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ABSTRAKT

Vysledek hnizdéni ptaki zavisi na prostfedi, v némz mlad’ata vyrlstaji, a na péci rodicu.
rozhodujicim zplsobem ovlivnit fenotyp jedince v dospélosti a tim i jeho biologickou
zdatnost (fitness). V predkladané disertani praci se zabyvam vlivem kvality teritoria a
prostiedi poskytované¢ho rodi¢i na kvalitu a zbarveni mlad’at volné zijicich ptakt. Jako
modelové druhy jsem zvolila sykoru konadru (Parus major) a lejska bélokrkého (Ficedula
albicollis).

Castym ukazatelem kvality teritoria je v piipadé sykory komnadry podet dubl v
blizkém okoli hnizda. Nicméné doklady o pozitivnim vztahu mezi dostupnosti dubl a
vysledkem hnizdéni sykor nejsou jednoznacné. V nasem piipadé jsme vztah mezi
mnozstvim dubil v teritoriu a hnizdnimi parametry sykory konadry nenalezli. Role dubt
jako indikatorti kvality teritoria sykor patrné neni univerzalni. Vyznam dubi pro vyzivu
mlad’at sykor se muze liSit mezi riznymi druhy dubti a i v rdmci jednoho druhu muize byt v
case velmi proménlivy. Zaroven miZze zaviset na dostupnosti dalSich druhli stromu
potencialné bohatych na potravu.

Vliv kvality potravy hodnotime na ptfikladu vitaminu E, ktery mé fadu pozitivnich funkci
ve fyziologii ptakl. Experimentalnim pfikrmovanim dvou druhd drobnych hmyzozravych
pévct jsme dolozili, Ze vitamin E mlze byt pro rist a vyvoj ptakl limitujici. Mira této
limitace se vSak 1i§i mezi druhy. V ramci jednoho druhu se pak vyznam vitaminu E méni
v Case a li§i mezi jedinci. Vitamin E je patrné dilezity zejména pro znevyhodnéna
mlad’ata. Pozitivni vliv vitaminu E na karotenoidové zbarveni se v naSem piipadé
nepotvrdil.

Rané prostiedi a péce rodi¢l maji vliv i na karotenoidové ornamenty peti mlad’at. Na
vlastnostech karotenoidového zbarveni se vedle pigmentu podili také struktura pera.
V naSem vyzkumu jsme experimentalné¢ manipulovali prostfedi mlad’at, abychom odlisili
rodi¢ovské vlivy na strukturalni a pigmentarni slozku karotenoidového zbarveni. Vysledky
potvrzuji, ze kazdd ztéchto slozek odrazi rtizné aspekty prostiedi a kvality jedince.
Karotenoidové ornamenty tak mohou slouzit jako multikomponentni signal.

Klicova slova

Ficedula albicollis, hnizdéni, karotenoidové zbarveni, kvalita teritoria, Parus major,
Quercus sp., rodicovské efekty, signaly, vitamin E.



ABSTRACT

In birds, breeding performance depends both on rearing environment and parental care.
Namely, food quality and quantity are critical for nestling phenotype in adulthood and
fitness. Here, I study the importance of territory quality and parental effects in nestling
development, survival and plumage colouration in free living birds. As model species,
I chose Great Tit (Parus major) and Collared Flycatcher (Ficedula albicollis).

In titmice, number of oaks is nest proximity is frequently used as an index of food
availability and consequently of territory quality. However, evidence of the positive
association between local oak density and breeding performance is equivocal. Here, we
investigated the relationship between the number of oaks in nest proximity and breeding
performance of Great Tit pairs in a floodplain forest. We found no relationship between
oak density and breeding performance in the Great Tit. We suggest that the role of oak as a
source of prey may depend on oak species. Moreover, within a given oak species, the
density of invertebrate prey may considerably vary in time. Availability of other deciduous
trees potentially rich in caterpillars may reduce the importance of oaks as a critical food
source.

We examined the effect of food quality on nestling performance and colouration using
vitamin E, an important micronutrient with numerous beneficial functions in bird
physiology. By supplementation of two species of small insectivorous songbirds, we
showed that vitamin E may be limiting for nestling growth and survival. However, the
importance of vitamin E differed between species, and within species might vary with
season and among individuals. Increased income of vitamin E may be benefical especially
for nestlings with a bad start in life. However, our results do not support possitive effect of
increased vitamin E availability on carotenoid plumage colouration.

Early environment and parental care may determine the expression of plumage colouration.
Carotenoid-based feather colouration has recently been shown to be dependent on both
pigment concentration and feather structure. We experimentally manipulated early nestling
environment to evaluate parental effects on both the structural and carotenoid-based
components of nestling carotenoid colouration. Our results support the hypothesis that
pigment-based and structural component of feather colouration reflect different aspects of
individual quality and history. Carotenoid colouration thus may potentially form a
multicomponent signal.

Keywords

Breeding Performance, Carotenoid-based Colouration, Ficedula albicollis, Parental
Eftects, Parus major, Quercus sp., Signals, Territory Quality, Vitamin E.
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2 UVOD A CILE PRACE

Vysledek hnizdéni ptakl zavisi na prostfedi, v némz mlad’ata vyristaji. V dob¢ zavislosti
mlad’at na rodi¢ich vliv prostiedi zprosttedkovava z rozhodujici ¢asti péce rodicu. Jednim z
1996, Price 1998). Prostiedi, v némz mlad’ata vyrtstaji, pfitom zdsadn¢ a na cely zivot
ovlivituje fadu znaki, vcetné morfologie, metabolismu, imunity ¢i chovani (Lindstrom
1999, Monaghan 2008, Kasumovic 2013). Potrava vraném véku je proto klicovym
faktorem pro fenotyp i zdatnost dosp€lého jedince (Metcalfe and Monaghan 2001). V dobé¢
rozmnozovani vSak byva pro ptaky potrava limitujici. To dolozila fada experimentd,
v nichZz ptikrmovani nebo redukce sntsky vedly k lepS§imu pifezivani mlad’at a rodica,
zatimco zvySeni po¢tu mlad’at nebo ztrata samce, ktery by jinak pfi vychové pomahal,
zhorsily prezivani mlad’at 1 rodict (Martin 1987, Newton 1990). Rodice proto musi volit,
jak dostupnou energii rozdé€lit mezi péc¢i o mladata a vlastni pieziti (Martin 1987).
Experimentalni zvétSeni ¢i zmenSeni snusky potvrdilo, Ze intenzivnéj$i péce o mlad’ata
vede k vétsi parazitaci, horsi imunitni odpovédi a niz§imu ptezivani rodic¢t (Knowles et al.

2009, Santos and Nakagawa 2012).

Dostupnost potravy je casto znaéné¢ proménliva v prostoru. Vliv této proménlivosti na
hnizdéni ptakd lze hodnotit na nékolika urovnich. U drobnych pévci to tradicné byva
uroven biotopu, coz odpovida urovni populace (Wilkin et al. 2007b). Vysledek hnizdéni
ptakli se mezi rtiznymi biotopy Casto vyrazné lisi (Newton 1990). Napiiklad hnizdéni
v listnatych neZz jehli¢natych lesich. Ve srovnani s jehlicnatymi jim listnaté lesy poskytuji v
dobé& hnizdéni vice potravy, sykory zde snéseji vétsi snlisky, mladd’ata zde rostou rychleji,
dosahuji vyssi hmotnosti a maji vétsi Sanci, ze se doziji opusténi hnizda (van Balen 1973,
Massa et al. 2011). Kvalita biotopu zaroven ovlivituje i ndroky na rodicovskou péci: rodice
sykory modfinky béhem krmeni mlad’at Iétaji v horSim biotopu pro potravu déle od hnizda.
Navic je-li potrava vzacna, nedokdzi vzdy zajistit mlad’atim dostate¢nou vyzivu (Tremblay

et al. 2003, 2005, Stauss et al. 2005).

Na urovni jedinct, resp. jednotlivych part, mize byt vhodnéjsim ukazatelem dostupnosti
potravy spiSe nez biotop velikost a kvalita konkrétniho teritoria (Wilkin et al. 2007b).

Rodice drobnych pévcii Casto sbiraji potravu pro mladd’ata na velmi omezeném uzemi

10



(Naef-Daenzer and Keller 1999, Naet-Daenzer 2000). Pro vysledek hnizdéni tak mize byt
spiSe nez SirSi okoli diilezitd charakteristika prostfedi v tésném sousedstvi hnizda.
V souladu s tim fenologie dubti v okruhu do 20 metri od hnizda, kterd urcuje dobu
nejvyssi dostupnosti potravy, predpovidala ¢asovani hnizdéni sykory konadry 1épe, nez

fenologie dubii v SirSim okoli (Hinks et al. 2015).

Rist a vyvoj mlad’at ovliviiuje nejen mnozstvi, ale 1 kvalita potravy poskytované rodici.
Naptiklad Johnston (1993) piikrmoval mlad’ata jificky obecné (Delichion urbica) tukem,
ktery je bohatym zdrojem energie, ale ve srovnani s hmyzem je chudy na ostatni ziviny
(zejm. bilkoviny). Na pfikrmovanych hnizdech krmili rodi¢e svd mldd’ata hmyzem méné
nez na hnizdech kontrolnich, takZe pfi srovnatelném energetickém piijmu dostavala tukem
pfikrmovana mlad’ata méné kvalitni potravu. Tukem pfikrmovand mlad’ata pak rostla hife
a vylétla z hnizda pozdé€ji nez mlad’ata z kontrolnich hnizd. Podobné tukem ptikrmované
sykory snasely vejce s mensimi zloutky; to ale neplatilo, pokud byl zaroven s tukem
podavan také vitamin E, ktery tedy zfejm¢e nizsi obsah bilkovin kompenzoval (Plummer et
al. 2013). Na druhou stranu n¢které latky mohou mlad’atim Skodit: naptiklad pfikrmovani
taninem brzdilo rist mlad’at sykory modtinky (Perrins 1976). Naopak mlad’ata sykory
modfinky a konadry méla delsi behak, pokud jim rodice nosili potravu s vét§im podilem
pavoukll (Garcia-Navas et al. 2013). Oproti ostatnim slozkdm jejich potravy obsahuji
pavouci vysoké mnozstvi aminokyseliny taurinu, ktery maze hrat velmi vyznamnou roli ve
vyvoji mlad’at (Ramsay and Houston 2010). Vztah mezi taurinem a rtistem mlad’at sykor
vSak dosud nebyl experimentalné potvrzen a je mozné, Ze pavouci jsou zdrojem také jinych
vyznamnych latek, napiiklad vapniku (Garcia-Navas et al. 2013). Vépnik je zakladnim
stavebnim kamenem skotdpek vajec i kosti mlad’at a v oblastech chudych na vapnik mtize
tento prvek rozmnozovani ptakl limitovat. Pfikrmovani vapnikem v nékterych piipadech

zlepsilo kvalitu vajec, mlad’at i samic (Reynolds et al. 2004).

Vedle zédkladnich Zivin (makronutrienty, tj. sacharidy, tuky a bilkoviny) jsou tedy pro
vyzivu dilezité 1 mikronutrienty - latky, které jsou zastoupeny ve vyzivé jen v malém
mnozstvi, ale pfesto jsou nutné pro spravnou funkci metabolismu (napf. vitaminy,
mineraly). Dostupnost mikronutrienti v raném obdobi mé& dlouhodobé dopady na
morfologii, chovani a fyziologii jedince (Blount et al. 2003, Marri and Richner 2014a,
Noguera et al. 2015a, b). Prostfednictvim mikronutrienti ve vyzivé mohou rodice ovlivnit

také zbarveni mlad’at (Biard et al. 2009). Zbarveni pfitom mize mit rozhodujici roli
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v u¢innosti vizualnich signala a tim 1 v komunikaci mezi ptaky (Andersson 2000). Barevné
signaly mlad’at pti zadonéni pak mohou zpétné ovlivnit intenzitu rodicovské péce, a tim 1
pfijem Zzivin a nasledné rlst a vyvoj mladat (Dugas 2015). Rané prostiedi vSak urcuje i
zbarveni v pozdé¢jSim zivoté (Evans and Sheldon 2012, 2015, Walker et al. 2013), takze

rodi¢e mohou ovlivnit 1 expresi signalti mlad’at v dospélosti (Biard et al. 2009).

V predkladané disertacni praci zkoumdm vliv rodiCovskych efektl a kvality prostfedi na
fenotyp mlad’at voln€ zijicich pévci. Konkrétné se zabyvam vlivy kvality teritoria
(prispévek I) a prostfedi poskytovaného rodici (prispévek I, II, III, IV) na kvalitu
(prispévek L, I, III) a zbarveni mlad’at (prispévek 1V).

Jako ukazatel kvality teritoria jsem pouzila strukturu vegetace, konkrétné pocet dubl v
blizkém okoli hnizda, ktery by mél byt dobrym indexem dostupnosti potravy. Vliv kvality
potravy hodnotim na piikladu vitaminu E. Vedle vlivu prostiedi a rodiCovské péce na rast
a prezivani mlad’at jsem hodnotila také jejich vliv na zbarveni pefi mlad’at zaloZzené na
karotenoidech. Pfevazujici metodou mého vyzkumu byl experiment (manipulace snisky,
piikrmovani vitaminem E, vyména mlad’at mezi hnizdy; blize k metodice vyzkumu viz
jednotlivé ptispévky). Jako hlavni modelovy druh jsem pro sviij vyzkum zvolila sykoru
konadru — bézného hmyzozravého pévce, ktery je jednim z nejlépe prostudovanych druhii
ptaka viibec (Perrins 1979, Gosler 1993). Sykora konadra je spolu se sykorou modiinkou
dalezitym modelovym druhem jak v oblasti vyzkumu kvality teritoria pfi rozmnozovani,
tak pro vyzkum funkce a plasticity zbarveni opefeni, zejména karotenoidovych ornamentt
(viz déle). Vyznam vitaminu E pfi rozmnoZovani volné Zijicich ptakl jsem pak srovnavala
u dvou pévcet s rozdilnou potravni strategii ve stejném biotopu: sykory konadry a lejska
bélokrkého (Ficedulla albicollis).
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3 POCET DUBU JAKO UKAZATEL KVALITY TERITORIA

Nabidku potravy v teritoriu lze hodnotit pfimo, odhadem mnozstvi pfislusné potravy
(Naef-Daenzer et al. 2004, Mintyld et al. 2015), nebo pomoci dostupnéjSich ukazatelt,
které s mnozstvim potravy bezprostiedné souviseji, naptiklad trus housenek (Eeva et al.
1998, Seki and Takano 1998). Tyto metody ale byvaji velmi pracné, a proto se mnozstvi
potravy v teritoriu odvozuje €asto nepiimo ze zastoupeni mist typickych dobrou potravni
nabidkou (Korpimaki 1988, Sergio et al. 2009). V ptipad¢ drobnych pévct se jako ukazatel
dostupnosti potravy v teritoriu ¢asto pouziva charakteristika vegetace, tj. napt. vyska a
pokryvnost porostu, jeho druhové slozeni, staii ¢i struktura (Eeva et al. 1998, Hinsley et al.
2002, 2008, 2009, Arriero and Fargallo 2006, Sanchez et al. 2007, Wilkin et al. 2007a,
Sanz et al. 2010, Kroll and Haufler 2010, Newell and Rodewald 2011, Mintyla et al. 2015,
Maziarz and Broughton 2015, Amininasab et al. 2016). Soucasny rozvoj a lepsi dostupnost
technik, jako jsou napt. dalkovy prizkum Zemé (snimkovani z letadel ¢i druzic; Hinsley et
al. 2002, Maicas et al. 2012, Mackenzie et al. 2014) nebo geografické informacni systémy
(Wilkin et al. 2007a, b, Kroll and Haufler 2010, Hinks et al. 2015) pfitom vyzkum

vlastnosti prostedi na urovni teritorii vyrazné usnadiuji.

Pro tspésny vyvoj mlad’at sykory konadry a sykory modfinky je rozhodujici dostupnost
hlavni slozky jejich potravy — housenek motyli (Lepidoptera; van Balen 1973, Keller and
van Noordwijk 1994, Naef-Daenzer and Keller 1999, Naef-Daenzer et al. 2000, Verboven
et al. 2001, Wilkin et al. 2009). Distribuce housenek je nerovnomérna v ¢ase i prostoru. V

v

dobé rozmnozovani sykor byvaji housenky nejpocetnéjsi jen ve velmi kratké casové
obdobi nejvyssSich energetickych potfeb mlad’at prekryva s timto na potravu bohatym
obdobim (Naef-Daenzer and Keller 1999, Visser et al. 2006, Reed et al. 2013). Dostupnost
housenek v prostoru byla tradi¢né¢ hodnocena na tirovni biotopu (viz napf. van Balen 1973,
Tremblay et al. 2003, Stauss et al. 2005, Massa et al. 2011, Garcia-Navas and Sanz 2012).
Vramci stejného biotopu vSak housenky upiednostituji urcité hostitelské rostliny a
mnozstvi housenek se tak mlize vyznamné liSit 1 na urovni jednotlivych stromt (Naef-
Daenzer 2000). Protoze duby casto hosti vice housenek nez ostatni druhy stromul
(Fischbacher et al. 1998, Naef-Daenzer 2000, Matysiokova and Remes 2010; ale srovnej s
Wesotowski and Rowinski 2006), je posledni dobou pocet dubt v bezprostiednim okoli

hnizda ¢asto pouzivan jako indikator kvality teritoria u sykor (pFispévek I, Naef-Daenzer
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et al. 2004, Wilkin et al. 2007b, 2009, Hinsley et al. 2008, 2009, Galvan et al. 2009, Sanz
et al. 2010, Atiénzar et al. 2010, Parker et al. 2011, Maicas et al. 2011, 2012, 2014, Evans
and Sheldon 2013, Bell et al. 2014, Mackenzie et al. 2014, Amininasab et al. 2016).

V souladu s ofekavanim tyto prace az na vyjimky (nase studie — viz prispévek I, Atiénzar
et al. 2010) zjistily pozitivni vztah mezi nékterymi ze sledovanych parametrii hnizdéni
potrava, lepsi kondice mlad’at). Celkové jsou ale dosavadni vysledky nejednoznacné.
Naptiklad samice v teritoriich bohatSich na duby Casto sndsely vétsi sntiSky (Naef-Daenzer
et al. 2004, Sanz et al. 2010, Parker et al. 2011, Bell et al. 2014, Maicas et al. 2014,
Amininasab et al. 2016), nékteti autofi vSak zadny vztah mezi poctem druhil a sniiSkou
nenalezli (prispévek I, Atiénzar et al. 2010, Maicas et al. 2011, 2012). Ve Wythamském
lese u Oxfordu opoustéla mlad’ata v teritoriich bohatSich na duby hnizda v lepsi kondici.
Pocet mladat, ktera piezila zimu a v nasledujicim roce zahnizdila, ale s dostupnosti dubti
kolem rodného hnizda nesouvisel (Wilkin et al. 2009). Navzdory fadé pozitivnich dil¢ich
asociaci mezi dostupnosti dubl a nékterymi hnizdnimi parametry sykor zadna z
dosavadnich studii nenalezla vztah mezi poctem dubu v teritoriu a celkovou uspéSnosti
hnizdéni métenou jako podil €i pocet tspésné vyvedenych mlad’at (Sanz et al. 2010,

Atiénzar et al. 2010, Maicas et al. 2011, 2012, 2014).

Jednim z moznych vysvétleni nejednoznacnosti dosavadnich vysledkti jsou rozdily mezi
jednotlivymi druhy dubl (r. Quercus). Severoamericti pévci pii hnizdéni nékteré druhy
dubl upfednostituji pred jinymi a vysledek jejich hnizdéni zé&visi na zastoupeni
jednotlivych druhii dubli v porostu (Newell and Rodewald 2011). Riizné druhy dubt se
mezi sebou li8i fenologii, chemickym sloZenim 1 nutri¢ni hodnotou listi. Tyto rozdily se
odrazi v rozdilném rastu housenek krmenych listim riznych druht dubt (Foss and Rieske
2003, Milanovi¢ et al. 2014) a rozdilny rGst housenek muze nasledn¢ ovlivnit hnizdéni
sykor. Naptiklad stalezelené duby kviili svym tuhym, pomalu rostoucim listim s vysokym
obsahem taninu mohou hostit méné fytofdgniho hmyzu nez duby opadavé (blize viz
Mackenzie et al. 2014). V souladu s tim byla zjiSténa pozitivni asociace mezi mnozstvim
dubti v teritoriu a velikosti sniiSky, velikosti a kondici mlad’at u nékolika opadavych druhti
dubli (Amininasab et al., 2016; Bell et al., 2014; Mackenzie et al., 2014; Maicas et al.,
2014; Naef-Daenzer et al., 2004; Parker et al., 2011; Sanz et al., 2010; Wilkin et al., 2009),
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ale jen vyjimecné u stalezeleného dubu cesminovitého (Quercus ilex; Atiénzar et al. 2010,

Maicas et al. 2011, 2012, 2014).

Ptestoze doposud vétSina praci uvadi duby jako nejvyznamnéjsi zdroj potravy sykor (viz
vyse), mohou byt v nékterych piipadech pro hnizdici sykory vyznamné i jiné druhy
listnatych stromt. V Bielovézském pralese byly Zirem housenek nejvice postizeny habry
(Carpinus betulus), nasledované javory (Acer platanoides), lipami (Tilia cordata) a duby
(Quercus robur; Wesotowski and Rowinski 2006). To je jeden z moznych diivodi, pro¢
jsme pii naSem vyzkumu zadny vliv dubii na hnizdéni sykory konadry nezjistili
(prispévek I). V porostech luzniho lesa v Grygové, kde prizkum probihal, totiz pfevazuji
lipy a misty jsou hojné i habry — druhy potencidlné vyznamné jako zdroj potravy sykor.
Navic mnozstvi housenek na dubech mize mnohonasobné kolisat béhem sezény i mezi
roky (van Balen 1973, Naef-Daenzer and Keller 1999, Tremblay et al. 2003) a spolu s tim
se mize v ¢ase menit 1 relativni hodnota dubtli jako zdroje potravy pro sykory (Lohmus
2003, Hinsley et al. 2008). Proto v nékterych letech a/nebo v nékterych castech sezony
mohou jiné druhy stroml poskytovat sykoram potravu v mnozstvi srovnatelném nebo
dokonce vys§im nez duby. Pokud role riznych druha stromt jako zdroje potravy v Case
kolis4, nemusi kratkodobé studie vliv dubt odhalit. Pozitivni vztah mezi poctem dubti a
vysledkem hnizdéni sykor pak mize byt patrny az pii analyze dlouhodobéjsich dat na Skale

nékolika dekad (Wilkin et al. 2009, Hinks et al. 2015).

V bohatém prostfedi nemusi byt duby dobrym indikatorem kvality prostfedi proto, Ze
dostupnost housenek neni pro sykory limitujici (Tremblay et al. 2003). To je patrné
divodem, pro¢ rodice sykor vynakladali vice energie pro krmeni mlad’at pouze pokud
pocet dubl okolo hnizda klesl pod urcitou prahovou hodnotu (Hinsley et al. 2008, 2009).
Podobné sykory konadry v Bélovézském pralese nevybiraly misto pro hnizdéni podle
poctu na potravu bohatych habrii pravdépodobné proto, ze habry maji v porostech bohaté
zastoupeni a potrava je zde obecné hojna (Maziarz and Broughton 2015). Ptici navic
prednostné obsazuji kvalitngj$i teritoria, horsi teritoria byvaji obsazena teprve pii vysSich
popula¢nich hustotach (Newton 1990). V prostiedi, kde maji vSichni jedinci pfistup k
dostate¢né vyzive, tj. prostiedi s hojnymi zdroji, v dobrych letech a/nebo pii nizkych

populacnich hustotach, se vliv kvality teritoria nemusi projevit.
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Pochopeni vlivu dubli na hnizdéni sykor mize komplikovat také korelace mezi kvalitou
rodi¢i a kvalitou teritoria. Kvalita rodici, kvalita teritoria i jejich rGznorodé¢ interakce
mohou mit vyznamny vliv na vysledek hnizdéni — vliv jednoho miize podle situace
vyrovnat, zakryt, zvétSit ¢i zprostfedkovat vliv druhého (Sergio et al. 2009).
U teritoridlnich druht obvykle nejkvalitnéjsi jedinci obsadi nejkvalitnéjsi teritoria (Newton
1990, Sergio et al. 2009). VétSina studii vlivu kvality teritoria na hnizdéni sykor pro
kvalitu jedince nekontrolovala, coz jejich interpretaci z tohoto pohledu velmi komplikuje:
nelze totiz vyloucit, ze za pozorovanou spojitosti mezi poctem dubil a parametry hnizdéni
sykor stoji kvalitnéjsi rodicovskd péce ¢i “lepsi geny“. U sykory konadry a sykory
modfinky vSak patrn¢ vztah mezi kvalitou jedince a kvalitou teritoria chybi nebo je slaby
(Lambrechts and Dhondt 1988, Lemel 1989, Riddington and Gosler 1995, Przybylo et al.
2001). V souladu s tim u sykory modiinky kondice rodi¢ti nekorelovala s poctem dubii
v teritoriu (Bell et al. 2014). V nasem ptipad¢ jsme vliv kvality rodice od kvality teritoria
castecné odlisili. Vyménou mlad’at mezi hnizdy jsme totiz odd¢lili genetické a rané
matetské efekty (napt. kvalita vejce a inkubace) od pozdé€jsi rodicovské péce (zejm.
krmeni; prispévek I), a navic jsme modely kontrolovali na v€k rodicd. To, Ze jsme
nenalezli zadny vztah mezi poctem dubu a hnizdénim sykor pro znaky pied vyménou
mléd’at (Casovani hnizdéni, velikost vejce a snisky) ani po ni (rast a imunitni reakce
mlad’at) svéd¢i prinejmensim proti nékterym typim interakcim mezi kvalitou teritoria a

kvalitou rodicu.

V horsich teritoriich mohou také rodic¢e zvolit odliSnou strategii hnizdéni, kterd mtize ve
vysledku vést k podobné tispésnosti hnizdéni jako v teritoriich kvalitnich, i kdyz n€kdy za
cenu vyssich nakladii pro rodice (Price 1998). V chudém prostfedi mohou rodi¢e naptiklad
zvetsit své teritorium (Newton 1990, Seki and Takano 1998), zmensit snisku a tim 1 pocet
mléd’at, takze mnozstvi potravy na mlad¢ se mezi chudym a bohatymi teritorii nemusi liSit
(Seki and Takano 1998, Verboven et al. 2001), nebo se muze prodlouzit doba kterou
mlad’ata stravi na hnizd¢ i1 obdobi péce rodici o mlad’ata po vylétnuti (Keller and van
Noordwijk 1994, Seki and Takano 1998). Rodice také mohou zvolit odliSnou strategii
krmeni mléd’at. Sykory modiinky na Korsice létaly v chudém biotopu s pievahou
stalezelenych dubti pii krmeni mlad’at pro potravu dvakrat tak daleko nez v bohatSim
biotopu s pievahou dubt opadavych. Celkova nalétand vzdalenost se ale mezi biotopy
neliSila, protoze v chud$im biotopu krmily modfinky mlad’ata v delSich casovych

intervalech. Zaroven se vSak mezi biotopy neliSilo ani mnozstvi potravy na jedno mlade¢.
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Nizsi frekvenci krmeni v hor§im biotopu totiz vyvazili rodice tim, ze nosili mlad’atim vétsi
housenky (Tremblay et al. 2005). Také v Némecku sykory v bohat§im listnatém lese nosily
potravu z mensi vzdalenosti nez v chudSim lese smiSeném, ale primérné frekvence krmeni
se v tomto piipadé¢ mezi biotopy nelisila a neliSila se ani primérnd hmotnost mlad’at pfi
opusténi hnizda. Rodice ve smiSenych lesich vSak pii krmeni mlad’at nalétali celkove veétsi
vzdalenost (Stauss et al. 2005). Pokud rodi¢e v chudych teritoriich zvysi své usili pfi
krmeni, mohou Skodlivy vliv horSiho prostfedi na mladd’ata pfinejmenSim CasteCné
kompenzovat, mize to vSak byt za cenu niz§iho pfezivani rodi¢l. Pii nizSich hustotach
housenek je totiz obstarani potravy pro rodi¢e vyrazné¢ nakladnéjsi (Naef-Daenzer and

Keller 1999).
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4 VLIV VITAMINU E NA RUST A VYVOJ MLADAT

Ve své préaci studuji vyznam mikronutrientd pro fenotyp mlad’at krmivych ptdkd na
ptikladu vitaminu E. Vitamin E totiz patfi mezi mikronutrienty s klicovou roli v
rozmnozovani, normalnim vyvoji a imunité ptakt (Surai 2002, Catoni et al. 2008).
Tradi¢né je povazovan zejména za diilezity antioxidant, ktery brani oxidacnimu poSkozeni
bunék tim, ze véaze volné radikdly. Vitamin E zastavuje fetézovou reakci poskozeni
fosfolipidit bunéénych membran (lipoperoxidace; Surai 2002). V soucasnosti je vSak
vyznam antioxidacnich schopnosti vitaminu E in vivo zpochybnovan a vétsi potencial je
spatiovan v jeho dalSich funkcich, napiiklad v regulaci enzymu, expresi genli, bunécné
signalizaci a vnitrobunééném transportu a membranovych procesech (Brigelius-Flohé

2009).

MIlad’ata jsou na nedostatek vitaminu E a s nim spojené choroby citlivéjsi nez dospéli ptaci.
Nemaji totiz jesté¢ vytvoieny dostateéné zdsoby vitaminu E a jsou tak zavisla na jeho
pfijmu z potravy (Surai 2002). Navic mize byt u mladat potfeba vitaminu E vyssi,
naptiklad proto, ze v dobé rychlého riistu je spotieba kysliku a tedy i produkce volnych
radikald, které poskozuji buiiky, vysoka (Mangel and Munch 2005, Alonso-Alvarez and
Galvan 2008, De Block and Stoks 2008, Kim et al. 2011; srovnej s Monaghan et al. 2009).
Zvyseni pfijmu vitaminu E u rostoucich mladd’at ptakti v nékterych piipadech opravdu
snizilo miru oxida¢niho poskozeni (Sodhi et al. 2008, Noguera et al. 2011, Orledge et al.
2012), jindy vSak tento pozitivni vliv vitaminu E potvrzen nebyl (Larcombe et al. 2010,

Kim et al. 2013, Marri and Richner 2014b, 2015).

Zatimco role vitaminu E v rozmnozovani driibeze je jiz dlouho pfedmétem vyzkumu a je
dobie znama (Surai 2002), experimenty na voln¢ zijicich ptacich zapocaly teprve nedavno
a jejich vysledky nejsou jednoznacné. V nékterych studiich podavéani vitaminu E rlst
mlad’at zlepSilo (vlastovka obecna: de Ayala et al. 2006; racek stiedomotsky Larus
michahellis: Noguera et al. 2011, Kim et al. 2013, Parolini et al. 2015; lejsek bélokrky:
prispévek III, sykora koniadra: Marri and Richner 2014b), v jinych vSak zadny vliv na rtist
zjistén nebyl (sykora modfinka: Larcombe et al. 2010; racek stfedomotsky: Noguera et al.
2010; sykora konadra: prispévek II, Marri and Richner 2015, Maronde and Richner 2015).
Podobné nejednoznaény je i vliv podavani vitaminu E na pfezivani mldd’at na hnizdé¢

(pozitivni vliv: Marri and Richner 2014b, Maronde and Richner 2015; vliv neprokazan:
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prispévek II, prispévek III, de Ayala et al. 2006, Noguera et al. 2011, Kim et al. 2013),
na koncentraci vitaminu E v krevni plazmé (pozitivni vliv: prispévek II, de Ayala et al.
2006, Pérez et al. 2008, Giraudeau et al. 2013; vliv neprokazan: Larcombe et al. 2010,
Maronde and Richner 2015) a na zbarveni (viz nasledujici kapitola) mlad’at a dospélct.
Pouze v pfipad¢ imunity jsou dosavadni vysledky konzistentni: zddny z experimenta vliv
piikrmovani vitaminem E na imunitni reakci nepotvrdil (prispévek II, de Ayala et al.
2006, Horak et al. 2007, Losdat et al. 2011, Marri and Richner 2015). Protoze nezbytnost
vitaminu E v imunité ptakt je velmi dobfe podlozend (Surai 2002, Parolini et al. 2015),
navrhuji dvé moznd vysvétleni. Pro spravnou funkci imunitniho systému ptakit muze
postaCovat mensi mnozstvi vitaminu E neZ napfi. pro rist ¢i produkci ornamenti, a proto
muze byt v tomto pfipadé jeho pfijem z pfirozené potravy dostateny i v situaci, kdy jiny
znak limituje (de Ayla et al. 2006). Je také mozné, ze nékteré z metod pouzitych pro
vyhodnoceni vlivu vitaminu E na imunitni reakce voln¢ zijicich ptakiti nemétily parametry

imunitni reakce ovlivnéné vitaminem E (viz diskuse v prispévku II).

Pro¢ jsou vysledky pfikrmovani vitaminem E mezi studiemi tak protichtidné? Zaprvé,
mnozstvi vitaminu E a ostatnich antioxidantl je velmi variabilni a mtize se vyrazné liSit
mezi druhy potravy, v prostoru i v ¢ase (Catoni et al. 2008). Naptiklad housenky, hlavni
slozka potravy mlad’at sykor, jsou na vitamin E mnohonasobné¢ bohatsi nez 1étajici hmyz,
kterym krmi svd mlad’ata vlaStovky (de Ayala et al. 2006, Arnold et al. 2010). Podobn¢
predpokladdme nizsi koncentraci vitaminu E v potravé lejskli nez v potravé sykor, a to 1
vramci jedné lokality (blize viz prispévek III). Zastoupeni vitaminem E bohatych
housenek v potravé lejski je totiz nizsi nez u sykor (Cholewa and Wesotowski 2011).
Lejsci navic hnizdi pozd&ji nez sykory, zatimco dostupnost housenek v sezoné klesa
(Arnold et al. 2010), takZe u pozdnich hnizd jsou v potravé mlad’at housenky nahrazovéany
jinym hmyzem (Lohrl 1957, 1976). V souladu stim jsme potvrdili pozitivni vliv
prikrmovani vitaminem E na rast lejskii pouze u pozdnich hnizd (prispévek III). Vedle
hor$i dostupnosti vitaminu mohou byt pfi€inou i zmény narokli mlad’at na mnoZzstvi
vitaminu E s postupujici sezonou, napiiklad kvili rostouci teploté ¢i klesajici kvalité

potravy (Perrins 1976).

Zadruhé, vliv pfikrmovani vitaminem E mtize byt niz$i, pokud mlad’ata ziskaji dostate¢nou
zasobu vitaminu E z vejce. Koncentrace vitaminu E ve Zloutku se miize vyznamné liSit

mezi druhy, lokalitami, mezi roky i1 v pribéhu jedné sezony (Moller et al. 2005, 2008,
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Biard et al. 2009, Remes et al. 2011, Plummer et al. 2013) a v ramci snisky mize klesat
s rostoucim potadim kladeni vejce (Rubolini et al. 2011). To, Ze zasoba vitaminu E ve
vejcich je pro mlad’ata dilezita, naznacuje na mezidruhové urovni pozitivni korelace mezi
koncentraci vitaminu E ve zloutcich a rychlosti embryonélniho ristu; spolu s vitaminem E
vSak rostla 1 koncentrace dalSich antioxidantii (Deeming and Pike 2013), takze studie
svéd¢i o roli vitaminu E v ristu mlad’at jen nepiimo. Na vnitrodruhové urovni limitaci
vitaminem E pfesvéd¢ivé dokazal experiment, ve kterém zvySeni koncentrace tohoto

vitaminu ve vejcich rack zlepsilo riist mlad’at (Parolini et al. 2015).

Zatieti, ptinos zvySené dostupnosti vitaminu E se muize projevit jen v urcitém obdobi
vyvoje mlad’at. U vlastovek byl pozitivni efekt pfikrmovani vitaminem E na rist a kondici
omezen jen na obdobi nejrychlejSiho rastu (6 — 10 dni); naopak u rackli se projevil az u
osmidennich mlad’at (de Ayala et al. 2006, Noguera et al. 2010, 2011). Podobn¢ u sykory
konadry zlepsilo ptikrmovani smési vitaminu C a E riist mezi osmym a ¢trnactym dnem
véku, ale nikoli dfive (Marri and Richner 2014b). Je tedy mozné, ze pfinos vitaminu E
nebyl u nékterych studii zjistén proto, ze méteni mlad’at probéhlo mimo obdobi, kdy mohl

byt vliv ptikrmovani detekovan.

Za ¢tvrté, zvySeny piisun vitaminu E mize byt vyhodny jen pro néktera mlad’ata. Reakce
antioxida¢niho systému na pfikrmovani vitaminy se u jednotlivych mlad’at miize vyrazné
lisit, takze zvySeny pfisun vitamini zvysi rozptyl tohoto znaku aniz by byl ovlivnén
prumérny fenotyp. Malou podobnost v reakci antioxidacniho systému na ptikrmovéni
vitaminy u mlad’at racki ze stejného hnizda vysvétluji Kim et al. (2013) genetickym
podminénim rozdili mezi mladd’aty a vliv prostredi (véetné vlivu rodicovské péce) povazuji
za zanedbatelny. I mladata ve stejném hnizd¢ vSak mohou vyristat v rozdilnych
podminkach. Opakované¢ bylo prokdzéano, ze z vétsi dostupnosti vitaminu E tézi predevsim
znevyhodnéna mlad’ata (nejmlads$i a/nebo nejmensi), a to jak v ptipadé ptikrmovani
mlad’at (prispévek III, Noguera et al. 2011, Kim et al. 2013), tak pfi zvySovani
koncentrace vitaminu ve vejcich (Parolini et al. 2015). Samice rackt ukladaji do tietiho
vejce méne vitaminu E, takze jeho dostupnosti je patrné limitovano pouze mladé vylihlé ze
tretiho vejce, a nikoli jeho starSi sourozenci (Parolini et al. 2015). ZvySeny piijem vitaminu
E vedl u malych mlad’at rackt k intenzivné&j$imu Zadonéni (Noguera et al. 2010). Autofi to
pfi¢itaji ochranné funkci vitaminu E pifed zvySenou produkci volnych radikalt pfi

zadonéni. U sykory konadry vSak piikrmovani vitaminem E intenzitu Zadonéni neovlivnilo
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(Maronde and Richner 2015). U znevyhodnénych mlad’at maze byt spotieba vitaminu E
vyssi také vinou zvysSeného oxidacniho posSkozeni pii zrychleném (kompenzacnim) rastu
(viz vySe). V souladu s tim snizilo pfikrmovani antioxidanty oxida¢ni poSkozeni pouze u
mlad’at limitovanych ve svém rlstu nedostate¢nou vyzivou (Hall et al. 2010, Noguera et al.

2011).

Konec¢né, efekt vitaminu E na fenotyp miize zaviset na jeho interakci s dalSimi nutrienty.
Vitamin E je jen jednou ze soucasti antioxida¢niho systému zahrnujiciho bohaté spektrum
antioxidantli, vzdjemn¢ provazanych fadou interakci. Antioxidanty lze d€lit podle mnoha
hledisek. Snaha organismt udrzet slozity antioxidacni systém v rovnovaze s mnozstvim
volnych radikdlti a tedy vyrovnavat zvySeny ¢i sniZzeny piijem nékterého z antioxidantl
muze Casto vliv prikrmovani antioxidanty na méfené znaky zakryvat (Svensson and Wong
2011). Proto je z hlediska vlivu na fenotyp volné Zijicich ptaka dilezity rozdil mezi
antioxidanty endogennimi, které si organismus dokaze vytvaret sam (napf. enzymy,
kyselina mocova) a antioxidanty exogennimi, které¢ ziskdva z potravy (napf. vitamin E,
karotenoidy, polyfenoly; Pérez-Rodriguez 2009). Nedostatek antioxidantll v potravé tak
mohou ptaci kompenzovat zvySenou produkci endogennich antioxidanti a naopak v reakci
na zvyseny piisun antioxidantl z potravy mohou produkci endogennich antioxidantl snizit.
Prikrmovani antioxidanty se proto nemusi projevit na fenotypu jedince. O vziajemném
zastupovani endogennich a exogennich antioxidanti u volné Zijicich ptakt vSak dosud
nemame dostatek informaci, protoze pozornost vyzkumnikl se soustfedi témét vyhradné
na antioxidanty exogenni (Selman et al. 2006, Monaghan et al. 2009, Pérez-Rodriguez

2009).

Endogenni antioxidanty pak podle jejich rozpustnosti dé€lime na hydrofilni (napf. vitamin
C, polyfenoly) a lipofilni (napt. vitamin E, karotenoidy; Catoni et al. 2008). Pti vstfebavani
antioxidantli ze stejné skupiny pievladaji interakce negativni (kompetitivni), pfimo ve
tkanich pak spiSe interakce pozitivni, typicky regenerace jednoho antioxidantu druhym
(Catoni et al. 2008). Konkrétné¢ vitamin E sdili podobné absorbéni, transportni a
metabolické mechanismy s karotenoidy, takze zvySené davky jednoho z nich mohou snizit
pfijem druhého (Furr and Clark 1997, Palozza 1998, Surai 2002, Catoni et al. 2008). Pfimo
ve tkanich vSak vitamin E a karotenoidy pisobi synergicky. Karotenoidy i vitamin E zde
mohou u¢inkem volnych radikalti zménit svou formu z antioxida¢ni na prooxidacni a samy

se tak stat volnym radikdlem. Protoze se vSak dokazi navzajem pred ptrechodem do
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prooxidacni formy ochranit a vzajemné regenerovat své radikaly zpét na antioxidacni
formu, poskytuji spole¢né vétsi antioxidacni ochranu (Palozza 1998, Surai 2002, Catoni et
al. 2008, Svensson and Wong 2011). Podobné synergické interakce byly zjistény i1 mezi
vitaminem E a C (Surai 2002). V souladu s tim podavéani smési vitaminu C a E zlepsilo
rust mlad’at voln¢ zijicich ptaka (Kim et al. 2013, Marri and Richner 2014b). Stoji pfitom
za povSimnuti, Ze u sykory konadry byl lepsi rist zjistén pravé jen v piipadé, kdy byl
vitamin E poddvan spolu s vitaminem C (Marri and Richner 2014b), a nikoli pokud byla
mlad’ata pfikrmovana pouze vitaminem E (pFispévek II, Marri and Richner 2015,
Maronde and Richner 2015). Pro pochopeni interakci mezi antioxidanty je nejvhodnéjsi
takovy design experimentu, kdy nécktefi jedinci dostdvaji zkoumané mikronutrienty
samostatné a jini ve smési. Pfikladem muze byt prace Giraudeau et al. (2013), kde
samostatné podavani luteinu zhorSovalo oxidac¢ni poskozeni tkani, kdezto pfi spolecném
podavani luteinu a vitaminu E bylo toto poSkozeni nizsi. Podobn¢ Kopena et al. (2014)
zjistili, ze ptikrmovani vitaminem E a karotenidy ovlivituje barevné ornamenty na pokozce
jeStérky Schreiberovy (Lacerta Schreiberi) odlisné, kdyz jsou obé latky podéavany

spole¢né, nez kdyz je podavana kazda zvlast.
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5 VLIV PROSTREDI A PUVODU NA KAROTENOIDOVE ORNAMENTY
MLADAT

Diky své barevné proménlivosti a ndpadnosti ma ptaci opeieni vedle ostatnich funkci také
dalezitou funkci signdlni. Tvar ¢i zbarveni ornamenti ptaciho opefeni muze vypovidat
napiiklad o zdravotnim stavu a kondici jedince nebo jeho hierarchickém postaveni (Hill
2002, Hill et al. 2005, Hill and McGraw 2006a, Blount and McGraw 2008). Tradi¢né jsou
rozliSovany tfi hlavni kategorie zbarveni ptaciho pefi: melaninové, karotenoidové a
strukturdlni (Hill and McGraw 2006b). Melanin, nejrozsifenéjsi ptaci pigment, zbarvuje
peti ve skéle od cCerné, Sedé a hnédé az po rezavé a okrové odstiny (McGraw 2006a).
Nejvétsi pozornost je vsak vénovana karotenoidiim, druhému nejcastéjSimu barvivu, které
obvykle zplisobuje razné odstiny Zzluté, oranzové a cervené barvy (McGraw 2006b).
Plasticita karotenoidového zbarveni pefi v reakci na Sirokou Skéalu environmentalnich
faktori byla potvrzena fadou experimentalnich studii: tyto ornamenty napt. odrazeji
uroven vyzivy jedince a obsah karotenoidll v potravé (Olson and Owens 2005, Price 2006,
Blount and McGraw 2008), miru parazitace a aktivace imunitni odpovédi (Hill 2002,

Blount and McGraw 2008).

Karotenoidy maji velky vyznam pro fyziologii a zdravi ptdkd, zejména v imunité,
antioxida¢ni ochrané a pii rozmnozovani (Surai 2002, Catoni et al. 2008, Svensson and
Wong 2011). Podobné¢ jako u vitaminu E bylo v poslednich letech postaveni karotenoid
jako antioxidantli in vivo u ptaka zpochybiiovano (Hartley and Kennedy 2004, Isaksson et
al. 2007, Costantini and Meller 2008, Isaksson and Andersson 2008, Cohen and McGraw
2009, Simons et al. 2012). Vyznam karotenoidi v antioxidaénim systému ptaka zlstava
zatim nejasny, vzhledem k velké rGznorodosti ve fyziologii a systémech antioxidacni
obrany mezi druhy, populacemi i jedinci jsou totiz jakékoli generalizace obtizné. Na
zakladé soucasnych znalosti vSak antioxidacni roli karotenoidli rozhodné nelze obecné
vyloucit (Cohen and McGraw 2009, Pérez-Rodriguez 2009, Svensson and Wong 2011,
Garratt and Brooks 2012).

Ptaci si nedokézi karotenoidy sami vytvaret a musi je proto ziskavat z potravy (Surai
2002). Karotenoidové ornamenty mohou byt z mnoha divodi ndkladné, napi. kvuli
omezené¢ dostupnosti, obtiznému ziskavadni a naroénému metabolickému zpracovani

karotenoidt, kompromisu (trade-off) pii jejich vyuziti v ornamentech versus vyuziti pro
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ostatni fyziologické funkce, kvili jejich potencialnim toxickym efektim ¢i zvySenému
riziku predace a ndkladim socidlnich interakci u vyraznéji zbarvenych ptaka (Olson and
Owens 1998, Hill 2003, Vinkler and Albrecht 2010, Svensson and Wong 2011). Proto
mohou karotenoidy slouzit jako tzv. poctivy signal (homest signal) kvality jedince,
odrazejici razné aspekty zdravi a kondice ptaka (Lozano 1994, von Schantz et al. 1999,
Hill 2006, Blount and McGraw 2008, Pérez-Rodriguez 2009, Vinkler and Albrecht 2010,
Svensson and Wong 2011).

Jednim z mechanismt, ktery muze zajistovat davéryhodnost karotenoidovych signalt, je
prave jejich antioxidacni role spolu s faktem, Ze plisobenim volnych radikali karotenoidy
ztraci barvu (Pérez-Rodriguez 2009). Podle ptvodnich ptfedstav mélo karotenoidové
zbarveni diky této zranitelnosti pfimo odraZet dostupnost karotenoidl jako dulezitého
antioxidantu a tak inzerovat schopnost jedince vypotadat se s oxidacnim poskozenim (von
Schantz et al. 1999). Pozd¢ji bylo navrzeno, ze karotenoidové ornamenty odrazi
koncentraci jinych, nebarevnych antioxidantl (naptiklad vitaminu C a E), které chrani
citlivé karotenoidy pied oxidaci. Tak mohou karotenoidy signalizovat antioxidacni stav
organismu aniz by samy vyznamn¢ piispivaly k antioxidac¢ni obrané (Hartley and Kennedy
2004, Svensson and Wong 2011). Dalsi vysvétleni vSak s roli karotenoidii v antioxidacni
ochrané pocitd. Pokud jsou zéroven antioxidanty vzajemné zastupitelné, pak v disledku
udrzovani homeostatické rovnovdhy mezi antioxidanty a oxidanty zména v piijmu
nebarevnych antioxidantl povede ke zméné alokace karotenoidli do zbarveni (viz téz

predchozi kapitola; Catoni et al. 2008, Monaghan et al. 2009, Svensson and Wong 2011).

Ptikrmovani nebarevnymi antioxidanty zpiisobilo u ryb (Pike et al. 2007), plazi (Kopena
et al. 2014) a ptak (Bertrand et al. 2006, Pérez et al. 2008, Marri and Richner 2014b)
rozvoj vyraznéjSich karotenoidovych ornament. Pfikrmovani rackt stfedomotskych
vitaminem E pfitom vedlo jak ke zvétSeni Cervené skvrny na zobdku, tak k vyssi krevni
koncentraci karotenoidii odpovédnych za tento ornament. To podporuje hypotézu, ze
karotenoidy skute¢né maji roli v antioxidacni ochrané a nebarevné antioxidanty je odtud
mohou uvolnit pro vyuziti ve zbarveni (Pérez et al. 2008). Zaroven jsou tyto vysledky
v souladu s hypotézou, Ze vyrazné karotenoidové ornamenty si mohou dovolit jen jedinci
s dobrou dostupnosti ostatnich antioxidantli, které je chrani pfed Skodlivym vlivem

nebarevnych produktli oxidace karotenoidii (Vinkler and Albrecht 2010).
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Je zajimavé, Ze s jedinou vyjimkou (Marri and Richner 2014b) neméla suplementace
nebarevnych antioxidantli vliv na zbarveni pefi ptakt (prispévek II, Karu et al. 2008,
Larcombe et al. 2010, Giraudeau et al. 2013). Zd4 se tedy, ze zbarveni pefi je na zvyseny
pfijem nebarevnych antioxidantli méné citlivé nez zbarveni neopefenych ¢asti ptaciho téla
(Giraudeau et al. 2013). Narozdil od petfi mohou byt karotenoidy ulozené do ornamenta
zobaku (Bertrand et al. 2006, Pérez et al. 2008) v pfipad¢ potifeby znovu vyuzity jinde,
takZe tyto rozdilné typy ornamenti mohou sdélovat rizné informace (Lozano 1994).
Karotenoidové zbarveni zobédku ¢izka zlutého (Spinus tristis) se v reakci na stres a imunitni
zatéz vyrazné¢ meénilo v fadu hodin az dni (Rosenthal et al. 2012) a sezénni zmény ve
zluté barvé zobaku kosa cerného (Turdus merula) byly vyrazné véEét§i nez sezonni

proménlivost ornamentt na opeteni (Delhey et al. 2010).

Obvykle jsou vlastnosti karotenoidovych ornamenti pfipisovany pouze karotenoidovym
pigmentiim, konkrétné jejich molekularni struktufe a koncentraci (viz napt. Hill 2002,
2006, McGraw 2006b, Prum 2006). Na vysledné barvé se ale bézné€ podili také jemna
podkladova struktura pera, kterd svétlo odrazi (Shawkey and Hill 2005, Shawkey et al.
2009). Keratinova struktura pera odrazi svétlo rovnomérné v celé Sifce vinovych délek,
¢imz vznika bilé pozadi. Karotenoidy pohlcuji svétlo specifickych vlnovych délek
v rozmezi pfiblizné mezi 400 az 500 nm a vytvaii tak Zlutou az Cervenou barvu. Protoze
karotenoidy samy o sobé svétlo vyznamné neodrazi, bez bilého odrazivého pozadi by
barevny ornament nevytvofily. Pro vznik vysledné cCervené ¢i zluté barvy je tak nutna
kombinace odrazu z bilé struktury pera a pohlceni svétla o urcitych vinovych délkach
karotenoidovymi pigmenty (Shawkey and Hill 2005, Shawkey et al. 2006). Mechanismus
vzajemné interakce pigmentarni a strukturalni slozky a jejich relativni podil na vysledné
barvé pera vSak dosud zkoumalo jen malo autorii (Shawkey and Hill 2005, Shawkey et al.

2006, Jacot et al. 2010, Galvan 2011, D’Alba et al. 2012, Gamero et al. 2015).

Podobné¢ jako karotenoidové ornamenty, také ornamenty zaloZené na struktuie pera mohou
byt ovlivnény fadou faktorl, napt. hormony, parazity, vyzZivou béhem pelichani ¢i rychlosti
pelichani (McGraw et al. 2002, Siefferman and Hill 2005, Hill et al. 2005, Hill 2006,
Siitari et al. 2007, McGlothlin et al. 2007, Griggio and Serra 2009; srovnej vSak s Peters et
al. 2011). Z toho vyplyva otazka do jaké miry plasticita karotenoidovych signald zavisi na
obsahu pigmentli a z jaké ¢asti za ni odpovida struktura pera, a zejména jaké faktory tidi

variabilitu téchto dvou komponent. Dosavadni vysledky dokladaji, Ze jak strukturni, tak
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pigmentova slozka karotenoidového zbarveni jsou znacné proménlivé a ze jejich
proménlivost je odlisna. Kazda komponenta zbarveni mize jinak odrazet vék a pohlavi
jedince (Delhey et al. 2010, Evans et al. 2010, 2012, Evans and Sheldon 2013), jinak se
méni v prostoru (Evans et al. 2012, Evans and Sheldon 2012, Gamero et al. 2015) a v Case
(prispévek I, Delhey et al. 2010, Evans et al. 2012, Evans and Sheldon 2013), jinak odrazi
kvalitu a mnozstvi potravy (Shawkey et al. 2006, Isaksson et al. 2008, Jacot et al. 2010,
Romero-Diaz et al. 2013) i dalsi aspekty prostiedi (pFispévek I, Galvan et al. 2009, Jacot
et al. 2010, Evans and Sheldon 2012, 2015, Romero-Diaz et al. 2013). Také mira dédivosti
strukturni a pigmentové slozky je odlisnd (Evans and Sheldon 2012, 2015). S vyjimkou
dvou praci (Shawkey et al. 2006, Delhey et al. 2010) byly vSak vSechny tyto vyzkumy
omezeny na jediny druh a jediny ornament — Zluté pefi na hrudi sykory konadry.
Proménlivost obou slozek se pfitom liSi nejen v rdmci druhu, mezi pohlavimi a riznymi
ornamenty, ale predev§im mezi druhy (Delhey et al. 2010). Proto jsou nase dosavadni

znalosti velmi limitované.

Vlivy prostiedi a plivodu na pigmentarni a strukturalni slozky zbarveni u mlad’at (sykory
konadry) zkoumaly Ctyii z téchto studii. Galvan et al. (2009) zjistili, ze v teritoriich s lepsi
potravni nabidkou byla vyss$i chromatickd slozka zbarveni (zlutost) mlad’at, ale nikoli
strukturdlni slozka. Jacot et al. (2010) dolozil, ze dostupnost karotenoidii ovliviiuje
pigmentarni slozku zbarveni mlad’at, zatimco strukturalni slozka zavisela na manipulaci
velikosti snisky. Podobné v naSem vlastnim experimentu (prispévek IV) jsme ukézali, Ze
pigmentarni slozku zbarveni mlad’at urcuji spiSe faktory souvisejici s kvalitou potravy
(stafi matky, sezona), strukturdlni slozka odrazi blize neurcené faktory prostredi a do urcité
miry je dana i geneticky. Romero-Diaz et al. (2013) dolozili, Ze pfikrmovani karotenoidy a
stimulace imunity formuje rGzné slozky karotenoidového zbarveni odliSné; pouze
piikrmovani karotenoidy vSak ovliviiovalo koncentraci karotenoidi v pefi. Ob¢ slozky
zbarveni mlad’at tedy odrdzeji jejich ptivod a prostiedi, pficemz chromaticka slozka patrné
vice zavisi na kvalité¢ potravy — dostupnosti karotenoidl. Pfitom stoji za povSimnuti, Ze
rané¢ vlivy prostiedi a kondice mlad’at se odliSné odrdzeji i v obou komponentich
karotenoidového zbarveni dospélych ptakii (Evans and Sheldon 2012, 2015). Sykory
pfitom piepelichaji juvenilni Sat jiZ n€kolik mésicti po opusténi hnizda (Jenni and Winkler
1994) a zbarveni opefeni mlad’at nekoresponduje se zbarvenim dospélct a jde proto o dva

na sob¢ nezavislé znaky (Fitze et al. 2003).
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U dospélcti 1 mlad’at se tak na vysledném zbarveni karotenoidovych ornamentd podili
strukturdlni a pigmentarni mechanismy, které jsou determinovany nezavisle na sobé.
Karotenoidovy ornament je proto komplexni znak, ktery miize zarovenn sdélovat vice
aspektii historie a kvality jedince (pFispévek IV, Grether et al. 2004, Shawkey and Hill
2005, Shawkey et al. 2006, 2009, Jacot et al. 2010, Evans et al. 2010, Evans and Sheldon
2012, 2015, Romero-Diaz et al. 2013). V piipad¢ karotenoidového zbarveni vSak zatim
zustava otazkou, zda a do jaké miry ptdci vnimaji obé komponenty dohromady c¢i
oddélené. Chromatické a achromatické barvy jsou vnimany riiznymi svétlocivymi bunikami
a podle nekterych studii na né ptdci mohou reagovat riizné (blize viz Evans et al. 2010).
Tyto dvé razné komponenty jedné barvy vSak mohou byt také integrovany do jediného
signalu, a tim zvysit jeho diveéryhodnost (Jacot et al. 2010). Obecné¢ mohou mit
viceslozkové signdly (multicomponent signals) tadu piinost, napiiklad mohou piijemci
sdelit vice informaci o nositeli, nebo mohou zlepSovat pienos, piijem a zpracovani signalu

¢1 snizit ndkladnost signalu (Rowe 1999, Candolin 2003, Hebets and Papaj 2005).
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6 ZAVER

V této disertacni praci je zabyvam vlivem kvality prostfedi a rodicovskych efektti na
fenotyp mlad’at volné zijicich pévct. Dokladam zde, zZe rlst, vyvoj a zbarveni mlad’at jsou
ovlivnény jak rodiCovskou péci, tak prostiedim, vnémz mladd’ata vyrGstaji, a na

konkrétnich ptipadech studuji mechanismy tohoto ovlivnéni.

V naSem vyzkumu jsme dolozili, ze role dubii jako indikatori kvality teritoria sykor neni
univerzalni (prispévek I). Vyznam dubl pro vyzivu mlad’at sykor se muze liSit mezi
riznymi druhy dubil a i vradmeci jednoho druhu mize byt velmi proménlivy v Case i
prostoru. Zaroven muze byt proménlivy v zavislosti na kontextu — vyznam dubt jako
zdroju potravy pro mlad’ata miize klesat s vyssi dostupnosti dalSich potravou potencidlné
bohatych druhti stromii. Obecné je pii vyzkumu vztahu kvality teritoria a reprodukcni
uspéSnosti tieba dbat na to, aby zvoleny ukazatel kvality teritoria v daném piipadé
odpovidal skutecné dostupnosti potravy. Pro dobré pochopeni vyznamu kvality teritoria je
také nezbytné odlisit vliv kvality teritoria od vlivu rodict. Zajimavou oblasti, ktera dosud
nebyla pfi vyzkumu vztahu hnizdéni sykor a poctu dubii pfili§ zohlednéna, je moznost
rodict v rizn€ kvalitnich teritoriich volit rizné reprodukéni strategie a dosahovat tak

srovnatelnych vysledkd hnizdéni, aniZ by to nutné bylo na tkor jejich vlastniho pfeziti.

Vyznam kvality potravy na vyvoj mlad’at dokladam na ptikladu vitaminu E (pFispévek II,
III). Vitamin E muze byt pro volné zijici ptdky limitujici a jeho dostupnost se muze
odrazet v fad¢ znakt, ovlivityjicich jejich budouci fitness. Mira limitace se vSak 1i$i v Case,
mezi druhy, populacemi i jedinci. Proto bude pifinosné rozsifit spektrum zkoumanych
druhti a zahrnout do vyzkumu druhy s rozmanitymi potravnimi strategiemi. Nezbytnym
zékladem je pifitom dobra znalost zastoupeni mikronutrientli v ptfirozené potrave. Prozatim
navic chybi poznani dlouhodobé;jsich diisledkti dostupnosti vitaminu E na zdatnost jedince.
Vice pozornosti si zaslouzi také matetské vlivy zprostiedkované ukladanim nutrientd do
vejce. Pro velky potencidl vzajemnych interakci miize k lepSimu pochopeni mechanismil
pusobeni slozeni potravy na fenotyp jedince vyznamné ptispét také soucasné testovani

efektu nc¢kolika mikronutrientli a jejich kombinaci, doplnéné sledovanim fyziologickych

ukazatelli, zejména v kontextu antioxida¢ni obrany organismu.
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Konecné jsem se zabyvala také vlivem raného prostiedi a péce rodi¢ii na ornamenty
mlad’at, konkrétn¢ karotenoidové zbarveni petfi (prispévek II, IV). Diky velkému
potencidlu vzajemnych interakci mohou expresi karotenoidovych ornamentd ovlivnit i
dal$i, nebarevné mikronutrienty, v€etné¢ vitaminu E. V nasem experimentu (prispévek II)
jsme nepotvrdili vliv vitaminu E na karotenoidové zbarveni ptakd. Jednou z pfi¢in mize
byt odliSny vyznam a plasticita signdlti na opefeni a na neopefenych ¢astech ptaciho téla.
Role karotenoidi i vitaminu E jako antioxidantii in vivo je doposud nejasna. Bylo navrzeno
nékolik hypotéz, jak mohou vzdjemné interakce karotenoidii s dalSimi antioxidanty
ovlivnit karotenoidové signaly. Lepsi pochopeni role karotenoidi v antioxida¢ni obrané
organismu a v signalizaci napomtiZze soucasna experimentalni manipulace obou téchto
slozek doplnéna sledovanim reakce antioxidacniho systému. RozliSeni mezi alternativnimi

hypotézami umozni vhodny design experimentu.

Ptestoze karotenoidové zbarveni pefi je tradicn¢ vnimano jako zavislé na mnozstvi a
koncentraci pfislusného karotenoidového pigmentu, podili se na jeho vlastnostech také
strukturdlni slozka. V nasem vyzkumu (prispévek IV) potvrzujeme, ze tyto dveé
komponenty stejného ornamentu mohou odrazet rtizné vlivy prostiedi. Tim se otevira
prostor pro lepsi poznani determinace obou téchto slozek na jedné strané a jejich vlivu na
vnimani vysledného signalu ptdky na strané¢ druhé. Multikomponentni charakter
karotenoidového zbarveni miize usnadiovat signalizaci mezi jedinci, o tom jak ptaci tyto
signaly vnimaji vSak zatim vime jen malo. Protoze se dosavadni vyzkum této problematiky

soustiedil témét vyhradné na sykoru konladru, mize hodnotné poznatky piinést 1 rozsireni

spektra studovanych druht.
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Abstract

Breeding performance of forest songbirds often depends on food availability. As oaks
(Quercus sp.) usually offer more caterpillars than other tree species, number of oaks is
frequently used as an index of territory quality. However, evidence of the positive
association between local oak density and breeding performance is equivocal. Moreover,
only correlative studies were done so far. Here, we investigated the relationship between
the number of oaks in nest proximity and breeding performance of the Great Tit pairs in a
floodplain forest. For the first time, we experimentally separated genetic plus pre-natal vs.
post-natal effects by cross-fostering of young. We found no relationship between oak
density and any of the measured breeding traits, neither before (nest occupancy, timing of
egg laying, clutch and egg size), nor after experiment (nestling performance). The density
of oaks and other deciduous trees such as limes (7il/ia sp.), which may provide invertebrate
prey in densities similar to oaks, is high in our study site. Thus, our population was
probably not limited by oak availability. We suggest that the role of oak as a source of prey
may vary in time and may depend on tree species composition of the forest. Evaluating
availability of other deciduous trees potentially rich in caterpillars, together with
accounting for differences among oak species, will improve use of oaks as an indicator of
territory quality.
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Introduction

In wild birds, reproductive success and survival of both parents and young is often limited
by food availability (Martin 1987). In Great Tit (Parus major), nestling performance is
determined by availability of the main part of nestling diet — caterpillars (van Balen 1973,
Keller and van Noordwijk 1994, Naef-Daenzer and Keller 1999, Naef-Daenzer et al. 2000,
Verboven et al. 2001, Wilkin et al. 2009). Distribution of caterpillars is uneven both in
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time and space. In temperate habitats, caterpillars are often most abundant only in a short
time period known as “caterpillar peak. Reproductive output of Great Tit is considerably
improved if peak energy demand of nestlings is synchronized with the caterpillar peak
(Naef-Daenzer and Keller 1999, Visser et al. 2006, Reed et al. 2013). Much attention has
been focused on the fitness consequences of good synchronization of nestling period with
food supply, lately especially in connection with climatic changes (van Noordwijk et al.
1995, Visser et al. 1998, 2003, 2006, Cresswell and McCleery 2003, Both et al. 2009,
Matthysen et al. 2011). Effect of spatial distribution of food on breeding output in titmice
has been traditionally based on between-habitat comparisons (e. g. van Balen 1973,
Tremblay et al. 2003, Stauss et al. 2005, Massa et al. 2011, Garcia-Navas and Sanz 2012).
However, as recently suggested by Wilkin et al. (Wilkin et al. 2007, 2009), comparing
nestling performance on a territory level may be relevant, because caterpillars prefer
certain vegetation type and thus are patchily distributed on finer scale than habitat.

Lately, Great Tit breeding performance in relation to environment quality on the territory
level has been studied more thoroughly. Oaks were shown to offer more caterpillars than
other trees (Fischbacher et al. 1998, Naef-Daenzer 2000, Matysiokovd and Remes 2010;
but see Wesolowski and Rowinski 2006). Thus, better breeding performance is predicted in
oak-rich territories and availability of oaks in nest proximity is often used an indicator of
territory quality in titmice (Naef-Daenzer et al. 2004, Wilkin et al. 2007, 2009, Hinsley et
al. 2008, 2009, Sanz et al. 2010, Atiénzar et al. 2010, Parker et al. 2011, Maicas et al.
2011, 2012, 2014, Bell et al. 2014, Mackenzie et al. 2014, Amininasab et al. 2016). Most
of these authors reported positive associations between some breeding traits and oak
density. However, some results are ambiguous so far: for example, in Wytham, fledging
raised close to oak had better condition, but not improved recruitment (Wilkin et al. 2009).

Here, we test if the number of oaks in the nest proximity affects Great Tit breeding
performance. The studies conducted so far were correlative. However, non-experimental
studies cannot tell apart whether the observed effect is due to environmental factors or due
to the heritability of “better genes”, in case better parents occupy better territories
(Riddington and Gosler 1995). We swapped nestlings among broods to separate genetic
from environmental causes of variation. We expected: 1) Great Tits breeding more
frequently and starting laying earlier in oak-rich areas, and 2) positive associations
between the number of oaks close to nestbox and the timing of egg laying, clutch size, egg
size, feeding rate, nestling growth, and the intensity of immune response.

Materials and methods
General fieldwork

This work was conducted on three adjacent nestbox plots (188 nestboxes in total) in a
deciduous forest near Grygov (49°31'N, 17°19°E, 205 m a.s.l.) in eastern Czech Republic.
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The forest is dominated by lime Tilia spp. (59.5% of trees within 20 m from occupied
nestboxes) and oak Quercus spp. (18.6%) with interspersed ash Fraxinus excelsior,
hornbeam Carpinus betulus, and alder Alnus glutinosa. Nestboxes are placed about 1.6 m
above ground and besides great tits are inhabited by collared flycatchers Ficedula
albicollis, blue tits Cyanistes caeruleus, and nuthatches Sitta europea. Their design is
described in (Lambrechts et al. 2010).

Fieldwork was carried out in 2006 and 2007 from early April until mid-June. We checked
nestboxes daily to record laying of the first egg and final clutch size. When there were
between six and seven eggs laid, we collected the 4™ egg for other analyses (Reme§ 2011,
Remes et al. 2011). After the clutch completion, we weighted the whole clutch (excluding
the collected egg) to obtain average egg weight.

We checked nestboxes daily around the expected day of hatching to record hatching day.
The day when the first young hatched is day 0. We captured parents in the nestbox during
feeding of nestlings (median age of young for females = 7 days, for males = 9 days, range
in both cases 611 days). Within the subset of nest with data on feeding (n = 94), most
females (91) and males (74) were caught. We determined the age of birds based on their
plumage as one year old or older (Svensson 2012). To quantify rate of food delivery, we
videotaped feeding parents for 90 minutes on day 8 (mean = 8.23 d, range = 8-10 d,
n=93). The method is described in more details in the previous study (Remes and
Matysiokova 2013). The number of feeding visits, which was our estimate of parental
feeding rates, correlated strongly with prey biomass brought to the nest (Remes and
Matysiokovd 2013). To control for the effect of weather, we took average ambient
temperature and sum of daily rainfall during feeding from a local meteorological station
(7 km from the study site).

On day 13, we measured the thickness of left wing web and injected phytohaemagglutinin
(PHA). Twenty-four hours later, we re-measured the swollen wing web and calculated the
strength of reaction to PHA as the difference in thickness between the two measurements.
For details, see (Remes and Matysiokova 2013). On day 14, we measured tarsus length of
each young with a digital caliper (nearest 0.01 mm), weighed it on an electronic balance
(nearest 0.1 g), and measured its wing length with a ruler (nearest 0.5 mm).

Cross-fostering and brood size manipulation

To separate genetic plus pre-hatching vs. post-hatching effects on offspring performance,
we performed a cross-fostering experiment. Two days after the first young in the clutch
hatched, we swapped whole clutches between pairs of nests — dyads. The procedure is in
detail described in the previous study (Reme$§ and Matysiokova 2013). Briefly, we
assigned nests to dyads based on their same hatching day. We created both control nests
with unchanged brood size (by exchanging whole broods between nests with the same
brood size) and nests with experimentally enlarged or reduced brood size (by exchanging



whole broods between nests differing in brood size; difference of 04 nestlings,
mean = 1.5, SD = 1.25). There was no difference in brood size in 28 nests, whereas broods
differed by at least one nestling in 70 nests (by 1 nestling in 28 cases, 2 nestlings in 22
cases, 3 nestlings in 12 cases, and 4 nestlings in 8 cases). Cross-fostering and brood size
treatments were allocated randomly with respect to number of oaks in the nest proximity,
as there was no relationship between brood size manipulation (brood size difference from
—4 through 0 to +4 chicks, see above) and number of oaks in territory (linear regression;
Fi66=0.2, P =0.625).

Oak number

Great Tits were shown to deliver major proportion of food from near to the nest. The
distance where the great majority of their foraging takes place was shown to vary between
25 to over 53 m from the nest (Smith and Sweatman 1974, Naef-Daenzer and Keller 1999,
Naef-Daenzer 2000, Stauss et al. 2005, Tremblay et al. 2005). Moreover, within the same
region titmice parents in poor habitat collect food significantly further from nest than
parents in good habitats (Great Tit: Tremblay et al. 2005); Blue Tit: Stauss et al. 2005).
Therefore, we counted number of oaks within 20, 45 and 75 m from each nest. We counted
all oaks with a diameter above 10 cm at breast height. Number of oaks within 20 m of
nestbox was counted directly in the field, using a laser rangefinder. To obtain the number
of oaks within 45 and 75 m, all nest boxes and oak trees in the study area were digitally
mapped. We used AshTech ProMark2 geographical position system device and analysed
data using ArcGis version 9.3 software.

We compared oak number with another possible indicator of territory quality in titmice,
nestbox occupancy (Mind et al. 2005, Amininasab et al. 2016). We defined nestbox
occupancy as the number of years in which the particular nestbox was occupied by Great
Tits between 2005 and 2011; it ranged from one to seven (mean =2.9, SD = 1.31).

Statistical analyses

We used general linear models to identify the effects of oak number on nestbox occupancy,
timing of breeding, clutch size, average egg weight, feeding rate and nestling performance.
All dependent variables were continuous variables. As a response variable representing
nestling performance, we used average values for all nestlings in the nest of the following
offspring traits measured at 14d of age: body mass (g), tarsus length (mm), wing length
(mm) and wing web swelling as an index of immune response (mm).

In all models except nestbox occupancy, Year (2006 and 2007) was entered as a fixed
factor. We also controlled these models for the age of males and females (1y old vs. older).
Hatching/laying date was entered to control for seasonal changes in dependent variables.
As timing of breeding differed between years, we centered it within a given year. Model
explaining variation in feeding rate was further controlled for feeding time, temperature,
rainfall and brood size at day 6, because feeding rate may depend on daytime, weather and



the number of nestlings (Naef-Daenzer and Keller 1999, Garcia-Navas and Sanz 2012,
Pagani-Nufiez and Senar 2013). In models testing the effect of oak number on nestling
performance, we included brood size manipulation as a fixed factor. Models testing the
effect of oak number on nestling growth were also controlled for feeding rate and the
model testing the intensity of immune response was also controlled for nestling condition
(residuals from the regression of body mass in g on tarsus length in mm at day 14). To
check if the effect of oak availability varied among years and depended on season,
respectively, we fitted the interactions between the number of oaks and year and between
the number of oaks and hatching/laying date. However, none of these interactions were
statistically significant and were thus excluded from the models. Sample size of different
models varies from 59 to 110 nests; most of this difference is due to limited data on
feeding rate and the age of parents.

We conducted all analyses in SAS using GLM function. We checked the models to
conform to the requirements of homoscedasticity, normal distribution and linearity of
residuals. All tests were two-tailed.

Results

Average number of oaks within 20-m radius from the nestbox was 5.5 (SD =4.62, n = 125,
range 0 to 18), within 45-m radius it was 28.3 (SD = 19.37, n = 120, range 3 to 84), and
within 75-m radius it was 69.1 (SD = 34.66, n = 120, range 13 to 150). Numbers of oaks
within the three circles were strongly correlated (fig. 1; 20 to 45 m: r=0.662, n = 119,
p<0.001; 20 to 75 m: r = 0.563, n =119, p < 0.001; 45 to 75 m: r = 0.871, n = 120, p <
0.001). Consequently, test results for all three radiuses were very similar. Here we present
results for the radius of 20 m (fig. 2); results for radiuses of 45 m and 75 m are available in
supplementary tables.

1. Timing of egg laying and nestbox occupancy

We found no relationship between oak availability and the number of years when Great
Tits nested in the particular nest box out of 7 years. Date of the laying of the first egg was
not related to the number of oaks within 20 m from the nest. Older females laid eggs earlier
than 1-year old females.

2. Clutch size and egg mass

Neither clutch size nor average egg mass correlated with oak availability. Clutch size and
average egg mass also did not differ between years and between young and old females.
While clutch size decreased with laying date, no effect of laying date on average egg mass
was found.
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3. Feeding rate

Feeding rate was independent of the number of oaks around the nestbox. We found no
relationship between age of the rearing female and parental feeding rate. On the other
hand, nestlings reared by l-year old males were fed more often than nestling reared by
older males. Feeding rate increased with brood size and differed between years. Other
measured variables (hatching date, time of feeding, temperature, rainfall) had no
statistically significant effect on feeding rate.

4. Nestling performance

Nestling growth and the intensity of immune response to a novel antigen
(phytohaemagglutinin) was not related to oak availability. The only exception was a
positive relationship between the intensity of immune response and the number of oaks
within 45 m from the nestbox (n = 61, estimate = 0.23, SE = 0.096, p = 0.022; Table S2d in
supplementary material). However, this relationship was driven by eight territories with the
highest numbers of oaks and vanished when these nestboxes were excluded from the
analysis (n = 53, estimate = 0.18, SE = 0.762, p = 0.199; full model results not presented).
The intensity of immune response differed between years, increased with hatching date and
tended to increase with nestling condition. We found no effect of year, age of parents, and
brood size manipulation on the intensity of immune response.

All three morphological traits, namely tarsus and wing length and body mass at day 14,
differed between years. Nestlings reared by older males and females were heavier and
grew longer wings than nestlings reared by 1-year old birds; however, no such effect was
found in tarsus length. Similarly, our brood size manipulation affected wing length and
body mass of nestlings, but not growth of the tarsus. Nestlings reared in enlarged broods
grew shorter wings and reached lower body mass than nestlings reared in reduced brood.
Body mass and tarsus and wing length were not related to season or feeding rate.

Discussion

Here, we tested the effect of oak density near the nest on breeding performance of Great
Tit. Nestbox occupancy, timing of egg laying, clutch size and average egg mass were not
related to number of oaks within 20, 45 and 75 m from nestbox. Moreover, despite we
experimentally separated environmental and genetic effects, oak availability had no effect
on nestling growth and intensity of immune response to a novel antigen. Thus, in our case,
oak availability did not affect any of measured parameter of Great tit breeding
performance.

Our results were against our expectations, because so far most studies found a positive

association between oak availability and breeding parameters in titmice. Territories with
more oaks are occupied more often (Wilkin et al. 2009, Maicas et al. 2011, Amininasab et
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al. 2016). Great and Blue Tits in oak-rich territories start breeding earlier and lay larger
clutches than those in oak-poor territories (Naef-Daenzer et al. 2004, Wilkin et al. 2007,
Sanz et al. 2010, Maicas et al. 2011, 2014, Parker et al. 2011, Bell et al. 2014, Amininasab
et al. 2016; but see Atiénzar et al. 2010, Maicas et al. 2011, 2012). Nestlings in nestboxes
with higher availability of oaks are provisioned with higher quality prey (Wilkin et al.
2009) and reach better condition and/or higher body mass (Wilkin et al. 2009, Bell et al.
2014, Mackenzie et al. 2014; but see Atiénzar et al. 2010, Maicas et al. 2011).
Surprisingly, despite these positive associations between the number of oaks and breeding
traits of titmice, no study found an association between small-scale oak availability and
overall breeding success, measured as the proportion of fledglings produced or recruitment
(Wilkin et al. 2009, Sanz et al. 2010, Atiénzar et al. 2010, Maicas et al. 2011, 2012, 2014).
Below, we discuss possible explanations of ambiguous relationship between oak
availability and titmice breeding parameters.

First, oak species differ in many aspects, including phenology, leaf chemical composition,
and nutritional value. Consequently, caterpillars grow better when fed on some species
than on others (Foss and Rieske 2003, Milanovi¢ et al. 2014) and these differences may
carry over to breeding performance of tits. Indeed, a positive relationship of clutch size,
nestling condition and/or body mass to oak availability was demonstrated in several
species of deciduous oaks (Amininasab et al., 2016; Bell et al., 2014; Mackenzie et al.,
2014; Maicas et al., 2014; Naef-Daenzer et al., 2004; Parker et al., 2011; Sanz et al., 2010;
Wilkin et al., 2009). On the contrary, these relationships were absent in evergreen holm
oak (Q. ilex) in Spain (Atiénzar et al. 2010, Maicas et al. 2011, 2012; but see Maicas et al.
2014). The reason might be that evergreen oaks are likely to host impoverished
phytophagous fauna (Mackenzie et al. 2014). Two species of oaks occur in our study site:
native English Oak (Q. robur) and Red Oak (Q. rubra), introduced from North America,
which might provide less food for Great Tits. First, introduced tree species usually host
less insect prey (Mackenzie et al. 2014). Second, when compared with other oak species,
Lepidoptera larvae avoid Red Oak leaves and grow slowly when fed on Red Oak (Foss and
Rieske 2003), breeding success of several songbird species is negatively associated with
Red Oak abundance, and Red Oaks are avoided as a bird nesting site (Newell and
Rodewald 2011). We treated all oak species together; low-quality Red Oaks may thus have
concealed positive effects of high-quality English oaks. However, when we repeated our
analyses with English Oaks only (n = 59 to 83 nests), our results did not change. Moreover,
English Oaks are ten times more abundant than Red Oaks in 20-m diameter circles around
Great Tit nests in our study site (English Oak: 83.1%, Red Oak: 9.6%, species not
determined: 7.2%, n = 954 trees). Therefore we believe that merging both oak species did
not compromise our results.

Second, other trees than oaks may provide invertebrate prey in densities similar to or even

higher than oaks. In Biatowieza forest in Poland, the load of caterpillars was highest on
hornbeams, followed by maples (Acer), limes, and oaks (Wesotowski and Rowinski 2006).
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In our study site, oaks usually provide more caterpillars than other tree species. However,
relative rank of tree species as a source of caterpillars changes in time, so that in some
years and some parts of the breeding season limes and hornbeams offer caterpillars in
densities similar to or even higher than oaks (Matysiokova and Remes, 2010; J. Matrkova,
unpublished data). At the same time, high variability within tree species in the amount of
caterpillars was observed both by us and in Bialowieza (Wesotowski and Rowinski 2006).
If variability in food availability among individual trees causes substantial overlap among
tree species, the effect of the variability among individual trees may conceal the average
effect of tree species. In such case, our two-year study might have not been sufficiently
long to find a positive effect of oaks. Accordingly, within the same study site, positive
effects of oaks are more apparent when analysing long-term data than in short-term
datasets (Wilkin et al. 2009, Hinks et al. 2015).

Compared to most of previous works reporting positive effects of oak density on titmice
breeding traits (Naef-Daenzer et al. 2004, Wilkin et al. 2007, 2009, Maicas et al. 2011,
2012, 2014, Parker et al. 2011, Mackenzie et al. 2014, Amininasab et al. 2016), our study
site offers more deciduous oaks and limes and hornbeams are also abundant in some
territories. Both lime and hornbeam may sometimes provide invertebrate prey in densities
comparable to oaks (see above). Titmice parents feeding their young were shown to work
harder only if density of tree species with high food supply around their nest decreased
below a threshold value of approximately 30 % (oaks, Hinsley et al., 2009, 2008). Thus,
availability of oaks may not be limiting in our study site, as they might be functionally
replaced by other tree species with high food supply.

Third, using cross-fostering early after hatching, we separated pre-hatching (genetic and
early maternal) and post-hatching (mostly environmental) effects. Parents of higher quality
may occupy territories with more oaks (but see Bell et all, 2014, who did not find any
relationship btw. male and female condition and no. of oaks). In that case, better growth of
nestlings in territories with more oaks (Wilkin et al. 2009, Bell et al. 2014, Mackenzie et
al. 2014) may be partly attributed to better genes. The absence of association between oak
availability and nestling performance in our study may then be explained by our better
experimental design. However, we consider this explanation unlikely, as we found no
association between oak availability and any of several breeding traits unaffected by our
cross-fostering experiment (nestbox occupancy, timing of egg laying, clutch and egg size,
and feeding rate).

Conclusion

Contrary to prevailing experience, local oak availability did not affect breeding traits of
Great Tit in our study site. We suggest that the role of oaks as an indicator of territory
quality may vary in time and depend on species composition of the forest. Other deciduous
trees (lime, hornbeam) may provide invertebrate prey in densities similar to oaks. In our
study site, both the number of oaks and limes is high and so oak availability may not limit
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Great Tit breeding; however, our results are limited to two years. Long-term studies
evaluating availability of both oaks and other deciduous trees may help better understand
the role of vegetation in local territory on breeding success in titmice. As the value of oaks
as a source of food may significantly vary among oak species, considering different oak
species may be rewarding in future studies.
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Fig. 1 Relationship between number of oaks within 20 m and 45 m (a) and 45 m and 75 m (b) from
nestbox, respectively. Histograms depicture the distribution.
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Fig. 2 Relationship between number of oaks within 20 m from nest box (X-axis) and breeding of Great Tit.
White and black circles represent results from years 2006 and 2007, respectively; grey circles represent results from years 2005 - 2011.



Table S1a The effect of the number of oaks within 20 m of nest on nestbox occupancy and the timing of egg laying in Great Tit

Nestbox occupancy (n = 110)

Laying date (n = 104)

Predictor Estimate (SE) t (P) Estimate (SE) t(P)
Intercept 2.95 (0.20) 0.16 (0.83)

Oak no. within 20 m >-0.01 (0.03) -0.1 (0.95) -0.06 (0.09) -0.7 (0.51)
Age of female** 2.29 (0.87) 2.6 (0.01)

Table S1b The effect of the number of oaks within 20 m of nest on Great Tit clutch size and average egg mass

Clutch size (n = 104)

Egg mass (n =102)

Predictor Estimate (SE) t (P) Estimate (SE) t(P)
Intercept 11.17 (0.31) 1.63 (0.02)

Year* -0.14 (0.29) -0.5(0.62) -0.01 (0.02) -0.4 (0.72)
Oak no. within 20 m <0.01 (0.03) <0.1 (0.99) <0.01 (<0.01) 0.6 (0.57)
Laying date -0.15 (0.03) -4.8 (<0.01) >-0.01 (<0.01) -0.6 (0.54)
Age of female** -0.44 (0.29) -1.5(0.14) 0.01 (0.02) 0.6 (0.58)

Table S1c The effect of the number of oaks within 20 m of nest on Great Tit feeding rate

Feeding rate (n = 65)

Predictor Estimate (SE) t (P)
Intercept -6.28 (24.81)

Year* -9.37 (4.68) -2.0 (0.05)
Oak no. within 20 m 0.61 (0.39) 1.6 (0.13)
Hatching date -0.02 (1.12) >-0.1 (0.98)
Age of female** <0.01 (3.91) <0.1(<0.99)
Age of male** 12.54 (3.98) 3.2 (<0.01)
Time of feeding 0.09 (1.27) 0.1 (0.95)
Temperature -0.09 (0.67) -0.1 (0.89)
Rainfall -0.02 (0.37)  >-0.1(0.96)
Brood size at day 6 4.56 (1.26) 3.6 (<0.01)




Table S1d The effect of the number of oaks within 20 m of nest on the growth and the intensity of immune response of Great Tit nestlings

Body mass (n = 59) Tarsus (n =59) Wing (n = 59) Immune response (n = 61)
Predictor Estimate (SE) t (P) Estimate (SE) t (P) Estimate (SE) t(P) Estimate (SE) t(P)
Intercept 15.44 (0.45) 22.18 (0.21) 4.55 (0.09) 40.50 (4.35)
Year* 1.80 (0.28) 6.5 (<0.01) 0.38 (0.13) 3.0 (<0.01) 0.39 (0.06) 6.9 (<0.01) 14.57 (3.79) 3.9 (<0.01)
Oak no. within 20 m <0.01 (0.03) 0.1 (0.89) <0.01 (0.01) 0.1 (0.96) >-0.01 (0.01) -0.3(0.81) 0.07 (0.39) 0.2 (0.86)
Hatching date -0.09 (0.06) -1.5(0.15) -0.01 (0.03) -0.5 (0.63) <0.01 (0.01) 0.1 (0.95) 1.91 (0.91) 2.1(0.04)
Age of female** -0.54 (0.27) -2.0 (0.05) -0.09 (0.12) -0.7 (0.46) -0.15 (0.05) -2.8 (0.01) 0.82 (3.86) 0.2 (0.83)
Age of male** -0.60 (0.30) -2.0 (0.05) -0.20 (0.14) -1.5(0.15) -0.18 (0.06) -2.9 (<0.01) -3.24 (4.03) -0.8(0.43)
Brood size manipulation -0.28 (0.07) -4.0 (<0.01) -0.04 (0.03) -1.2 (0.24) -0.05 (0.09) -3.3(<0.01) 0.43 (1.15) 0.4 (0.71)
Feeding rate <0.01(0.01) -0.1 (0.94) <0.01 (<0.01) 0.9 (0.37) <0.01 (<0.01) 1.2(0.23)
Condition 4.58 (2.50) 1.8 (0.07)

* Estimate for year 2006 (relative to 2007)

** Estimate for 1y old (relative to older) females/males

General linear models are shown. Type 3 tests are presented, numerator DF = 1. Body mass, wing length, and tarsus length were measured at brood

age of 14 days, the intensity of immune response from 13 to 14 days (hatching day = day 0). Hatching date and date of the first egg (laying date)
were centred within a given year.



Table S2a The effect of the number of oaks within 45 m of nest on nestbox occupancy and the timing of egg laying in Great Tit

Nestbox occupancy (n = 104) Laying date (n = 103)
Predictor Estimate (SE) t (P) Estimate (SE) t(P)
Intercept 2.96 (0.23) -0.04 (0.84)
Oak no. within 45 m >-0.01 (0.01) -0.4 (0.68) -0.01 (0.02) -0.3 (0.77)
Age of female** 2.20 (0.88) 2.5(0.01)

Table S2b The effect of the number of oaks within 45 m of nest on Great Tit clutch size and average egg mass

Clutch size (n =103) Egg mass (n =102)
Predictor Estimate (SE) t (P) Estimate (SE) t(P)
Intercept 11.00 (0.26) 1.63 (0.02)
Year* 0.06 (0.25) 0.2 (0.81) -0.01 (0.02) -0.4 (0.68)
Oak no. within 45 m <0.01 (0.01) 0.5 (0.64) <0.01 (<0.01) 0.7 (0.50)
Laying date -0.12 (0.03) -4.5 (<0.01) >-0.01 (<0.01) -0.6 (0.53)
Age of female** -0.35 (0.25) -1.4 (0.17) 0.01 (0.02) 0.5 (0.66)

Table S2¢ The effect of the number of oaks within 45 m of nest on Great Tit feeding rate

Feeding rate (n = 65)

Predictor Estimate (SE) t (P)
Intercept -5.71 (25.61)

Year* -9.66 (4.77) -2.0 (0.05)
Oak no. within 45 m 0.07 (0.10) 0.7 (0.46)
Hatching date -0.20 (1.13) -0.2 (0.86)
Age of female** -0.17 (4.02) >-0.1 (0.97)
Age of male** 11.48 (3.99) 2.9 (0.01)
Time of feeding 1.16 (1.32) 0.1 (0.91)
Temperature -0.15 (0.69) -0.2 (0.83)
Rainfall >-0.01 (0.37) >-0.1(<0.99)

Brood size at day 6 4.74 (1.28) 3.7 (<0.01)




Table S2d The effect of the number of oaks within 45 m of nest on the growth and the intensity of immune response of Great Tit nestlings

Body mass (n = 59) Tarsus (n =59) Wing (n = 59) Immune response (n = 61)
Predictor Estimate (SE) t (P) Estimate (SE) t (P) Estimate (SE) t(P) Estimate (SE) t(P)
Intercept 15.36 (0.45) 22.07 (0.20) 4.52 (0.09) 34.82 (4.11)
Year* 1.79 (0.28) 6.5 (<0.01) 0.37 (0.13) 3.0 (<0.01) 0.39 (0.06) 6.9 (<0.01) 14.21(3.61) 3.9 (<0.01)
Oak no. within 45 m 0.01 (0.01) 0.7 (0.47) 0.01 (<0.01) 1.7 (0.09) <0.01 (<0.01) 0.6 (0.55) 0.23 (0.10) 2.4 (0.02)
Hatching date -0.10 (0.06) -1.5 (0.13) -0.02 (0.03) -0.7 (0.52) <0.01 (0.01) <0.1 (0.98) 1.76 (0.87) 2.0 (0.05)
Age of female** -0.57 (0.27) -2.1(0.04) -0.13 (0.12) -1.0 (0.30) -0.16 (0.06) -2.9 (0.01) -0.53 (3.72) -0.1 (0.89)
Age of male** -0.58 (0.28) -2.0 (0.05) -0.17 (0.13) -1.3(0.19) -0.17 (0.06) -2.9 (0.01) -2.23 (3.75) -0.6 (0.55)
Brood size manipulation -0.28 (0.07) -4.0 (<0.01) -0.04 (0.03) -1.2(0.23) -0.05 (0.01) -3.3 (<0.01) 0.46 (1.10) 0.4 (0.68)
Feeding rate >-0.01 (0.01) >-0.1 (0.99) <0.1 (<0.01) 0.7 (0.50) <0.01 (<0.01) 1.1 (0.28)
Condition 4.96 (2.38) 2.1 (0.04)

* Estimate for year 2006 (relative to 2007)
** Estimate for 1y old (relative to older) females/males

General linear models are shown. Type 3 tests are presented, numerator DF = 1. Body mass, wing length, and tarsus length were measured at brood
age of 14 days, the intensity of immune response from 13 to 14 days (hatching day = day 0). Hatching date and date of the first egg (laying date)

were centred within a given year.



Table S3a The effect of the number of oaks within 75 m of nest on nestbox occupancy and the timing of egg laying in Great Tit

Nestbox occupancy (n = 104) Laying date (n = 103)
Predictor Estimate (SE) t (P) Estimate (SE) t(P)
Intercept 3.32 (0.29) -0.18 (1.03)
Oak no. within 75 m -0.01 (<0.01)  -1.7 (0.09) >-0.01 (0.01) >-0.1 (0.97)
Age of female** 2.17 (0.87) 2.5(0.02)

Table S3b The effect of the number of oaks within75 m of nest on Great Tit clutch size and average egg mass

Clutch size (n =103) Egg mass (n =102)
Predictor Estimate (SE) t (P) Estimate (SE) t(P)
Intercept 10.98 (0.31) 1.63 (0.03)
Year* 0.06 (0.25) 0.2 (0.82) -0.01 (0.02) -0.4 (0.69)
Oak no. within75 m <0.01 (<0.01) 0.4 (0.67) <0.01 (<0.01) 0.3 (0.81)
Laying date -0.13 (0.03) -4.5 (<0.01) >-0.01 (<0.01) -0.7 (0.52)
Age of female** -0.35 (0.25) -1.4 (0.17) 0.01 (0.02) 0.5 (0.60)

Table S3c The effect of the number of oaks within 75 m of nest on Great Tit feeding rate

Feeding rate (n = 65)

Predictor Estimate (SE) t (P)
Intercept -3.45 (26.24)

Year* -9.98 (4.79) -2.1 (0.04)
Oak no. within 75 m 0.01 (0.06) 0.2 (0.82)
Hatching date -0.18 (1.14) -0.2 (0.88)
Age of female** 0.25 (3.99) 0.1 (0.95)
Age of male** 11.46 (4.00) 2.9 (0.01)
Time of feeding 0.03 (1.33) <0.1 (0.98)
Temperature -0.19 (0.69) -0.3 (0.78)
Rainfall -0.02 (0.37) -0.1 (0.95)

Brood size at day 6 4.87 (1.28) 3.8 (<0.01)




Table S3d The effect of the number of oaks within75 m of nest on the growth and the intensity of immune response of Great Tit nestlings

Body mass (n = 59) Tarsus (n =59) Wing (n = 59) Immune response (n = 61)
Predictor Estimate (SE) t (P) Estimate (SE) t (P) Estimate (SE) t(P) Estimate (SE) t(P)
Intercept 15.49 (0.48) 22.08 (0.22) 4.54 (0.10) 35.86 (4.93)
Year* 1.81 (0.28) 6.5 (<0.01) 0.38 (0.13) 2.9 (<0.01) 0.39 (0.06) 6.9 (<0.01) 14.28 (3.73) 3.8 (<0.01)
Oak no. within 75 m >-0.01 (<0.01) -0.2 (0.88) <0.01 (<0.01) 1.0 (0.31) <0.01 (<0.01)  <0.1(0.97) 0.07 (0.05) 1.4 (0.17)
Hatching date -0.09 (0.06) -1.5 (0.15) -0.02 (0.03) -0.6 (0.57) <0.01 (0.01) 0.1 (0.94) 1.83 (0.89) 2.0 (0.05)
Age of female** -0.54 (0.27) -2.0 (0.05) -0.10 (0.12) -0.8 (0.42) -0.15 (0.05) -2.8 (0.01) 0.53 (3.80) 0.1 (0.89)
Age of male** -0.61 (0.28) -2.2 (0.04) -0.19 (0.13) -1.5 (0.15) -0.17 (0.06) -3.0 (<0.01) -2.86 (3.86) -0.7 (0.46)
Brood size manipulation -0.28 (0.07) -4.0 (<0.01) -0.04 (0.03) -1.2 (0.24) -0.05 (0.01) -3.3 (<0.01) 0.51(1.13) 0.5 (0.65)
Feeding rate <0.01 (0.01) 0.1 (0.90) <0.1 (<0.01) 0.8 (0.43) <0.01 (<0.01) 1.2 (0.24)
Condition 5.03 (2.48) 2.0 (0.05)

* Estimate for year 2006 (relative to 2007)
** Estimate for 1y old (relative to older) females/males

General linear models are shown. Type 3 tests are presented, numerator DF = 1. Body mass, wing length, and tarsus length were measured at brood
age of 14 days, the intensity of immune response from 13 to 14 days (hatching day = day 0). Hatching date and date of the first egg (laying date)
were centred within a given year.
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Abstract

Parents can strongly affect performance and phenotype, and thus reproductive prospects, of
their young. For instance, growth and survival of altricial nestlings critically depend on both
the quality and quantity of food provisioned by their parents. Vitamin E is an important
micronutrient with numerous functions in bird physiology. Moreover, it may interact with
other micronutrients, for example by replacing carotenoids in antioxidant protection of
macromolecules or directly protecting carotenoids from oxidation. Thus availability of vitamin
E may modify carotenoid availability for signaling and affect carotenoid-based coloration.
Yet, despite its potentially strong physiological effects, experimental studies of vitamin E
function in wild-living animals are rare. Here, we examined the role of vitamin E in the Great
Tit (Parus major Linnaeus, 1758) reproduction. We supplemented nestlings with vitamin E
and examined their growth, survival, intensity of immune response to a novel antigen
(phytohaemagglutinin), characteristics of carotenoid-based plumage coloration, and plasma
vitamin E and carotenoid levels. We found no detectable effects of increased vitamin E intake
on nestling growth, survival, immune responsiveness, coloration, and plasma lutein and y-
tocopherol concentration. In initially small nestlings, vitamin E supplementation increased
plasma [-tocopherol concentration compared to control nestlings. However, this effect was
significant only for the lowest dose of vitamin E. We conclude that 1. vitamin E is probably
not limiting the performance of Great Tit nestlings in our wild population; 2. the non-linear
relationship between vitamin E intake and circulating [I-tocopherol suggests an interaction
with other antioxidants and/or dose-depended changes in tocopherol distribution among
tissues.
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Introduction

In animals with parental care, offspring phenotype and performance often strongly depend on
the environment provided by parents. One of the most important aspects of this environment is
postnatal nutrition (Bernardo 1996; Price 1998). Both quality and quantity of food provisioned
by parents is crucial in determining nestling growth and survival (Perrins 1976; Martin 1987;
Massias and Becker 1990; Johnston 1993; Saino et al. 1997; Wright et al. 1998; Romano et al.
2006). At the same time, parental effort incurs costs to condition and survival of parents
(Knowles et al. 2009; Santos and Nakagawa 2012). Thus, parental strategies in terms of the
amount and composition of food supplied to the offspring must be balanced against parental
well-being to yield maximum fitness.

Besides energetic content and macronutrients, micronutrient composition is an important
aspect of the food provided by parents. Vitamin E is an important micronutrient with various
physiological functions. It is considered the most important antioxidant in cell membranes,
where it prevents oxidative damage by scavenging free radicals and thus breaks the chain
propagation of lipid peroxidation (Surai 2002). This is particularly important during the period
of rapid growth, when consumption of oxygen is high and production of cell-damaging free
radicals is therefore also high (Rollo 2002; Alonso-Alvarez et al. 2007; Kim et al. 2011).
Physiological effects of vitamin E further include its role in regulation of enzymes and gene
expression, signaling and membrane processes (Brigelius-Flohé 2009). Sufficient intake of
vitamin E has been repeatedly shown to condition normal avian development, functional
immune system, and reproduction (Surai 2002; Catoni et al. 2008).

Vitamin E is just one part of a complicated antioxidant system, which includes endogenous
antioxidants such as enzymes or uric acid, and dietary antioxidants including carotenoids and
vitamin E (Pérez-Rodriguez 2009). They do not act separately but form a complex web of
interactions. Competitive interactions between antioxidants may occur during absorption,
whereas positive interactions such as regeneration predominate inside tissues (Catoni et al.
2008). Like vitamin E, carotenoids are fat-soluble antioxidants. These two micronutrients thus
share similar absorption pathways and, moreover, interact in defense against oxidative damage
(Surai 2002; Catoni et al. 2008). Although in vivo antioxidant role of carotenoids in birds has
recently been questioned, its importance cannot be ruled out based on current evidence (Pérez-
Rodriguez 2009; Svensson and Wong 2011; Simons et al. 2012). In addition, positive effects
of carotenoids on avian health, especially in reproduction and immunity, have been firmly
established (Surai 2002; Catoni et al. 2008; Svensson and Wong 2011).

Besides their physiological functions, carotenoids serve as pigments giving yellow to red hues
to various animal structures (McGraw 2006). They cannot be synthesized by animals and thus
must be obtained from diet (Surai 2002). Due to the scarcity of carotenoids and/or other
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mechanisms of costliness (Olson and Owens 1998), carotenoid-based traits may serve as an
honest signal of individual quality (Olson and Owens 1998; Pérez-Rodriguez 2009).
Accordingly, carotenoid-based traits have been shown to reflect several aspects of health and
condition (Olson and Owens 1998; Hill 2006; Blount and McGraw 2008; Svensson and Wong
2011). Carotenoid coloration has been originally hypothesized to directly reflect the
availability of carotenoids as important antioxidants and thus advertise the ability of an
individual to deal with oxidative damage (von Schantz et al. 1999). Later, carotenoid-based
traits have been suggested to indicate concentration of colorless antioxidants such as vitamin
C or E, which protect carotenoids from oxidative bleaching and these may be allocated into
coloration. Under this hypothesis, carotenoids themselves do not contribute significantly to
antioxidant defense (Hartley and Kennedy 2004; Svensson and Wong 2011). Experimental
supplementation with colorless antioxidants affected carotenoid coloration of integument in
fish and birds (Bertrand et al. 2006; Pike et al. 2007; Pérez et al. 2008).

The effect of such supplementation on feather carotenoid coloration has produced conflicting
results. In three studies (Karu et al. 2008; Larcombe et al. 2010; Giraudeau et al. 2013)
supplementation with colorless antioxidant had no effect on feather coloration. However, in a
study carried out by Marri and Richner, feather coloration was enhanced (Marri and Richner
2014). Last, the intensity of carotenoid-based traits may signal the availability of carotenoids
for their non-antioxidant biological functions, such as immunomodulation or embryonic
development (Hartley and Kennedy 2004; Pérez-Rodriguez 2009; Simons et al. 2012).

Unlike in poultry, effects of vitamin E supplementation have rarely been tested in free-living
birds and results of the experimental studies published so far are ambiguous (de Ayala et al.
2006; Horak et al. 2007; Karu et al. 2008; Larcombe et al. 2010; Noguera et al. 2010; Losdat
et al. 2011; Noguera et al. 2011; Giraudeau et al. 2013; Plummer et al. 2013; Maronde and
Richner 2014; Matrkova and Remes 2014; Marri and Richner 2015). Here, we studied the
effects of vitamin E availability on offspring performance and coloration in an important
model bird species, the Great Tit (Parus major). We supplemented nestlings in a wild-ranging
population and subsequently evaluated the effect of vitamin E on nestling growth, survival,
immune responsiveness to a novel antigen, and carotenoid-based coloration. We expected
nestlings supplemented with vitamin E to be superior over control nestlings in all these
characteristics, i.e. to grow faster, to have higher survival, to mount stronger immune
response, and to show more intense yellow plumage than control nestlings. We also expected
that supplementation would increase the concentration of vitamin E and carotenoids in plasma
of nestlings.
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Materials and Methods

General fieldwork

This experiment 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 (7ilia spp.) and oak (Quercus spp.) with interspersed ash (Fraxinus
excelsior), common alder (4/nus glutinosa) and common hornbeam (Carpinus betulus). Nest-
boxes were placed about 1.5 m above ground. Design of the nest-boxes is described in more
details in Lambrechts et al. (2010), study site Olomouc. In addition to Great Tit, the nest boxes
were inhabited by Blue Tits (Cyanistes caeruleus), Collared Flycatchers (Ficedula albicollis),
and Nuthatches (Sitta europaea). Field work was carried out in 2009 and 2010 from early
April until mid June. We checked the nest-boxes daily to record laying of the first egg and
clutch completion. At the end of incubation, we visited nests once a day in late afternoon to
record hatching dates. The day when the first nestling hatched was considered as day 0 of
brood age.

At a brood age of two days we marked the nestlings by clipping down feathers on the head and
back for their further individual recognition. When the young were eight days old, we ringed
them with an aluminium ring. To assess the growth of nestlings, we weighted them at day 2
and 14 of brood age (referred bellow as day 2 and 14, respectively; likewise, day 5, 8, 11, 13
etc. refer to respective day of brood age). We chose the age of 14 days because pre-fledging
offspring mass is an important predictor of survival after fledging in the Great Tit (Perrins and
McCleery 2001). At day 14, we also measured nestlings” tarsus length, wing length, and the
length of the outermost (in 2010) or the second outermost (in 2009) right rectrix as an
indicator of feather development. We measured both rectrices on a subsample of 216 nestlings
and their lengths strongly correlated (r = 0.96). At the same time, we took from 10 to 15
yellow feathers from the upper right part of the breast of each bird for later spectrophotometric
analysis.

Nestlings were weighed on a digital balance to the nearest 0.05 g, tarsus and rectrix lengths
were measured with a digital calliper to the nearest 0.01 mm and wing length with a ruler to
the nearest 0.5 mm. All these measurements and blood sampling (see below) were done prior
to supplementation. We kept the handling of nestlings to a minimum, average manipulation
time ranged from 7 min at day 5 to 26 min at day 14. To avoid body heat loss in cold and wet
days in 2010, nestlings were kept on hand warming pads while out of the nest.

At day 13, we measured thickness of the right wing web of nestlings with a pressure-sensitive
gauge (model PK-1012E, Mitutoyo, Tokyo, Japan) and then injected it with 0.09 mg of
phytohaemagglutinin (L-8754, Sigma-Aldrich, St. Louis, MO, USA) in 25 uL of phosphate-
buffered saline. We re-measured the wing web 24 h later (mean time lag: —3 + 13.6 min, range
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—40 to +57 min). We always measured the wing web twice and took the average. The intensity
of immune response was quantified as the difference in wing web thickness between day 14
and day 13 of age.

Vitamin E supplementation

We used three dosages of vitamin E (see below) and a control. We distributed all treatments
among nestlings within each nest in a stratified random way. First, we chose four heaviest
nestlings from a nest and assigned each of them randomly to one of four treatments. We
repeated the procedure again always with four (or less) heaviest nestlings left in the nest,
unless all nestlings were assigned to a treatment. In this way, we ensured that all four
treatments were represented in each brood, and the number of nestlings in each treatment was
maximally balanced within a nest. At the same time, within each nest all treatments were
distributed among nestlings with different initial body mass.

We supplemented nestlings every third day: at day 2, 5, 8 and 11. To reduce the variability in
the age of supplementation and to avoid supplementation of very small nestlings, we
performed the first two supplementations in late afternoon. The supplementation started at
4:42 p.m. £ 1h31min and 3:06 p.m. = 2h15min [mean + SD] at day 2 and 5, respectively. For
logistical reasons, time of supplementation was more variable in older nestlings (start of
supplementation at 12:23 p.m. + 2h58min and 2:22 p.m. + 3h40min [mean + SD] at the age of
8 and 11 days, respectively).

Vitamin E includes several forms of tocopherols and tocotrienols. Of these, a-tocopherol was
repeatedly shown to have the highest biological activity (Surai 2002) and generally dominates
over other forms of vitamin E in avian tissues (Surai and Speake 1998; Karadas et al. 2005;
Ewen et al. 2006). However, the physiological role differs between each of the diverse forms
of tocopherol. In mammals, other forms of tocopherol and/or a mixture of several tocopherols
provide stronger specific health effect than a-tocopherol alone (Jiang et al. 2001; Hensley et
al. 2004; Saldeen and Saldeen 2005). Although this problem was mostly omitted in avian
studies, the same may be anticipated in birds. For example, in poultry, a high degree of
biodiscrimination was found between different forms of vitamin E at transition from the feed
to egg and also among embryonic tissues (Surai 2002). Further, in the free-living Hihi
(Notiomystis cincta) concentrations of a- and y-tocopherols in egg yolk and nestling plasma
responded differently to carotenoid supplementation (Ewen et al. 2006), Therefore,
supplementation with different tocopherols may result in different biological effects. Thus, we
decided to provide nestlings with a mixture of tocopherols rather than a-tocopherol alone.

Dosage was based on the amount of tocopherols presumably obtained by Great Tit nestlings
from natural diet at a given age. Caterpillars are the main food of nestlings in our population,
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comprising ca. 70% of food items (n = 68 nests; V. Remes, unpublished). As the concentration
of tocopherols in caterpillars was unknown at the beginning of our study, we used the
concentration in insects provided by Barn Swallows (Hirundo rustica) to their nestlings,
which was at the start of our study the only available estimate for a wild insectivorous bird
species: 3.93 nug/g of a-tocopherol and 0.51 pg/g of y-tocopherol (de Ayala et al. 2006). The
weight of food provisioned to Great Tit nestlings was estimated based on a study of Great Tits
in an oak wood (van Balen 1973), where young had growth curve similar to nestlings in our
population (V. Remes, unpublished). Food provisioned per nestling was estimated to be 1.10,
3.59, 6.24 and 6.65 g of insects at day 2, 5, 8 and 11, respectively (the value for day 11 is an
average of food provisioned in days 9, 10, 12 and 13, because the value stated by van Balen
for day 11 is extremely high). We prepared three concentrations of tocopherols. The lowest
dose (E1) was equal to the estimated daily amount of a- and y-tocopherol received in food, i.e.
we multiplied the estimate of food provisioned per nestling by the concentrations of
tocopherols in Barn Swallow diet. The concentration of the dose E2 was double of the E1 and
the concentration of the dose E3 was 8 x E1. The actual average mass-specific dosage for the
highest dosage (E3) averaged 14.0 mg total tocopherols per one kg of nestling body mass at
day 2 (SE =0.25, n = 189) and 20.9 mg/kg at day 8 (SE = 0.24, n = 183).

A caveat of this approach is that a recent study indicated that tocopherol content in the diet of
titmice nestlings might be higher than we estimated originally. Arnold et al (2010) showed
that some caterpillars contain substantially more a-tocopherol than aerial insects fed by Barn
Swallow parents to their nestlings (de Ayala et al. 2006, Arnold et al. 2010). However, we
believe that at least our highest dose E3 was relevant. First, our knowledge of vitamin E in
titmice natural diet is still limited to the one study by Arnold et al. (2010). That single study
was performed at different latitude and in different habitat compared to our study site and was
limited to five weeks in one year, three groups of invertebrates, and one form of tocopherol. In
addition, the concentration of tocopherol greatly varied among the three tested groups of
invertebrates and even between the two groups of caterpillars. Second, our dosage is
comparable to the doses which improved growth of Flycatcher nestlings (Matrkova and Remes
2014). Third, our dosage was sufficient to alter circulating tocopherols in Great Tit nestlings.
Thus, we think that our nestlings received biologically significant amounts of tocopherols.

To prepare the supplement, we used dl-a-Tocopherol (DSM Nutritional Products Ltd., Basel,
Switzerland) and Mixed Tocopherols 95 (DSM Nutritional Products, Inc., Parsippany, NJ,
USA). The Mixed Tocopherols 95 contains approximately 62% of y-tocopherol and 7% of a-
tocopherol, while the dl-a-Tocopherol consists of pure a-tocopherol. To reach the oy
tocopherol ratio of 7.71:1 found in the insects eaten by Barn Swallows (de Ayala et al. 2006),
we mixed the two sources of tocopherols in a ratio of 4.71 g of dl-a-Tocopherol to 1 g of
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Mixed Tocopherols 95. The Mixed Tocopherols 95 further contains approximately 29% of d-
tocopherol and a small amount of B-tocopherol. Thus, the final mixture consisted of 83.7% of
a-tocopherol, 10.9% of y-tocopherol, 5.1% of d-tocopherol and 0.3% of B-tocopherol.

At the beginning of each breeding season, we prepared stock solutions of each dosage in olive
oil, which was shown to have relatively low concentrations of both o- and y-tocopherols
(Herting and Drury 1963). Stock solutions were stored in dark glass bottles. To avoid any
unnecessary manipulation with the stock solutions, every 2 to 4 days we poured the working
solution into a 10 mL dark glass bottles. Both stock and working solutions were stored in 6 °C.
Every morning, the working solutions were shaken and poured into 1.5 mL eppendorf tubes
for field supplementation. In the field, the eppendorf tubes were kept in black plastic boxes
filled with polystyrene to avoid light and thermal degradation. Moreover, if many broods were
to be supplemented within one day, more boxes with a set of tubes had been prepared and a
single box was used for max. 3 hours. In this way we minimized the oxidation or soiling of the
oil. Feeding supplementation was performed by pipetting one of the three vitamin E dosages
or the control into each nestling’s mouth. Nestlings received 3.0, 9.8, 17.2 and 18.3 pl of oil at
day 2, 5, 8 and 11 respectively. To avoid cross-infection, the micropipette tip was never re-
used among broods.

Feather coloration

We wanted to test the effect of vitamin E supplementation on lutein deposition into feathers of
Great Tit young. Thus we performed a spectrophotometric measurement of the amount of
carotenoids in breast feathers. We quantified reflectance spectra of yellow feathers sampled
from the breast as in Matrkova and Remes (2012), except we took and averaged five readings
per nestling. As a measure of carotenoid content of feathers, we used carotenoid chroma. We
calculated it as (R790 — Raso) / R700, where Ry is reflectance at 700 nm and Ryso reflectance at
450 nm. Carotenoids present in Great Tit breast feathers (lutein, zeaxanthin) absorb most light
at around 450 nm and theoretical modelling showed that carotenoid chroma directly reflected
the amount of carotenoids in feathers (Andersson and Prager 2006). Carotenoid chroma
correlated positively with feather carotenoids also in field studies of the Great Tit (Isaksson et
al. 2008; Isaksson and Andersson 2008). We also calculated brightness, as this characteristics
derived from reflectance spectra was often used in previous studies. Brightness (Ravg) was
calculated according to Andersson and Prager (2006) as the reflectance averaged over the
interval from 320 to 700 nm.

Analysis of antioxidants

Blood sampling was conducted in 2010. We sampled nestlings at day 11 in the afternoon (at
2:52 pm = 3.5 h [mean + SD]). On cold and rainy days, larger broods were sampled in two
rounds to reduce the time nestlings spent out of nest. Blood samples of 20—50 ul were taken
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from the brachial vein into heparinized glass capillaries and immediately stored on ice. Within
less than 10 hours, we centrifuged the samples at 2800 g for 5 min, separated the plasma and
froze it at —20 °C. At the end of the season (4 to 41 days after sampling) the samples were
frozen at —70 °C.

To determine the effect of supplementation on antioxidant levels in plasma, we measured
plasma concentrations of a-tocopherol, y-tocopherol and lutein. Antioxidant extraction was
carried out according to Rupérez et al. (2004) with slight adjustments. Acetone was added to
plasma (5-10 pl) in ratio 5:1 (v/v), vortexted for 30 s, sonicated in ice for 5 min, and
centrifuged for 5 min at 5 °C at 2300 g. The supernatant was then analyzed by HPLC with
absorbance and fluorescence detection immediately after extraction. Samples were extracted
and analyzed in series of 9 to 11 and the order in the series did not affect the antioxidant
concentration (results not shown). Recovery of compounds was measured using both human
and Zebra Finch pooled plasma samples. These samples were spiked with known amount of
test compound and the extraction efficiency calculated. Extraction efficiency of tocopherols
and lutein was 82.4+2.25% and 81.5+4.31% respectively (mean + SE). Within-run precision
was assessed on 5 pul pooled Great Tit plasma samples (n = 5) and was 2.9% for a-tocopherol,
9.7% for y-tocopherol, and 5.5% for lutein. Between-run precision was assessed on 10 pl
human plasma samples (n = 8) and was 9.76% for a-tocopherol, 15.0% for y-tocopherol, and
12.8% for lutein.

We used a Spectra Model 4000 HPLC pump system with a Phenomenex 250%2 mm ID RP
Hydro column (Phenomenex, Macclesfield, UK) maintained at 40° C to determine carotenoid
and tocopherol composition of each sample. Analysis was conducted at a flow rate of 0.2
ml/min with a mobile phase of (A) methanol and (B) water/ethyl acetate (2.5:97.5) in a
gradient elution of 0 to 90% B over 20 minutes. Tocopherols were detected by Scanning
Fluorescence Detector model 474 (Waters, Elstree, UK) with excitation wavelength at 295 nm
and emission at 350 nm. Lutein was detected by a PhotoDiode Array (PDA) absorbance
detector model UV6000 (Thermo Fisher, Loughborough, UK) at 440 nm. Peaks were
identified and quantified by comparison with authentic standards (tocopherols: Sigma-Aldrich,
Poole, UK; lutein: Extrasynthése, Genay, France). All standard curves were linear (R* >
0.999) and were constructed within a range from 0.25 to 50 ng for y-tocopherol, from 5 to 250
ng for a-tocopherol, and from 5 to 250 ng for lutein.

Statistical analysis

We used linear mixed models (LMM) to identify the effects of vitamin E supplementation on
nestling growth, survival, immune responsiveness, plumage coloration, and plasma
antioxidants. The dependent variables were Body mass, Tarsus length, Wing length, Immune
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response, Plumage brightness, Plumage chroma, Plasma o-tocopherol, Plasma y-tocopherol,
and Plasma lutein (continuous variables) and Survival (binary variable). Year (2009 vs. 2010)
and Nest (ID of the nest) were entered as random factors.

All models included Vitamin E as a fixed factor. Vitamin E represented our experimental
treatment and was entered as a categorical variable with four levels: the control and doses E1,
E2, and E3. To control for the effect of season, all models included Hatching date as a
covariate. In Great Tits, breeding performance may peak in response to caterpillar availability,
being lower in early and late breeders (Naef-Daenzer and Keller 1999; Verboven et al. 2001).
Hence, a quadratic effect of season (Hatching date*Hatching date) was included in models
and was retained if statistically significant. Where relevant, the models also included /Initial
body mass to control for size differences among nestlings at the start of the experiment.
Further, we tested the interaction of Vitamin E with these two covariates. The interaction
Vitamin E*Hatching date may be relevant, as a-tocopherol content in caterpillars increases
over the course of the nesting season, but overall caterpillar availability decreases over season
(Arnold et al., 2010, J. Matrkova and V. Remes, unpublished). Thus, we expected that the
effect of supplementation might change over the season. We included the interaction Vitamin
Ex[Initial body mass, because nestling body mass at the first supplementation varied (mean 3.0
g, SE £ 0.03, range 0.97 to 4.8 g, n = 764). The dosage of vitamin E was held constant
irrespective of nestling size. Thus, smaller nestlings received relatively larger doses than larger
nestlings within the same treatment group. The interaction was fit to account for this
difference. We kept an interaction in a model only if statistically significant.

The model testing nestling immune responsiveness was controlled for Condition (residuals
from the regression of body mass [g] on tarsus length [mm], controlled for year). In the
models for nestling chroma and brightness, we included Feather length (length of rectix) as a
covariate to control for feather development in nestlings. We checked that the length of rectrix
correlated with the length of breast feathers used for color measurement on a subset of
randomly chosen nestlings (r = 0.67, P < 0.001, n = 50). Both Condition and Feather length
correlated with Initial body mass (Condition: r = 0.18, P < 0.001, n = 708; Feather length: r =
0.64, P <0.001, n = 708). Thus we did not include Initial body mass into models with either of
these two variables. Models testing the effect of supplementation on plasma tocopherols and
lutein further included Sampling time as a fixed effect. Sampling time represents the time of
day of blood sampling and accounts for any possible changes of plasma antioxidant
concentrations during the day (Horak et al. 2004).

We included only first broods into the study. We started supplementation of the whole Great
Tit population in our nest-boxes, with 795 nestlings in 86 broods (447 nestlings in 44 broods
in 2009 and 348 nestlings in 42 broods in 2010). Eleven extra nestlings that hatched after the
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first supplementation had been done were not included into the study. Sample size was
lowered due to nest abandonments (3 nests), mortality, missing data, and technical difficulties.
One extremely small nestling was excluded from all the tests on 14 days old young. The final
sample size differs among models, ranging from 562 to 764 nestlings in 77 to 83 nests (Table
1). Antioxidant concentration in plasma was measured in a subsample of 115 nestlings in 33
nests.

We fitted LMMs using SAS software. Continuous dependent variables were tested in the
procedure MIXED. Covariance parameters were estimated by REML (restricted or residual
maximum likelihood). We used the COVTEST statement to produce asymptotic standard
errors and Wald Z-tests for covariance parameter estimates of random effects. We tested
survival in the GLIMMIX procedure with Survival as binary dependent variable. We used
WALD statement to produce Wald Z test of estimates and asymptotic standard errors of
random effects. If appropriate, variables were checked for normal distribution. Residuals from
each model were checked to conform to the requirements of normal distribution, equal
variance, and linearity. To compare the size of effects both within and between models, we
used standardized regression coefficients. We standardized all continuous input variables prior
to statistical analysis by subtracting mean and subsequently dividing by one standard deviation
(Grafen and Hails 2002). Descriptive characteristics of non-standardized variables used in our
models are given in Table S5 in supplementary material.

We tested the effect of vitamin E supplementation on several traits of the same nestlings. Such
multiple testing with constant significance level (here, o = 0.05) increases the probability of
type 1 error, i.e. rejecting null hypothesis when it is true. To reduce this error, statistical
corrections of p-values such as Bonferroni correction are often recommended. However, we
decided to avoid these corrections. As we expected only small treatment effects and performed
rather large number of tests, the Bonferroni correction would lead to low statistical power.
Instead, we report standardized effect sizes with their standard errors and original p-values.
We provide results of full models including nonsignificant variables (except interactions).
Based on this information it is possible to interpret biological relevance of our results (Moran
2003; Nakagawa 2004; Forstmeier and Schielzeth 2011).
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Results

1. Growth and survival

Initial body mass did not differ significantly between treatment groups (R* < 0.01, F = 1.34, P
=0.26, n = 764). Vitamin E supplementation did not affect any of the measured morphological
traits: tarsus and wing length and body mass at day 14 or survival till fledging (Table 1, Table
S1 in supplementary material). The interaction between vitamin E supplementation and initial
body mass was statistically significant only for wing length. However, despite statistical
significance of this interaction (which was quite weak, p = 0.045), slopes of the four
treatments were very similar (Fig. 1). Moreover, none of the slopes of vitamin E supplemented
nestlings differed significantly from the slope of control nestlings (Table S1). Without the
interaction, the results of the model remained consistent, including the non-significant main
effect of vitamin E supplementation (p = 0.91; results not shown).

Nestlings that were heavier at the start of the experiment were also heavier at older age, grew
longer tarsi and wings, and had better survival till fledging. Nestling growth was also related
to season; nestlings hatched early in the season reached higher weight at day 14. All growth
parameters of nestlings and their fledging success also differed among nests (Table 1, Table
S1 in supplementary material).

2. Immune responsiveness

The intensity of immune response to a novel antigen (phytohaemagglutinin) was not affected
by vitamin E supplementation. The relationship between the immune response and season was
quadratic: the intensity of immune response reached maximum in nestlings that hatched in the
middle of the season. The intensity of immune response also increased with nestling condition
and differed among nests (Table 1, Table S2 in supplementary material).

3. Plumage coloration

Vitamin E supplementation affected neither brightness nor chroma of the carotenoid-based
plumage coloration of nestlings. Further, plumage coloration of nestlings did not change over
the season. Both brightness and chroma differed among nests and were correlated to feather
development. While nestling chroma decreased with growing feather length, nestlings with
longer feathers showed higher brightness (Table 1, Table S3 in supplementary material).

4. Plasma antioxidants

Concentrations of a-tocopherol, y-tocopherol, and lutein in nestling plasma were highly
positively correlated (a-tocopherol with y-tocopherol: r = 0.71, p < 0.001; a-tocopherol with
lutein: r = 0.75, p < 0.001; y-tocopherol with lutein: r = 0.62, p < 0.001; n=115).
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We found statistically significant effect of an interaction of vitamin E supplementation with
initial body mass on plasma a-tocopherol concentration. Initially smallest nestlings
supplemented with the dose E1 were predicted to have up to 19.7 [1g/ml higher concentration
of a-tocopherol level compared to control nestlings. However, with growing doses (E2, E3)
the predicted slopes tended to get gradually closer to the slope predicted for control nestlings
(Fig. 2). Plasma y-tocopherol and lutein concentrations did not change in response to vitamin
E supplementation. However, there was statistically significant positive relationship between
nestling body mass at the beginning of supplementation and plasma lutein at day 11, when we
sampled blood (Table 1, Table S4 in supplementary material).

Concentrations of plasma antioxidants did not change over the season. Concentration of both
tocopherols, but not of lutein, increased during the day. Lutein concentration differed
significantly among nests, while concentration of both tocopherols did not (Table S4 in
supplementary material).

Discussion

We experimentally tested the effect of increased vitamin E intake on nestling performance in
the Great Tit, an important model bird species. Vitamin E supplementation did not affect
nestling growth, survival, immune response or carotenoid-based coloration. Our
supplementation modified nestling plasma o-tocopherol, but not y-tocopherol or lutein
concentration. The effect on plasma a-tocopherol depended both on dose and nestling initial
body mass.

Vitamin E supplementation did not affect growth and survival of Great Tit nestlings in our
population. Similarly, experimental vitamin E supplementation did not affect chick growth in
previous experiments in Great Tit (Maronde and Richner 2014; Marri and Richner 2014;
Marri and Richner 2015), Blue Tit (Larcombe et al., 2010), or in Yellow-legged Gull nestlings
(Larus michahellis; Noguera et al., 2010; Noguera et al., 2011). In contrast, tocopherol
supplementation enhanced growth, condition, and feather development in Barn Swallows ( de
Ayala et al., 2006), and improved growth in Collared Flycatchers ( Matrkova and Remes,
2014).

Species may differ in their response to increased vitamin E intake due to different tocopherol
availability in their natural diet (Catoni et al. 2008). Although both Barn Swallows and titmice
are insectivorous, Barn Swallows probably feed their nestlings with insects with much lower
tocopherol content in comparison with titmice (de Ayala et al. 2006; Arnold et al. 2010;
Larcombe et al. 2010). Vitamin E level in the diet of Collared Flycatcher nestlings is also
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likely to be lower and more variable than in Great Tits (Matrkovd and Remes 2014).
Consequently, vitamin E supplementation might be beneficial only in species with low-
vitamin E diet (Horak et al. 2007; Karu et al. 2008; Larcombe et al. 2010). Due to high a-
tocopherol content of caterpillar-rich diet, growth and survival of Great and Blue Tit nestlings
in the wild may not be substantially limited by vitamin E availability (Larcombe et al. 2010;
Marri and Richner 2015). Accordingly, the higher fledging probability of vitamin E
supplemented Great Tit nestlings, reported by Maronde and Richner (2014), might be due to
unusually severe weather in the breeding season. Importantly, egg yolk concentration of
vitamin E in our population of Great Tits is high in comparison to other Great Tit populations
and to other bird species (Biard et al. 2009; Remes et al. 2011), which might further lower the
demand for externally supplied vitamin E.

We did not find any effect of tocopherol supplementation on immune response to a novel
antigen in Great Tit nestlings. Similarly, Marri and Richner (2015) challenged immune system
of Great Tit nestlings by a lipopolysaccharide from E. coli. The swelling response to this
treatment did not depend on vitamin E intake. In adult Great Tit males, vitamin E
supplementation did not prevent a negative effect of experimental immune challenge on sperm
quality (Losdat et al. 2011). These results are in agreement with previous experiments on other
wild birds, namely Barn Swallow nestlings (de Ayala et al. 2006) and adult male Greenfinches
(Carduelis chloris; Horak et al., 2007). Thus, additional vitamin E may not play an important
role in boosting the immune system in wild-ranging birds, even in species where vitamin E
supplementation improves nestling growth (de Ayala et al. 2006). It is possible that even a
small amount of vitamin E in the natural diet is sufficient for proper immune functioning.
Alternatively, immune response to phytohaemagglutinin, used by us and both de Ayala et al.
(2006) and Horak et al. (2007), might not be the best way to assess the performance of the
immune system as suggested previously (Kennedy and Nager 2006). This seems to be in line
with results obtained in Ring-necked Pheasants (Phasianus colchicus), where vitamin E
supplementation in early development did not improve immune response to
phytohaemagglutinin injection but supplemented pheasants had reduced parasite load in
adulthood (Orledge et al. 2012).

Plumage carotenoid-based coloration of our Great Tit nestlings was not affected by increased
intake of vitamin E. Likewise, plumage coloration was unaffected by vitamin E
supplementation in Blue Tits (Larcombe et al. 2010), Greenfinches (Karu et al. 2008) and
House Finches (Haemorhous mexicanus; Giraudeau et al., 2013). On the other hand,
carotenoid coloration of Great Tit nestlings supplemented by a mixture of vitamin E and C in
another population increased over season, while the coloration of control nestlings decreased
(Marri and Richner 2014). Thus, vitamin E affected carotenoid coloration of feathers only
when supplemented together with vitamin C. Carotenoid coloration of feathers may thus have
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responded to increased availability of vitamin C, another colorless antioxidant (Hartley and
Kennedy 2004). Alternatively, vitamin E may affect coloration only in interaction with
vitamin C, which may for example recycle oxidized vitamin E (Barclay et al. 1983; Surai
2002).

Concentration of vitamin E in plasma of Great Tit nestlings responded to our vitamin E
manipulation. Initially small nestlings supplemented with the lowest dose of vitamin E showed
higher level of plasma o-tocopherol than control nestlings. The need of antioxidants may be
higher in initially smaller nestlings, as fast growth later in life may increase oxidative damage
(Mangel and Munch 2005; Alonso-Alvarez et al. 2007; De Block and Stoks 2008). Smaller
nestlings may then benefit more from supplementation than the larger ones. In our previous
study, initially smaller Collared Flycatcher nestlings grew longer tarsi if supplemented by
vitamin E (Matrkova and Remes 2014). However, we did not find any improvement in growth
in the Great Tit.

Vitamin E supplementation in previous studies had variable effects on circulating tocopherols
in wild birds. In one study (Pérez et al., 2008) it increased and in the other (Larcombe et al.,
2010) it showed no change in circulating tocopherols, and the effect also depended on season
(Giraudeau et al. 2013) or dose (de Ayala et al. 2006). In our experiment, only the lowest dose
of vitamin E significantly affected the relationship between initial body mass and plasma a-
tocopherol in growing Great Tits. Moreover, with higher doses circulating tocopherol tended
to get closer to the levels of control nestlings (Fig. 2). Similarly, in Barn Swallows, vitamin E
supplemented nestlings reached higher a-tocopherol concentration than control nestlings (de
Ayala et al. 2006). Moreover, circulating tocopherol level tended to be lower in nestlings
supplemented with lower vs. higher dose of vitamin E. At the same time, only lower dose of
vitamin E enhanced body mass, condition and feather growth in Barn Swallows. De Ayala et
al. (2006) suggested that the nonlinear effects migh be due to an interaction between vitamin E
and other nutrients and in higher doses migh alter overall antioxidant balance. However,
neither our results or those of de Ayala et al. (2006) found any damaging effect of higher
vitamin E doses on any measured parameter in nestlings.

Another possible source of these conflicting results might be a deposition of additional
vitamin to other tissues such as the liver, which is the main storage organ of vitamin E (Surai
2002). It thus seems that without knowledge of vitamin E levels in the liver and other organs,
plasma vitamin E might not be informative enough (Svensson and Wong 2011). However, so
far relationships between plasma and liver vitamin E levels in wild birds remain almost
unstudied. The only study examining simultaneously both plasma and liver vitamin E to our
knowledge was conducted on the Barn Swallow and here plasma and liver concentrations of
a-tocopherol were positively correlated (Moller et al. 2005). Overall, our current knowledge
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of how plasma vitamin E reflects its concentration in other tissues is incomplete, making the
interpretation of the response of plasma vitamin E levels to vitamin E supplementation
difficult.

In conclusion, we found no effects of vitamin E supplementation on growth, survival, immune
responsiveness and coloration of Great Tit nestlings. Vitamin E supplementation changed the
plasma concentration of tocopherol, but not of lutein. Our supplementation increased the
concentration of tocopherol in plasma of initially small nestlings. The effect faded with higher
doses, suggesting an interaction with other antioxidants and/or dose-depended changes in
tocopherol distribution among tissues. Vitamin E is probably not limiting when food contains
high levels of this micronutrient (Arnold et al. 2010; Marri and Richner 2015). As the
availability (and also probably needs) of vitamin E and other important micronutrients varies
greatly during the year (Catoni et al. 2008), it might be interesting to assess the effect of
supplementation in other parts of the year, for example during molt or in winter. Further
studies in species with low vitamin E availability in natural diet, such as aerial insectivores,
may bring more light on the physiological role of vitamin E in birds. To allow better inference,
more tissues and types of possibly interacting micronutrients should be analyzed
simultaneously (Cohen and McGraw 2009; Svensson and Wong 2011).
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Table 1 Summary of the effects of vitamin E supplementation on growth, survival, immune

response, coloration and plasma antioxidants in Great Tit nestlings.

Response variable Explanatory variables Sample size
i)
©
2 e
g 2
2 g 5 _
o g 5 25 I E E
© @ £ 7 N S O
T > o = T O
[ o '8 g = o w L C [
£ £ &a & § £ £ g £ ¢
£ 5 B £ o Tz
5 22 £ 5 585 5§ 3
E T € g & S £ £ £ Z Nestlings Nests
Body mass ns e e - - - NS ns ns e 709 80
Tarsus length ns ns e - - - NS ns ns e 709 80
Wing length e ns e - - e ns ns e 707 80
Survival ns ns e - - - NS ns ns e 764 83
Immune response ns e* - . - - - NS ns e 562 77
Plumage brightness ns ns - - - - ns ns e 703 80
Plumage chroma ns ns - - - - NS ns e 703 80
Plasma o- e« ns e - - e e ns - ns 115 33
tocopherol
Plasma y-tocopherol ns ns ns - - e ns ns - ns 115 33
Plasma lutein ns ns e - - ns ns ns - ° 115 33

Results are from linear mixed models. Result symbols: @ = statistically significant effect, ®* = significant
quadratic relationship, ns = not significant, - = not tested. Plasma antioxidants were measured at agel1 days,

other characteristics at age 14 days (hatching day = day 0).
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Fig. 1 Effect of vitamin E supplementation in Great Tit nestlings on the relationship between wing length
(mm) and initial body mass (g). Depicted are regression lines and residual data points. White, light grey, dark
grey and black points represent the control, dose E1, E2 and E3, respectively. Continuous variables were
standardized prior to statistical analysis by subtracting mean and subsequently dividing by one standard
deviation. Although the interaction was statistically significant (p = 0.045), none of the slopes for supplemented
nestlings significantly differed from the slope for control nestlings (all p > 0.076). E1, E2 and E3 stand for dose
1, 2 and 3 of vitamin E. For detailed results, see Table S1 in supplementary material.
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Fig. 2 Effect of vitamin E supplementation in Great Tit nestlings on the relationship between plasma o-
tocopherol (ug/ml) and initial body mass (g). Depicted are regression lines and residual data points. White,
light grey, dark grey and black points represent the control, dose E1, E2 and E3, respectively. Continuous
variables were standardized prior to statistical analysis by subtracting mean and subsequently dividing by one
standard deviation. Only the slope for nestlings receiving dose E1 significantly differed from the slope for control
nestlings (p = 0.009). E1, E2 and E3 stand for dose 1, 2 and 3 of vitamin E. For details, see Table S4 in
supplementary material.
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Table S1 The effect of vitamin E supplementation on Great Tit nestlings: Growth and survival

RESPONSE FIXED EFFECTS RANDOM EFFECTS
Body mass Effect Estimate SE DSF ) F P Effect Estimate SE % Var Wald's Z P
Intercept 0.08 0.352 Nest 043 0.075 46.2 5.7 <0.001
Initial body mass 0.28 0.024 664 137.6  <0.001 Year 0.23 0.349 247 0.7 0.251
Hatching date -0.28 0.080 78 11.9 <0.001 Residual 0.27 0.015 29.0 17.7
Vitamin E 628 0.2 0.872
Effect details for categorical variables Category Estimate SE DSE ) t P
Vitamin E E1 >-0.01 0.056 627 -0.1 0.945
E2 0.02 0.056 629 0.3 0.745
E3 -0.03 0.056 627 -0.5  0.607
Tarsus length Effect Estimate SE Den. DF F P Effect Estimate SE % Var Wald's Z P
Intercept 0.01 0.080 Nest 0.22 0.048 256 46 <0.001
Initial body mass 0.33 0.035 702 86.3 <0.001 Year 0 - - - -
Hatching date -0.11  0.061 77 3.2 0.077 Residual 0.64 0.036 744 17.7
Vitamin E 634 0.1 0.982
Effect details for categorical variables Category Estimate SE Den. DF t P
Vitamin E E1 -0.03 0.085 634 -0.3  0.749
E2 <0.01 0.086 635 <0.1 0.969
E3 <0.01 0.085 633 <0.1 0.987



RESPONSE FIXED EFFECTS RANDOM EFFECTS
Wing length  Effect Estimate SE Den. DF F P Effect Estimate SE % Var Wald's Z P
Intercept 0.01 0.093 Nest 0.22 0.044 42.3 5.1 <0.001
Initial body mass 0.73  0.040 683 826.0 <0.001 Year 0.01 0.022 1.9 0.4 0.356
Hatching date 0.05 0.064 67 0.6 0.451 Residual 0.29 0.016 55.8 17.5
Vitamin E 619 0.3 0.851
Vitamin E * Initial body mass 631 2.7 0.045
Effect details for categorical variables Category Estimate SE Den. DF t P
Vitamin E E1 -0.04  0.057 619 -0.6  0.537
E2 -0.03  0.058 620 -0.5 0.590
E3 0.01 0.057 619 0.1 0.920
Vitamin E * Initial body mass E1 0.06  0.056 631 1.1 0.259
E2 0.03  0.060 635 0.4 0.665
E3 -0.11 0.061 629 -1.8 0.076
Survival Effect Estimate SE Den. DF F P Effect Estimate SE Wald’'s Z P
Intercept 3.67 0.499 Nest 577 1.373 4.2 <0.001
Initial body mass 1.00 0.219 758 21.0 <0.001 Year 0 - - -
Hatching date -0.19  0.343 86 0.3 0.589
Vitamin E 758 0.3 0.859
Effect details for categorical variables Category Estimate SE Den. DF t P
Vitamin E E1 -0.24  0.513 758 -0.5 0.639
E2 0.25 0.564 758 04 0.658
E3 0.03  0.563 758 0.1 0.952

Linear mixed model. All data were standardized. For fixed effects, type 3 tests and denominator DF are presented, numerator DF = 3 for
Vitamin E and its interactions, numerator DF = 1 in all other cases. For random effects, covariance parameter estimates are presented
(REML method), % Var = % of explained variability. Body mass, wing and tarsus length were measured at brood age 14 days (hatching
day = day 0), survival at fledging. Response variable Survival is binomial, results for non-survived nestlings are presented. Sample size
ranged from 707 to 764 nestlings in 80 to 83 nests (see Table 1).



Table S2 The effect of vitamin E supplementation on Great Tit nestlings: Intensity of immune response to phytohaemagglutinin

RESPONSE FIXED EFFECTS RANDOM EFFECTS
Immune response  Effect Estimate  SE Den.DF F P Effect Estimate  SE % Var Wald's Z P
Intercept 0.23 0.234 Nest 0.14 0.041 14.3 3.4 <0.001
Hatching date 0.10 0.061 80 2.7 0.104 Year 0.09 0.137 9.2 0.7 0.257
Hatching date? -0.27 0.053 74 26.9 <0.001 Residual 0.75 0.048 76.5 15.5
Condition 0.12 0.047 386 6.7 0.010
Vitamin E 501 <0.1 0.990
Effect details for categorical variables  Category Estimate @ SE Den.DF t P
Vitamin E E1 <0.01 0.104 499 <0.1 0.984
E2 0.02 0.106 509 0.1 0.886
E3 -0.02 0.103 497 -0.2 0.844

Linear mixed model. All data were standardized. For fixed effects, type 3 tests and denominator DF are presented, numerator DF = 3 for
Vitamin E, numerator DF = 1 in all other cases. For random effect, covariance parameter estimate is presented (REML method), % Var =
% of explained variability. Immune response and condition were evaluated at brood age 14 days (hatching day = day 0). Sampe size: 562
nestlings in 77 nests.



Table S3 The effect of vitamin E supplementation on Great Tit nestlings: Carotenoid-based plumage colouration

RESPONSE FIXED EFFECTS RANDOM EFFECTS
Plumage
brightness Effect Estimate  SE Den.DF F P Effect Estimate SE  %Var Wald'sZ P
Intercept -0.05 0.090 Nest 0.18 0.042 185 4.2 <0.001
Feather length 0.25 0.041 653 35.4 <0.001 Year <0.01 0.014 0.3 0.2 0.429
Hatching date -0.05 0.068 63 0.6 0.455 Residual 0.77 0.044 81.2 17.7
Vitamin E 636 1.3 0.269
Effect details for categorical variables Category  Estimate  SE  Den.DF P
Vitamin E E1 0.15 0.094 635 1.6 0.120
E2 -0.03 0.095 637 -0.3 0.767
E3 0.03 0.094 634 0.3 0.777
Plumage
chroma Effect Estimate SE Den.DF F P Effect Estimate SE % Var Wald's Z P
Intercept 0.04 0.082 Nest 0.22 0.048 23.7 4.5 <0.001
Hatching date -0.06 0.062 80 1.1 0.304 Year 0 - - - -
Feather length -0.34 0.040 679 70.4 <0.001 Residual 0.71 0.040 76.3 17.6
Vitamin E 631 0.7 0.568
Effect details for categorical variables Category Estimate  SE Den.DF P
Vitamin E E1 -0.11 0.090 630 -1.2 0.215
E2 -0.02 0.091 632 -0.2 0.824
E3 >-0.01  0.090 639 >-0.1 0.972

Linear mixed model. All data were standardized. For fixed effects, type 3 tests and denominator DF are presented, numerator DF = 3 for
Vitamin E, numerator DF = 1 in all other cases. For random effects, covariance parameter estimates is presented (REML method), % Var
= % of explained variability. Feathers were sampled at brood age 14 days (hatching day = day 0). Sample size: 703 nestlings in 80 nests.



Table S4 The effect of vitamin E supplementation on Great Tit nestlings: Plasma antioxidants

RESPONSE FIXED EFFECTS RANDOM EFFECTS
Plasma Effect Estmate SE Den.DF F P Effect Estmate SE % Var Wald'sZ P
a-tocopherol
Intercept -0.30 0.178 Nest 0.09 0.090 10.3 1.0 0.156
Initial body mass 0.32 0.147 100 0.2 0.688  Residual 0.78 0.125 89.7 6.3
Hatching date 0.10 0.105 30 1.0 0.328
Sampling time 0.26 0.103 30 6.4 0.017
Vitamin E 97 1.5 0.218
Vitamin E * Initial body mass 101 2.9 0.041
Eﬁ?Ct details for categorical Category Estimate SE Den. DF t P
variables
Vitamin E E1 0.35 0.246 93 1.4 0.158
E2 0.47 0.236 98 2.0 0.050
E3 0.38 0.246 99 1.6 0.120
Vitamin E * Initial body mass E1 -0.66 0.248 95 -2.7 0.009
E2 -0.39 0.244 105 -1.6 0.116
E3 -0.07 0.227 100 -0.3 0.769
Plasma . . o .
ytocopherol Effect Estimate SE Den. DF F P Effect Estimate SE % Var Wald’'s Z P
Intercept -0.28 0.183 Nest 0.06 0.085 6.6 0.7 0.234
Initial body mass 0.08 0.099 100 0.7 0418  Residual 0.88 0.136 934 6.5
Hatching date -0.16  0.105 31 2.2 0.146
Sampling time 0.22 0.103 32 4.7 0.037
Vitamin E 102 1.3 0.264
Effect details for categorical Category Estimate SE  Den.DF t P
variables
Vitamin E E1 0.31 0.258 98 1.2 0.231
E2 0.49 0.248 103 2.0 0.051
E3 0.32 0.257 104 1.2 0.219



RESPONSE FIXED EFFECTS

RANDOM EFFECTS

Plasma lutein Effect Estimate SE Den. DF F P Effect Estimate SE % Var Wald's Z P
Intercept -0.32  0.181 Nest 0.22 0.100 24.6 2.2 0.013
Initial body mass 0.26 0.093 108 7.9 0.006 Residual 0.68 0.103 75.4 6.6
Hatching date 0.04 0.118 41 0.1 0.760
Sampling time 0.18 0.117 39 23 0.139
Vitamin E 98 1.5 0.213
Effgct details for categorical Category Estimate SE Den. DF t P
variables
Vitamin E E1 0.40 0.231 95 1.7 0.088

E2 0.43 0.225 100 1.9 0.056
E3 0.27 0.233 100 1.2 0.252

Linear mixed model. All data were standardized. For fixed effects, type 3 tests and denominator DF are presented, numerator DF = 3 for
Vitamin E and its interaction, numerator DF = 1 in all other cases. For random effects, covariance parameter estimates are presented
(REML method), % Var = % of explained variability. Plasma was analysed at brood age 11 days (hatching day = day 0). Sample size: 115

nestlings in 33 nests.



Table S5 Descriptive statistics of Great Tit nestlings variables used in the models

Variable Unit Mean SD n

Response variable Body mass g 16.8 1.55 711
Tarsus length mm 23.0 0.78 711
Wing length mm 51.1 3.15 709
Immune response mm x 0.01 70.2 274 562
Plumage brightness 32.8 6.51 706
Plumage chroma 0.5 0.07 706
Plasma a-tocopherol pg/ml 20.6 8.32 115
Plasma y-tocopherol pg/ml 0.7 0.32 115
Plasma lutein pg/ml 69.6 23.48 115

Covariate Initial body mass g 3.0 0.73 764
Initial body mass g 3.2 0.67 115
Hatching date order day 128.0 2.78 764
Hatching date order day 129.5 2.16 115
Condition 0.0 1.16 562
Feather length mm 19.3 2.77 709
Sampling time hh:mm 15:04 2:55 115

Initial body mass was measured at brood age 2 days (hatching day = day 0), plasma
variables at day 11 and other variables at day 14.
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Vitamin E improves growth of collared flycatcher Ficedula albicollis
young: a supplementation experiment

Jana Matrkova and Vladimir Remes$

J. Matrkovd (jana.matrkova@seznam.cz) and V. Remes, Dept of Zoology and Laboratory of Ornithology, Palacky Univ., 17. listopadu 50,
CZ-771 46 Olomouc, Czech Republic.

In altricial birds, the quantity and quality of food provided by parents is a crucial determinant of nestling performance.
Vitamin E is an important micronutrient with various physiological functions, including a positive role in the
antioxidant system. Suflicient intake of vitamin E has been shown to condition normal avian development in poultry,
yet, our knowledge of the role of vitamin E in free-living birds is limited. Thus, we experimentally examined the effects
of vitamin E on nestling development in the collared flycatcher Ficedula albicollis. We supplemented nestlings with
vitamin E and evaluated their growth and survival till fledging. Increased availability of vitamin E did not affect body
mass, wing length or survival, but improved tarsus growth. The effect of supplementation on tarsus length changed over
season and with initial body mass. Supplemented nestlings that were smaller at hatching and those that hatched later
in the season grew longer tarsi compared to the control. Our results suggest that 1) vitamin E may be limiting for the
development of collared flycatcher nestlings, 2) seasonal changes of vitamin E availability may affect breeding success of
collared flycatchers, and 3) increased income of vitamin E may improve growth of nestlings with bad start in life.

In altricial birds, nestling performance greatly depends on
the care provided by parents. One of the most important
parts of parental care is food provisioning (Bernardo 1996,
Price 1998). Nestling growth is determined by both the
quantity and quality of food they receive (Perrins 1976,
Martin 1987, Massias and Becker 1990, Johnston 1993,
Saino et al. 1997, Wright et al. 1998, Romano et al
2006). Besides energetic content and macronutrients,
micronutrient composition is an important aspect of the
quality of food provided by parents.

Vitamin E is an important micronutrient with various
physiological functions. It is considered the most important
antioxidant in cell membranes, where it prevents oxidative
damage by scavenging free radicals and thus breaks the
chain propagation of lipid peroxidation (Surai 2002). Apart
from its antioxidant role, vitamin E has also been suggested
to participate in the regulation of enzymes and gene expres-
sion, signalling and membrane processes (Brigelius-Flohé
2009). Sufficient intake of vitamin E conditions normal
avian development, functional immune system and repro-
duction (Surai 2002, Catoni et al. 2008).

Growing chicks are more likely to develop diseases related
to vitamin E deficiency than adult birds. When faced with
low vitamin E content in food, adult birds can prevent
depletion of their existing vitamin E pool by recycling
vitamin E molecules (Surai 2002). In contrast, growing
birds must gradually build up their vitamin E reserves from
food intake, which might be only partly offset by vitamin E

supply in the egg yolk. Moreover, antioxidant function of
vitamin E is probably particularly important for chicks dur-
ing the period of rapid growth, when consumption of oxy-
gen is high and production of cell-damaging free radicals
greater (Rollo 2002, Alonso-Alvarez et al. 2007, Kim et al.
2011, but see Garratt and Brooks 2012). This is supported
by studies showing that increased intake of vitamin E in
growing chicks may lower oxidative damage (Sodhi
et al. 2008, Noguera et al. 2011, Orledge et al. 2012)
and improve growth performance (de Ayala et al. 2006,
Noguera et al. 2011). Hence, vitamin E might be limiting
for growing chicks.

The necessity of vitamin E in reproduction and
chick development has been firmly established in poultry
(Surai 2002). However, studies on free-living birds are
rare and their results are ambiguous. Vitamin E supple-
mentation improved nestling growth in some studies
(de Ayala et al. 2006, Noguera et al. 2011), but in other
studies no such effect was found (Larcombe et al. 2010,
Noguera et al. 2010). Vitamin E supply in natural food,
and consequently the potential for vitamin E limitation, can
differ among species with differing food ecology and
foraging behaviour. To broaden the spectrum of species
studied, we experimentally studied the effect of vitamin E
availability on the performance of collared flycatcher
Ficedula albicollis nestlings. Collared flycatchers are forest-
dwelling songbirds, which hawk aerial prey as one of their
primary foraging techniques and thus differ from other
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common forest songbirds, (e.g. titmice, Parus, Cyanistes;
Perrins 1979). We supplemented nestlings with vitamin E
and evaluated their growth and fledging success. We
expected nestlings provided with extra vitamin E to grow
faster and survive better than control nestlings.

Material and methods

General fieldwork

This experiment 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 was dominated by lime 77lia spp. and oak
Quercus spp. with interspersed ash  Fraxinus excelsior,
common alder Alnus glutinosa and common hornbeam
Carpinus betulus. Nest-boxes were placed about 1.5 m above
ground. Design of nest-boxes is described in more detail in
Lambrechts et al. (2010), study site Olomouc. In addition
to collared flycatchers, the nest boxes were inhabited by
great tits Parus major, blue tits Cyanistes caeruleus, and nut-
hatches Sitta europaea. Field work was carried out in 2008
from late April until June. We checked the nest-boxes daily
to record laying of the first egg and clutch completion. At
the end of incubation, we visited nests once a day to record
hatching dates. The day when the first nestling hatched was
considered as day 0 of brood age.

At a brood age of two days we marked the nestlings by
clipping down feathers on their head and back for further
individual recognition. When the young were eight days
old, we ringed them with aluminium rings. To assess the
growth of nestlings, we weighted them at day 2 and 14 of
brood age (referred bellow as day 2 and 14, respectively) on
a digital balance to the nearest 0.05 g. At day 14, we also
measured their wing and tarsus length. Tarsus length
was measured with a digital calliper to the nearest 0.01 mm
and wing length with a ruler to the nearest 0.5 mm.
We measured nestlings at day 14 because pre-fledging
offspring size is an important predictor of survival after
fledging in collared flycatchers (Merild et al. 2001) and other
bird species (Gebhardt-Henrich and Richner 1998). We
kept the handling of nestlings to a minimum. To assess
fledging success, we noted each dead nestling found during
supplementation and checked nest-boxes for dead nestlings
after fledging.

Vitamin E supplementation

We used a control treatment and two dosages of vitamin E
(see below). We randomly divided nestlings within each
nest into three groups with the same number of nestlings, or,
if not possible (i.e. if the number of nestlings was not
divisible by 3), kept the difference in the number of nestlings
to one nestling only. Each of the groups was then randomly
assigned to one of the three treatments. In this way, we
ensured that all three treatments were represented in each
brood and at the same time the number of nestlings in each
treatment was maximally balanced within a nest. At the start
of the experiment, the mean (SD) number of nestlings
per nest was 1.6 (0.71) for the control and E1, and 1.7 (0.69)
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for E2 (mean brood size=4.9, SD=1.69, n=17). We
supplemented nestlings every third day: at day 2, 5, 8
and 11. To reduce the variability in the age of supplemen-
tation and to avoid supplementation of very small nestling,
we performed the first supplementation at day 2 in late
afternoon (start of supplementation at 5:17 pm * 1 h
41 min [mean=* SD]). For logistical reasons, time of
supplementation was more variable in older nestlings.

Vitamin E includes several forms of tocopherols and
tocotrienols. Of these, o-tocopherol was repeatedly shown
to have the highest biological activity (Surai 2002) and
generally dominates over other forms of vitamin E in
avian tissues (Surai and Speake 1998, Karadas et al. 2005,
Ewen et al. 2006). However, the physiological role differs
between each of the diverse forms of tocopherol. Other
forms of tocopherol and/or a mixture of several tocopherols
provide stronger specific health effect than a-tocopherol
alone (Jiang et al. 2001, Hensley et al. 2004, Saldeen
and Saldeen 2005). Therefore, supplementation with differ-
ent tocopherols may result in different biological effects.
Thus, we decided to provide nestlings with a mixture of
tocopherols rather than o-tocopherol alone.

Vitamin E dosage was based on the amount of
tocopherols presumably obtained by collared flycatcher nest-
lings from natural diet at a given age. The concentration of
tocopherols in collared flycatcher diet or in the diet of any
other passerine with similar ecology was unknown at the
beginning of this study. Hence, we used the concentration
in insects provided by barn swallows to their nestlings:
3.93 ug g~ ! of a-tocopherol and 0.51 pig g~ ! of y-tocopherol
(de Ayala et al. 2006). The amount of insects eaten by the
nestling was calculated as in de Ayala et al. 2006. As we
had no information on nestling body growth in our fly-
catcher population, we used the growth curve from a
nearby population (Krist et al. 2004). As the basis for our
calculations, we used original data kindly provided by
M. Krist (the data are now available in their full form at
Dryad Digital Repository, doi: 10.5061/dryad.1758).

Based on these calculations, we estimated the daily
food intake per nestling as 7.1, 13.8, 18.0 and 18.1 g of
insects at days 2, 5, 8 and 11, respectively. We prepared two
concentrations of tocopherols. The lower dose (E1) was
equal to the estimated daily amount of ¢~ and y-tocopherol
received in food, i.e. we multiplied estimated food provi-
sioned per nestling by the concentrations of tocopherols
in barn swallow diet. The concentration of the higher dose
(E2) was double that of E1. A caveat of this approach is that
more recent studies indicated that tocopherol content in
the diet of collared flycatcher nestlings might be higher than
we estimated originally. Arnold et al. (2010) showed
that some caterpillars contain from about 10-fold (Erannis
larvae) to 30-fold (Operophtera larvae) more oO-tocopherol
than aerial insects fed by barn swallow parents to their
nestlings (de Ayala et al. 2006, Arnold et al. 2010). However,
for two reasons we still do not know the true vitamin E con-
tent of collared flycatcher nestlings’ diet.

First, despite decades of research, our knowledge of the
collared flycatcher nestlings’ diet is limited (for review see
Cholewa and Wesolowski 2011). Moreover, this diet may
greatly vary among years, habitats, early vs late broods, with
the age of chicks, and the actual availability of prey types



(Lohrl 1957, Bures 1986, 1995, Torok 1986, Torok and
Téth 1988, Kristin 1992). For example, the proportion of
caterpillars in nestling diet in these studies ranges from
3.6 to 47%; most often caterpillars form 20 to 30% of the
number of food items. Second, there has been so far only
one study of tocopherol content in the diet of nestlings in a
forest passerine (Arnold et al. 2010). That unique study
was performed in a different latitude and habitat and was
limited to five weeks in one year, three groups of inverte-
brates, and one form of tocopherol. In addition, the concen-
tration of tocopherol greatly varied among the three tested
groups and even between two groups of caterpillars.

Based on the limited knowledge, we guessed that the
diet of collared flycatcher nestlings could contain about 2- to
13-fold (on average 7-fold) more a-tocopherol than the diet
of barn swallow nestlings. Our estimate was based on the fol-
lowing assumptions about nestling diet: 1) the diet contains
4 t0 50% of caterpillars (on average 25%); 2) caterpillars are
the main source of tocopherols, 3) caterpillars contain
about 100 g g=! o-tocopherol with remaining diet items
contain 3.93 Ug g~ 1, and 4) o-tocopherol is the predominant
form of tocopherol.

To prepare the supplement, we used Aqua-E
(Yasoo Health, Johnson City, TN, USA). Agua-E contains
134 mg ml™' of natural form o-tocopherol, d-o-
tocopherol, together with 12 mg ml~! of y-tocopherol and
4.6 mg ml~! of other tocopherols and tocotrienols. To reach
the iy tocopherol ratio found in the insects eaten by barn
swallow nestlings (7.71:1; de Ayala et al. 2006), we further
used a microemulsion of dl-0-tocopheryl acetate in
water (prepared by DSL Food, Olomouc, Czech Republic).
As dl-o-tocopheryl acetate is considered to have lower bio-
logical activity than d-o-tocopherol, we multiplied the
amount of added dl-a-tocopheryl acetate by 1.49 (based on
international units, United States Pharmacopeia 1980).
Thus, the final mixture consisted of 79% of dl-ct-tocopheryl
acetate, 10% of d-o-tocopherol, 8% of y-tocopherol and
3% of other tocopherols and tocotrienols. Average mass-
specific dosage decreased with age. Dose E1 ranged from
25.0 mg of total tocopherols and tocotrienols per one kg of
nestling body mass at day 2 (SE=1.22, n=25) to 13.4 mg
kg=! at day 11 (SE=1.17, n=21). Dose E2 was from
53.0 mg kg~! at day 2 (SE=3.27, n=27) to 24.7 mg kg™!
atday 11 (SE=0.54, n=22).

Vitamin E supplements were prepared by dissolving
the two sources of vitamin E in water. Because both our
sources of tocopherols were water-soluble, we assured the
supplement was homogenous. Thus, all nestlings within a
treatment received the same concentration of vitamin E,
whereas control nestlings received water only. Fresh solution
was prepared in the evening prior to supplementation
and kept in dark glass bottles at 6°C overnight. Every
morning, the solutions were shaken and poured off into
1.5 ml eppendorf tubes for field supplementation. In the
field, eppendorf tubes were kept in black plastic boxes filled
with polystyrene to avoid light and thermal degradation.
Feeding supplementation was performed by pipetting one of
the two vitamin E dosages or the control into each nestlings’
mouth. Nestlings received 8, 15, 20 and 20 pl of solution at
age 2, 5, 8 and 11 d, respectively. Due to extremely slow
growth in cold and rainy weather, six nestlings in two nests

were first supplemented at the age 3 d. To avoid cross-
infection, the micropipette tip was never reused among

broods.

Statistical analysis

To identify potential effects of vitamin E supplementation
on nestling growth and survival, we used linear mixed
models (LMM). The dependent variables were Body mass,
Tarsus and Wing at day 14 (continuous variable) and
Survival till fledging (categorical variable with two levels).
To control for the effect of common origin, Nest was entered
as a random factor. Our experimental treatment was
represented by a fixed factor Vitamin E. Vitamin E was
entered as a categorical variable with three levels — control,
dose E1 and E2. All models included Hatching date to
control for the effect of season, and Initial body mass
(body mass at the start of the experiment, i.e. day 2) to con-
trol for size differences among nestlings at the start of the
experiment. Initial body mass did not differ significantly
between treatment groups (R*<0.01, F=0.19, p=10.83,
n=79). All models also included Brood size at day 8 to
control for the intensity of sibling competition. In smaller
broods, sibling competition is usually reduced (Ricklefs
2002).

Further, we tested the interaction of Vitamin E with
these three covariates. The interaction Vitamin E X
Hatching date may be relevant, as o-tocopherol content in
caterpillars increases over the course of the nesting
season, but overall availability of caterpillars decreases over
the season (Arnold et al. 2010, our unpublished data).
Caterpillars form an important part of collared flycatcher
nestlings’ diet (Cholewa and Wesotowski 2011). Thus,
we expected that the effect of supplementation might
change over the season. We included the interaction
Vitamin E X Initial body mass because nestling body mass
varied (Initial body mass: mean 2.80 g, SE 0.08, range
1.3 to 4.3 g, n=282). The dosage of vitamin E was
held constant irrespective of nestling size. Thus, smaller
nestlings received relatively larger doses than larger nestlings
within the same treatment group. The interaction was
fit to account for this difference. The interaction
Vitamin E X Brood size was included to test whether the
effect of supplementation depended on the level of sibling
competition. We kept an interaction in the model only
if it was statistically significant. In the model with Body
mass as a dependent variable, we also included Tarsus as a
covariate. This approach tested nestling condition (i.e.
body mass controlled for tarsus length). However, we note
that results of the model without Tarsus (i.e. testing body
mass per se) were similar and are not presented here.

We started supplementation of the whole flycatcher
population in our nest-boxes in 2008, with 83 nestlings in
17 broods. Sample size was lowered due to nestling mortal-
ity, technical problems and missing data. The final sample
size was 15 broods with 63 nestlings for models with
body size and 74 nestlings for survival model. Descriptive
statistics of nestlings included in our study are provided in
Supplementary material Appendix 1, Table Al.

We ficted LMMs using SAS software. Continuous
dependent variables were tested in the procedure
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MIXED. Covariance parameters were estimated by REML
(restricted or residual maximum likelihood). We used the
COVTEST statement to produce asymptotic standard errors
and Wald Z-tests for covariance parameter estimates of ran-
dom effects. We tested survival in the GLIMMIX procedure
with Survival as a binomial dependent variable. We used
WALD statement to produce Wald Z tests of estimates and
asymptotic standard errors of random effects. Where appro-
priate, variables were checked for normal distribution.
Residuals from each model were checked to conform to
the requirements of normal distribution, equal variance,
and linearity. In order to be able to interpret tests of main
effects in the model with significant interactions (Tarsus
length model), we centred all continuous input variables
prior to statistical analysis by subtracting the mean.

We tested potential effects of vitamin E supplementation
on several traits of the same nestlings. Such multiple testing
with a constant significance level (here at 00 = 0.05) increases
the probability of type I error, i.e. rejecting the null hypo-
thesis when it is true. To reduce this error, statistical correc-
tions of p-values such as Bonferroni correction are often
recommended. However, we decided to avoid these correc-
tions. As we expected only small treatment effects and per-
formed rather large number of tests, the Bonferroni
correction would lead to low statistical power. Instead, we
report effect sizes with their standard errors and original
p-values. We provide results of full models including
nonsignificant variables (except nonsignificant interactions).
Based on this information it is possible to interpret bio-
logical relevance of our results (Moran 2003, Nakagawa
2004, Forstmeier and Schielzeth 2011).

Results

Tarsus length at day 14 was affected by vitamin E supple-
mentation and this effect changed both with the season and
with body mass at hatching (Table 1, Fig. 1). Although at
the beginning of the season control nestlings grew longer
tarsi than nestlings supplemented by the dose E1, towards
the end of the season the tarsus of an E1 supplemented
nestling was predicted to be 1.6 mm longer than the tarsus
of a control nestling (Fig. 1A). At the same time, initially
smaller nestlings grew longer tarsi when supplemented
compared to control ones. The model predicted that among
initially smallest nestlings E1 chicks would grow 1.5 mm
longer tarsi than control chicks (Fig. 1B). In both these
cases, tarsus length changed in response to
vitamin E supplementation similarly irrespective of the
dose (E1 vs E2). Besides interactions, overall effect of
vitamin E supplementation on tarsus length approached
statistical significance, with dose El being strongly
significant (Table 1). To make sure that our effects were not
driven by interactions, we re-ran the Tarsus model without
them. Results were similar: overall effect of vitamin E sup-
plementation approached significance (p=0.054) with
dose El being strongly significant (p=0.017, effect
size 0.546, SE 0.222). These findings confirm a beneficial
effect of vitamin E supplementation on tarsus growth.
Nestling body mass, wing length at day 14 and survival
till fledging were unaffected by vitamin E supplementation.
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However, nestlings with greater body mass at hatching
grew faster and survived better. Neither growth nor survival
of nestlings changed over the season (except in the case of
tarsus length described above). Growth and survival of
nestlings did not depend on brood size either. The only
exception was nestling body mass. Here, nestlings in larger
broods were in worse condition than nestlings in smaller
broods: the model predicted a body mass decrease of 0.57 g
per sibling when a positive correlation with tarsus length was
controlled for.

Nest identity explained a significant part of variability in
wing length and body mass (66.1 and 62.9%, respectively).
Tarsus length and survival till fledging were not significantly
affected by nest identity.

Discussion

We supplemented collared flycatcher nestlings with
vitamin E and evaluated their subsequent growth and fledg-
ing success. Our treatment affected tarsus length, but did not
alter nestling body mass, wing length or survival. Tarsus
length changed with increased vitamin E availability in a
season-dependent way and the change depended also on ini-
tial nestling body mass. Supplementation was most benefi-
cial (in terms of longer tarsi at the age of 14 d) for initially
smaller nestlings and nestlings that hatched later in the sea-
son. Thus, we showed that at least in some aspects vitamin E
is limiting in the development of collared flycatcher young.

Our supplementation affected tarsus length, but did not
affect body mass or wing length. We measured both
body mass and tarsus at brood age of 14 d. In the case of
body mass, this might have been too late, because nestling
collared flycatchers may reach their asymptotic mass earlier
(Bure$ and Weidinger 2003). Hence we cannot rule out that
the increased vitamin E intake affected the body mass of
nestlings earlier during growth. For example, we were not
able to detect whether nestlings from one of the treatment
groups reached their asymptotic mass earlier than nestlings
in other groups. This would agree with vitamin E supple-
mentation in barn swallows, where the positive effect of
vitamin E supplementation was restricted to a short period
of maximal growth (day 6 to day 12; de Ayala et al. 20006).

Inconsistent effects of vitamin E on different phenotypic
traits obtained here were found in previous experiments on
free-living birds too. In barn swallows, the situation was
the opposite of our findings: body mass, condition, and
feather length were affected by vitamin E supplementation,
while tarsus length was not (de Ayala et al. 2006). In
yellow-legged gull chicks, a beneficial effect of vitamin E
supplementation on chick body mass was also confirmed,
but only at the age of 8 d, not at younger age (Noguera
et al. 2010, 2011). In titmice, vitamin E supplementation
did not alter nestling growth and survival, regardless of nest-
ling age and morphometric traits in question (Larcombe
et al. 2010, Matrkovd et al. unpubl.). Thus, the effect
of increased vitamin E intake differs among species and
depends on the trait examined and the age of nestlings.

The positive effect of vitamin E on nestling growth
presented here and in the barn swallow (de Ayala et al.
2006) contrasts with the absence of any effect in titmice



Table 1. The effect of vitamin E supplementation on growth and survival of collared flycatcher nestlings.

Tarsus™ Fixed effect Estimate SE DF F p
Intercept —0.166 0.1540
Initial body mass 0.821 0.2141 52.4 4.6 0.04
Hatching date —0.162 0.0950 10.6 0.8 0.39
Brood size —0.072 0.0839 18.1 0.7 0.40
Vitamin E 43.9 3.0 0.06
Vitamin E X Hatching date 44.8 6.8 <0.01
Vitamin E X Initial body mass 45.3 4.5 0.02
Category Estimate SE DF t p
Vitamin E 1 0.459 0.1892 44.9 2.4 0.02
2 0.223 0.1826 43.6 1.2 0.23
Vitamin E X Hatching date 1 0.372 0.1036 45.0 3.6 <0.01
2 0.287 0.1026 47.7 2.8 <0.01
Vitamin E X Initial body mass 1 -0.737 0.3091 47.1 -2.4 0.02
2 —0.797 0.2955 44.7 —-2.7 <0.01
Random effect Estimate SE % Var Wald’s Z p
Nest 0.081 0.0773 19.8 1.1 0.15
Residual 0.329 0.0732 80.2 4.5
Wing Fixed effect Estimate SE DF F p
Intercept 1.809 4.3862
Initial body mass 0.352 0.0366 50.9 92.5 <0.01
Hatching date 0.015 0.0314 11.0 0.2 0.65
Brood size 0.014 0.0359 13.6 0.1 0.71
Vitamin E 45.7 0.8 0.46
Category Estimate SE DF t p
Vitamin E 1 0.054 0.0456 46.4 1.2 0.25
2 0.010 0.0437 45.2 0.2 0.82
Random effect Estimate SE % Var Wald’s Z p
Nest 0.037 0.018 66.1 2.0 0.02
Residual 0.019 0.004 33.9 4.7
Body mass Fixed effect Estimate SE DF F p
Intercept —13.685 24.2191
Initial body mass 0.515 0.2227 51.4 5.4 0.02
Hatching date 0.148 0.1736 12.4 0.7 0.41
Brood size —0.575 0.1999 15.5 8.3 0.01
Tarsus 0.437 0.1720 48.2 6.5 0.01
Vitamin E 46.5 0.3 0.75
Category Estimate SE DF t p
Vitamin E 1 —0.202 0.2865 47 .4 -0.7 0.48
2 —0.164 0.2632 45.9 -0.6 0.54
Random effect Estimate SE % Var Wald’s Z p
Nest 1.095 0.5178 62.9 2.1 0.02
Residual 0.646 0.1369 37.1 4.7
Survival Fixed effect Estimate SE DF F p
Intercept 98.316 79.9224
Initial body mass —4.884 2.0638 68.0 5.6 0.02
Hatching date —0.609 0.5510 335 1.2 0.28
Brood size —1.041 0.4863 48.7 4.6 0.04
Vitamin E 68.0 1.5 0.23
Category Estimate SE DF t p
Vitamin E 1 3.057 1.8960 68.0 1.6 0.11
2 2.480 1.6628 68.0 1.5 0.14
Random effect Estimate SE Wald’s Z p
Nest 1.533 2.0476 0.8 0.23

*Centred data (subtracted mean prior to statistical analysis).

Linear mixed model. For fixed effects, type 3 tests and denominator DF are presented, numerator DF =2 for Vitamin E and its interactions,
numerator DF =1 in all other cases. For random effects, covariance parameter estimates are presented (REML method), % Var=% of
explained variability. Body mass [g], tarsus length [mm] and wing length [cm] were measured at the brood age of 14 d (hatching day =
day 0). Response variable Survival is binomial, results for non-survived nestlings (13 out of 74) are presented. Sample size was 63 and
74 nestlings from 15 nests, for the models of growth and survival, respectively.
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Figure 1. Effect of vitamin E availability on tarsus length. Effect of vitamin E supplementation on collared flycatcher nestling tarsus
length at the age of 14 d (in mm) in relation to season (in days, A) and body mass at the start of experiment (in g, B). Depicted are
regression lines and residuals; white, grey and black points represents the control, dose E1 and E2, respectively. Continuous variables were
centred prior to statistical analysis by subtracting mean. In both cases, the slope of nestlings receiving doses E1 and E2 significantly differed

from the slope of control nestlings. For details, see Table 1.

(Larcombe et al. 2010, Matrkovd et al. unpubl.). The
difference in reactions of great tit vs collared flycatcher nest-
lings was found despite carrying out both studies in the same
forest. We think that this difference stems from different
nestling diet and different timing of breeding of these spe-
cies. Caterpillars are estimated to contain more 0-tocopherol
than aerial insects fed by barn swallow parents to their
nestlings (de Ayala et al. 2006, Arnold et al. 2010).
Caterpillars dominate both great and blue tit nestling diet
(Cholewa and Wesolowski 2011, Reme$ and Matysiokovd
2013), but their share of collared flycatcher nestling diet is
lower (Cholewa and Wesolowski 2011; see also Material and
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methods). Second, while tocopherol content of caterpillars
increases over season, availability of tocopherol-rich
caterpillars sharply declines towards the end of season
(Arnold et al. 2010). Thus, caterpillars are less available for
flycatchers, as flycatchers in our study site breed ca.
two weeks later than titmice (our unpublished data).
Correspondingly, caterpillars are replaced by other food
items in late broods (e.g. ants and flies, Lohrl 1957, 1976).
This fits into our results, where only nestlings from late
broods benefited from vitamin E supplementation. Thus,
we suggest the observed seasonal change in response to
vitamin E supplementation is likely to reflect the shift in



nestling diet, which leads to lower vitamin E availability for
late broods. Alternatively, but not exclusively, nestling
demand for tocopherol may increase over season (e.g. due to
increasing temperature or lower food quality — Perrins
1976).

We were surprised to find comparable effects of the two
doses of vitamin E (E2 was twice as concentrated as E1).
One explanation might be that El already provided an
optimal level of vitamin E supply and E2 was beyond the
saturation threshold (i.e. beyond the threshold where the
effect of vitamin E is dose-dependent). However, why
would not nestlings then suffer from an excess of vitamin E
in the E2-supplemented group? One possible explanation
is that the collared flycatcher is a generalist, capable of
using different foraging techniques and providing
nestlings with a variable diet. Depending on the immediate
food supply, parents can switch to different prey types
(Bures 1986, 1995, Torok 1986; see also Material and
methods). As there is a large difference in tocopherol con-
tent among different groups of invertebrates (de Ayala et al.
2006, Arnold et al. 2010), it is likely that the vitamin E
content of nestling diet varies considerably even within the
same habitat. It is thus possible that collared flycatcher
nestlings are adapted for variable tocopherol supply
stemming from variable diet supplied by parents. They
might thus have evolved a better mechanism to deal with
excess supply of vitamin E, which may not be absorbed or
may be excreted (Bramley et al. 2000).

Initially smaller nestlings benefited from vitamin E
supplementation, while initially larger nestlings did not. At
the same time, initial body mass was a strong determinant
of body mass in older age. Smaller nestlings may suffer
competitive disadvantage from their larger siblings, as parent
collared flycatchers do not allocate food according to nest-
ling size or condition, but according to begging intensity
(Rosivall et al. 2005). Recently, Moreno-Rueda (2007) sug-
gested that begging may increase oxidative stress. This idea
was supported by an experiment in yellow-legged gulls,
where vitamin E supplementation increased begging
intensity, especially in smaller chicks (Noguera et al. 2010).
Noguera et al. (2010) suggest that vitamin E alleviates the
oxidative cost of begging, which may enhance solicitation
and increase parental feeding effort, resulting in increased
growth in supplemented chicks. As at the same level of need
smaller chicks are more compromised in survival than larger
ones, they should consequently benefit more from more
intensive begging (Noguera et al. 2010). The need of
antioxidants may be also higher in smaller nestlings, as
catch-up growth may increase oxidative damage (Mangel
and Munch 2005, Alonso-Alvarez et al. 2007, De Block and
Stoks 2008). Consistently with this notion, supplementa-
tion of dietary antioxidants in free-living birds reduced
oxidative damage only in nestlings limited in their growth
by poor nutrition (Hall et al. 2010, Noguera et al. 2011).

Increased availability of vitamin E improved growth of
some flycatcher nestlings. Body size at around the time of
fledging is an important predictor of future fitness in
birds (Gebhardt-Henrich and Richner 1998). In the collared
flycatcher, a positive directional selection on tarsus length
was found (Kruuk et al. 2001). Thus, although our supple-
mentation did not affect fledging success, higher vitamin E

intake during early life may have resulted in higher post-
fledging survival and/or fertility of the young.

To conclude, vitamin E is limiting for collared flycatcher
nestlings during development. Experimentally increased
intake of vitamin E had a beneficial effect on rtarsus
growth in late broods and in initially smaller nestlings. Our
data thus suggest that increased vitamin E availability may
help to compensate for initial disadvantages among nest-
lings. Future studies would benefit from studying bird
species with diverse food preferences and foraging tech-
niques and from including estimates of long-term offspring
performance.
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Abstract

Background: Carotenoid plumage is of widespread use in bird communication. Carotenoid-based feather colouration has
recently been shown to be dependent on both pigment concentration and feather structure. If these two components are
determined differently, one plumage patch may potentially convey different aspects of individual quality.

Methodology/Principal Findings: We evaluated the effects of genetic and environmental factors on carotenoid-based
yellow breast colouration of Great Tit (Parus major) nestlings. By partial cross-fostering, we separated the genetic and pre-
natal vs. post-natal parental effects on both the structural and the pigment-based component of carotenoid-based plumage
colouration. We also simultaneously manipulated the post-hatching environment by brood size manipulation. The structural
component of nestling colouration reflected features of female colouration. On the other hand, the pigment-based
component was more affected by rearing conditions presumably representing food quality. While the structural component
was related to both origin- and environment-related factors, the pigment-based component seemed to be environment-
dependent only. These results support the notion that pigment-based and structural components of feather colouration are
determined differently.

Conclusions/Significance: Chromatic and achromatic components of carotenoid-based feather colouration reflected
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different aspects of individual quality and history, and thus may potentially form a multicomponent signal.

Citation: Matrkova J, Reme$ V (2012) Environmental and Genetic Effects on Pigment-Based vs. Structural Component of Yellow Feather Colouration. PLoS

Received November 18, 2011; Accepted April 4, 2012; Published May 10, 2012

Copyright: © 2012 Matrkova, Remes. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by Czech Ministry of Education (grant no. MSM6198959212; http://www.msmt.cz) and Palacky University (grant no. IGA
Prf_2012_021; http://www.upol.cz). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Signal design is a very important component of animal
communication. In visual signals, colouration and overall
patterning may be critical for signal efficiency [1]. Thus, factors
affecting individual components of a visual signal are of high
importance for our understanding of signal function and evolution.
In birds, plumage colouration is a conspicuous and versatile trait
with important signalling functions [2]. Both feather structure and
pigments can determine plumage colouration and are thus
important drivers of signal design and efficiency [3]. Structural
colours are generated by physical interaction of light waves with
tissue matrices, while pigment-based colours are determined by
molecular structure of the pigment and its density [4]. Interactions
between light-scattering tissue structures and pigment molecules
are common in animal colouration, but only one component is
typically considered at a time [5]. Accordingly, in behavioural and
evolutionary studies, structural and pigment-based plumage
colours have usually been treated as distinct. For example,
carotenoid-based colouration has been considered to be fully
pigment-based (e.g. [6-8]).

Carotenoids are frequently deposited into plumage causing
yellow to red hues [9].

However the colour properties of carotenoid-based plumage do
not depend solely on the carotenoid content. Recent research has

@ PLoS ONE | www.plosone.org

revealed that carotenoid-based feather colouration is produced by
the interaction of pigment and feather structure [3,10]. The
keratin feather structure uniformly reflects light across all
wavelengths, creating the white background. The yellow to red
chroma is produced by carotenoids that absorb light in a specific
area around 400-500 nm thus eroding reflectance in this
wavelength band. Carotenoids cannot produce yellow colour
without the white reflective background, because they do not
significantly reflect light themselves. A combination of the
reflectance of the white feather structure across all wavelengths
and the absorbance of specific wavelengths by carotenoid
pigments is therefore necessary to produce the yellow to red
chroma [3,10].

Experimental studies have firmly established plasticity of
carotenoid-based feather colours in relation to a variety of
environmental factors. They reflect the nutritional state of a bird,
its access to dietary carotenoids [11-13], parasite load and the
activation of the immune response [8,13] Carotenoid supplemen-
tation has shown that variation in carotenoid content in feathers
affects colour properties of these signals [10,14,15]. Similarly to
carotenoid-based colouration, colours based on feather structure
can be affected by hormones, parasites, nutritional conditions
during moult and the moult speed ([16-18,8,19-21]; but see [22]).
Thus a critical question arises as to what part of the carotenoid

May 2012 | Volume 7 | Issue 5 | 36640



signal plasticity is due to the variation in pigment content and what
part is due to the variation in feather structure. This leads to the
further query as to which factors drive variation in these two
components. These questions have been rarely investigated
[10,23,15,24].

Here we studied carotenoid-based feather colours of nestlings of
the Great Tit Parus major, which have become an important model
system for the investigation of signal function and plasticity. A
wide spectrum of environmental and genetic determinants of
carotenoid colouration have been evaluated in both Great Tit
[25-34,14,35-38] and the Blue Tit Cyanistes caeruleus [39—
42,31,43-48,33,21,49,50] offspring. However, only a few studies
discriminated between the structural and the pigment-based
component of carotenoid colouration in titmice [23,51,52,15,24],
or in any other species of bird [10]. Consequently, we lack a firm
understanding of the relative plasticity of these two components of
feather colouration. To our knowledge, no study to date has
assessed the genetic determination of these two components
separately in juvenal plumage.

Thus, here we evaluated effects of genetic and environmental
factors on both the structural and the pigment-based component
of yellow carotenoid-based breast colouration of Great Tit
nestlings. By partial cross-fostering, we separated the genetic and
pre-natal vs. post-natal parental effects on nestling plumage
colouration. We also simultaneously manipulated the post-
hatching environment by brood size manipulation to expose
nestlings to rearing conditions of different quality. Additionally, we
directly measured a number of environmental factors (hatching
date, egg yolk antioxidants, feeding rate of parents), as well as
carotenoid-based breast colouration of females. We analysed
possible effects of these factors separately on pigment-based and
structural components of nestling carotenoid-based colouration.
We show that the structural and the pigment-based component of
carotenoid-based colouration reflect different aspects of the
rearing environment and the genetic background of nestlings.

Methods

Ethics Statement

Standard methods in capturing and handling birds used in the
research of cavity-nesting passerines were used. Adults were
captured in the nest-box. They were handled for as short time as
possible to minimise any distress. The smallest number of feathers
possible to obtain reliable results were plucked, which was based
on a previous methodological study [53]. This study complies with
the current law of the Czech Republic. We had all necessary
permits for this study, and it was approved by the Ethical
Committee of Palacky University.

The study was permitted by: Project of experiment according to
Section 12, the Decree No. 311/1997 Coll., on the breeding and
use of experimental animals (Faculty of Science, Palacky
University Olomouc, ID 45979/2001-1020), ringing licence
(Vladimir Remes, ID 1051), the decision on the derogation
according to Section 5b (Conditions for Derogations in Protection
of Birds), the Act no. 114/1992 Coll., on Nature and landscape
protection (Without ID, approved by The Department of
Environment, Municipality of Olomouc).

Study Site

This work was conducted on three adjacent nest-box plots (188
nest-boxes in total, their design is described in [54] — study site
Olomouc) in a deciduous forest near Grygov (49°31'N, 17°19'E)
in the eastern Czech Republic. The forest is dominated by lime
Tilia spp. and oak Quercus spp. with interspersed ash Fraxinus
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excelsior, common alder Alnus glutinosa and common hornbeam
Carpinus  betulus. Nest-boxes were placed about 1.5 m above
ground. These nest-boxes were, besides Great Tits, inhabited by
Blue Tits, Collared Flycatchers Ficedula albicollis, and Nuthatches
Sitta europaca.

General Fieldwork

Field work was carried out in 2005 from early April until mid-
June when the nesting of Great Tits terminated. We checked the
nest-boxes every other day to record laying of the first egg.
Subsequently, we numbered the eggs with a water proof felt pen.
Before birds started the incubation we removed one egg from each
clutch. The order of the removed egg in laying sequence was on
average 4.2 (ranged 3 to 5). The removed eggs were weighed and
stored in —20°C for subsequent analyses.

One day after the clutch was completed we weighed the whole
clutch on a digital balance to the nearest 0.01 g. At the end of
incubation, we visited the nests daily to find out the day of
hatching. The day when the first nestling hatched was considered
the day O of the brood age. When the young were six days old, we
ringed them with an aluminium ring. On day 14, we measured the
right tarsus with a digital calipper to the nearest 0.01 mm, the
right wing (the longest primary) with a ruler to the nearest 0.5 mm,
and weighed the young on a digital balance to the nearest 0.1 g.
For each bird, we took from 10 to 15 yellow feathers from the
upper right part of the breast for later spectrophotometric analysis.

We captured females in 43 out of 46 nest-boxes during the
nestling period (the median age of the young = 7 days). Due to
time constraints, we were not able to capture males. We measured
the tarsus and wing length of the females, weighed them, and
removed breast feathers for the analysis in the same way as in the
young. We determined the age of the birds based on their plumage
as one year old or older [55].

When nestlings were eight days old (except 5 nests; range 6 tol0
days), we placed a video camera about five meters in front of each
nest-box on the ground. Parental activity was recorded for 90
minutes in the morning hours (from 7:30 to noon). We discarded
the first 15 min of recording and quantified the feeding rate per
hour.

Analyses of Yolk Antioxidants and the Feather
Colouration

We analysed the concentration of lutein, zeaxanthin, vitamin E
and vitamin A in the egg yolks as in [56]. Briefly, we extracted the
samples by acetone/methanol method and injected them into the
HPLC system. We used an Agilent 1100 Series HPLC system
(Agilent Technologies, Waldbronn, Germany). LC separation was
carried out on a Zorbax SB-CN rapid resolution (75x4.6 mm,
particle size 3.5 um), reversed-phase column (Agilent Technolo-
gies, USA). The mobile phase consisted of 0.05 mM (v/v)
ammonium formate and methanol. The flow rate was 0.7 mL/
min and typically 10 pL aliquots were injected into the column.
The column oven temperature was set at 30°C.

According to the standard procedure [57], we quantified the
reflectance spectra of yellow feathers sampled from the breast. We
used on average 10 feathers from each bird (10 = 3.1 feathers;
mean = SE) We used Avantes AvaSpec-2048 fiber optic
spectrometer 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 the reflected light stream and was
held perpendicular to the feather surface. Feathers were arranged
on a black, nonreflective surface so that they overlapped
extensively. We took three and five readings per a young and a
female, respectively, each from a different part of each set of
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feathers. We obtained reflectance (in %) from the wavelength of
320 to 700 nm in l-nm increments.

We wanted to test the effect of the origin and rearing
environment on both the pigment-based and the structural
components of the feather colouration of Great Tit young. To
assess the structural component of the feather colouration, we
calculated background reflectance of the feathers as the sum of
absolute reflectance between 575 and 700 nm [15]. In this area,
the light reflected by the feather structure is unaffected by the
carotenoid content, because carotenoids absorb light at lower
wavelengths [15,57]. Accordingly, experimental carotenoid ex-
traction from American Godfinch feathers only weakly affected
the reflectance above 575 nm [3,10]. The absolute carotenoid
chroma (-1 x(Ry00-515/R575-700)) represented the pigment-
based component of the colouration. Absolute carotenoid chroma
correlates with the carotenoid content of feathers [15]. For
convenience, we made the values of absolute carotenoid chroma
negative (see the multiplication by —1 above) so that the correlation
with feather carotenoid content was positive in sign. Accordingly,
our absolute carotenoid chroma was strongly positively correlated
with the carotenoid chroma (R;00— Ry4s0)/R700) of the feathers in
both the young (r =0.97, P<<0.001, n = 373) and females (r = 0.99,
P<0.001, n=43). At the same time, carotenoid chroma was
shown by theoretical modelling to directly reflect the amount of
carotenoids in feathers [57] and correlated positively with feather
carotenoids in the Great Tit in previous studies [14,35]. These
correlations suggest that our absolute carotenoid chroma was a
good indicator of the carotenoid content of yellow breast feathers.
Absolute carotenoid chroma correlated only weakly with back-
ground reflectance in nestlings (r=0.21, P<0.001, n=353) and
not at all in females (r=-0.06, P=0.71, n=43).

In statistical analyses, we used the average values of colour
characteristics calculated from the five readings from each set of
feathers for females and from the three readings for nestlings.

Cross-fostering and Brood Size Manipulation

One day after the first young in the clutch hatched, we
performed a partial cross-fostering experiment with simultaneous
brood size manipulation. Cross-fostering was performed between
pairs of nests — dyads. We assigned nest to dyads based on their
same hatching day and when possible also their same clutch size.
There was no difference in clutch size in 13 dyads, in 8 dyads nests
differed by one egg, and in 1 dyad by two eggs.

We weighed all young on a digital balance to the nearest 0.01 g.
Within the nest of origin, we ranked them according to their
weight from the heaviest to the lightest. Beginning either from the
first or the second heaviest nestling of each nest, we swapped every
other young between the two nests of the dyad. The rest of the
young stayed in their nests of origin. In this way, we exchanged
either even- or odd-ranked nestlings (according to the mass
hierarchy) within the dyad. The choice of odd- or even-ranked
nestlings to be exchanged alternated between subsequent dyads.
The mass hierarchy of nestlings after cross-fostering was kept close
to the original mass hierarchy before cross-fostering. The weight of
the cross-fostered and non-cross-fostered young on the day of
cross-fostering did not differ (LMM, nest of origin as a random
factor: Fy 336<<0.01, P=0.94).

We intended to manipulate brood size by two young. Thus,
during the cross-fostering, in one nest of each dyad we randomly
chose one extra nestling and took it also to the foster nest. In the
second nest of the dyad, we additionally randomly chose one
nestling not to be cross-fostered and left it in its nest of origin. In
this way we increased the brood in the second nest of the dyad by
two nestlings, leaving the first nest two nestlings short. The design
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of cross-fostering and brood size manipulation is available in
supplementary material (see fig S1). Brood size manipulation
significantly affected brood size on the day of feather sampling
(t test: ty40=7.67, p<0.001, R%=0.60, enlarged brood: 10.7%0.31
young; reduced brood 7.3%0.31 young; mean * SE) and nestling
size. Nestlings from enlarged broods were on this day lighter than
nestlings from reduced broods (16.21+0.169 g vs. 17.04+0.174 g;
LMM, nest of origin and nest of rearing as random factors:
Fi165=13.88, P=0.002), they had shorter tarsi
(22.66*0.073 mm  vs.  22.87%0.078 mm; I, 150=6.21,
P=0.024) and were in worse condition (-0.24%=0.134 wvs.
0.39%0.140; F,57;=18.7, P=0.002). On average the whole
process of cross-fostering took 13.4 minutes per nest-box (range
9 to 20 minutes). At the beginning of the cross-fostering
experiment, we marked the nestlings by clipping down feathers
on the head and back for their further individual recognition. In
cases with unequal brood size within the dyad, the procedure was
adjusted so that the result was the same as in dyads with the same
number of the young (i.e., mass hierarchy was kept similar to
original nests and brood size was manipulated by two young).
Larger broods become enlarged as often as smaller broods in
dyads with unequal brood size (4 and 5 cases, respectively).

Statistical Analyses

To identify effects of individual factors on the pigment-based
and the structural component of the nestling feather colour, we
fitted linear mixed models (LMM) with background reflectance and
absolute carotenoid chroma as dependent variables. Nest of origin and
Nest of rearing, both nested within the Dyad, and Dyad itself, were
entered as random factors. Dyad represented a matched pair of
cross-fostered nests and accounted for the variability due to the
pair of nests. Nest of origin accounted for any pre-cross-fostering
effects and included genetic effects, prenatal maternal effects and
environmental effects early after hatching up to one day of age
when cross-fostering took place. Nest of rearing accounted for post-
cross-fostering effects, i.e. the rearing environment including the
parental care.

As fixed factors, our models included background reflectance and
absolute carotenoid chroma of genetic and foster mothers, their age,
total feeding rate per capita (summed feeding rate of both parents per
hour per nestling at day 8), yolk antioxidants, and brood size
manipulation (categorical variable, level + or —). Brood size itself was
not included in the model, as it tightly correlated with both nestling
condition (r=-0.49, P<<0.001, n=42) and feeding rate per capita
(r=0.70, P<0.001, n=43). We wanted to avoid collinearity of
our predictors and thus we modelled possible effect of the brood
size by including these two factors. Yolk antioxidants were
represented by the first principal component (PCl) from a
principal component analysis (PCA). PCA was run on concentra-
tions (g g ) of vitamin A, vitamin E, lutein and zeaxanthin in egg
yolk, and PC1 explained 69.1% of the total variance (factor
loadings: vitamin A: 0.77; vitamin E: 0.76; lutein: 0.88;
zeaxanthin: 0.89; all factors logjo-transformed). The results for
models with PC1 did not differ from models where these
antioxidants were included separately (results not shown). The
model further included nestling condition (residuals from the
regression of body mass in g on tarsus length in mm at day 14)
and hatching date. To control for feather development in nestlings,
we included the feather length (average length of five breast feathers)
as a fixed factor. Background reflectance significantly correlated
with feather length (r=0.15, P=0.008, n = 296), whereas absolute
carotenoid chroma did not (r=-0,10, P=10.083, n =296).

Nestlings in four nests did not survive until the feather sampling
and final measurements. For the delayed feather development, we
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excluded from the analyses extremely small (n=4) nestlings and
nestlings hatched after cross-fostering (n=25). Further nestlings
were excluded from the analyses due to missing data (e.g. female
was not captured, unsuccessful antioxidant analysis etc.). As a
result, 296 nestlings in 40 nests and 21 dyads were included into
analyses.

We tested LMM with procedure MIXED in SAS. The
covariance parameters were estimated by the REML covariance
method. We used the COVTEST statement to produce asymp-
totic standard errors and Wald Z-tests for the covariance
parameter estimates. Variables were checked for normal distribu-
tion. Residuals from each model were checked to conform to the
requirements of normal distribution, equal variance, and linearity
[58]. To compare the size of effects both within and between
models, we used standardized regression coefficients. We stan-
dardized all continuous input variables by subtracting mean and
subsequently dividing by two standard deviations. Due to this
standardization, effect sizes for continuous and categorical factors
are directly comparable [59]. Finally, to compare mean effect size
of specific subsets of factors regardless of the direction of individual
effects, we summed absolute values of their standardized
regression coefficients. All statistical analyses were conducted in
SAS 9.2 (LMM) and JMP 7.0.1 (other tests and data transforma-
tions).

Results

Absolute carotenoid chroma of nestlings averaged —0.570
(SD =0.0681, n=296) while in adult females it averaged —0.493
(SD =0.0502, n =40). Background reflectance of nestlings was on
average 4459 (SD =1196.8, n = 296) whereas that of adult females
was on average 4651 (SD=711.1, n=40; Fig. 1).

Pigment-based Component of Feather Colouration

The absolute carotenoid chroma of nestlings increased during
the season. Nestlings reared by older females also had higher
absolute carotenoid chroma, indicating a higher concentration of
carotenoids in feathers. Neither the pigment-based nor the
structural component of the yellow breast feathers of rearing

Pigment vs Structure in Carotenoid Feather Colours

and genetic mothers predicted absolute carotenoid chroma of the
nestlings. Similarly, neither the concentration of antioxidants in
yolk nor the brood size manipulation affected absolute carotenoid
chroma of nestlings. Only small amount of variation in absolute
carotenoid chroma of nestlings was explained by the nest of
rearing or the nest of origin (Table 1, Fig 2).

Structural Component of Feather Colouration

Females with lower absolute carotenoid chroma and thus a
lower carotenoid content of the yellow breast feathers produced
nestlings with higher background reflectance. By contrast, a nearly
significant positive relationship was observed between background
reflectance of nestlings and absolute carotenoid colouration of the
foster female. Background reflectance of nestlings increased with
background reflectance of the rearing female, and was significantly
explained by the nest of rearing. No other examined factor was
significant (Table 2, Fig 2).

Pigment-based vs. Structural Component

Both pigment-based and structural components of nestling
carotenoid colouration were related to the environmental condi-
tions. However, the structural component of the feather coloura-
tion was also partially genetically determined. The pigment-based
component seemed to depend on the rearing conditions related to
food quality. By contrast, the structural component seemed to be
related to the female colouration and to the general rearing
environment which was not represented by the fixed factors
included in our study (Tables 1, 2; Figs 2, 3).

Discussion

In this study, we separated origin- vs. environment-related
determinants of both the structural and the pigment-based
components of carotenoid-based feather colouration. Great Tit
nestlings reared by older mothers and those that hatched later in
the season were more intensely yellow. Carotenoid chroma of
nestlings was independent of the colouration of both the rearing
and the genetic mother and of the antioxidant concentration in the
egg yolk. On the other hand, the structural component of nestling
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Figure 1. Reflectance curve of Great Tit yellow breast feathers measured by objective spectrophotometry. Mean value (= SE) for
females (n=40) and nestlings (n=296) is given. The wavelengths used to calculate absolute carotenoid chroma (-1 x (Rago—515/Rs75—700)) and

background reflectance (ZRs75—700) are highlighted in grey.
doi:10.1371/journal.pone.0036640.g001
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colouration was related to the feather colouration of both the
rearing and the genetic mother and to the nest of rearing, but not
to the hatching date, the feeding rate or egg yolk antioxidants.
Thus, the two components reflected different aspects of the
nestling environment and only the structural component was
related to the genetic/pre-natal factors. These results support the
notion that the pigment-based and the structural components of
feather colouration are determined independently [10,15].

The expression of carotenoid-based signals is likely to be
affected by a complex system of physiological trade-offs as well as
non-physiological costs and benefits (e.g. predation risk or social
interactions; see [60] for a review). However, the intensity of the
chromatic component of the carotenoid-based colouration has
been repeatedly shown to depend primarily on the carotenoid
content of feathers. This in turn depends on the carotenoid access
in the diet (see [7,8] for a review). Here we demonstrated that
carotenoid chroma of nestlings was related to two factors
presumably connected with the quality of the food delivered by
parents, namely the season and the age of rearing mother. Breast
feathers of Great Tit nestlings hatched later in the season are often
more yellow (e.g. [25,27,36]). This occurs despite the fact that the
carotenoid content in their main food, caterpillars, tends to be
stable or decrease in the season [61,62]. However in our
population, the concentration of egg yolk carotenoids increased
with the season [56] suggesting that the carotenoid supply may
have increased as well. Moreover, older foster mothers raised more
chromatic nestlings as compared to ly-old females, which could
suggest that they were able to supply the young with higher-quality
food. This is interesting in relation to a recent observation that
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Table 1. Linear mixed model explaining absolute carotenoid chroma of yellow breast feathers in Great Tit nestlings.
Effect Estimate SE Den. DF F P
FIXED EFFECT
Intercept —1.583 0.36 22.0
Absolute chroma of rearing mother 0.071 0.13 253 0.3 0,58
Absolute chroma of genetic mother 0.066 0.12 294 0.3 0.59
Background reflectance of rearing mother 24x10°° 82x107° 241 0.1 0.77
Background reflectance of genetic mother -6.3x107° 8.0x107° 31.5 0.6 0.44
Age of rearing mother* -0.032 0.01 25.5 6.0 0.02
Age of genetic mother* 0.016 0.01 323 15 0.23
Brood size manipulation** 0.005 0.01 17.6 0.3 0.59
Hatching date 0.009 25x1073 21.9 1.7 <0.01
Yolk antioxidants, PC1*** -1.8x107* 3.3x107 25.0 <0.1 0.96
Feeding rate per capita 0.007 46x1073 314 2.6 0.12
Nestling condition -0.001 47x1073 223.0 0.1 0.79
Feather length -0.007 24x1073 245.0 8.0 <0.01
RANDOM EFFECT Estimate SE % Var Walds Z P
Nest of rearing (Dyad) 24x107 2.8x107 53 0.9 0.20
Nest of origin (Dyad) 3.0x107 27x107 6.9 1.1 0.13
Dyad 2.7x107 3.7x107 6.2 0.7 0.23
Residual 0.004 33x107* 81.4
For fixed effects, type 3 tests and denominator DF are presented, numerator DF = 1 in all cases. For random effects, covariance parameter estimates are presented (REML
method). Likelihood ratio test of the overall significance of random effects: x*=15.09, DF = 3, P = 0.002. P-values of significant factors are in bold. Least squares means *
SE for nestling reared by 1y old females: —0.58+0.01, nestling reared by older females: —0.55+0.01.
*Estimate for 1y old (relative to older) females.
**Estimate for reduced (relative to enlarged) broods.
***PC1 of yolk antioxidants included the concentrations of vitamin A, vitamin E, lutein and zeaxanthin in egg yolk; all concentrations were logq,-transformed.
doi:10.1371/journal.pone.0036640.t001

Great Tits are able to discriminate food based on its carotenoid
content [63]. Despite the experimental evidence that food access is
critical for the expression of carotenoid-based colouration [64],
but in accordance with a similar study in nestling Great Tits [28],
we found no relationship between food quantity represented by
feeding rate, and nestling breast colouration. Thus, although the
prey biomass delivered to nestlings strongly increased with feeding
rates in our population (V. Remes, unpubl. data), it seems that the
amount of food provided by parents was not limiting for the
expression of nestling carotenoid colouration in our population. In
sum, we were able to identify the specific environmental factors
explaining variation in the chromatic component of the caroten-
oid-based signal, which were presumably related to the food
quality. This result agrees with previous studies (see [7,8] for a
review).

Carotenoid-removal experiments revealed that the white
structural background of carotenoid-coloured feathers is crucial
for the production of yellow carotenoid-based displays [3,10,15]. It
is produced by an incoherent scattering of all visible wavelengths
from a nanostructure of keratin and air vacuoles. Structural
colours have been suggested to have a limited condition-
dependence [4]. However experimental studies are rare and their
results are ambiguous (see [22] for details). Moreover, structural
colours are produced by a diverse set of nanostructures, which are
likely to differ in developmental mechanisms, so any generalization
among different anatomical systems should be made with caution
[4]. The reflectance properties of the structural white feather
background remained unaffected by the experimentally induced
fast moult in the Blue Tit [21] and the manipulation of food and
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Figure 2. Standardized effects of genetic and environmental factors on yellow breast colouration of Great Tit nestlings. Depicted are
regression coefficients (+ SE) of fixed factors from linear mixed models. Hatched bars depict effects of the genetic mother. Asterisks denote
significance at *p<<0.05, (*) p<<0.06. ACC = absolute carotenoid chroma, BR = background reflectance. Parameter estimates are given for 1y old
(relative to older) females and reduced (relative to enlarged) broods. Only fixed effect are included (a significant part of background reflectance is
explained by nonspecific environmental conditions, represented by the random effect of the nest of rearing).
doi:10.1371/journal.pone.0036640.g002

Table 2. Linear mixed model explaining background reflectance of yellow breast feathers in Great Tit nestlings.

Effect Estimate SE Den. DF F P

FIXED EFFECTS
Intercept -6258.48 7031.07 235
Absolute chroma of rearing mother 5306.85 2703.22 36.1 3.8 0.06
Absolute chroma of genetic mother -5307.99 1757.94 23.1 9.1 <0.01
Background reflectance of rearing mother 0.52 0.18 31.5 8.6 <0.01
Background reflectance of genetic mother -0.05 0.12 25.6 0.2 0.68
Age of rearing mother* -208.08 284.71 333 0.5 047
Age of genetic mother* 298.35 184.96 26.6 2.6 0.12
Brood size manipulation** 230.24 226.02 19.8 1.0 0.32
Hatching date 62.26 49.56 234 1.6 0.22
Yolk antioxidants, PC1*** 1.18 46.69 19.2 <0.1 0.98
Feeding rate per capita -11.28 96.12 36.0 <0.1 0.91
Nestling condition 79.14 77.00 241.0 1.1 0.30
Feather length 3.29 38.62 261.0 <0.1 0.93

RANDOM EFFECTS Estimate SE % Var Walds Z P
Nest of rearing (Dyad) 297099 153221 226 1.9 0.03
Nest of origin (Dyad) 11262 46395 0.9 0.2 0.40
Dyad 86195 140129 6.5 0.6 0.27
Residual 922179 84174 70.0

For fixed effects, type 3 tests and denominator DF are presented, numerator DF = 1 in all cases. For random effects, covariance parameter estimates are presented (REML

method). Likelihood ratio test of the overall significance of random effects: x>=39.9, DF =3, P<0.001. P-values of significant factor are in bold.

*Estimate for 1y old (relative to older) females.

**Estimate for reduced (relative to enlarged) broods.

***PC1 of yolk antioxidants included concentrations of vitamin A, vitamin E, lutein and zeaxanthin in egg yolk; all concentrations were logq,-transformed.

doi:10.1371/journal.pone.0036640.t002
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Figure 3. Overall effects of the rearing environment and
rearing vs. genetic mother on colouration of Great Tit
nestlings. Depicted are means (+ SE) of absolute values of
standardized regression coefficients (see Fig. 2) to compare overall
effect size regardless of effect direction. Environment includes hatching
date, brood size manipulation and per-capita feeding rates. Effects of
the rearing and the genetic mother include their age and colouration
(absolute carotenoid chroma and background reflectance). Only fixed
effect are included (a significant part of background reflectance is
explained by nonspecific environmental condition, represented by the
random effect of the nest of rearing).
doi:10.1371/journal.pone.0036640.g003

carotenoid intake in the American Goldfinch Carduelis tristis [10].
By contrast, Great Tit nestlings raised in experimentally reduced
broods developed the breast plumage with higher reflectance of
the white background structure compared with nestlings from
control broods [15]. Dark-eyed Juncos Junco hyemalis on a high-
protein diet also grew brighter white tail patches than individuals
on a low-protein diet [19]. Contradictory findings of experimental
studies conducted up to now may reflect interspecific differences in
condition-dependence, differences between the juvenal plumage
([15], this study), the first basic plumage [21], the first alternate
plumage [10] and the feathers replacing removed feathers [19], or
they may reflect sex-specific effects ([10,19] studied only males,
whereas [21,15] studied both sexes). We found that the reflectance
of the achromatic component of Great Tit nestlings was related to
both the rearing environment and attributes of the genetic mother
(her carotenoid chroma). Currently, we are not able to explain the
mechanism of the antagonistic effect of the rearing vs. the genetic
mother chromatic colouration on the nestling achromatic com-
ponent. A substantial proportion of the variance in the structural
component was explained by the random factor of the nest of
rearing. Thus, in contrast with the pigment-based component, we
were not able to identify specific factors explaining the structural
component. This is especially puzzling in the case of brood size
manipulation. Although it affected growth of the nestlings (see
above), it had no effect on nestling colouration. It seems that
structural component of nestling colouration is affected by
environmental factors impacting other parameters of nestlings
than body size (e.g. certain physiological systems). Overall, our
results suggest that in our population the nestling feather
colouration is under the control of both environmental and
genetic/pre-natal effects.

Pigment-based and structural components of the carotenoid-
based colouration are in our population of Great Tits subject to
different levels of the environmental vs. the genetic/pre-natal
determination. This may be mediated by a single coloured patch
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drawing from distinct biochemical pools, e.g. diet-derived carot-
enoids and synthesized keratins [5]. Hence, a single carotenoid
patch may serve as a multicomponent signal, simultaneously
conveying different aspects of the individual quality and history
[65,3,10,66,52,15,24]. Display of multicomponent signals may
provide a variety of benefits, including conveying more informa-
tion to the receiver or an improvement of efficacy of transmission,
reception, and processing of signals (see [67] for a review).
However, it is important to stress that the two components can
interact in a complex way and that multicomponent signals can be
fully understood only by investigating their components simulta-
neously [68,69]. For example, the brightness of feather structure
interacts with its carotenoid content in colour production. High
carotenoid concentration may produce intensive chroma only if
the underlying feather structure is sufficiently reflective. Alterna-
tively, if the structural component is very bright, this might make it
necessary to add more carotenoids to the feather to get the same
carotenoid chroma as in a feather with low structural reflectance.
Thus, production of the most chromatic yellow signal might
require a balance between these two components of colouration.
These and similar questions remain virtually unexplored. Howev-
er, the potential for the two components to interact in producing a
visual signal is given by the perception system of birds, 1.e., to what
extent birds perceive the two components separately versus as one
visual signal (e.g. [24]).

Juvenal coloration of Great Tit young became an important
model system in the investigation of the expression of carotenoid
colouration. However, it is important to note two caveats. First, it
is not sure what the current function of the yellow breast
coloration in Great Tit nestlings might be. Since breast feathers
are moulted in autumn before subsequent breeding season [55],
sexual selection cannot play a role. Juvenal breast coloration does
not seem to affect parental favouritism when feeding the nestlings
in the Great Tit ([70,71], but see [72]). Similarly, there seems to be
no natural selection on this trait after leaving the nest, at least in a
Swiss population [73]. The possibility of correlated selection
through adult plumage was also ruled out by the lack of correlation
between juvenal and adult yellow breast coloration in the same
population [28]. Second, extrapolation of results from the study of
juvenal coloration to adult coloration might be troublesome.
Studies of adult yellow coloration in titmice differ in the role they
ascribe to genes versus environment in determining the expression
of this trait (Great Tit [24,38]; Blue Tit [43,44]), which makes
direct comparison with the studies conducted on nestlings difficult.
Moreover, the function of yellow breast coloration in adult Great
Tits is not clear either. Although some studies suggested that this
colour patch might be a signal of individual quality [74], other
studies found no functional significance [75,76], and still others
suggested that it might even have a function in crypsis [77].

To conclude, our study showed that the pigment-based and the
structural components of the carotenoid-based colouration were
determined differently. The chromatic component was related to
specific environmental factors, whereas the achromatic component
was related to both female-related and nonspecific environmental
factors as well as genetic/pre-natal factors. Our results reinforce
the hypothesis that the carotenoid-based colouration may serve as
a multicomponent signal, with the chromatic and the achromatic
components reflecting a different aspect of the individual’s quality
and/or history. We suggest that further experimental studies focus
on the effects of specific environmental and genetic factors on both
the feather pigment content and the nanostructure in carotenoid-
based feather patches. Future studies should also focus on the
effects of the nanostructure and the pigment content on the
reflectance of feathers [5]. Here, appropriate methods of scoring
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the feather reflectance/colouration need to be used, as different
methods can generate different results (see [52]). The hypothesis
that the variability in both components can be recognized by birds
and that both components are used either separately or in
interaction in communication needs to be verified by visual
modelling and behavioural tests.

Supporting Information

Figure S1 The design of cross-fostering and brood size
manipulation. Each box represents a dyad consisting of two
synchronously timed nests (points represent hypothetical nestlings).
Nestlings within their nest of origin are ranked according to their
weight from the heaviest to the lightest. We exchanged either
even- or odd-ranked nestlings (exchange of even-ranked nestlings
is depicted). The brood size was manipulated by two randomly
chosen young: In one nest of the dyad one extra nestling was taken
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UVOoD

Prostiedi, v némz mlad’ata ptakl vyrustaji, zdsadn€¢ a na cely zivot ovliviiuje fadu jejich
znakll, véetné morfologie, metabolismu, imunity ¢i chovani (Lindstrém 1999, Monaghan
2008). V dobé zavislosti mlad’at na rodi¢ich vliv prostiedi zprosttedkovava z rozhodujici ¢asti
jejich vyziva (Bernardo 1996, Price 1998). Potrava v raném véku je proto klicovym faktorem
pro fenotyp 1 zdatnost dospélého jedince (Metcalfe and Monaghan 2001), v dobé
rozmnozovani vSak byva pro ptaky limitujici (Martin 1987, Newton 1990).

Dostupnost potravy je Casto znaéné¢ proménliva v prostoru. Vliv této proménlivosti na
hnizdéni ptakt 1ze hodnotit na né¢kolika Grovnich. U drobnych pévci to tradicné byva uroven
biotopu, coz odpovida Grovni populace. Na urovni jedinct, resp. jednotlivych part, maze byt
vhodnéjsim ukazatelem dostupnosti potravy velikost a kvalita konkrétniho teritoria (Wilkin et
al. 2007). Hlavni potravou sykor jsou housenky motyld (Lepidoptera; Cholewa and
Wesotowski, 2011, Perrins, 1979). Protoze duby Casto hosti vice housenek nez ostatni druhy
stromd, a protoze rodi¢e drobnych pévcu sbiraji potravu na velmi omezeném tzemi (Naef-
Daenzer a Keller, 1999; Naef-Daenzer 2000), je jako indikator kvality teritoria u sykor
pouzivan zejména pocet dubli v bezprostfednim okoli hnizda (viz napt. Maicas et al., 2014;
Naef-Daenzer et al., 2004; Wilkin et al., 2009). Piestoze vétSina dosavadnich praci zjistila
pozitivni vztah mezi nékterymi ze sledovanych parametrt hnizdéni sykor a mnozstvim dubti v
okoli hnizda, Zadnd z nich zatim nepotvrdila souvislost poctu dubtli s celkovou uspésnosti

hnizdéni.

Rist a vyvoj mlad’at ovliviluje nejen mnozstvi, ale i kvalita potravy poskytované rodici.
Dostupnost mikronutrientd v raném obdobi mé dlouhodobé dopady na morfologii, chovéani a
fyziologii jedince (Blount et al. 2003, Marri a Richner 2014, Noguera et al. 2015a, b). Ve své
praci studuji vyznam mikronutrientd pro fenotyp mlad’at krmivych ptaki na piikladu vitaminu
E. Vitamin E ma klicovou roli v rozmnoZovani, normalnim vyvoji a imunité ptak (Surai
2002, Catoni et al. 2008). Tradi¢né je povaZzovan zejména za dulezity antioxidant, ktery brani
oxida¢nimu poskozeni bunck (Surai 2002). V soucasnosti je vSak vyznam antioxidacnich
schopnosti vitaminu E in vivo zpochybnovan a vétsi potencidl je spatfovan v jeho dalSich
funkcich (Brigelius-Flohé 2009). Zatimco role vitaminu E v rozmnozovani driibeze je jiz

dlouho pfedmétem vyzkumu a je dobfe zndma (Surai 2002), experimenty na volné Zijicich



ptéacich zapocaly teprve nedavno a jejich vysledky nejsou jednoznacné (viz napt. de Ayala et

al. 2006, Noguera et al. 2011, Larcombe et al. 2010, Marri a Richner 2015).

Prostfednictvim vyzivy mohou rodice ovlivnit také zbarveni mlad’at (Biard et al. 2009).
Zbarveni pfitom muze rozhodovat o uc¢innosti vizudlnich signalt a tim vyznamné ovlivnit
komunikaci mezi ptaky (Andersson 2000). Rané prosttedi formuje také zbarveni v pozd¢jSim
zivoté (Evans a Sheldon 2012, 2015, Walker et al. 2013). Tradi¢n€ jsou rozliSovany tfi hlavni
kategorie zbarveni ptaciho pefi: melaninové, karotenoidové a strukturdlni (Hill a McGraw
2006). Nejvetsi pozornost je vénovana karotenoidiim, druhému nejcastéjSimu barvivu, které
obvykle zplsobuje riizné odstiny zluté, oranzové a Cervené barvy (McGraw 2006). Plasticita
karotenoidového zbarveni peti byla potvrzena fadou experimentalnich studii: tyto ornamenty
napf. odrdzeji Uroven vyzivy jedince a obsah karotenoidli v potravé, miru parazitace a
aktivace imunitni odpovédi (Olson a Owens 1998, Hill 2002, Price 2006, Blount a McGraw
2008). Obvykle jsou vlastnosti karotenoidovych ornamentti pfipisovany pouze
karotenoidovym pigmentiim, konkrétné jejich molekularni struktufe a koncentraci (viz napf.
Prum 2006). Na vysledné barvé se ale bézné podili také jemna podkladova struktura pera.
Kazda z téchto slozek pfitom muize byt determinovana nezavisle (Shawkey a Hill 2005, Jacot

et al. 2010).

CIiLE PRACE

V predkladané disertacni praci zkoumam vliv rodiCovskych efektti a kvality prostiedi na
fenotyp mlad’at volné Zijicich pévcl. Konkrétné se zabyvam vlivy kvality teritoria a prostiedi
poskytovaného rodi¢i na kvalitu a zbarveni mlad’at sykory konadry (Parus major) a lejska

belokrkého (Ficedulla albicollis).

Jako ukazatel kvality teritoria jsem pouzila strukturu vegetace - pocet dubli v blizkém okoli
hnizda, ktery by mél byt dobrym indexem dostupnosti potravy. Vliv kvality potravy pak
hodnotim na ptikladu vitaminu E. Vedle vlivu prostfedi a rodicovské péCe na riist a prezivani

mlad’at jsem zkoumala také jejich vliv na zbarveni pefi mlad’at zaloZené na karotenoidech.



PREHLED VYSLEDKU

V této praci dokladam, Ze rist, vyvoj a zbarveni mlad’at jsou ovlivnény jak rodicovskou péci,

tak prostfedim, v némz mlad’ata vyrastaji. Vysledky mého vyzkumu ukazuji zejména, Ze:

1. Role dubtl jako indikatorti kvality teritoria sykor neni univerzalni. Vyznam dubi pro
vyzivu mlad’at sykor se mize li§it mezi riznymi druhy dubti a i v rdmci jednoho druhu miize
byt velmi proménlivy v €ase 1 prostoru. Zaroven muize zaviset na dostupnosti dalSich druht
strom1l potencidln¢ bohatych na potravu.

2. Vitamin E miiZe byt pro volné Zijici ptaky limitujici. Mira této limitace se vSak 1i§i mezi
druhy. V rdmci druhu se pak vyznam vitaminu E méni v ¢ase a li$i mezi jedinci. Vitamin E je
patrné dilezity zejména pro znevyhodnéna mlad’ata. Pozitivni vliv vitaminu E na
karotenoidové zbarveni se v nasem piipad€ nepotvrdil.

3. Rané prostfedi a péce rodict ovliviiuji také karotenoidové ornamenty peii mladat. Dvé
komponenty karotenoidového zbarveni mlad’at - strukturdlni a pigmentarni slozka - odrazi
ruzné aspekty prostiedi a kvality jedince. Karotenoidové ornamenty tak mohou slouzit jako
multikomponentni signal.



ABSTRAKTY PRACI

Matrkova J. & Remes V.: Do oaks matter? Great Tit breeding performance in relation

to territory tree composition (rukopis).

Breeding performance of forest songbirds often depends on food availability. As oaks
(Quercus sp.) usually offer more caterpillars than other tree species, number of oaks is
frequently used as an index of territory quality. However, evidence of the positive association
between local oak density and breeding performance is equivocal. Moreover, only correlative
studies were done so far. Here, we investigated the relationship between the number of oaks
in nest proximity and breeding performance of the Great Tit pairs in a floodplain forest. For
the first time, we experimentally separated genetic plus pre-natal vs. post-natal effects by
cross-fostering of young. We found no relationship between oak density and any of the
measured breeding traits, neither before (nest occupancy, timing of egg laying, clutch and egg
size), nor after experiment (nestling performance). The density of oaks and other deciduous
trees such as limes (7ilia sp.), which may provide invertebrate prey in densities similar to
oaks, is high in our study site. Thus, our population was probably not limited by oak
availability. We suggest that the role of oak as a source of prey may vary in time and may
depend on tree species composition of the forest. Evaluating availability of other deciduous
trees potentially rich in caterpillars, together with accounting for differences among oak

species, will improve use of oaks as an indicator of territory quality.

Matrkova J., Mullen W. & Reme§ V.: Do Great Tits need vitamins? Nestling

performance and colouration in response to vitamin E supplementation (rukopis).

Parents can strongly affect performance and phenotype, and thus reproductive prospects, of
their young. For instance, growth and survival of altricial nestlings critically depend on both
the quality and quantity of food provisioned by their parents. Vitamin E is an important
micronutrient with numerous functions in bird physiology. Moreover, it may interact with
other micronutrients, for example by replacing carotenoids in antioxidant protection of
macromolecules or directly protecting carotenoids from oxidation. Thus availability of

vitamin E may modify carotenoid availability for signaling and affect carotenoid-based



coloration. Yet, despite its potentially strong physiological effects, experimental studies of
vitamin E function in wild-living animals are rare. Here, we examined the role of vitamin E in
the Great Tit (Parus major Linnaeus, 1758) reproduction. We supplemented nestlings with
vitamin E and examined their growth, survival, intensity of immune response to a novel
antigen (phytohaemagglutinin), characteristics of carotenoid-based plumage coloration, and
plasma vitamin E and carotenoid levels. We found no detectable effects of increased vitamin
E intake on nestling growth, survival, immune responsiveness, coloration, and plasma lutein
and y-tocopherol concentration. In initially small nestlings, vitamin E supplementation
increased plasma a-tocopherol concentration compared to control nestlings. However, this
effect was significant only for the lowest dose of vitamin E. We conclude that 1. vitamin E is
probably not limiting the performance of Great Tit nestlings in our wild population; 2. the
non-linear relationship between vitamin E intake and circulating a-tocopherol suggests an
interaction with other antioxidants and/or dose-depended changes in tocopherol distribution

among tissues.

Matrkova J. & Remes V. 2014: Vitamin E improves growth of collared flycatcher
Ficedula albicollis young: a supplementation experiment. Journal of Avian Biology, 45
(5), 475-483.

In altricial birds, the quantity and quality of food provided by parents is a crucial determinant
of nestling performance. Vitamin E is an important micronutrient with various physiological
functions, including a positive role in the antioxidant system. Suffi cient intake of vitamin E
has been shown to condition normal avian development in poultry, yet, our knowledge of the
role of vitamin E in free-living birds is limited. Th us, we experimentally examined the effects
of vitamin E on nestling development in the collared fl ycatcher Ficedula albicollis. We
supplemented nestlings with vitamin E and evaluated their growth and survival till fledging.
Increased availability of vitamin E did not aff ect body mass, wing length or survival, but
improved tarsus growth. Th e eff ect of supplementation on tarsus length changed over season
and with initial body mass. Supplemented nestlings that were smaller at hatching and those
that hatched later in the season grew longer tarsi compared to the control. Our results suggest
that 1) vitamin E may be limiting for the development of collared flycatcher nestlings,

2) seasonal changes of vitamin E availability may aff ect breeding success of collared



flycatchers, and 3) increased income of vitamin E may improve growth of nestlings with bad

start in life.

Matrkova J. & Remes V. 2012: Environmental and Genetic Effects on Pigment-Based
vs. Structural Component of Yellow Feather Colouration. PLOS ONE, 7 (5), e36640.

Background: Carotenoid plumage is of widespread use in bird communication. Carotenoid-
based feather colouration has recently been shown to be dependent on both pigment
concentration and feather structure. If these two components are determined differently, one

plumage patch may potentially convey different aspects of individual quality.

Methodology/Principal Findings: We evaluated the effects of genetic and environmental
factors on carotenoid-based yellow breast colouration of Great Tit (Parus major) nestlings. By
partial cross-fostering, we separated the genetic and prenatal vs. post-natal parental effects on
both the structural and the pigment-based component of carotenoid-based plumage
colouration. We also simultaneously manipulated the post-hatching environment by brood
size manipulation. The structural component of nestling colouration reflected features of
female colouration. On the other hand, the pigment-based component was more affected by
rearing conditions presumably representing food quality. While the structural component

was related to both origin- and environment-related factors, the pigment-based component
seemed to be environmentdependent only. These results support the notion that pigment-

based and structural components of feather colouration are determined differently.
Conclusions/Significance: Chromatic and achromatic components of carotenoid-based feather

colouration reflected different aspects of individual quality and history, and thus may

potentially form a multicomponent signal.
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SUMMARY

In birds, breeding performance depends both on rearing environment and parental care.
Namely, food quality and quantity are critical for nestling phenotype in adulthood and fitness.
Here, I study the importance of territory quality and parental effects in nestling development,
survival and plumage colouration in free living birds. As model species, I chose Great Tit
(Parus major) and Collared Flycatcher (Ficedula albicollis).

In titmice, number of oaks is nest proximity is frequently used as an index of food availability
and consequently of territory quality. However, evidence of the positive association between
local oak density and breeding performance is equivocal. Here, we investigated the
relationship between the number of oaks in nest proximity and breeding performance of Great
Tit pairs in a floodplain forest. We found no relationship between oak density and breeding
performance in the Great Tit. We suggest that the role of oak as a source of prey may depend
on oak species. Moreover, within a given oak species, the density of invertebrate prey may
considerably vary in time and space. Availability of other deciduous trees potentially rich in
caterpillars may reduce the importance of oaks as a critical food source.

We examined the effect of food quality on nestling performance and colouration using
vitamin E, an important micronutrient with numerous beneficial functions in bird physiology.
By supplementation of two species of small insectivorous songbirds, we showed that vitamin
E may be limiting for nestling growth and survival. However, the importance of vitamin E
differed between species, and within species might vary with season and among individuals.
Increased income of vitamin E may be benefical especially for nestlings with a bad start in
life. However, our results do not support possitive effect of increased vitamin E availability
on carotenoid plumage colouration.

Early environment and parental care may determine the expression of plumage colouration.
Carotenoid-based feather colouration has recently been shown to be dependent on both
pigment concentration and feather structure. We experimentally manipulated early nestling
environment to evaluate parental effects on both the structural and carotenoid-based
components of nestling carotenoid colouration. Our results support the hypothesis that
pigment-based and structural component of feather colouration reflect different aspects of
individual quality and history. Carotenoid colouration thus may potentially form a
multicomponent signal.

Keywords
Breeding Performance, Carotenoid-based Colouration, Ficedula albicollis, Parental Effects,

Parus major, Quercus sp., Signals, Territory Quality, Vitamin E.
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