalised linear mixed models (GLMM) with binomial distribution and
logit link. Depending on the analysis, the response was the number of nest depredated or
failed and the binomial denominator was the number of nests studied or failed. Coding the
response variable as a binomial proportion weighed these analyses by sample size. We
included species as a random factor and analysed the data in the Glimmix procedure. Second,
we modelled daily predation and failure rates in linear mixed models (LMM) weighed by
sample size. We again included species as a random factor and analysed the data in the Mixed
procedure. In all these analyses, one estimate of nest loss for a set of nests reported in a
literature source was always treated as one data point (i.e., population estimate). Because of



high variation of nest failure and predation rates and very weak predictive power of species
(and taxonomic family, results not shown) in population-level analyses (see Results), we did
not try to correct for phylogenetic relationships among species. The application of
phylogenetic comparative methods is only useful and feasible when traits vary minimally
within species as compared to across species variation [36].

We adopted two approaches to deal with potential spatial autocorrelation in our data. First, we
were interested in broad-scale geographical trends. We thus included latitude and longitude as
explanatory variables into our statistical models. This technique is known as trend surface
analysis. However, it is well suited to model broad-scale trends and not small-scale
autocorrelation in residuals [37]. Ignoring this potential small-scale autocorrelation could lead
to biased parameter estimates and inflated Type I error rates [38]. Thus, second, we tested for
potential remaining autocorrelation in residuals from trend surface analyses. We calculated
semivariograms and spatial correlograms using Moran's I [39]. Both these techniques agreed
on the absence of small-scale autocorrelation in residuals from the trend surface analyses
(Appendix 1). Thus, we fited GLMM and LMM with a trend surface component (i.e.
including latitude and longitude) but with spatially uncorrelated error terms (using variance
components matrix). However, sometimes several studies were conducted at the same place
over the years (e.g. a natural reserve, university research station). Thus, to account for
potential site effects, we included study site as a random factor. There were 125 different
study sites.

We fit the models with the predictors we considered interesting and worth including based on
our experience and past studies (see Introduction), which are apparent from Tables below.
Graphical inspection of data revealed a non-linear effect of longitude reflecting strong
differences among broadly defined regions and different trends with time across regions.
Since we did not predict and test these patterns a priori their general validity might be
questioned. However, because of their interest we report on them. All tests were two-tailed. In
GLMMs, we checked for potential overdispersion of the data. As the variance of Pearson
residuals was 0.9—1.4 (depending on the model), there was no overdispersion [40]. In LMMs,
we checked residuals for any deviations from normality, equal variance, and linearity.
Residuals always conformed to all these requirements. Body mass and nest height were log;,
transformed, and daily predation and failure rates square root transformed. Denominator
degrees of freedom were estimated by the Satterthwaite method. Besides tests of significance
we always report parameter estimates for use in potential future metaanalyses and for judging
biological significance of our results (see Tables).

Results

In total, we located 226 population estimates of nest predation (n = 16972 nests) in 115
species of Australian and New Zealand songbirds belonging to 75 genera and 31 families.



Families with the highest number of studies were Meliphagidae (42 studies), Petroicidae (32),
Pardalotidae (23), Maluridae (22), and Turdidae (17), whereas there were 10 families with
only one study. Our sample of species includes members of almost all 38 songbird families
living in Australia and New Zealand, except representatives of four native and three
introduced families. It represents 33.2% of 346 breeding species of Australian and New
Zealand songbirds.

The number of nests studied varied considerably among studies (Table 1) but did not change
with the year when the study was published (r = 0.08, P = 0.227, n = 216). When assessed by
the midpoint of the study period the earliest study was conducted in 1943. However, all other
studies had a midpoint after 1960 and availability of data increased steadily until the present
(Figure S1). More studies were done in Australia (n = 149) than in New Zealand (n = 77;
Figure S2). Most studies were done on native species (N = 202), as compared to introduced
species (N = 24).

Nest failure, nest predation, daily failure and predation rates, and proportion of losses caused
by predators varied considerably among studies (Table 1). Proportion of losses caused by
predators increased with total nest failure (Table 2). It increased from ca. 0.45 at 10% nest
failure to ca. 0.85 at 90% failure (r = 0.40, P <0.001, n = 202).

Environmental predictors and covariates

Both the proportion of nests destroyed by predators and those that failed declined with body
mass and latitude (Figure 1), but increased with year (Figure 3a) and in introduced species
(Table 3). Proportion of total nest losses caused by predators increased with the year of study
and total nest failure (Table 2, Figure 3b). Simple proportions showed that the fraction of nest
losses caused by predators increased from 0.43 between 1965 and 1975 (n = 16) to 0.73
between 1995 and 2005 (n = 87; see Figure 3b). The model in Table 2 predicted a lower
increase over the last 40 years, from 0.67 in 1965 to 0.82 in 2005. Results for daily nest
predation and failure rates were similar as those for binomial proportions. There was an
additional effect of species nesting in cavities to be less prone to nest failure (Table 4, Figure
4).

Visual inspection of scatterplots suggested that both nest failure and nest predation were
lowest in south-western (SW) Australia and higher in eastern (E) Australia and New Zealand
(Figure 2). This was supported by a significant quadratic effect of longitude after accounting
for other predictors (GLMM: No depredated, F 1033 = 10.5, P = 0.002; No failed, Fy 1007 =
9.6, P=0.003; LMM: DPR, F;;;3=9.7, P =0.002; DFR, F; ;3 =9.0, P =0.003). Moreover,
the proportion of nest losses caused by predators was also highest in E Australia (quadratic
effect GLMM: Fj 924 =6.5, P =0.013).



Nest predation increased more steeply with year in E Australia (logit slope = 0.026, SE =
0.011) than in the other two regions (SW Australia slope = 0.012, SE = 0.013; New Zealand
slope = 0.004, SE = 0.005). These differences were statistically significant even when
accounting for all other predictors (year by region interaction: Fg56 = 6.4, P = 0.002). The
same results were obtained with daily predation rates (year by region interaction: F; 977 = 5.8,
P =0.004). The logit slopes translated into increases in nest predation between 1965 and 2005
from 36.4 to 62.0% in E Australia, from 25.6 to 35.3% in SW Australia, and from 17.1 to
19.4% in New Zealand.

The random effect of species accounted for very little variance in all the analyses (generally
less than 5%; Tables 3 and 4) with the exception of the analysis of the proportion of total
failure caused by predators (20%, Table 2). The random effect of study site explained
between 1.5 and 12% of variance (Tables 2, 3, and 4).

Comparison with other regions

We compared the data reported in this study with multi-species studies or reviews based on
substantial samples of species and nests for other regions. Overall nest failure in Australia and
New Zealand was similar to other regions (Figure 5). However, the proportion of nest losses
caused by predators was quite low both in Australia and New Zealand compared with other
studies (Table 1, Figure 5).

Discussion

Nest predation and failure in Australian and New Zealand songbirds have increased in recent
decades, particularly in E Australia. Nest predation and failure increased towards the equator
and were highest in E Australia. They were highest in smaller birds, in birds with open and
domed nests, and in introduced species. Proportion of nest losses caused by predators
increased with time and was highest in E Australia. Overall patterns in nest failure were
driven primarily by nest predation. Our data do not support the hypothesis that predation and
failure regimes affecting Australian and New Zealand birds are radically different from those
of other regions for which large-scale surveys are available. In the following discussion we
first address the necessary restrictions to the quality of our data, and then address explanations
for the broad-scale patterns we have identified.

Limits to data

Although we assembled a large and very detailed dataset on nest failure and predation in
Australian and New Zealand songbirds, there remain problems with our data. As has been
reported previously [41], the geographical distribution of studies is biased towards more
populated areas. Most studies originated from E and SW Australia and New Zealand with few



studies coming from tropical north and no studies from arid central Australia (Figure S2).
Taxonomic coverage of families and species seemed reasonable. Most studies came from the
last four decades and the frequency of study has increased over that time (Figure S1). While
this is encouraging, sample size of most of the studies is modest (median = 40 nests; Table 1)
with no improvement over the years. Most studies also had short timespans (median = 2
years). This certainly introduces substantial sampling variation into the data. Data
demonstrated high within species variation as compared to among species variation, which
was reflected by low proportion of variation explained by species. However, despite this high
sampling variation our analyses revealed several robust predictors of nest failure and we
discuss them in turn below.

Time

Nest predation and failure, daily nest predation and failure rates, and proportion of nest losses
caused by predators all increased over the last five decades (Figure 3). At least two related
explanations are possible. First, as nest predation studies has become more common in recent
decades (see Figure S1) there might have been more studies in places that are fragmented or
otherwise impacted by anthropogenic disturbance. Second, population changes of important
nest predators might be the driver of this pattern. As an example that is best documented we
discuss here the case of the pied currawong (Strepera graculina, ca. 300g bird, family
Cracticidae), which increased in abundance and colonised new areas during last decades.
There was an increase of 62% in reporting rate between 1980s and 2000s across the range of
this species [42]. The pied currawong has been identified as a significant nest predator by
studies using both artificial nests [43,44] and natural nests of woodland songbirds [45].
Although adult pied currawongs are largely insectivorous during spring and summer,
nestlings of other species are the primary food provided by pied currawong to their own
young [46]. Pied currawongs live exclusively in eastern Australia, which is compatible with
the more striking increase in predation rates in this region. However, the large-scale increases
in nest predation rates identified here are not likely to be explained by a single predator
species. This is supported by our finding that nest predation increased also in SW Australia
and New Zealand where the pied currawong does not live.

It has been recently estimated that about two-thirds of Australia's bird species are showing
significant long-term declines [47], and nest predation has been implicated in many of these
declines [48]. However, increased nest predation does not automatically imply negative
impacts on songbird populations [49]. There are many other factors that may be causing
declines of small birds, including insecticides, cats, increasingly fragmented vegetation, and
spread of other abundant and aggressive native species like noisy miner (Manorina
melanocephala, ref. 50) Moreover, birds might compensate higher nest losses by more
frequent renesting, especially given long breeding seasons typical of Australian birds [27]. A
clear demonstration of a causative effect of nest predation in songbird declines would have to
involve predator removal and monitoring of songbird demography [51,52]. So far, only one



study followed the effects of nest predator (pied currawong) exclusion on the breeding
success of two woodland songbirds (eastern yellow robin, Eopsaltria australis and scarlet
robin, Petroica multicolor) and the effects were strong and positive [45]. Moreover, there is
growing evidence that low production of recruits caused by high nest predation might be
behind long-term declines of some small songbirds (e.g. hooded robin, Melanodryas
cucullata; ref. 48).

Geography

Avian life-history attributes usually vary across latitude [53] and this variation has often been
ascribed to nest predation rates being higher closer to the equator [18]. However, some studies
based on comparison of phylogenetically and ecologically related species suggested that nest
predation is not in fact higher in the subtropics/tropics [54,55]. In our dataset, nest predation
and failure did increase towards the equator (Figure 1), consistent with the traditional view.
However, the causes of this pattern remain questionable. One possibility is increasing
diversity or changing composition of predator communities towards the equator. For instance,
in North America the relative importance of snakes as predators decreases with increasing
latitude (i.e. away from the equator), in concert with their decreasing diversity and abundance

[7].

Geographical patterns in our data were more complex than just this latitudinal trend. Nest
failure and predation were higher in E Australia and New Zealand than in SW Australia
(Figure 2). Again, different abundance and/or diversity of nest predators might be the clue.
We know that biogeography [7], habitat type [56], and habitat fragmentation [57] all affect
nest predation rates. However, effects of habitat fragmentation might be dependent on
landscape context, being more profound in certain habitat types [16] or geographic areas than
in others [58]. One tentative explanation might be that nest predation is kept high by pied
currawongs and other widespread nest predators in E Australia and many introduced
predators, mainly mustelids [e.g. 59], in New Zealand. SW Australia lacks pied currawongs
and the abundance of introduced mammalian predators has been restricted using large-scale
poisoning with sodium monofluouracetate, to which native mammals are resistant because of
high levels of the toxin in native vegetation [60]. However, before robust data on real nest
predators are acquired, which requires substantial sampling effort [11], no definite
explanation for the geographic patterns can be offered.

Nest type

It has repeatedly been shown that nests in cavities are safer from predators and suffer from
lower predation pressure, and that this is not just because cavity nesters are often studied in
nest-boxes [14,15,21-23,25]. Higher safety of cavities is also traditionally suggested as one of
the main reasons for high nest success of typical primary cavity nesters, e.g. woodpeckers
[61]. Our data for daily failure and predation rates tend to confirm this pattern, but there was
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no evidence that simple proportion of nests failed or depredated is lower for cavity nesters.
This can be explained by the fact that nest failure is a product of daily failure rate and
exposure time. Cavity nesters have larger clutches and longer incubation and nestling periods,
which has been demonstrated in North America [9,14] and is true also in our sample of
species (V. Remes, unpubl. results). This exposes cavity nesters to the risk of failure for
longer time. Thus, although their daily failure rates are lower, their greater duration of
exposure generates overall failure similar to that of open and domed nests. Nest sites did not
differ in the proportion of losses caused by predators. Thus, cavities tend to be generally safer
against predators and no compensatory nest failure occurs in cavity nesters.

Trends in daily failure rates across nest types agreed with differences in nest construction.
Cavity nests had the lowest daily failure rates, open nests the highest with domed nests in
between (Figure 4a; see also ref. 23). This agrees with the idea that domed nests are better
protected from predators by their construction and are more defendable by a parent sitting on
the nest as compared to open nests, but are less resistant to predator attack than true cavities
[62]. However, parents might also adopt other compensatory behavioural strategies besides
nest defence, e.g. watching for predators and luring them away from the nest. Interactions
between nest site, size and parental behaviour in determining nest survival are complex and
require further attention [63—65]. Overall, our results tend to confirm nest type as a significant
correlate of clutch and brood safety and thus potential driver of the evolution of life-history
characteristics [2,66].

Other factors

Body mass was a consistent predictor of nest failure and predation rates. Large species
suffered less from nest losses. This indicates that large species might be better able to defend
their nest against predators. For example, nests of large and aggressive noisy friarbird
(Philemon corniculatus) with a good view of surroundings were more successful than more
hidden nests, suggesting that this species might be able to defend its nests against at least
some nest predators [67]. However, this pattern is by no means general. Although Ricklefs
[ref. 5] also found decreasing daily nest failure rate with body mass, his analysis included
both songbirds and raptorial birds. The pattern would not have been apparent had he analysed
only songbirds [ref. 5: Fig. 11]. Similarly, there was no relationship between body mass and
daily predation rates in North American (r = —0.05, P = 0.596, n = 129, data from ref. 68) or
European songbirds (r = -0.03, P = 0.836, n = 62, data from ref. 69). Thus, the generality of
this pattern remains uncertain.

Native species suffered from lower nest predation rates than introduced species (Figure 4b).
This might be caused by their longer coevolution with native predators and consequent
evolution of more effective antipredator strategies. On the other hand, a large part of
predation on songbird nests is inflicted by introduced predators [28], which weakens the
validity of this argument. Another possibility is that introduced species are just by accident a
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sample of species (N = 10) particularly vulnerable to nest predation. Except common myna
(Acridotheres tristis), all of them are open nesters that suffer from heavy nest predation also
in their native ranges in Europe [69].

There was no relationship of nest predation and failure to either habitat type or nest height.
This was true also when nest categories (ground, shrub, canopy) instead of nest height were
used, which would allow for non-linear effects of nest height. Our results are quite surprising,
because traditionally predation rates were linked to habitat type and nest strata [5,6]. They
show that broad regions might differ in nest failure patterns. However, without knowledge of
the identity and foraging behaviour of nest predators, we are not able to provide an
explanation of these differences.

Comparison with other regions

Nest failure rates for Australia and New Zealand lay close to the average of reported values
for other regions (Figure 5). There seems to be no clear-cut difference between temperate and
tropical/subtropical regions in total nest failure. Results of some earlier, small-scale studies
also questioned the paradigm of higher nest failure in tropical/subtropical regions [54,70].
There is substantial variation in nest failure risk within regions. It might be more fruitful to
search for population- and species-specific predictors of nest failure and predation risk rather
than focus on broad-scale differences among distant geographical regions. This will be also
productive for looking at fine-scale life-history adaptations in species from different regions
[55].

By contrast with the fairly weak differences affecting total nest failure, the contribution of
predation to nest loss is surprisingly low in Australia and New Zealand compared to other
areas for which data are available (Figure 5). Comparably low share of predator-caused nest
losses is rather surprising given large numbers and densities of introduced predators in
Australia and New Zealand. However, other potential predators declined dramatically, e.g.
numerous mammals [71], and Australian and New Zealand faunas underwent such dramatic
changes that it is difficult to infer what the net effects on populations of potential nest
predators (snakes, large birds, mammals) were [72]. Another possibility is that nest
abandonment is high, due to either long breeding seasons [27] or well developed desertion
strategies against brood parasites [73], leaving less opportunities for nest predation. However,
some abandonments are certainly caused by nest predators [74] and these losses should be
ascribed to predation. Unfortunately, we did not quantify proportion of nest failure due to nest
abandonment and identifying nest abandonments due to predators would be extremely
difficult. Although very interesting, this question thus remains unanswered.
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Figure legends

Figure 1. Predation and failure rates across latitude. For the sake of convenience raw data
are shown and thus we depicted the lines from GLMM analyses with species and site as
random factors but unadjusted for other predictors.

Figure 2. Predation and failure rates across longitude. For the sake of convenience raw
data are shown and thus we depicted the lines from GLMM analyses with species and site as
random factors, with a quadratic effect of longitude but unadjusted for other predictors.

Figure 3. Predation and failure (a) and nest losses caused by predators (b) over the
years. For the sake of convenience raw data are shown and thus we depicted the lines from
GLMM analyses with species and site as random factors but unadjusted for other predictors.

Figure 4. Daily predation and failure rates in relation to nest type (a) and species origin
(b). We depicted least squares means (95% CI) from LMM analyses adjusted for random
effects of species and site and all other predictors.

Figure 5. Comparison of nest failure and proportion of failure due to predators across
regions. (a) Overall nest failure (1 SD) in Australia and New Zealand compared to temperate
areas (white), and tropics and subtropics (grey). Figures within bars indicate number of
species, with number of nests in brackets. (b) Proportion of nest failure caused by predators (1
SD; unknown for two studies). Localities are arrayed roughly from north to south (from top to
bottom). Data come from following studies: North America [75], Europe [15], Ecuador [20],
Panama [25], Amazonia [21], subtropical Argentina [23], South Africa [24], and temperate
Argentina [76].

Supporting Information

Appendix 1 Analyses of potential small-scale spatial autocorrelation in nest predation and
failure data in Australia and New Zealand.

Figure S1 Distribution of studies across years when they were published (n = 169).
Figure S2 Geographical distribution of individual population estimates (n = 222). Colours

indicate broad geographic regions: south-western Australia (orange), eastern Australia (blue),
New Zealand (red), and other (green).
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Tables

Table 1. Descriptive characteristics of nest failure data in Australian (Au) and New Zealand (NZ) songbirds.

Mean sd Median Range No studies

Au NZ Au NZ Au NZ Au NZ Au NZ

No of studied nests 79.6 663 1004 764 410 42.0 5 to 656 5to 521 149 77

Length of the study (years) 33 2.5 3.6 1.8 2.0 2.0 1to 22 1to9 136 72

Nests that failed (%) 574 578 194 19.6 57.9 58.5 8.3 to 100 8.8t093.1 140 62

Nests destroyed by predators (%) 43.7 396 229 217 429 36.7 0to 100 0to 88.9 149 77
Failed nests that failed due to predation

(proportion) 0.72 0.63 024 027 0.76 0.69 Oto1 Oto1 140 62

Daily predation rate (day™) 0.020 0.017 0.015 0.013 0.017 0.015 0to 0.077 0 to 0.058 148 77

Daily failure rate (day™) 0.029 0.028 0.016 0.016 0.026 0.024 0.002 to 0.077 0.004 t0 0.075 139 62
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Table 2. Results of GLMM relating proportion of nest failure caused by predators to environmental factors and covariates.

RESPONSE No Depredated / No Failed

FIXED EFFECTS df F P Estimate (SE)
Intercept —39.67 (15.68)
Body mass 1,84.4 0.5 0.488 0.210 (0.301)
Habitat (Various) 3,64.8 1.0 0.412 Forest: —0.334 (0.457)

Open: —0.747 (0.518)
Shrubland: —0.659 (0.464)

Latitude 1, 88.7 0.2 0.703 —0.007 (0.018)

Longitude 1,117.0 1.5 0.227 —0.010 (0.009)

Native vs Introduced (Native) 1,79.2 0.6 0.458 Introduced: 0.405 (0.543)

Nest height” 1, 88.2 1.0 0.325 —0.489 (0.494)

Nest type (Open) 2,99.5 0.3 0.743 Domed: —0.094 (0.327)
Cavity: 0.329 (0.464)

Year® 1,106.0 7.0 0.009 0.021 (0.008)

Total failure 1, 166.5 21.5  <0.001 0.026 (0.006)

RANDOM EFFECTS Estimate SE

Species 0.609 0.240

Site 0.360 0.208

Residual 3.031 0.551

N 193

P values of statistically significant factors are in bold. Reference levels of categorical variables are given in brackets.

* The same results were obtained when nest height categories were used (ground, shrub, canopy).
® Year of study publication (to increase sample size). However, correlation with midpoint of the study period was very high: r = 0.95, P < 0.001, N =

210.
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Table 3. Results of GLMM relating nest predation and nest failure to environmental factors and covariates.

RESPONSE No Depredated / No Studied No Failed / No Studied

FIXED EFFECTS df F P Estimate (SE) df F P Estimate (SE)

Intercept -33.98 (9.63) —29.72 (9.61)

Body mass 1,95.1 8.0  0.006 —0.587 (0.206) 1,95.7 15.0 <0.001 —0.622 (0.161)

Habitat (Various) 3,66.7 1.9 0.132 Forest: —0.132 (0.289) 3,66.3 1.7 0.167 Forest: 0.278 (0.226)
Open: —0.519 (0.356) Open: —0.182 (0.268)

Shrubland: —0.256 (0.297) Shrubland: —0.005 (0.232)

Latitude 1,1089 3.7  0.056 —-0.027 (0.014) 1,98.9 5.6 0.020 —0.026 (0.011)

Longitude 1,126.6 1.2 0285 0.007 (0.006) 1,117.6 5.8 0.018 0.012 (0.005)

Native vs Introduced (Native) 1, 66.1 8.0 0.006 Introduced: 0.938 (0.331) 1, 83.0 214  <0.001 Introduced: 1.37 (0.30)

Nest height” 1,97.6 0.1 0.800 —0.089 (0.350) 1,98.8 0.2 0.648 —-0.124 (0.271)

Nest type (Open) 2,113.8 04  0.691  Domed: —0.038 (0.233) 2, 107.5 1.6 0.205 Domed: 0.011 (0.180)
Cavity: —0.293 (0.345) Cavity: —0.465 (0.260)

Year® 1,171.0 13.0 <0.001 0.017 (0.005) 1,161.5 9.9 0.002 0.015 (0.005)

RANDOM EFFECTS Estimate  SE Estimate SE

Species 0.228  0.094 0.116 0.054

Site 0.289  0.102 0.185 0.067

Residual 4663  0.736 2.806 0.472

N 216 193

P values of statistically significant factors are in bold. Reference levels of categorical variables are given in brackets.

* The same results were obtained when nest height categories were used (ground, shrub, canopy).
® Year of study publication (to increase sample size). However, correlation with midpoint of the study period was very high: r = 0.95, P < 0.001, N =

210.
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Table 4. Results of LMM relating daily predation and failure rates to environmental factors and covariates.

RESPONSE Daily predation rate Daily failure rate

FIXED EFFECTS df F P Estimate (SE) df F P Estimate (SE)

Intercept —1.81 (0.50) -1.73 (0.52)

Body mass 1,95 19.2 <0.001 —0.046 (0.010) 1, 103 33.6  <0.001 —0.051 (0.009)

Habitat (Various) 3,64 1.1 0.354 Forest: 0.005 (0.014) 3,75.6 1.3 0.279 Forest: 0.011 (0.012)
Open: —0.021 (0.018) Open: —0.012 (0.015)

Shrubland: —0.008 (0.015) Shrubland: 0.002 (0.013)

Latitude 1,112 3.8 0.055 —0.001 (0.001) 1,104 7.3 0.008 —0.002 (0.001)

Longitude 1,119 0.2 0672 0.0001 (0.0003) 1, 120 23 0.130 0.0004 (0.0003)

Native vs Introduced (Native) 1,61.2 11.2  0.001 Introduced: 0.055 (0.017) 1, 89.7 274  <0.001 Introduced: 0.083 (0.016)

Nest height” 1,94.6 0.3 0.572 —0.010 (0.018) 1, 105 2.2 0.144 —-0.022 (0.015)

Nest type (Open) 2,110 2.3 0.109  Domed: —0.016 (0.012) 2,115 5.2 0.007 Domed: —0.019 (0.010)
Cavity: —0.029 (0.017) Cavity: —0.037 (0.014)

Year® 1,183 17.2 <0.001 0.001 (0.0002) 1,163 14.6  <0.001 0.001 (0.0003)

RANDOM EFFECTS Estimate  SE Estimate SE

Species 0.0005  0.0002 0.0004  0.0002

Site 0.0009  0.0003 0.0006  0.0002

Residual 0.056  0.009 0.036 0.006

N 215 192

P values of statistically significant factors are in bold. Reference levels of categorical variables are given in brackets.
* The same results were obtained when nest height categories were used (ground, shrub, canopy).

® Year of study publication (to increase sample size). However, correlation with midpoint of the study period was very high: r = 0.95, P < 0.001, N =

210.
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Fig. 3
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Fig. 5
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Appendix 1 Analyses of potential small-scale spatial autocorrelation in nest predation and
failure datain Australiaand New Zealand.

1) Semivariograms

We calculated empirical semivariograms using function variogram in gstat package of R
language. We used residuals from trend surface analyses of daily predation/failure rates
(square root transformed), percent of depredated/failed nests, and proportion of nestsfailed
due to depredation (i.e., regressions with latitude and longitude as predictors). When residuals
from full models presented in Results were used, the outcomes were identical. To account for
the fact that potential spatial processes cannot extend across ocean, we cal cul ated
semivariograms separately for Australiaand New Zealand. We divided the datainto lag
classes so that pair number in individual lag classes exceeded 100. We calculated
semivariograms for 1/2 of the longest spatial extent of data, which led to lag classes
measuring 1.5 degrees of geographical coordinates. Thistrandatesinto ca. 166 kmin latitude
and from ca. 162 km (at 13°S) to ca. 112 km (at 48°S) in longitude.

Flat shape of semivariograms indicated that there was virtually no small-scale autocorrel ation
in residuals from trend surface analyses (e.g. Fortin MJ, Dale M. 2005. Spatial analysis. A
guide for ecologists. Cambridge University Press, Cambridge).
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2) Spatial correlogramsbased on Moran's|

We calculated spatial correlograms for the same data and lag classes as above. We used
function correlog in ncf package of R language.
Flat shape of the spatial correlograms also confirmed that small-scale autocorrelation in the
residuals from trend surface analyses was absent (e.g. Fortin MJ, Dale M. 2005. Spatial
analysis. A guide for ecologists. Cambridge University Press, Cambridge).
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Figure S1 Distribution of studies across years when they were published (n = 169).
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Figure S2 Geographical distribution of individual population estimates (n = 222). Colours indicate
broad geographic regions: south-western Australia (orange), eastern Australia (blue), New Zealand
(red), and other (green).
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Abstract

Individuals differ in their ability to cope with energetically demanding situations while caring
for the current brood and they can signal this ability by their colouration. We examined the
impact of handicapping (clipping of wing and tail feathers) on an energetically demanding
care behaviour (incubation) in the Great Tit (Parus major) females. We hypothesised that the
intensity of carotenoid-based breast feather colouration signals the ability to cope with
impaired flight ability and consequent increased energetic demands. If this is the case, females
with more intensely coloured feathers should cope better with the handicap compared with
less intensely coloured females, i.e. the impact of handicapping on mass loss and nest
attentiveness should be negatively correlated with colouration. Handicapped females lost
more weight than control females but did not decrease nest attentiveness to a greater extent,
suggesting that females take the costs of handicapping on themselves. Females in poor
condition were more severely influenced by handicapping. Intensity of female breast feather
colouration did not correlate with either change in nest attentiveness or body mass loss during
incubation. Intensity of breast feather colouration therefore does not appear to signal female
ability to cope with this energetically demanding situation during incubation.

Keywords
Feather colouration, female ornaments, Great Tit, handicapping, incubation behaviour, nest
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Introduction

One of the basic tenets of evolutionary biology is that individuals differ in their ability to
survive and cope with challenging environmental conditions. This ability can be influenced by
the quality, age and condition of the individual (Fox et al. 2001). Individual quality and
condition can be signalled to potential mates or rivals by various types of ornaments including
those based on carotenoids (Searcy and Nowicki 2005). Carotenoid-based colouration is
widespread in animals, including feathers and bare parts in birds (Olson and Owens 2005).
Carotenoids cannot be synthesised by animals, must be obtained from food, and thus are
potentially in short supply (Olson and Owens 1998). Full expression of carotenoid-based
colouration is costly and carotenoids are involved in a number of trade offs with important
physiological functions, including immune function and the level of oxidative stress (von
Schantz et al. 1999; McGraw 2006). Consequently, intensity of carotenoid-based colouration
is expected to indicate individual quality, condition, and/or capability of parental effort
(Mgller et al. 2000; Griffith et al. 2006).

The role of feather ornaments as indicators of quality, condition, and parental effort has been
traditionally studied in males (reviewed in Griffith and Pryke 2006). However, there has been
a recent surge of interest in the function and evolution of female ornaments (reviewed in
Amundsen 2000; Amundsen and Péarn 2006; Kraaijeveld et al. 2007; Clutton-Brock 2009).
Recent studies have demonstrated that female ornaments might work as badges of status
enabling better access to resources (Murphy et al. 2009; Griggio et al. 2010) or as signals of
good parenting abilities (Linville et al. 1998; Siefferman and Hill 2005; but see Smiseth and
Amundsen 2000; Griggio et al. 2010). It has been even demonstrated that breeding success
might be correlated with female ornament expression (Morales et al. 2007; Bitton et al. 2008)
and males might base their mate choice at least partly on the degree of female ornamentation
(Griggio et al. 2009; but see Murphy et al. 2009). However, studies examining female
ornaments during reproduction in birds have been carried out during the nestling period while
incubation was almost completely neglected (Amundsen 2000; Amundsen and Parn 2006; but
see Hanssen et al. 2006).

Incubation is a very important part of the breeding cycle in birds and parental effort during
incubation can have strong consequences for the reproductive success of the pair (Deeming
2002). Normal embryo development requires eggs to be kept within a narrow range of
temperatures (Webb 1987). Non-optimal temperatures can lead to reduced hatchability and
longer incubation periods (Lyon and Montgomerie 1985; Webb 1987; Martin 2008). At the
same time, incubation is energetically demanding for the incubating individual (Willams
1996; Thomson et al. 1998; Tinbergen and Williams 2002), who has to split its time between
warming the eggs and foraging for itself. Hence, the ability to cope with energetically
challenging situations during incubation can be very important for the reproductive success of
the pair. In species with female-only incubation females can signal this ability by their
carotenoid-based feather colouration and males might accordingly base their mate choice on
the intensity of female's colouration (Amundsen and Parn 2006; Kraaijeveld et al. 2007).



Handicapping is a useful and widely employed method to study the effects of energetically
challenging situations on bird behaviour (Harrison et al. 2009). Birds can be handicapped by
adding weights (Wright and Cuthill 1989; Griggio et al. 2005), taping their feathers (Senar et
al. 2002a) or feather clipping (Slagsvold and Lifjeld 1988; Sanz et al. 2000). The last method
is particularly suitable because it simulates events that can happen in the wild due to attacks
by predators, and hence represents a risk to which birds might have become adapted
(Slagsvold and Lifjled 1990). Broken or missing feathers are among the most often
encountered natural handicaps in free ranging birds (Dawson et al. 2001). The ability to cope
with such a handicap might therefore reveal an important component of individual quality
(Harding et al. 2009).

In our study, we examined effects of handicapping (feather clipping) on incubation behaviour
in the Great Tit (Parus major), a small, short-lived songbird with female-only incubation. In
particular, we determined whether females differed in their responses to this energetic
constraint in relation to the intensity of their yellow, carotenoid-based feather colouration. We
predicted that impaired flight ability caused by handicapping would 1) extend the time
females spent foraging off the nest and hence decrease time they spent on the nest, and/or 2)
lead to higher body mass loss during incubation compared with controls. Moreover, if
carotenoid-based feather colouration of the Great Tit females indicates ability to cope with
such energetic constraint, females with more intense feather colour can be expected to be less
affected by the challenge (Smiseth and Amundsen 2000; Doutrelant et al. 2008).

Methods

General field work

This work was conducted on three adjacent nest-box plots which are ca. 1 km apart in a
broad-leaved forest dominated by oak (Quercus petraea) on Velky Kosit in the east of the
Czech Republic (49°32'N, 17°04'E). There are 300 nest-boxes in total placed about 1.5 m
above ground and besides Great Tits they are inhabited by Collared Flycatchers (Ficedula
albicollis), Blue Tits (Cyanistes caeruleus), Nuthatches (Sitta europea) and Coal Tits
(Periparus ater). Fieldwork was carried out in 2008 from early April until May. We checked
nest-boxes daily to record laying of the first egg and final clutch size. Day 0 was the day when
the last egg was laid. Eggs in our population usually start to hatch on days 11-13 and hatching
lasts for 2—-3 days.

Cross-fostering

We wanted to isolate the direct effects of female incubation behaviour (i.e. egg warming) on
hatching success and incubation period length, excluding any genetic or maternal effects.
Therefore, we matched pairs of nests by their age and clutch size and exchanged clutches
between pairs of nests. Clutches were exchanged as soon as, or immediately after, egg laying
ended. We took the whole clutch from a nest, weighed it on a digital balance to the nearest
0.01 g and swapped it within the dyad (in 67 out of 82 nests on day 1, range 0-3). Nests were



always exactly matched by the date when the last egg was laid. There was no difference in
clutch size in 52 nests, a difference of one egg in 28 nests and of two eggs in two nests. The
transfer of eggs took on average 8 min (range = 3—14 min).

Nest attentiveness

During incubation, we monitored the percentage of time incubating females spent on eggs, i.e.
nest attentiveness. We deployed temperature data loggers by inserting a probe through the
nest wall into the bottom of the nest cup. A second probe was mounted under the nest-box.
We measured inner and outer temperature from 5 a.m. until 10:40 p.m. in 16-s intervals. On
the nest temperature recordings, time when the incubating female is away from the nest is
recognizable by downward spikes. Temperature drops quickly when the female leaves the
clutch (off-bout) and then starts to increase sharply when she returns (on-bout; Fig. 1).
Consequently, it is easy to make the difference between an attended and an empty nest (e.g.
Zimmerling and Ankney 2005). From the pattern of nest temperatures, we calculated nest
attentiveness throughout the day. To get ambient temperature for every nest, we took outer
temperature for the start of each on- and off-bout and averaged it across the day. The data
loggers were deployed on day 3 or 4 of incubation and the nest attentiveness was measured on
the subsequent day (i.e., on days 4-5). Four days after experimental treatment (see below), we
measured nest attentiveness again in the same way (i.e., on days 9—10).

Experimental treatment

The day after nest attentiveness was measured for the first time we captured females in the
nest-box (i.e., on days 5-6) and weighed them on a spring Pesola balance (to the nearest
0.25 g). We handicapped every first and second female and left every third female as a
control. In experimental females, we clipped primaries number 5, 6 and 8 (out of the total of
10 primaries, counted from the outside) on both wings, together with the four central tail
feathers (out of the total of 12 tail feathers). We clipped the feathers as close to their bases as
possible. This methodology was modified from Slagsvold and Lifjeld (1990). We handled
control females in the same way as experimental females except that we did not clip the
feathers. We returned all the females back to the nest-box through the entrance. Then we
covered the entrance and waited for about one minute before leaving. The effect of
handicapping was temporary and lasted until the post-breeding moult. Experimental and
control females did not differ significantly in their initial body weight (£ 75= 1.2, P =0.283).

Females and clutches

The day after nest attentiveness was measured for the second time we captured females in the
nest-box again (i.e., on days 10—11). We aged them (one year old or older, Svensson 1992),
weighed them on a spring Pesola balance (nearest 0.25 g), and measured their tarsus by a
digital calliper (nearest 0.01 mm). We took 10 to 15 yellow feathers from the upper right part
of breast for later spectrophotometric analysis. Experimental and control females did not
differ significantly in their tarsus length (F;s54= 0.14, P = 0.706). After this day we checked
nest-boxes daily to determine hatching success. We removed eggs that did not hatch and



dissected them to determine the cause of hatching failure, i.e. eggs with no sign of embryo
development or apparent dead embryo. We defined hatching success as percentage of
fertilised eggs that hatched. Since we were interested in the effects of incubation behaviour on
hatching success, we excluded eggs with no sign of embryo development from the analyses.
Some unhatched eggs disappeared from the nest before we were able to dissect them. We
removed these nests from the analyses of hatching success and thus the sample size was
reduced. We calculated incubation period as the time from laying of the last egg to hatching
of the first egg (Lyon and Montgomerie 1985).

Laboratory analyses

We quantified reflectance spectra of yellow feathers sampled from the breast using standard
procedures (Andersson and Prager 2006). We used 10-15 feathers from each bird, which is
sufficient to obtain reliable values from our species (Quesada and Senar 2006). We used an
Avantes AvaSpec-2048 fibre optic spectrometer together with an AvaLight-XE xenon pulsed
light source and a WS-2 white reference tile. The probe was used both to provide light and to
sample the reflected light and was held perpendicular to the feather surface. We took five
readings, each from a different part of each set of feathers. Feathers were arranged on black,
nonreflective surface so that they overlapped extensively.

We obtained reflectance (%) from the wavelength of 320 to 700 nm in 1-nm increments (Fig.
2). We calculated so called carotenoid chroma, because it has been demonstrated that it
correlated positively with the amount of carotenoids deposited in feathers in the Great Tit
(Isaksson et al. 2008, Isaksson and Andersson 2008, see also Andersson and Prager 2006).
Carotenoid chroma is a preferable index of the concentration of carotenoids in feathers in
unsaturated carotenoid-based colours (Andersson and Prager 2006). Carotenoids present in
Great Tit breast feathers (lutein, zeaxanthin) absorb maximally at around 450 nm (Andersson
and Prager 2006) and the colour of our Great Tits was unsaturated, because we still had
reasonable reflectance around 450 nm (see Fig. 2). We calculated carotenoid chroma as (R7¢
minus Ryso) divided by R7g0, where Ry is reflectance at 700 nm and Ryso reflectance at 450
nm. In statistical analyses, we used the average carotenoid chroma calculated from the five
readings from each set of feathers. To assess repeatability of our measurements, in a
subsample of feathers, we arranged feathers anew and took other five readings and again
averaged the carotenoid chroma calculated from them. We calculated repeatability of these
two average carotenoid chroma estimates using the intraclass correlation coefficient (Lessels
and Boag 1987), which was high (r; = 0.85, P <0.001, n = 55). As previous studies used also
other characteristics derived from reflectance spectra, we also calculated brightness (Rayg),
hue (Ars0), and UV-chroma (see Montgomerie 2006). We calculated brightness (Ray) and hue
(Arso) according to Andersson and Prager (2006, p. 78). Ray, is reflectance averaged over the
interval from 320 to 700 nm. Agso is wavelength halfway between Rp.x and Rpin, where Rpay 1S
maximum reflectance and Ry, 1S minimum reflectance between 320 and 700 nm. We also
calculated UV-chroma as reflectance between 320 and 400 nm divided by reflectance
between 320 and 700 nm. Experimental and control females did not differ significantly in



either of the four colour characteristics: carotenoid chroma (Fis4 = 0.02, P = 0.883),
brightness (Fs4= 0.78, P = 0.381), hue (Fis4= 1.49, P = 0.227), and UV-chroma (£ 54 =
1.43, P=0.237).

Statistical analyses

We analysed the effects of experimental treatment on desertion rate (Likelihood-ratio test),
change in nest attentiveness and female mass, incubation period length (general linear
models), and hatching success (generalised linear models with binomial error distribution and
logit link). We analysed all data using JMP software, with the exception of hatching success
where we used SAS. Binomial models were fitted as the number of eggs that hatched / clutch
size. We confirmed that the data met the assumptions of general linear models where these
were used (Grafen and Hails 2002). We also checked that data in the binomial model were not
overdispersed (deviance / df = 1.30).

Initial models included treatment and relevant other factors as predictors, which are apparent
from Tables 1 and 2. In the analyses of the change in nest attentiveness (attentiveness before
treatment minus after treatment) and body mass (mass after treatment minus before
treatment), we fitted also interactions of treatment with female initial condition and breast
carotenoid chroma (see Table 1). We did this because we wanted to know whether females
differed in their response to handicapping based on their initial condition and yellow
colouration. In the analyses of incubation period length and hatching success, we fitted only
the interaction of treatment with female breast carotenoid chroma (see Table 2). We also re-
ran all the models with other colour characteristics (hue, brightness, UV-chroma) instead of
carotenoid chroma (see Table 3). Date of experiment was set so that the day of first
experiment = 1. Body condition for each female was calculated as the residual from the linear
regression of initial body mass on tarsus length. We always retained treatment in the final
model as our main factor of interest whatever its statistical significance (see Grafen and Hails
2002). Other predictors were removed from the models starting with interactions. We
removed non-significant predictors until we ended only with factors significant at a = 0.05. In
tables, we give F, DF, and P values of nonsignificant predictors immediately before they were
removed from the model. Data are presented as mean &+ SD.

Nest attentiveness is strongly affected by ambient temperature in the Great Tit (Kluijver
1950). Thus, when using attentiveness as a predictor in the analyses of incubation period
length and hatching success, we adjusted for variation in ambient temperature among nests
during sampling as follows. We fitted a regression of nest attentiveness on ambient
temperature separately for both measurements (i.e., before and after treatment). In both cases
there was a significant negative relationship (linear regression: before treatment F 75 = 13.3,
P =10.001, R® = 0.15; after treatment F; 5o = 18.6, P < 0.001, R® = 0.27). We calculated the
residual nest attentiveness and averaged the residuals from these two regressions. In this way,
we obtained temperature-independent attentiveness for each female as a predictor variable.



When analysing observational data on mass decrease, it is necessary to take into account the
problem of the regression toward the mean. Regression toward the mean occurs in repeated-
measures analyses where subsets of population are compared based on their initial
measurements. Thus, for instance it follows from this effect that initially heavy individuals
will loose more mass than initially light individuals. However, since regression to the mean
will affect both experimental and control groups, experimental studies are not subject to this
problem (Kelly and Price 2005). Accordingly, in our study we interpret only the difference in
mass loss between handicapped and control females, not the pattern in control females itself,
which might be subject to the problem of the regression to the mean. However, this does not
seem to be the case, because our results are the same even when the data is mathematically
adjusted according to Kelly and Price (2005: Equation 6; results not shown).

Results

Altogether we performed cross-fostering on 82 nests. Five females deserted their nests after
cross-fostering, leaving 77 females for our experiment (54 experimental and 23 control).
There was a strong tendency for experimental females to desert their nests more often after
treatment compared to control females (18 experimental and three control, y* = 3.68, P =
0.055, n = 77). Clutch size in our population was 10.4 + 1.20 eggs (n = 82). Carotenoid
chroma of yellow breast feathers was 0.64 = 0.06 (range: 0.44 — 0.75), brightness was 0.24 +
0.038 (0.17 — 0.33), hue was 501.3 + 3.95 (495.0 — 505.6), and UV-chroma was 0.14 + 0.008
(0.12-0.16, n = 56 1n all four cases).

Nest attentiveness

Nest attentiveness before the treatment was 76.6 + 4.77% (n = 77) and did not differ between
experimental and control females (F75 < 0.1, P = 0.875). On average, nest attentiveness
decreased between the first and second measurement by 1.4 + 5.52% (n = 52). Treatment had
no influence on the amount of change in nest attentiveness. However, although our nests were
highly synchronised and differed by less than 14 days, there was a significant effect of date.
In the first nests of the breeding season, nest attentiveness increased by about 5%, whereas in
the last nests, it on the contrary decreased by about 5% (Table 1). No other factor had any
influence on the change in nest attentiveness (Table 1, Fig 3a).

Body mass loss

Female body mass before the experiment was 20.37 £ 0.88 g (rn = 77). Body mass loss
between the first and the second weighing was 0.66 = 0.58 g (n = 56). Mass loss was
significantly higher in experimental females (0.81 £ 0.52 g, n = 36) than in control females
(0.38 £ 0.59 g, n = 20; simple effect of treatment: Fs4 = 8.0, P = 0.007, Fig 3b). Mass loss
was, however, also related to the initial condition of the female and the relationship differed
between experimental and control females, as evidenced by the significant interaction
between treatment and initial female condition (Table 1, Fig 4). No other factors were
significant (Table 1).



Incubation period

Length of the incubation period was 11.8 = 0.97 days (n = 48). Treatment had no effect on the
length of the incubation period. It was negatively related to season and temperature-
independent nest attentiveness; other factors were not significant (Table 2).

Hatching success
Overall hatching success was 91.1 + 11.52% (n = 51). There was no effect of treatment on
hatching success; similarly, no other factor was significant (Table 2).

It follows from the above results that female carotenoid-based feather colouration expressed
as carotenoid-chroma was not correlated with her ability to cope with energetic handicap
during incubation (see also Table 1). Similarly, no other colour characteristic (hue, brightness,
and UV-chroma) was correlated with female coping ability, incubation period length or
hatching success (Table 3).

Discussion

Handicapping had no influence on female incubation behaviour, the length of incubation
period or hatching success. However, during incubation handicapped females lost overall
more body weight than control females. Females in poor condition were more severely
influenced by handicapping. Intensity of female breast feather colouration did not correlate
with either female incubation behaviour, body mass loss during incubation, incubation period
length or hatching success.

It seems that most of the costs of handicapping were channelled to female mass loss. This
agrees with a previous study of the Great Tit, where handicapped females kept feeding rates
to the nestlings unchanged at the cost of deteriorating own body condition (Sanz et al. 2000).
Similar results were obtained in a study of the Tree Swallow Tachycineta bicolor where the
costs of handicapping were paid through the loss of female body mass while nestling
condition was unaffected (Winkler and Allen 1995). However, in incubating Tree Swallows,
handicapped females both lost more mass than control females and also slightly decreased
nest attentiveness (Ardia and Clotfelter 2007). In some other species handicapping did not
influence female body mass or body condition but it did influence feeding rate and
consequently nestling condition and growth, e.g. in Antarctic Petrels Thalassoica antarctica,
Leach's Storm-petrels Oceanodroma leucorhoa, Cory's Shearwaters Calonectris diomedea,
and tropical House Wrens Troglodytes aedon (Sather et al. 1993; Mauck and Grubb 1995;
Navarro and Gonzales-Solis 2007; Tieleman et al. 2008). The two species where females
invested into current brood at the expense of their own condition (Great Tits and Tree
Swallows) are both short-lived with low probabilities of future reproduction, which selects for
increased investment into current breeding attempt. On the contrary, long-lived species with a
high probability of future reproduction, including Antarctic Petrels, Leach's Storm-petrels,
Cory's Shearwaters, and tropical House Wrens, are expected to reduce any increases of



investment into current brood to maximise their own survival (Roff 1992; Ghalambor and
Martin 2001).

Our experimental treatment affected females that were in poor condition disproportionately
more than those in good condition (see Fig. 4). The importance of good overall state of
females for successful incubation in the Great Tit is further supported by our finding that
handicapped females deserted their clutches more often than control females. Similar
relationships between female condition and nest desertion have been also found in other
species (Wiggins et al. 1994; Yorio and Dee Boersma 1994; Merild and Wiggins 1997; but
see Bleeker et al. 2005). An obvious explanation for this pattern is that incubation is
energetically demanding and females in poor condition, caused by low body mass or impaired
flight abilities, are not able to withstand the energetic stress (Willams 1996; Thomson et al.
1998; Tinbergen and Williams 2002).

Intensity of yellow breast feather colouration was not related to the ability of females to cope
with the handicap. One might ask how female colouration could help prevent a change in
body mass. Handicapping is a standard way of testing whether an individual is of higher
quality, i.e., is better able to cope with a challenging situation. Our experimental approach
was motivated by a widespread finding that individual quality often shows up only under
unfavourable conditions (e.g. brood size manipulations, various forms of handicapping, food
restrictions; e.g. Ardia and Clotfelter 2007; Doutrelant et al. 2008). We conjecture that
handicapped females could overcome the handicap by working harder. On a mechanistic
basis, it means to put more energy into flight to get resources (self-maintenance) and
simultaneously care for the clutch (incubate), without these functions being compromised. Of
course, this higher effort is expected to bear costs, e.g. higher metabolic rate and higher
oxidative stress generated by heavy work. This can be presumably achieved only by higher-
quality individuals. There certainly was a variation among females in the degree of their body
mass loss (see Figs 3 and 4), i.e., in their ability to cope. We were interested whether this
variation could be ascribed to female colouration and found out that this was not the case.

We would like to mention three potential problems when generalizing our results. First, costs
of the manipulation could have also been observed after hatching. This might have been
particularly true during nestling feeding, when females have to fly more. Previously, all
studies examining female feather colouration during reproduction in birds have been carried
out during the nestling period (Amundsen and Parn 2006; but see Hanssen et al. 2006).
Several of them investigated the function of yellow breast feather colouration in Great and
Blue Tits but generated mixed results. Some found a positive relationship between the
intensity of female yellow colouration and breeding success, whereas others found no or even
a negative relationship (correlative studies: Senar et al. 2002b; Mind et al. 2005; Hidalgo-
Garcia 2006; experiment: Doutrelant et al. 2008). Hence, information content of female
yellow colouration might differ between parts of the breeding cycle, i.e., incubation vs.
feeding of young. Second, the coloration of the females that deserted just after the



manipulation is missing. It is possible that these deserting females had low carotenoid chroma
values and were of inferior quality. Consequently, if we were left with only higher-quality
individuals, our test of the indicator potential of the carotenoid-based coloration in females
would have been weakened. Third, males feed females during incubation in the Great Tit. If
we found better coping ability in more colourful females, we would not be sure whether they
cope better because they are able to work harder, or because they are more helped by their
males. However, male incubation feeding is not a source of potential bias in our study,
because we found no effect of female colour on the ability to cope with energetic stress.
Moreover, we have studied this problem during three years in a nearby population and there
was no effect of female colour on male incubation feeding (Matysiokova and Remes 2010).

While bearing the above-mentioned reservations in mind, our results are not consistent with a
role for feather carotenoids as indicators of female quality or capacity for extra parental effort,
as has been demonstrated by several other studies (see above). Differences in the results of
multiple studies investigating feather ornaments in the same species are known to occur due
to population differences in the information content of the ornamental traits (Dunn et al. 2008;
Galvan and Moreno 2009) and different expression of ornaments in different populations and
subspecies (Hill 2002). Great Tit subspecies differ strongly in the intensity of yellow breast
colouration (Harrap and Quinn 1996). However, there is no work quantifying differences in
yellow colouration and in the functional ecology of feather ornaments among populations of
the Great Tit. Nevertheless, it is at least possible that different populations are subject to
different constraints on the expression of yellow colouration and that the information content
of feather ornaments varies in space. Only rigorous studies conducted in an explicitly
comparative framework might provide answers to the heterogeneity of studies conducted so
far (Senar et al. 2002b; Mind et al. 2005; Hidalgo-Garcia 2006; Doutrelant et al. 2008; this
study).
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Figure captions
Fig. 1 Graph of a typical incubation profile of the Great Tit.

Fig. 2 Average (= SD) reflectance spectrum of yellow breast feathers of female Great Tits in
I-nm increments (n = 56).

Fig. 3 Nest attentiveness (a; mean + SE) and body mass of incubating females (b) in control
and experimental nests before and after handicapping (feather clipping)

Fig. 4 Body mass change of incubating Great Tit females in relation to female condition
before experiment (mass residuals in relation to tarsus) separately for control and
experimental (clipped feathers) nests. More negative values of mass change mean higher mass
loss over incubation
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Table 1 Models explaining the change in nest attentiveness and in female body mass during
incubation

Change in nest attentiveness (%) Change in body mass (g)"
Factor F DF P Estimate (SE)° F DF P Estimate (SE)
Intercept -4.71 (2.370) -0.36 (0.116)
Treatment 0.1 1,49 0.818  0.35(1.531) 10.0 1,52 0.003 -0.46(0.144)

(handic.) (handic.)

Date of experiment 7.4 1,49 0.009 0.84 (0.308) 0.3 1,49  0.601 +
Female carotenoid <0.1 1,46 0.952 + 1.6 1,50 0.213 -
chroma
Female age 3.6 1,48 0.064  older>ly old 3.1 1,51 0.086  older>1ly old
Female condition 2.2 1,47 0.144 + 5.8 1,52 0.020 -0.41 (0.140)
Female condition x 0.1 1,44 0.719 5.2 1,52 0.026  0.40 (0.175)
Treatment (handic.)
Female carotenoid 0.6 1,45 0461 0.6 1,48 0.425

chroma x Treatment

Final models: * Fy40=3.7, P=0.031, R*=0.13, n=52; " F5.5,=5.9, P=0.002, R* = 0.25, n
= 56.

¢ P-values of the final models are in bold.

d Sign (+ or -) or text in Estimate show the direction of the nonsignificant effects; exact
parameter estimates are listed only for variables retained in final models, including treatment
whatever its significance.
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Table 2 Models explaining incubation period length and hatching success

Incubation period (day)” Hatching success (logit scale)b
Factor F DF P Estimate (SE)' y°  DF P Estimate (SE)°
Intercept 13.43 (0.358) 3.74 (0.584)
Treatment 0.8 1,44 0372 0.21 (0.236) 0.3 1,39 0570 0.44(0.771)

(handic.) (handic.)

Date of experiment  24.1 1,44 <0.001 -0.23(0.047) 0.1 1,35 0.925 -
Temperature-indep. 4.6 1,44  0.037 -7.14(3.325) 04 1,37 0.515 +
nest attentiveness
Clutch size 147 143  0.232 + 1.8 1,38 0.186 +
Female carotenoid  0.333 1,42 0.567 + 03 1,36 0.592 -
chroma
Female carotenoid 0.12 141 0.730 35 1,34 0.063
chroma x
Treatment

Final models: * F3 44 = 10.3, P <0.001, R*= 0.41,n=148; ® =41,

¢ P-values of the final models are in bold.

4 Sign (+ or -) in Estimate shows the direction of nonsignificant effects; exact parameter
estimates are listed only for variables retained in final models, including treatment whatever
its significance.
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Table 3 Tests of the effects of brightness (Ravg), hue (Arso), and UV-chroma, together with their interaction with handicapping, on the change in nest
attentiveness and body mass, incubation period length, and hatching success. Colour characteristics were tested while added in turn to full models
presented in Tables 1 and 2 (without carotenoid chroma).

Attentiveness (%) Body mass (g) Incubation period (day) Hatching success (logit scale)

F DF P F DF P F DF P X DF P
Rave 1,45 <0.1 0838 149 03 059 04 1,42 0.543 0.7 1,35 0.407
Rave X Treatment 1,44 03 0564 148 0.1 0.753 0.7 1,41 0.406 <0.1 1,34 0.879
AR50 1,45 <0.1 0874 1,49 12 0286 0.1 1,42 0.778 0.1 1,35 0.769
Arso X Treatment 1,44 0.1 0795 148 0.2 0.701 0.2 1,41 0.621 0.5 1,34 0.472
UV-chroma 1,45 08 038 149 09 0336 <0.1 1,42 0.870 <0.1 1,35 0.930
UV-chroma x Treatment 1,44 0.1 0733 148 1.1 0299 09 1,41 0.353 2.5 1,34 0.115
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Matysiokovd B. & Remes V. 2010: Assessing the usefulness of ptilochronology
in the study of melanin- and carotenoid-based ornaments in the Great Tit Parus
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Ptilochronology is a method for assessing the nutritional
condition of birds based on the width of daily growth
bars on feathers. Wide growth bars reflect fast feather
growth and as feather growth is costly, the width of the
bars reflects the condition of a bird during moult (Grubb
1989). It is a very simple and inexpensive method,
which makes it ideal for field research (Grubb 2006). In
addition, as a sampled feather is soon replaced by a new
feather, a process that would take place during natural
moult, this method is also harmless to the bird.

Ptilochronology has therefore become a popular
method for assessing the nutritional state of birds in the
wild (Grubb 2006). However, the efficacy of the method
might differ, for example, between sexes (Grubb 1989,
Takaki et al. 2001, Bostrom & Ritchison 2006) or age
categories (Grubb et al. 1991). Kern and Cowie (2002)
failed to find any relationship between the growth of dif-
ferent types of feathers taken from the same individual.
Furthermore, other studies have concluded that the gen-
eral validity of the method is unclear and that it can be
used only under strictly controlled conditions (Murphy
& King 1991).

Despite these reservations, ptilochronology has been
used in several studies of feather ornaments as an indica-
tor of condition (Hill & Montgomerie 1994, Eeva et al.
1998, Keyser & Hill 1999, Doucet 2002, Senar et al.
2003, van Oort & Dawson 2005, Hegyi et al. 2007,
Siefferman et al. 2008, Kimball 2009). The assumption
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is that these species moult body and contour feathers at
the same time. Thus, if both ornaments and feather
growth bars reflect condition (Griffith eral. 2006,
Grubb 2006, Hill & McGraw 2006), then these two
traits should covary. Carotenoid-based feather ornaments
are expected to reflect a bird’s condition and there is
evidence supporting this claim (von Schantz et al. 1999,
Hill 2002, McGraw 2006a). Although melanin orna-
ments were thought not to reflect condition (McGraw
2006b), recent evidence suggests that they might be as
condition-dependent as carotenoid-based ornaments
(Griffith et al. 2006, Galvan & Alonso-Alvarez 2008).

No clear-cut relationship between feather ornaments
and feather growth has emerged from studies to date
(see above). As ptilochronology is a very simple method
and has great potential in field ornithology, we examined
the relationships between both carotenoid- and melanin-
based ornaments and feather growth in a large sample of
individuals of a wild passerine. We chose the Great Tit
Parus major because expression of its carotenoid-based
(Horak et al. 2000, Tschierren et al. 2003, but see Fitze
& Richner 2002) and melanin-based ornaments (Fitze &
Richner 2002, Galvan & Alonso-Alvarez 2008) is known
to depend on condition during moult and feather
growth. Thus, if feather growth also reflects condition
during moult, we expected a positive correlation
between the width of feather growth bars and the
expression of both carotenoid- and melanin-based orna-
ments.

METHODS

This research was conducted at three adjacent nestbox
plots (188 nestboxes in total) in a deciduous forest near
the village of Grygov (49°31’N, 17°19E) in eastern
Czech Republic. Nestboxes were placed 1.5 m above
the ground and, besides Great Tits, were also inhabited
by Blue Tits Cyanistes caeruleus, Collared Flycatchers
Ficedula albicollis and Nuthatches Sitta europaea. Field-
work was carried out between 2005 and 2007 from early
April until mid-June.

During feeding of nestlings (median age of young
females = 7 days, males = 9 days), we captured parents
in the nestbox. We captured females at almost all the
nests (n = 165). However, because of time constraints,
we captured males only from a subset of nests
(n = 109). We measured their tarsus-length with digital
callipers (to the nearest 0.01 mm) and weighed them
on a spring Pesola balance to the nearest 0.125 g. From
each bird we took 10-15 yellow feathers from the
upper right part of the breast for spectrophotometric
analysis. We photographed the bird’s breast with a digi-
tal camera (Panasonic DMC-FZ5). When taking a
picture of the breast, we held the bird outstretched by
its tarsi and beak and photographed it together with a
ruler from a standard distance following the protocol of
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Figuerola and Senar (2000). All measurements and pho-
tographs were taken by V.R. We also plucked the sec-
ond outer rectrix from the right side of the tail for later
measurement of growth bars on feathers. We deter-
mined the age of the birds based on their plumage as
1 year old or older (Jenni & Winkler 1994). For each
bird, we calculated its condition as the residual from
the linear regression of body mass on tarsus-length
(Brown 1996).

Analyses of samples

We quantified reflectance spectra of yellow feathers sam-
pled from the breast using standard procedures (Anders-
son & Prager 2006). We used 10-15 feathers from each
bird, which is sufficient to obtain reliable values from
our study species (Quesada & Senar 2006). We used an
Avantes AvaSpec-2048 fibre-optic spectrometer together
with an AvaLight-XE xenon pulsed light source and
WS-2 white reference tile. The probe was used both to
provide light and to sample reflected light and was held
perpendicular to the feather surface. We took five read-
ings from different parts of each feather. Feathers were
arranged on a black, non-reflective surface so that they
overlapped extensively.

We obtained reflectance (%) from 320 to 700 nm in
I-nm increments. We calculated carotenoid chroma as
(R700-R450)/R700, where R700 is the reflectance at
700 nm and R450 the reflectance at 450 nm. In statisti-
cal analyses we used the average carotenoid chroma cal-
culated from the five readings from each set of feathers.
To assess repeatability of our measurements, in a sub-
sample of feathers we rearranged feathers and took
another five readings, and again averaged the carotenoid
chroma calculated from them. We calculated repeatabil-
ity of these two average carotenoid chroma estimates as
an intraclass correlation coefficient (Lessels & Boag
1987), which was sufficiently high (; = 0.85, P < 0.001,
n=55). We use carotenoid chroma here because it
reflects the amount of yellow carotenoids (lutein and
zeaxanthin) in breast feathers in the Great Tit (Isaksson
& Andersson 2008, Isaksson et al. 2008).

We analysed photographs of breast feathers in Adobe
ProtosHop CS3 Extended. We used the quick selection
tool to roughly delimit the black stripe. Then we manu-
ally finished the selection so that it was as precise as pos-
sible and measured the surface area of the stripe. We
used a standard in photographs of each bird to adjust the
scale of each photograph and to obtain absolute surface
area (cm?). We defined stripe surface as the area of the
black feathers between the point of inflexion, where the
ventral stripe widens to a throat patch, and the posterior
end of the stripe (Figuerola & Senar 2000). All measure-
ments were taken by B.M. To assess repeatability, a dif-
ferent observer measured a subsample of photographs;
repeatability was high (r; = 0.87, P < 0.001, n = 75).

© 2010 The Authors
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As it is not possible to use the standard technique
(see Grubb 1989, 2006) to determine the width of
feather growth bars in the Great Tit (Senar et al. 2003),
we used the modification suggested by Carrascal et al.
(1998). We measured the length of the feather and over-
all width of the first 10 measurable distal growth bars to
the nearest 0.1 mm. Growth bars were not apparent in
all the feathers and we excluded these feathers from the
analyses. All measurements were taken twice. To obtain
the width of one growth bar (mm) we divided the aver-
age of the two measurements by 10. Repeatability of the
two measurements was high (,=0.99, P < 0.001,
n = 210). All measurements were taken by B.M.

Statistical analyses

We analysed variation in growth bar width using general
linear mixed models (GLMM). As we sampled some
individuals repeatedly across years, we included individ-
ual identity as a repeated factor in the mixed procedure
of SAS. First, we fitted a model with the following fac-
tors and covariates: year, sex, age, carotenoid chroma,
black stripe, length of tail feather and condition. We sub-
sequently removed non-significant factors (age, black
stripe, condition) until we had only statistically signifi-
cant variables at the level of o = 0.05 in the model. F
and P values for non-significant factors given in the
Results section are those immediately before the factor
was removed from the model. Growth bar width was
transformed to the power of four to normalize its origi-
nally left-skewed distribution and all the analyses were
conducted using this transformation. Residuals from
each linear model were checked to conform to the
requirements of normal distribution, equal variance and
linearity (Grafen & Hails 2002).

RESULTS

We obtained tail feathers from 238 birds over 3 years
(146 females, 92 males). Average length of tail feathers
was 65.9 mm (mean + 3.15 sd, n = 238) and was larger
in males than in females (F) 236 = 226.27, P < 0.001).
Individual identity as a random repeated factor was
significant (estimate = 5.089 + 0.4685 se, z = 10.86,
P < 0.001).

The width of feather growth bars was 2.87 mm
(mean + 0.23 sd, n = 210), being larger in females than
in males (F) 202 = 13.14, P < 0.001) and differed with
year (Fz 02 = 4.82, P =0.009). The growth bar width
also correlated negatively with the carotenoid chroma of
yellow breast feathers (F 20> = 5.82, P = 0.017; Fig. 1a)
and positively with the total length of the feather
(F1 202 = 57.91, P<0.001; whole model R*=0.56).
There was no significant relationship of growth bar
width to the size of the black breast stripe
(F1199 <0.01, P=00971; Fig. 1b), to condition
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Figure 1. Relationship between the width of growth bars of tail feathers (mm) and (a) carotenoid chroma of yellow breast feathers
(for definition see Methods; n = 210), and (b) black breast stripe area (cm?, n = 210). For the sake of convenience, untransformed
data not adjusted for other covariates are presented. However, note that all analyses were conducted on transformed data.

(F1'200= 083, P= 0362) or to age (F1'201 = 106,
P =0.305).

Individual identity as a random repeated factor was
significant in the analysis of feather growth in both the
full model (estimate = 332.8 +33.88 se, z=9.82,
P <0.001) and the final model after non-significant
fixed-factors were removed (estimate = 322.6 + 32.10
se, z=10.05, P < 0.001).

DISCUSSION

We found no relationship of growth bar width to the
size of the melanin ornament but, unexpectedly, a nega-
tive relationship to the chroma of the carotenoid orna-
ment. Thus, the growth rate of tail feathers declined as
carotenoid levels in breast feathers increased.

The available evidence suggests that carotenoid-rich
feather ornaments are a reflection of good body condi-
tion during feather growth (von Schantz et al. 1999, Hill
2002, McGraw 2006a). This is also true for the Great
Tit (Horak et al. 2000, Tschierren et al. 2003, but see
Fitze & Richner 2002). Given comparatively well-estab-
lished condition-dependence of carotenoid-based feather
ornaments, we expected positive relationships between
their expression and the growth rate of tail feathers.
However, contrary to our expectations, there was a sig-
nificant negative relationship between the carotenoid
chroma of yellow breast feathers and growth rate of tail
feathers. This runs contrary to previous studies, where
the correlation between the intensity of carotenoid-
based ornaments and feather growth rate was either
positive (Hill & Montgomerie 1994, Senar et al. 2003)
or absent (Eeva et al. 1998, van Oort & Dawson 2005,
Hegyi et al. 2007). However, the significance of our
results should not be overstated, because the relationship
between carotenoid content and feather growth was not
very strong (r = —0.16; see also Fig. 1).

Melanin-based ornaments were thought not to be
condition-dependent (McGraw 2006b). However, recent

evidence suggests that they might be as condition-
dependent as carotenoid-based ornaments (Griffith et al.
2006). Potential proximate mechanisms of condition-
dependence might include corticosterone-mediated
stress (Roulin et al. 2008), oxidative stress (Galvin &
Alonso-Alvarez 2008), or the allocation of calcium
among competing physiological functions (Roulin et al.
2006). However, we found no relationship of growth bar
width to the size of the melanin-based black breast
stripe, commensurate with the findings of previous stud-
ies (Senar et al. 2003, Hegyi et al. 2007, Kimball 2009).
Thus, our study adds to a growing body of evidence that
feather growth does not correlate with the expression of
melanin ornaments, at least in small songbirds.

The usefulness of ptilochronology has been chal-
lenged (Murphy & King 1991, Takaki et al. 2001, Kern
& Cowie 2002, van Oort & Otter 2005, Bostrom &
Ritchison 2006). Here, we did not test methods of con-
ducting ptilochronology but used standard methods to
compare the relationship between feather ornaments
and feather growth from a large sample of birds. Results
of studies conducted to date are highly inconsistent, even
when conducted on the same species. For instance, in
the Great Tit, feather growth has been shown to corre-
late positively with hue of yellow breast feathers (Senar
et al. 2003), negatively with chroma (this study), or not
at all with either brightness (Eeva et al. 1998, Senar
et al. 2003, Hegyi et al. 2007) or chroma (Senar et al.
2003, Hegyi et al. 2007). Similar inconsistencies can be
found in studies of other bird species (Hill & Montgom-
erie 1994, van Oort & Dawson 2005). At least two pos-
sible conclusions can be drawn from these studies. First,
ptilochronology may be an unreliable approach for
assessing condition in wild-ranging birds, at least until
rigorous methodological studies demonstrate otherwise.
Secondly, ptilochronology may be reliable in certain
species or for application to certain types of ornaments,
but to reveal interspecific patterns would require many
more studies to be conducted on a broader spectrum of
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species. Moreover, differences in results within a species
are known to occur due to population differences in the
information content of the ornamental traits (Dunn et al.
2008, Galvan & Moreno 2009) and different expression
of ornaments in different populations and subspecies
(Hill 2002). Again, studies conducted on populations
differing in resource limitation (e.g. carotenoids, see Hill
2002) or expression and information content of feather
ornaments could reveal interesting patterns. The useful-
ness of ptilochronology as a simple field method to esti-
mate a bird’s condition during moult could still emerge
from future studies, especially if these are done in an
explicitly inter- or intraspecific comparative framework.

We are grateful to Kristyna Bartlova and Jana Suterova for assis-
tance in the field, and Peter Adamik for helpful comments on
the manuscript. This study was supported by the Czech Minis-
try of Education (MSM6198959212). This study complies with
the current law of the Czech Republic.
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