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Souhrn

Investice do reprodukce patii mezi jedny z hlavnich komponent utvaiejicich zivotni historii
druhu. Reprodukéni Gspésnost vSak Casto zavisi na faktorech prostiedi vytvarejicich omezeni,
ktera nelze jasné predikovat. Z hlediska teorie ,,bet-hedging* je pro udrZeni dlouhodobého
fitness jedince zasadni vyuzivani smiSenych strategii, které nestalost t€chto vlivl prostiedi
be&hem jednotlivych reprodukénich pokusi eliminuji. Predace je jednim ze zasadnich faktord
urcujicich reprodukéni Gspésnost jedince a jeji role v evoluci alternativnich reprodukénich
strategii, mimo jiné také vnitrodruhového hnizdniho parazitizmu a mimo-parovych paternit je
bezpochyby zasadni. Za investice do reprodukce 1ze ve smyslu trade-off mezi soucasnym a
budoucim reprodukénim pokusem, neboli zbytkovym reprodukénim potencialem, povazovat
také behavioralni mechanismy souvisejici s obranou hnizda. PfestoZe existuje mnozstvi studii,
které popisuji trade-off mezi investici do obrany hnizda vs. rodice, prace podrobné sledujici
faktory utvarejici adaptivni vzorce chovani u konkrétnich antipredacnich strategii spojenych

s obranou hnizda jsou ojedinélé. Podobné bylo doposud vénovano velmi malo pozornosti
odhalovani mechanismi souvisejicich s obranou sntisky v pfed-inkubac¢nim obdobi u druht,
které z divodu dosaZeni synchronniho lihnuti odkladaji inkubaci sniiSky az do doby jeji
kompletace. V dobé¢ kladeni vajec je tak sntiSka kromé zvySeného rizika predace vystavena také
sub-optimalnim teplotdm a zvysené pravdépodobnosti proniknuti patogent do vnitinich struktur
vejce, které mohou redukovat Zivotaschopnost embrya. V souvislosti s vySe nastinénou
problematikou, predkladam zde disertacni praci, kterd je souborem publikaci, které studuji vyse
uvedené aspekty reprodukéni biologie a antipreda¢niho chovani u kachny divoké (Anas
platyrhynchos). V jednotlivych studiich ptfedloZzenych v ramci této disertacni prace se konkrétné
podaftilo: a) popsat vyskyt a distribuci vnitrodruhového hnizdniho parazitizmu a mimo-parovych
paternit v pfirozené populaci kachny divoké a diskutovat faktory, které mohou tyto alternativni
reproduk¢éni strategie ovliviiovat; b) prokazat dulezity vliv vegetacniho zakryti hnizda, svételné
denni periody a spankové pozice na antipredacni vigilanci béhem spanku u inkubujici kachny
divoké; ¢) navrhnout a experimentalné testovat alternativni teoreticky model pro interpretaci
unikového chovani kofisti, zalozeny na zcela proximatnim ptistupu; d) prokazat, ze ¢astecna
inkubace snisky a zakryvani snisky prachovym pefim v pfed-inkuba¢nim obdobi u vrubozobych
neovliviiuje riziko proniknuti mikrobialni infekce do vejce. AvSak ¢astecnd inkubace mé zdsadni
vliv na lihnivost, a spolu se zakryvanim sniiSky a pfitomnosti bakterialni infekce zasadné

ovlivituje fenotyp mladeéte.



Summary

Investment in reproduction is considered to be crucial component of life history traits.
Reproductive success is however constrained by generally unpredictable environmental
conditions. Based on “bet hedging” theory, individuals are forced to eliminate such
unpredictability via the mixed strategy to maximize their long-term fitness. Predation represents
underlying factor affecting individual reproductive success, and it undoubtedly lies behind the
evolution of alternative reproductive strategies such as extra-pair paternity and conspecific brood
parasitism. Behavioral mechanisms related to nest defense are thought to be investment in
reproduction in accordance with trade-off between actual and residual reproductive value.
Despite the extensive interest in the principles associated with parental investment into the nest
defense, studies describing in detail the pattern of particular antipredator strategies are rare.
Similarly, mechanisms responsible for maintenance of egg-viability during prolonged egg-laying
period in species delayed the onset of incubation are poorly understood. In accordance with
mentioned themes, this thesis includes publications aimed at aspects of reproductive biology and
antipredator behavior in Mallards (4nas platyrhynchos). Particular publications concretely
documented: a) occurrence and distribution of conspecific brood parasitism and extra-pair
paternity in breeding population of Mallards, and discussed potential factors affecting them; b)
underlying role of nest vegetation concealment, time of day and sleeping postures on
sleep/vigilance behavior in incubating Mallards; ¢) proposed theoretical model solely based on
proximate approach considering predator-mediated visual stimuli, vegetation cover and
predator’s moving pathway as model’s parameters; d) intermittent incubation and clutch
covering by nest lining feathers have no effect on the probability of bacterial trans-shell
infection, however we revealed trans-shell infection, intermittent incubation and clutch covering
significantly affect offspring phenotype and documented beneficial effect of intermittent

incubation on hatchability of eggs.



Cile prace

V souvislosti s nastinénou problematikou se jednotlivé pfedloZené publikace zabyvaji skupinou
vrubozobych konkrétné reprezentovanou modelovym druhem kachny divoké (Anas
platyrhynchos). Dlivody, pro€ byl ke studiu jednotlivych reprodukénich a antipredacnich
strategii zvolen tento druh jsou predevsim tyto: ¢asto synchronni hnizdéni ve vysokych
hnizdnich hustotach (Peters et al. 2003; Murray et al. 2010, Albrecht & Klvana 2004); typicka
uniparentalni péce a produkce prekocialnich, synchronné se lihnoucich mlad’at (Cramp &
Simmons 1977); vysoka mira predace sniiSek (Albrecht & Klvatia 2004; Elmberg & Gunnarsson
2007; Kreisinger & Albrecht 2008) a ¢astd predace dospélct ze strany terestrickych predatort
(Hoekman et al. 2002; Benesova 2006).

S ohledem na evolu¢ni vyznam uvedenych aspektli predace a hnizdni biologie ve vyuzivani
alternativnich reprodukénich (Poysd & Pesonen 2007; Lima 2009) a antipredacnich strategii
(Montgomerie & Weatherhead 1988; Caro 2005), je tato disertacni prace konkrétné zamétena na

tyto cile:

e stanovit miru a distribuci EPP a CBP v pfirozené hnizdni populaci kachny divoké a
diskutovat faktory, které mohou intenzitu vyuzivani EPP a CBP u vrubozobych

ovliviiovat

e zhodnotit faktory plisobici na antipredacni vigilanci béhem spanku u inkubujici kachny
divoké ve smyslu trade-off mezi investicemi samice do souc¢asného a budouciho

reprodukéniho pokusu

e diskutovat paradigma ultimatniho pohledu na proces rozhodovani kofisti pro unikové
chovani a navrhnout alternativni teoreticky model zalozeny na zcela proximatnim
pfistupu, vyuzivajicim vizualni stimuly vyvolané predatorem a faktory které tyto stimuly

ovliviiuji jako parametry modelu

e zhodnotit funkci a vyznam ¢astecné inkubace a zakryvani sniisky prachovym peiim
v pred-inkuba¢nim obdobi na pravdépodobnost mikrobialni infekce sniisky a posoudit

vliv tohoto chovani na udrzovani zivotaschopnosti embrya



Uvod

Mimo-parové paternity a vnitrodruhovy hnizdni parazitizmus - alternativni reprodukéni

strategie

Mimopadroveé paternity

Dlouhou dobu uvazované paradigma, piedpokladajici, ze vétSina ptacich druhti je jak socialné,
tak geneticky monogamnich (sensu Lack 1968) bylo vyvraceno na zdklad¢ studii vyuzivajicich
molekularné-genetickych piistupt, které spolehlivé prokazuji, Ze u vice nez 70% druhi ptaki
existuje reprodukéni strategie vyuzivajici mimo-parové paternity (EPP) (Griffith et al. 2002). Pti
ni 1ze v hnizd¢ socidlné¢ monogamniho paru nalézt mlad’ata, jejichZ otec neni identicky s tim,

s nimZ samice tvoii socidlni svazek (Meoller 1986; Bennet & Owens 2003). Prestoze v poslednich
dvaceti letech bylo vénovano snaze o odhaleni biologické a evolu¢ni podstaty této alternativni
reproduk¢ni strategie velké Usili (napt. Westneat & Sargent 1996; Griffith et al. 2002; Linstedt et
al. 2007), konzistentni nazor na vyznam uvazovanych environmentalnich, socidlnich a
genetickych faktort na vnitrodruhové a mezidruhové rozdily ve vyuzivani EPP u ptaka doposud
neexistuje.

Znacnou neucelenost lze nalézt také v taxonomickém zatazeni druht, jimz je vénovéana
pii studiu problematiky EPP pozornost. Ta je primdrn¢ zaméfena na socialné monogamni pévce
(Griffith et al. 2002) s velmi omezenym poctem studii sledujicich vyskyt EPP v populacich
prekocialnich druhi ptaki, véetné vrubozobych (ale viz Peters et al. 2003, Kraaijeveld et al.
2004; Lezalova-Pialkova 2010). Pfitom prave specifika v reprodukéni biologii ,,nepéveii®,
konkrétné vrubozobych, mohou mit zcela jiné konsekvence na distribuci a prevalenci EPP.

V soucasnosti se uvazuje, ze usmérnujici selekce plisobici na udrzovani mechanismu, které
zabrafuji mimo-parovym aktivitdm je silngj$i, nez nepiima selekce, ktera by méla mimo-péarové
chovani zvyhodiovat (Arnqvist & Kirkpatrick 2005). U vrubozobych existuji behavioralni
adaptace (Cunningham 2003), v€etné vnitinich pre-kopula¢nich mechanismi (Brennan et al.
2010), kterymi se samice brani ¢asto nasilnym (McKinney & Stolen 1982; McKinney et al.
1983,1984) mimo-parovym kopulacim (EPC). Toto specifikum v reprodukénim chovani
vrubozobych muze jednak posouvat tradi¢ni interpretaci vyhod EPP na fitness samice, ale také
zpusobovat rozdilny efekt faktord, které se podileji na zménach v distribuci EPP v béZznych

reproduk¢nich systémech, napf. u socialné monogamnich pévcei. Piestoze vyhody EPP pro
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samce, vyjadfené vyssim reprodukénim uspéchem v podobé vétsiho poctu mlad’at jsou ziejmé
jak v systémech s biparentalni, tak uniparentalni péci (Meller & Birkhead 1993; Moller &
Cuervo 2000), v ptipadé¢ druhti, kde se samec na vychové mlad’at nepodili nejsou vyhody EPP na
fitness samice tak zfejmé. U vrubozobych jsou také diky ¢astému vyuzivani nasilnych kopulaci
omezeny vyhody vyplyvajici z ,,hypotézy dobrych genii* (Jennions & Petrie 2000; Westneat &
Stewart 2003; Forstmeier 2007), jelikoz neumoziiuji samici vybirat a preferovat pro EPC
kvalitniho samce (Cunningham 2003). Navic dostupné studie naznacuji, ze je EPC pro samici
nevyhodné, at’ uz z divodu vysokého rizika zranéni samice samcem béhem kopulace (McKinney
et al. 1978), tak z hlediska rizika pfenosu patogend, které mize byt diky ptitomnosti kopula¢niho
organu samcii vysoké (Sheldon 1993). Z téchto divodu se u vrubozobych vyskytuji proti-
strategie. U samic v podobé jiz zminéné¢ho odmitani EPC (viz Cunningham 2003), u samct je
pak pro udrZeni paternity ve vlastnim hnizd€ vyhodné hlidani socialni partnerky (,,mate
guarding®), ¢i zvySena frekvence kopulaci v ramci socialniho péaru (Sorenson 1994). Z kontextu
vyplyva, ze u vrubozobych je EPP pro samici neadaptivni a efektivita vyuzivani zminénych
proti-strategii mize byt zna¢né ovlivnéna faktory jako je synchronnost hnizdéni jednotlivych
parti v populaci, ¢i hustota a struktura hnizdni populace. Avsak diky nedostatku studii nelze tyto
piedpoklady zcela podpofit

Prestoze efekt synchronnosti hnizdéni a hustoty hnizdni populace na EPP se v ramci
ruznych studii nejevi jako konzistentni (Westneat & Sherman 1997; Bennett & Owens 2002),
nékteré z nich prokazuji, Ze mohou na vnitrodruhové tirovni zodpovidat za rozdily jak ve
frekvenci EPC (napt. Moller 1991; Moller & Birkhead 1992), tak v mife EPP (napt. Morton et
al. 1990). V interakci s ,,mate guarding* strategii, kdy je socidlni partner béhem fertilni periody
své partnerky neustale v jeji blizkosti, mize vyssi synchronnost hnizdéni limitovat samce
v prilezitosti ucastnit se EPC (Mgller & Birkhead 1991) a podilet se tak na EPP. Naopak vysoka
hustota hnizdni populace muze efektivitu ,,mate guarding* strategie snizovat a zvySovat tak
vyskyt EPP (Birkhead & Biggins 1987; Thusius et al. 2001; Vaclav & Hoi 2002; Arlt et al.
2004).

Pro hnizdni populace vrubozobych je ¢asty nevyrovnany pomér pohlavi ve prospéch
samcu (Lehikoinen et al. 2008; Blums & Mednis 1996) s velkym podilem nesparovanych
jedincii, coz pravdépodobné vede ke znaénym individudlnim rozdilim v reprodukénim uspéchu
samcu (Grant & Grant 1987; Meller 1992). ZvySené riziko predace hnizd i dospélcti mize
rovnéz pusobit na zvySovani frekvence EPP v populaci ve smyslu zvySovani fitness samce, ktery
pomoci EPP kompenzuje ztratu vlastniho hnizda (napt. Rodrigues 1996). Jakkoliv jsou
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implikace téchto faktor na pravdépodobnost vyskytu EPP ziejmé, studie, které by testovaly
jejich efekt na miru a distribuci EPP v populaci vrubozobych jsou ojedinélé (ale viz Peters et al.

2003).

Vnitrodruhovy hnizdni parazitizmus

Na rozdil od mezidruhového hnizdniho parazitizmu, ktery vyuZziva ptiblizné 1% ptacich druht
(Johnsgard 1997; Davies 2000), byl vnitrodruhovy hnizdni parazitizmus (CBP) prokazan jako
pomeérn¢ Casta reprodukeni strategie, predevsim u prekocidlnich ¢i semi-prekocialnich druhti
ptaktli véetné vrubozobych (Yom-Tov 2001). Potencionalni efekt na zvySenti fitness, ktery
vyplyva z této reprodukéni strategie, kdy parazit umistuje vejce do hnizda hostitele stejného
druhu, a zcela mu pienechava veskeré rodicovské investice, je zfejmy (viz Ahlund & Andersson
2001). Presto je uspesnost CBP zavisla na faktorech, které stoji na pozadi selekce pro vyuzivani
ruznych alternativ v ramci CBP (Lyon & Eadie 2008; Jaatinen et al. 2011). Tyto alternativy
vyplyvaji ze skutecnosti, Ze CBP miize byt vyuZzivan jak hnizdicimi, tak nehnizdicimi samicemi,
kde v ptipad¢ hnizdicich samic nemusi byt pevné stanoveny role hosta a parazita (Sayler 1992;
Lyon & Eadie 2008). Ve skutecnosti tak miize CBP v populaci setrvavat jako alternativni ¢i
smiSena reprodukéni strategie (viz Sorenson 1992; Davies 2000). I kdyz je flexibilita ve
vyuzivani riiznych strategii v ramci CBP pfipisovana na vrub individudlnimi rozdiltim v kvalité
samice (Ahlund & Andersson 2001; Jaatinen et al. 2011; ale viz napt. Reichart et al. 2010),
studie, kterd by prokazovala v ramci CBP striktni parazitizmus (,,/ifelong parasites* sensu Lyon
& Eadie 2008) neexistuje. Je tedy zfejmé, ze CBP je jedinci vyuzivan spiSe jako smiSena
reproduk¢ni strategie. Ve smyslu ,,bet-hedging* teorie tedy miize CBP eliminovat rozdily
zpiisobené nepredvidatelnymi fluktuacemi faktort prostiedi (napt. rapidni nartst preda¢niho
tlaku v populaci), ¢imz miize z dlouhodobého hlediska zvySovat fitness jedince (Seger &
Brockmann 1987; Philippi & Seger 1989) a podilet se tak na udrZzovani stability celé populace.
Predace hnizd je povazovana za jeden ze zésadnich faktori ovlivitujicich prevalenci CBP
v hnizdni populaci (Poysd & Pesonen 2007). V tomto ptipad€ samice eliminuje ztratu vlastniho
reprodukéniho pokusu ¢i neschopnost nahradniho hnizdéni pomoci CBP oznacovaného jako tzv.
,best of a bad job* strategie (Feare 1991; Jackson 1993; Jacot et al. 2009). CBP miiZe byt
v populaci s vysokou hnizdni predaci vyuzivana také jako strategie umoziujici rozlozit riziko
predace sniisky rozmisténim vajec do vice hostitelskych hnizd (Bulmer 1984; Petrie & Moller
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1991). Navic, bylo prokazano, ze parazitické samice mohou k CBP preferovat hnizdo hostitele,
které je k predaci mén¢ nachylné (Poysd 1999a,b, 2006). Prestoze nekteré studie vliv predace,
respektive ztraty vlastniho hnizda na vyskyt CBP v populaci vrubozobych neprokéazaly (napf.
Reichart et al. 2010), v jinych byl efekt predace na CBP ziejmy (Poysd 1999a,b, 2006).

Hnizdni denzita je jeden z dalSich faktord, které mohou vyznamné ovliviiovat vyskyt
CBP (Eadie & Fryxell 1992; Semel & Sherman 2001). V ptipadé, Ze je samice limitovana
nedostatkem vhodnych mist k hnizdéni, miize také volit jiz zminénou ,,best of a bad job*
strategii (Davies 2000), ¢imz eliminuje neschopnost Ucastnit se vlastniho reprodukéniho pokusu.
Podobné je hnizdni denzita urcujici v pravdépodobnosti nalezeni hnizda parazitem (Poysa
1999a,b, 2003; Ruxton 1999), coz se povazuje za jeden ze zadsadnich argumentd, vysvétlujici
vysoky podil CBP v populacich kolonialné hnizdicich druhii (Lank et al. 1990; Waldeck et al.
2004; Lezalova-Pialkova 2010). Piestoze byl efekt hnizdni denzity na frekvenci CBP u
vrubozobych prokazan, jsou tyto studie omezeny na druhy hnizdici v dutinach, jejichz
dostupnost je v hnizdnim habitatu ¢asto omezena (Lyon & Eadie 2008). U ostatnich druht
vrubozobych hnizdicich terestricky v otevienych typech habitatu nelze limitace ze strany
nedostatku vhodnych mist k hnizdéni ocekdvat (Owen & Black 1990). Situace se vSak mtze
zasadn¢€ ménit u populaci vrubozobych hnizdicich ve fragmentovanych biotopech zemédélské
krajiny, kde ptisobenim ,,okrajového efektu‘ vzrista predace sntiSek (viz napt. Hoover et al.
1995, Robinson et al. 1995) a hnizdéni je ¢asto omezeno na ostrovni deponie rybnikd, ¢imz
dochazi ke zvySovani hnizdni denzity. Privodnim jevem také mutze byt hustotné zavisla predace
hnizd (Lloyd 2006; Gunnarsson & Elmberg 2008), ktera jak uz bylo zminéno, mtze podil CBP
v hnizdni populaci ovliviiovat. Jaky je podil CBP v populacich vrubozobych hnizdicich ve
velkych hustotach v prostorové omezeném habitatu v§ak nebylo doposud extenzivné studovano.

Pro uspésnost CBP je také zasadni spravné naasovani umisténi parazitického vejce do
hnizda hostitele (napt. Odell & Eadie 2010). Parazit by mél preferovat hostitelské hnizdo samice,
ktera je ve stejné fazi kladeni sniisky. Lze tedy ocekavat, ze vysoky stupen synchronniho
hnizdéni jednotlivych samic v populaci bude podil CBP zvysovat, coz bylo v mnoha studiich
prokéazano (Peters et al. 2003; Reichart et al. 2010). .

Z dostupnych studii je zfejmé, Ze vyuzivani a udrzovani CBP jako ¢asté alternativni
reprodukéni strategie u vrubozobych muzZe byt posilovano mimo jiné jejich zivotnimi strategiemi
jako jsou prekocialita a vérnost hnizdisti (Jaatinen et al. 2011). Vzhledem k tomu, Ze podil a
vyuzivani CBP miiZze vyrazn¢ ovliviiovat dynamiku populace ve smyslu udrzovani jeji stability
(de Valpine & Eadie 2008, ale viz Semel & Sherman 2001), stanoveni faktori, které se podileji
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na zménach ve vyuzivani této alternativni reprodukéni strategie na tirovni populaci je nejen pro

tyto druhy zasadni.

Investice do obrany hnizda

Za dtlezitou soucast rodi¢ovskych investic do daného reprodukéniho pokusu Ize povazovat
projevy chovani spojené s obranou hnizda (,,nest defense*) (Trivers 1972). Ty jsou tradi¢né
definovéany jako behavioralni mechanismy primarn¢ vyuzivané v procesu obrany snisky ¢i
mléad’at pred predatorem, avSak zvysujici pravdépodobnost zranéni nebo smrti rodice
(Montgomerie & Weatherhead 1988). U mnoha téchto behavioralnich projevi spojenych
s obranou hnizda, kdy k pfimé interakci s predatorem nedochazi, vSak nemusi byt ztraty a
vyhody z tohoto chovani takto jasn¢ definovany, a k jejich interpretaci musi byt hloubéji
uvazovany faktory stojici na pozadi trade-off mezi soucasnym a budoucim reprodukénim
pokusem (sensu Trivers 1972). Ve smyslu této definice mohou byt jako soucast rodi¢ovskych
investic do obrany sntsky povazovany antipredacni vigilance a inikové chovani (Caro 2005).
V nésledujicich kapitoldch se omezim na stru¢né uvedeni téchto jednotlivych
antipredacnich strategii tak, aby se v kontextu drzely tématu piedlozenych publikaci, které se
zabyvaji antipredacni vigilanci béhem spanku u inkubujiciho jedince a ultimatnimi a

proximatnimi mechanismy stojicimi na pozadi procesii vyvolavajicich unikovou reakci kofisti.

Antipredacni vigilance vs. investice do reprodukce

Kognitivni schopnosti Zivo€ichi jsou limitovany na vnimani pouze omezeného mnozstvi stimultl
prichazejicich z prostiedi (Clark & Dukas 2003; Phelps 2007). V diisledku toho dochazi k
vytvareni adaptivnich vzorcl chovani, které jedinci umozni alokovat jeho pozornost mezi rizné
aktivity, aby dochézelo k optimalizaci fitness (Dukas 2004). Z hlediska eliminace rizika predace,
kterd predstavuje pro jedince zdsadni omezeni (Ricklefs 1969; Martin 1993), je tzv.
antipredacni vigilance primarnim mechanismem, umoziujicim odhalit pfitomnost predatora a
zvysit tak pravdépodobnost pieziti kotisti (Cowlishaw 1998; Cresswell et al. 2003). Nicmén¢,
jakkoliv je antipredacni vigilance pro jedince a jeho fitness zdsadni, jeji udrzovani musi byt
alternovano s ostatnimi aktivitami. Z diivodu zasadnich konsekvenci na fitness jedince je trade-
off mezi antipredacni vigilanci a aktivitami spojenymi se ziskdvanim potravy nejcastéji
studovanym mechanismem (Lima & Dill 1990; Beauchamp 2007). Mén¢€ pozornosti bylo
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vénovano studiu antipredaéni vigilance v souvislosti se spankem, (ale viz Gauthier-Clerc et al.
1994, 2000; Fuchs et al. 2006) a studie, které by v tomto kontextu studovaly antipredacni
vigilanci béhem reprodukéni faze jsou ojedinélé (Dominguez 2003).

Spének je ,,aktivita®, kterd vyrazné¢ omezuje pozornost jedince a snizuje jeho vnimavost
vuci stimulim ptichazejicim z prostiedi (Campbell & Tobler 1984; Amlaner & Ball 1994). Na
druhou stranu mé zdsadni funkci v udrzovani optimalni funkce neuralniho systému (Siegel 2003;
Cirelli 2005) a metabolickych procesi (Berger & Phillips 1995). U nékterych druhii ptaki bylo
prokézano, ze spankova deprivace mliZze mit negativni vliv na uchovavani energetickych rezerv v
organismu (Pravosudov & Grubb 1998; Deswasmes et al. 1984). Z toho diivodu mize mit u
druhti s uniparentalni péci a vysokymi energetickymi naklady do reprodukce trade-off mezi
spankem a vigilanci zdsadni roli. AvSak kromé energetické bilance je pro inkubujiciho jedince
dulezité jeho obrana pted predatory. U ptakil je béhem spanku k tomto ucelu vyuzivan tzv.
vigilantni spanek (,,vigilant sleep*), pti kterém dochézi ke stfidani period, kdy jsou o¢i zaviené
(,,interscan‘ periody) a oteviené (,,scan* periody) (Lendrem 1984; Amlaner & Ball 1994).
Navic u ptaki existuje mechanismus spanku, ktery zajist'uje stiidani oci, které jsou béhem
,scan‘ period vyuzivany (tzv. ,unilateral slow-wawe sleep*) , a kdy k neurdlni interpretaci
dochazi vzdy pouze v kontralateralni hemisféfe mozku (Rattenborg et al. 2000).

Urove trade-off mezi spankem a vigilanci miize byt posouvana vlivem ptisobeni
environmentalnich faktord. Naptiklad efektivita ,,scan® period mize byt siln¢ zavisla na kvalité
vizudlniho stimulu. Potom faktory, jako denni perioda, ¢i intenzita vegetacniho zakryti mohou
zpusobovat zmény jednak v celkové vigilanci (Whittingham et al. 2004; Bednekoff & Lima
2005), tak také ve frekvenci a délce ,,scan* intervalt (Fernandez-Juricic & Tran 2007,
Fernandez-Juricic & Beauchamp 2008). Na druhou stranu mtlize svételna perioda dne ovliviiovat
distribuci a aktivitu predatort, kdy 1ze béhem tmavé denni periody ptedpokladat zvySenou
aktivitu predevsim terestrickych, olfaktoricky se orientujicich predatort, kteii pfedstavuji vyssi
riziko pro dospélce (Lima 1988; Bednekoff & Ritter 1994). Naopak ve dne by mélo dochéazet
k redukeci v aktivité sav¢ich predatorti a k nartistu aktivity vizualné€ se orientujicich, predevsim
ptacich predatora, ktefi pfedstavuji riziko pro sntisku (viz napt. Schaefer 2004). Nicméné je
nutno podotknout, Ze v zavislosti na typu habitatu, mize dochazet ke zménam v incidenci
riznych typl predatort, jejichz aktivita nemusi byt denni dobou omezena (Thompson 2007;
Teunissen et al. 2008; Weidinger 2008, 2010).

Vegetacni zakryti a jeho vliv na Groven antipreda¢ni vigilance mize byt rovnéz
interpretovan dvéma zpusoby. Jednak mize omezovat kvalitu zpracovani vizudlniho podnétu
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béhem ,,scan” period (Whittingham et al. 2004; Bednekoff & Blumstein 2009) nebo se mtze
jedinec, nachazejici se v hustéjsi vegetaci citit bezpecnéji diky redukei jeho napadnosti vici
predatorovi.Tento efekt miZe byt navic posilovano ptitomnosti kryptického zbarveni kofisti
(Lazarus & Symonds 1992).

Prestoze byl efekt téchto faktorti na zmény v antipredacni vigilanci béhem spanku v
n¢kolika studiich prokazan (Gauthier-Clerc et al. 1994, 2000; Ferndndez-Juricic & Tran 2007),
préce, kterd by detailné studovala tyto faktory u terestricky hnizdiciho inkubujiciho jedince, a

tedy v souvislosti s rodicovskymi investicemi do obrany snisky, neni dostupna.

Ultimatni a proximatni interpretace unikového chovani koristi

V tradi¢nim pojeti teorie optimalni inikové vzdalenosti je moment rozhodnuti kofisti, kdy
uniknout pied predatorem, funkci vzajemného vztahu ztrat a vyhod z této reakce (Ydenberg &
Dill 1986; Cooper & Frederick 2007; 2010). Toto paradigma ultimatniho ptistupu k hodnoceni
procesu rozhodovani kofisti v§ak zacina byt v poslednich nékolika letech ptfehodnocovano (viz
napi. Domenici 2010; Hemmi & Pfeil 2010).

Diivodem je vzristajici pocet praci, které prokazuji, ze rozhodovani jedince obecné
nemusi byt nutné v souladu s ,,optimality” modely, které predpokladaji maximalizaci fitness, ale
ze v procesu rozhodovani se u ptakii miize uplatiiovat hedonistickd motivacni slozka (Kacelnik
& Abreu 1998; Kacelnik & Bateson 1996; Wilke & Todd 2010), pfedchozi zkusenosti (Pompilio
& Kacelnik 2005, Aw et al. 2011) ¢i behavioralni syndromy (Sih et al. 2004; Jones & Godin
2010). Jelikoz tyto studie poukazuji na spise heuristickou povahu ultimatnich ,,optimality*
modelt, které neumoznuji parametrizovat vyhody a ztraty vyjadiujici fitness jez tyto modely
definuje, zacinaji se objevovat tendence zahrnovat do interpretace unikového chovani zivocichi
také proximatni mechanismy (napft. Dill 1974; Hemmi 2005; Smolka et al. 2011).

Proximatni piistup v hodnoceni tinikové reakce je zalozen na vizudlnich stimulech
zprostiedkovanych predatorem (tzv. ,,Jooming stimuli*‘) (Glantz 1974; Nalbach 1990). Prestoze
byla unikova reakce vyvolana ,,Jooming stimuli* extenzivné studovana predevsim u bezobratlych
(Holmgqvist & Srinivasan 1991; Hemmi 2005, Hemmi & Pfeil 2010), nejnovéjsi studie prokazuji
ptitomnost specifickych neuronti a pozitivni korelaci jejich aktivity intenzitou unikové reakce
také u obojzivelnikd (Yamamoto et al. 2003), ptaka (Liu et al. 2008) a savcei (Liu et al. 2011).

Na zékladé téchto studii Ize tedy ptredpokladat, ze pokud je unikova reakce zavisla na kvalité
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vizualnich stimulti, mély by faktory ovliviiujici kvalitu téchto stimulti zptisobovat rozdily
v nacasovani unikové reakce.

Nejcastéji studovanymi faktory ovlivitujicimi intenzitu inikové reakce definovanou jako
vzdalenost mezi kofisti a predatorem v moment¢, kdy koftist nik zahdji (tzv. FID — ,flight
initiation distance ), jsou smér piistupu predatora a kvalita vegetacniho zakryti kofisti (viz
Stankowich & Blumstein 2005, pro review). Stejné jako u antipredaéni vigilance, muize byt
prokdzany vliv vegeta¢niho zakryti na snizovani FID interpretovan jako omezeni efektivity
zpracovani vizualnich stimulli (Lazarus & Symonda 1992; Boyer et al. 2006), nebo se miize
jedinec v husté vegetaci citit bezpecnéji a inikovou reakci odkladat (Albrecht & Klvatia 2004).
V piipadé sméru ptistupu predatora ke kofisti jsou implikace pro zmény v FID zaloZené na
blizkosti trajektorie pohybu predatora s lokalizaci kofisti. Pokud se tedy predéator pohybuje piimo
ke kofisti, pravdépodobnost jejiho nalezeni se zvysuje spolu s FID (Broom & Ruxton 2005).

Z hlediska vizualniho vniméni vSak piimost pohybu predatora mize vyvolavat riznou intenzitu
looming stimulu*. Ptedchozi studie prokazuji, ze pfimo se pohybujici predator vyvolava
symetricky se zvétsujici retinalni obraz a intenzivnéjsi inikovou reakci ( Hemmi 2005; Hemmi
& Pfeil 2007). Naopak retindlni obraz predatora, ktery kofist transverzalné miji, nevyvolava tak
intenzivni vizualni stimul, jelikoz se pouze posouva do stran a kofist tedy reaguje slabéji (napf.
Holmgqvist & Srinivasan 1991). Budeme-li v tomto kontextu uvazovat vzajemnou interakci
téchto faktori, 1ze ocekavat, ze u primého ptistupu predatora bude vegetacni zakryti ovliviiovat
,looming stimuli* a tim 1 FID kofisti, kdezto v pfipad¢ transverzalniho pfistupu se efekt
vegetacniho zakryti neprojevi.

Prestoze se miize zdat tato kauzalita mezi FID a kvalitou vizualnich stimulti zfejma a
intuitivni, teoreticky model, ktery by vyuzival tyto proximatni mechanismy jako parametry

modelu nebyl dosud v teorii unikového chovani kofisti dosud navrzen.

Mechanismy obrany snusky v pired-inkuba¢nim obdobi u vrubozobych

Castecna inkubace sniisky

U vrubozobych se podobné jakou u vétSiny prekocialnich druht ptaki predpokladd, Ze zahajuji
inkubaci aZ po sneseni posledniho vejce do snisky (napt. Cramp & Simmons 1977). Timto
mechanismem by mélo byt dosazeno synchronniho lihnuti mlad’at (Wang & Beissinger 2009).
V obdobi kladeni je tedy sntska téchto druhti vystavena jednak vysokému riziku predace
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(Benesova 2006; Kreisinger &Albrecht 2008), ale také okolnim vliviim prosttedi, které mohou
snizovat zivotaschopnost zarodku a ovliviiovat tak reprodukéni tspéSnost (Beissinger et al. 1999;
Cook et al. 2005a,b; Godard et al. 2007). Piestoze se jako nejcastéjsi pricina této snizené
zivotaschopnosti zarodku a lihnivosti uvazuje dlouhodobé vystaveni sniiSky piisobeni sub-
optimalnich teplot z okoli (Beissinger et al. 2005; Wang & Beissinger 2009), v soucasnosti se
pfedpoklada, Ze tato omezeni mohou souviset predevsim s rizikem mikrobidlni infekce vnitinich
struktur vejce (napt. Cook et al. 2003; Godard et al. 2007). Piestoze bylo v n¢kolika poslednich
letech vénovéno této problematice mnoho pozornosti (Cook et al. 2005a,b; Wang et al. 2011;
Ruiz-de-Castafieda et al. 2011), funkce mechanismt, u kterych se predpoklada, ze dokazou v
pied-inkuba¢nim obdobi tato omezeni eliminovat nebyla doposud zcela objasnéna.

U nékolika druhti vrubozobych bylo prokazano, Ze samice ¢astecné inkubuje snisku jiz v
prabéhu kladeni vajec, a Ze doba pobytu samice na hnizd¢ se s velikosti snisky zvysuje (Loos &
Rohwer 2004). Pro vyznam tohoto chovani byla navrzena hypotéza kombinujici dvé funkce
tohoto chovani. Prvni z nich pfedpoklada, ze ¢aste¢na inkubace ma antipredacni funkci, jelikoz
pfitomnost samice na hnizd¢ vyrazné redukuje dobu, po kterou je sniiSka vystavena zvySenému
riziku predace (Clark & Wilson 1985; Cervencl et al. 2011). Druhd vychazi z predikce, ze
piitomnost samice na hnizdé pomaha udrzovat zivotaschopnost embrya (Arnold 1987; Rohwer,
1988; Arnold & Rohwer 1991). Primarnim mechanismem zajist'ujicim tuto funkci by mélo
byt udrzovani teploty vhodné pro spravny embryonélni vyvoj (Wang & Beissinger 2009),
nicméné existuji studie, které prokazuji, ze inkubace mtize vyrazné redukovat riist
mikroorganismi na povrchu vejce (Cook et al. 2005a; Shawkey et al. 2009). Navic se ukazuje,
ze inkubacni teplota tvofi optimum pro aktivitu antimikrobidlnich proteint pfitomnych ve
vajeéném bilku (Tranter & Board 1984; Rehault-Godbert et al. 2010), ¢imz mlize vyrazné
ovliviiovat ptitomnost mikroorganismu uvniti vejce. [ kdyz byl efekt inkubace v tomto smyslu
nastinén, studie, kterd by experimentaln¢ testovala tuto antimikrobialni funkci ¢astecné inkubace

v pred-inkuba¢nim obdobi neexistuje.

Zakryvani snusky hnizdnim materidlem

Pro vrubozobé je typické, ze béhem prestavek v inkubaci a v dob€ neptitomnosti samice na
hnizdé¢ je sniska zakryvana hnizdnim materidlem (Caldwell & Cornwell 1975). Vyznam tohoto
mechanismu je nej¢astéji spojovan s kryptickou funkci, kdy hnizdni vystelka zakryva u
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vrubozobych jinak velmi napadnou sntsku, ¢imz redukuje pravdépodobnost jejiho nalezeni
vizualné se orientujicimi predatory (Kreisinger & Albrecht 2008; Weidinger 2001). Pro nékteré
druhy ptak je typické, Ze soucasti jejich hnizdni vystelky je pefi, které je sbirdno z okoli hnizda
(Dawson et al. 2011). AvSak u vrubozobych je hnizdni vystelka z pfevazné ¢asti tvofena
prachovym petim pochézejicim z téla samice (Caldwell & Cornwell 1975). Jak je znamo, pefti je
u téchto druhti pravidelné osetfovano vymeésky dobie vyvinuté uropygialni zlazy, ktera
produkuje vosky a oleje se silnym antibakteridlnim a antifungicidnim G¢inek (Shawkey et al.
2003). Kromé toho se v pefi nachazi mnozstvi specifickych bakterii (napt. Bacillus
licheniformis), které jsou schopné produkovat latky antibiotické povahy (Simlot et al. 1972;
Soler et al. 2010, 2008). Piitomnost téchto bakterii v pefi a hnizdni vystelce tak mlze jednak
interferovat s ostatnimi mikroorganismy na povrchu vejce a snizovat tak jejich diverzitu a
antimikrobialni latky mohou piimo omezovat jejich proliferaci (Soler et al. 2010; Peralta-
Sanchez et al. 2010). Oba tyto mechanismy tak mohou snizovat pravdépodobnost infekce
vnitinich struktur vejce. Nicméné, prestoze existuji studie prokazujici pozitivni korelaci mezi
mnozstvim pefi v hnizdni vystelce a reprodukénim tspéchem (napt. Peralta-Sanchez et al. 2011),
funkce zakryvani snisky hnizdnim materidlem s vysokym podilem prachového pefi na
pravdépodobnost proniknuti infekce do vnitinich struktur vejce vSak nebyla doposud

experimentalné testovana.
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Vysledky a Diskuze

Vzhledem k tomu, Ze veskeré vysledky jsou podrobné diskutovany v jednotlivych publikacich
ptedlozenych v ramci této disertacni prace, omezim se v nasledujici ¢asti textu pouze na jejich

stru¢né shrnuti.

[1] Analysis of extra-pair paternity and conspecific brood parasitism in mallards Anas
platyrhynchos using non-invasive techniques

Kreisinger, J., Munclinger, P., Javirkova, V. and Albrecht, T. (2010) Journal of Avian Biology,
41: 551-557

Tato publikace shrnuje vysledky sledujici souc¢asny vyskyt a distribuci dvou alternativnich
reproduk¢nich strategii; vnitrodruhového hnizdniho parazitismu (CBP) a mimo-parovych
paternit (EPP) v ptirozené populaci kachny divoké (4nas platyrhynchos). K témto ucelim byl
vyuzit geneticky materidl pochazejici jednak z peti samice, které je u vrubozobych

soucasti hnizdni vystelky, tak z vaje€nych zarode¢nych obalt, které po vylihnuti mlad’at

v hnizd¢ zlstavaji. Diky tomuto molekulédrné-genetickému ptistupu bylo mozné v ramci
jednotlivych hnizd rozlisit mezi témito reproduk¢nimi strategiemi a posoudit tak jejich
prevalenci a distribuci v hnizdni populaci.

Z vysledkl vyplyva, ze 24% ze vSech analyzovanych hnizd obsahovalo alespori jedno
parazitické mlade a 10,1% ze vSech mlad’at pochazi z CBP. Tyto hodnoty CBP jsou témét
dvojnasobné v porovnani s pozorovanou mirou CBP u jinych druhti vrubozobych (Sayler 1992;
Peters et al. 2003). V nasi studii tuto vyssi frekvenci CBP pfipisujeme na vrub vysokym
hnizdnim denzitdm ve sledované populaci. Nicmén¢ diskutujeme i metodologicky artefakt
zpiisobeny preferenci samic pro hnizda méné nachylné k predaci (napt. Poysd & Pesonen 2007),
¢imz se nam do analyzy dostala primarné tato hnizda s vysokym podilem CBP. Molekularni data
rovnéz umoznily prokézat, ze vétSina parazitickych samic kladla pouze do jednoho hnizda a
parazitické samice nebyly z fad lokéaIn¢ hnizdicich samic, coz poukazuje na to, Ze byla tato
strategie v nasi populaci vyuzivana bud’to jako ,,best of bad job* strategie samicemi, které nejsou
schopné zahnizdit, ¢i se CBP tcastnily samice z jiné, vzdalen¢jsi hnizdni populace. Dllezitym
zjisténim rovnéz je, ze pravdépodobnost byt parazitovan v ramci populace nebyla ndhodna. Jaké

jsou priciny této nendhodné distribuce CBP, které diskutujeme blize v ¢lanku, se nam vSak diky
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omezenému mnozstvi dat nepodafilo s urcitosti stanovit. V1iv synchronnosti hnizdéni ani datum
zacatku hnizdéni nemély na miru CBP vliv.

Analyza EPP prokazala, Ze 9,3% neparazitickych mlad’at pochéazi z EPP a jedno nebo
vice mimo-parovych mlad’at (EPY’s) bylo detekovéano ve 48% analyzovanych hnizd. Tyto
hodnoty se na rozdil od CBP shoduji s mirou EPP pozorovanou u jinych druhti vrubozobych, ale
1 presto patii z dosud doloZenych mezi nejvyssi. Déle se podarilo prokazat, Ze otcové mimo-
parovych mlad’at jsou témét vyhradné samci z lokalni populace. AvSak na rozdil od CBP byl
prokdzan ndhodny vyskyt EPP v rdmci populace, coZ poukazuje na fakt, ktery vyplyva i
z ptedchozich studii (Meller & Ninni 1998; Kraaijeveld et al. 2004), ze pravdépodobnost
ucastnit se mimo-parovych kopulaci u samce a ztratit paternitu ve vlastnim hnizdé se u ndmi
studovaného druhu v ramci populace neméni, coz nejspiSe souvisi s neschopnost samice se

mimo-parovym kopulacim branit.

[2] Factors affecting sleep/vigilance behaviour in incubating Mallards
Javlirkova, V., Hordk, D., Kreisinger, J., Klvana P. and Albrecht, T. (2011). Ethology 117(4):
345-355

Tato studie je zaméfena na posouzeni faktort, které se podileji na zménach ve vigilanci béhem
spanku u inkubujici kachny divoké (Anas platyrhynchos). K této podrobné analyze bylo vyuzito
celkem 17 kontinudlnich 48hodinovych videozdznamii inkubujici samice na hnizdé. Nejprve
byly tyto nahravky zpracovany na zdklad¢ sestaveného etogramu, ktery umoznil ptesné stanovit
délku a distribuci jednotlivych spankovych period béhem dne. Nahodna sekvence téchto period
pak byla vyuzita pro samotnou analyzu antipreda¢ni vigilance (celkova délka+frekvence ,,scan®
intervall) v zavislosti na vegetatnim zakryti hnizda, svételné denni period¢ a spankové pozici.

Z vysledki prezentovanych v této studii vyplyva, Ze se zvySujici se hustotou vegetacniho zakryti
hnizda, které je na stran¢ oka vyuzivaného ke ,,scan* intervalim se zvysuje také celkova
vigilance, a to bez ohledu na svételnou periodu dne a spankovou pozici. Naopak primérmné
vegetacni zakryti hnizda vigilanci neovliviiovalo. Tento vysledek je v opozici se studiemi,
interpretujicimi snizovani vigilance v pfitomnosti hustého vegetacniho krytu diky tomu, Ze se
koftist citi bezpecnéji (viz. napt. Watts 1990; Lazarus & Symonds 1992). Naopak, tento vysledek
jasné prokazuje, ze 1 v ptipad¢ kryptického jedince piisobi husta vegetace jako prekazka pro
vizualni vnimani podnétii z okoli (viz také Arenz & Leger 1997; Whittingham et al. 2004;
Bednekoff & Blumstein 2009).
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Kromé¢ toho se ndm podafilo prokazat snizovani celkové vigilance i frekvence ,,scan*
interval béhem tmavé denni periody s opacnym trendem vyuzivanym béhem dne. Tento
vysledek opét potvrzuje predpoklad, Ze béhem tmavé denni periody, kdy je vizudlni vniméni
omezeno, by méla byt vigilance redukovéna (Beauchamp & McNeil 2003; Beauchamp 2007;
Fernandez-Juricic & Tran 2007). Na zaklad¢ téchto vysledku Ize tedy potvrdit, Ze vice nez
zvySené riziko predace ze strany savcich, terestrickych predatori, které by mélo viglanci béhem
tmavé denni periody zvySovat (Lima 1988; Beauchamp & McNeil 2003), hraje efektivita
zpracovani vizualnich stimulll v antipredacni vigilanci béhem spéank u tohoto kryptického,

Zajimavym pozorovanim v nasi studii je také ptizptisobovani vigilance spankovym
pozicim v zavislosti na denni period¢. Zatimco v noci byly samice vice vigilantni béhem ,,rest*
pozice (spanek se zobdkem na hrudi) a méné béhem ,,skapulérni* pozice (zobak ulozen na
zédech), ve dne byl tento trend opacny, avSak nesignifikantni. Pfestoze pro vyuzivani
jednotlivych spankovych pozic se usuzuje na termoregulacni funkci (Reebs 1986; Wellmann &
Downs 2009), v nasi studii jsme tento pfedpoklad neprokazali, jelikoZ samice preferovaly tuto
pozici v noci, kdy je okolni teplota nizsi. Proto se pfiklanime k interpretaci, Ze spankova pozice
mitiZze poukazovat na ,,intenzitu* spanku, kdy ,,rest pozice je vyuzivana jako bd¢lejsi forma
spanku (viz. Amlaner & Ball 1994; Fuchs et al. 2006), coz bylo v nasi studii potvrzeno vyssi

vigilanci v této pozici béhem noci.

[3] An alternative theoretical approach to escape decision-making: the role of visual cues
Javirkova, V., Sizling, A. L., Kreisinger, J. and Albrecht, T. (2011) (submitovano 7/2011 PLoS
ONE)

Tento predlozeny manuskript predstavuje fuzi teoretického a experimentalniho ptistupu pro
hodnoceni unikové reakce kofisti. Zminéné vysledky pfedchozi publikace, které prokazaly
zasadni roli vegetace ve zpracovani vizualnich stimulii nas ptivedly k pfehodnoceni tradi¢nich
teoretickych modeli uvazujicich predevsim adaptivni mechanismy v procesu rozhodovani kofisti
k unikové reakci. V této praci jsme navrhli novy teoreticky model, zaloZeny na zcela proximatni
interpretaci unikového chovani jako procesu vyvolaného vizualnimi podnéty zptisobenymi
priblizujicim se predatorem. Jako parametry modelu jsme pouzily tzv. ,,looming stimuli“ neboli
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retinalni obraz ptiblizujiciho se objektu, vegetacni zakryti a smér pfistupu predatora (viz napf.
Hemmi 2005, Hemmi & Pfeil 2010). Pro otestovani modelu jsme pouZili experimentélni data
sledujici unikovou vzdalenost (FID — flight initiation distance) u inkubujici kachny divoké a
prokézali shodu parametri modelu s experimentalnimi daty. V souladu s predikcemi modelu
jsme v experimentu prokdzali interakci vegetacniho zakryti a sméru pfistupu predatora. Kofist
ptizptisobovala svou unikovou reakei stupni vegetaéniho zakryti pouze v ptipad¢ piimého
piistupu predatora smérem ke kofisti. Béhem transverzalniho pfistupu predatora nebyl efekt
vegetace patrny. Tyto zavéry poukazuji na fakt, Ze 1 komplexni situace uvazujici interakci vice
faktort v procesu rozhodovani kofisti kdy uniknout Ize interpretovat pomoci zcela proximatniho
piistupu. Vzhledem k tomu, zZe proménné v ndmi navrhovaném modelu 1ze na rozdil od
tradi¢nich ultimatnich modelii jasné parametrizovat, povazujeme nas model za parsimong;jsi
alternativu k tradi¢nim, dosud vyuzivanym adaptivnim teoriim interpretujicim tnikové chovani

kofisti.

[4] Do intermittent incubation and covering of clutch by nest lining feathers affect trans-
shell infection in ground nesting precocial birds?

Javiirkova, V., Albrecht, T., Mrazek, J. and Kreisinger, J. (2011) (submitovano 8/2011
Functional Ecology)

V této studii jsme se zaméfili jednak na testovani mechanismti, které mohou redukovat
pravdépodobnost proniknuti mikroorganismii do vnitinich struktur vejce a dale pak na vliv
pritomnosti bakterialni infekce (dale BI) ve vejci na jeho lihnivost a fenotyp mlad’at.

K tomuto ucelu jsme pouzili fertilni vejce kachny divoké (4Anas platyrhynchos)
z komerc¢ni odchovny, které jsme exponovali v ptirozenych podminkach hnizdniho habitatu po
dobu, odpovidajici primérné pred-inkubacni period¢ pro tento druh (Krapu ez al. 2004). Pouzity
dvou-faktorialni experimentalni design ndm umoznil testovat efekt zakryvani snisky hnizdnim
materidlem, ktery byl odebiran z aktivnich hnizd kachny divoké a ¢aste¢nou inkubaci, kdy byla
¢ast vajec denné umistovana do inkubatoru na dobu, kterd odpovidala dobé, zjisténé v predchozi
studii (viz Loos & Rohwer 2004). Na rozdil od vSech piedchozich praci (Cook et al. 2003;
Godard et al. 2007; Wang et al. 2011) jsme pro kvantitativni a kvalitativni hodnoceni pfitomnosti
BI pouzili zcela molekularni ptistup (RT-PCR a DGGE). V této praci jsme prokazali, Ze jak
Castecna inkubace, tak zakryvani snisky hnizdnim materidlem v pfed-inkuba¢nim obdobi, nema
vliv na pravdépodobnost proniknuti BI do vejce. Rovnéz se ndm nepodafil prokazat vliv
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pritomnosti ¢i intenzity BI na lihnivost vajec. Tento vysledek je v rozporu s predchozimi
studiemi, které prokazuji sniZenou lihnivost a vysokou incidenci BI ve vnitinich strukturach
vejee (Cook et al. 2003; Godard et al. 2007). Nicméné tyto studie vychdzi z experimentd, kde
lihnivost a pfitomnost BI je hodnocena na dvou nezévislych experimentdlnich skupinach sniisek.
Naopak nase studie ndm umoznila testovat ptimou zéavislost pfitomnosti BI a lihnivosti. Dal§im
faktem pro nepiitomnost vztahu mezi Bl a lihnivosti je, Ze riziko mikrobialni infekce, mize mit
zasadni konsekvence na Zivotaschopnost embrya piedev§im v tropech, kde je vyrazny vlhkostni
a teplotni gradient, ktery miiZe riziko proniknuti BI do vejce usnadnovat (Cook et al. 2003;
2005a,b). Naopak u druhti mirného pasma byla prokazana snizena incidence mikroorganismu na
povrchu 1 uvnitt vejce (Ruiz-de-Castafieda et al. 2011; Wang et al. 2011). Avsak je nutno
podotknout, Ze tyto studie jsou zalozené na ¢isté kultivacnich technikach. Vezmeme-li v uvahu
fakt, Ze ve skutecnosti je pouze 1% bakterii vyskytujicich se v prostfedi kultivovatelnych
(Amann et al. 1995; Shawkey et al. 2009), nemohou byt vysledky téchto studii pouzity pro
jakékoliv obecné vyvozovani rozdilt v riziku piitomnosti BI mezi tropy a mirnym pasmem.
Navic, 62% nami detekovanych bakterii nebylo v laboratofi dosud kultivovano a vétSina z nich
(33%) byla zastoupena ¢eledi Streptococcaceae s minimem obligatné patogennich kment bézné
nalezenych ve zkazenych nevylihlych vejcich (napi. Dockstater 1952; Cook et al. 2003). V nasi
studii jsme vSak prokazali zasadni vliv ¢aste¢né inkubace na lihnivost vajec, ktera spolu

s pritomnosti BI a zakryvanim sntsky ovliviiovala také fenotyp mlad’at. Detailné&jsi diskuzi
téchto vysledki 1ze nalézt v pfilozeném manuskriptu. Je v§ak nutno podotknout, Ze nasSe studie je
prvni, ktera piimo testuje vliv ptitomnosti Bl na lihnivost vajec a fenotyp mlad’at a blize studuje
funkci a vyznam ¢astecné inkubace a zakryvani snisky v pre-inkuba¢nim obdobi na reprodukéni

uspésnost temperatnich, prekocidlnich druhi ptak.

Zavér

Tato disertacni prace postupné shrnuje a diskutuje problematiku tykajici se alternativnich
reprodukénich strategii, antipredacniho chovani spojeného s obranou hnizda a mechanismu
podilejicich se na udrzovani zivotaschopnosti snisky v pied-inkubaénim obdobi u vrubozobych.
Kromé¢ vnitrodruhového hnizdniho parazitizmu, ktery je u vrubozobych predmétem extenzivniho
z4jmu, bylo jednotlivym aspektim reprodukéni biologie a antipreda¢niho chovani u této skupiny
doposud vénovano velmi malo pozornosti. Tato disertacni prace a piedevsim publikace v ni
obsazené tedy pfispivaji k odhalovani mechanismu souvisejicich se specifiky v reprodukéni
biologii a antipredac¢nimi strategiemi spojenymi s obranou hnizda u vrubozobych.
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Abstract

Escape enables prey to avoid an approaching predator. Theoretical models considering ultimate
explanations based on costs/benefits paradigm have been traditionally used to interpret escape
decision-making process. These ultimate approaches however suffer from inseparable extra-
assumptions due to inability to accurately parameterize model’s variables and their interactive
relationships. In this study we therefore propose mathematical model using the intensity of
predator-mediated visual stimuli as a basic cue for escape response. We consider looming stimuli
(i.e. expanding retinal image of moving predator), vegetation cover, and directness of predator’s
moving trajectory including its interactive effect as model variables, and fitted them to
experimental data examining flight initiation distance (FID - i.e. distance when escape begins) of
incubating Mallards. As predicted by the model, vegetation concealment and directness of
predator's trajectory interacted - FID decreased with increasing vegetation concealment during
direct predator’s approach towards the prey but not during a tangential one. Thus we show that
the simple proximate expectation that only involves visual processing of the moving predator
may explain interactive effects of environmental and predator-induced variables on prey's escape
response. We assume that our alternative proximate approach offers plausible and in principal
more parsimonious explanation for variation in FID than the traditional ultimate one and should

be considered as an interpretation tool in future studies focused on prey escape behavior.



Introduction
Accurate timing of escape, determined by flight initiation distance (FID, i.e. distance between
prey and predator when escape begins), enables the prey to avoid lethal encounter with an
approaching predator. In accordance with the theoretical optimality model [1,2] and its extended
versions [3-5], the prey adjust FID to costs/benefits ratio in order to achieve maximal fitness.
Numerous studies have demonstrated reduced FID in situations when the risk of predation was
low and/or the cost of escape high, reviewed by [6]. In these cases the measures of FID provided
relatively strong arguments supporting the optimality paradigm. However, because it is
extremely difficult to obtain precise estimates of fitness consequences of decision-making (i.e.
optimality model parameters) in nature, most of empirical studies do not properly evaluate the
sufficiency of gained empirical data for the optimality models [7]. Therefore, there is no well
established complementary interpretation framework to the dominating view on FID in terms of
economic rationality derived from normative models available now.
The decision-making is inherently a function of cognitive, physiological and neurobiological
processes at the proximate level [8-10]. However, heuristics or rule of thumbs logic which are
used during the decision-making process by the prey do not always correspond with the
economic rationality assumed by most of the optimality models [11-13]. These aspects are
predominantly considered as a “black box™ in evolutionary based studies about decision-making
[14]. Nevertheless, incorporating a proximate insight to the theoretical model of decision-making
process might be a fruitful strategy stimulating theoretical as well as empirical progress in this
field since it may provide parallel frameworks (i.e. not necessary mutually exclusive) for
interpretation of several phenomena [12,15-17].

Behavioral decision making and adopted anti-predator behavior highly depends on the
acquisition of acoustic or visual signals from the environment [8,18,19]. Visual perception

quality was particularly identified as a predictor of inter-specific variability in anti-predator



performance such as vigilance [20,21], predator detection [22], and most recently also escape
response [23]. Nowadays, there are only few studies which explore escape behavior
incorporating proximate explanations and considering the escape response triggered by visual
stimuli [24-28]. These studies consider the escape behavior as elicited by looming stimuli, i.e.
projection of the angle subtended by an approaching predator’s frontal profile into the retinal
image, and the escape response as generated by the threshold size or/and speed of the “looming
image* on the retina [26,29,30]. Moreover, the intensity of looming stimuli was observed to
mirror the intensity of firing level of neurons associated with the escape response [9,31-34]. It
means that the visual stimuli alone may activate the escape response and are therefore suitable as
the proximate interpretation of the escape decision-making process.

Ultimate approach has traditionally been used to explain changes in FID in relation to
changing vegetation cover or the directness of predator’s trajectory [6]. Nonetheless, the
vegetation cover and the directness of predator's trajectory should also affect the visual acuity as
well as the imaging of an approaching predator, i.e. they affect the looming stimuli. Many
studies documented shorter FID of individuals situated in habitats surrounded by dense
vegetation [35-37]. Although this effect of the vegetation cover on FID is usually considered to
be associated with a decrease in perceived risk due to prey's inconspicuousness [38], vegetation
cover may impede the sufficient processing of the visual information from the environment [39-
41]. Yet, this obvious proximate explanation is generally underestimated in the context of FID.

Similarly, the effect of directness of predator's trajectory on FID may be interpreted in
two ways. Broom and Ruxton [5] suggested that the prey should flee either immediately after
predator is detected or stay motionless and rely on its crypsis. The “remaining” strategy is more
advantageous when predator's trajectory bypasses prey's position, since it intuitively decreases
the probability of being detected by the predator. Based on ultimate explanation, the prey

perceives the predator approaching tangentially as less risky. However, the proximate view



proposes that visual processing of the directly moving object (i.e. a predator) is more accurate
because it appears as symmetrically two-dimensional (transversal/horizontal), magnifying the
“looming image” on the retina [10]. In contrast to that, the retinal image of tangentially moving
predator precludes symmetrical appearance of circuit angle of the retinal image because it shifts
from the right side to the left side and vice versa whereas its expansion is none or weak [42].
Logically, if the visual information about the tangentially moving predator is less complex, the
location of predator's position is less precise and prey may delay its flight initiation [10,26].
Based on these proximate predictions, the vegetation cover, which is supposed to constrain the
quality of visual acquisition, may have stronger effect on the escape decision-making in case of
directly, rather than tangentially, approaching predator.

This study proposes a mathematical model assuming only simple visual processing of the
approaching predator by the prey. Based on model predictions, we examined escape decision
making in incubating Mallards (4nas platyrhynchos) approached by a human. The data revealed
negative correlation between FID and nest vegetation concealment when the prey was
approached directly. On the contrary, we did not observe any effect of vegetation concealment
on FID during the tangential approach. We suggest that the proximate assumption, using the
proposed model as a tool, provides sufficient explanation of the effect of vegetation cover and
the directness of predator's trajectory on escape decision-making of the prey without the need to

incorporate unknown consequences of FID on prey's fitness/survival.

Methods

Model and Theory

We assumed that the prey’s escape decision-making during tangential and/or direct predator's

moving pathway is triggered by the changes in geometry of its visual signal. We further assume



that this signal is caused by different visual projections of the predator. The proposed
mathematical model evaluates escape decision-making for the direct and tangential predator’s
moving pathway depending on variability in vegetation concealment facing the moving predator.
We fitted this model to experimental data regarding the differences between FIDs for the direct
and tangential approach; particularly, to the relationship between vegetation concealment and
FID for direct approach minus FID for tangential approach. Since identical FID-concealment
relationships may originate from a variety of relationships between particular FIDs (e.g. negative
correlation between FIDs difference and the vegetation concealment can result from decreasing
or increasing of particular FIDs and decreasing FID-concealment relationships), we rejected the
model in case that it failed to predict one or both the FID-concealment relationships, thus we
parameterized the model using data on differences between particular FIDs.

The proposed model assumes that prey reacts to symmetrically magnifying predator's

frontal profile ignoring its lateral drifting [10,26,42]. Hence, the cue for flee is triggered by

apparent difference between frontal profile size (A4) before and after the predator moves of Ad |

which obeys:

AA:(I_C)A{ 1 1j (1)

(d —Adcosa) e

where 4 is the actual size of the predator's frontal profile; € is nest vegetation concealment

expressed as the proportion of the predator which can be seen by the prey (i.e. nest vegetation
concealment from the direction of predator's approach; see below); @ is distance to the prey

before the predator moves to the distance Ad (called a ‘step’, see below); and ¢ is the angle

between the direct pathway towards the prey and predator’s trajectory (see Fig. 1 for details).
The ‘step’ Ad g actually a distance passed by the moving predator between two focal points

which is perceived by the prey as a risk cue. Consequently, Ad s rather than a step a measure of

the intensity of risk cue caused by the moving predator which increases with predator’s speed.



As we intuitively supposed, there is no signal to flee for the prey in case of the
exclusively tangential approach (& equals one, €08 =0 and A4 =0 ip eq 1). The same
prediction applies if the prey is absolutely covered by vegetation (€ =1). On the other hand,
increasing directness of the predator's approach (€0S& nears the one), and decreasing vegetation
concealment (€ nears the zero) cause that the predator's apparent size (A4 ) becomes more
affected by predator's speed (Ad ). Put in other words, the higher speed of the predator (Ad )
leads to more intense cue to flee (A4).

In the scheme of field experimental design (see Fig 1 for details), the angle, & , varied

with the type (tangential/direct) of predator's approach toward the mallard's nest. The variation

depends on a minimum distance between the linear trajectory of the predator and the nest, Do ,

and follows:

d_ Y 2)
cosa = 1—(ﬂj
d

If we predict that the change in the apparent predator's profile size (A4) triggers escape response

(i.e. A4 does not essentially vary among individuals) then the model suggests FID as a function

AA/ A,

of vegetation concealment, ¢, and three parameters, , Ad and Do , thus

FID = fAA/AO,Ad,dm (C) 3)
In order to take the prey’s individuality into account, we included an individual specific term I to

the FID (FID = Jaas a1 ). That means that some individuals react before (and some

after) reaching the critical value of c. Since there is no reason for zero mean value of the

individuality, the modeled FID obeys:

FID = fAA/AO,Ad,dmm (c)+1 (4)



where / is a mean value of bias in prey’s individuality. The model for difference between direct

and tangential FIDs then obeys:

AFID = F]Ddir - F]Dtmnsv = fAA/AO,Ad,O(C) - fAA/AO,Ad,l (C) . (5)

(dmin = O

The reason is that models for the direct and tangential approaches differ in their i

and %min =1 for direct and tangential approach, respectively) whereas the mean individuality
remains constant. The eq 5 was fitted to data on differences between the FIDs, by varying

A4/ A

randomly 0 and Ad (between 0 and 1, and duin and 1, respectively) to get minimum sum

AA/ Ao and Ad were used to

of square residuals (see Fig 2). Afterwards, the parameters
compute particular relationships between FIDs for direct and tangential approaches and

vegetation concealment (eq 4; bisection method, see [43], and

http://en.wikipedia.org/wiki/Bisection method; see Fig 3 for result). The mean individual

reaction, / , was extracted from data about direct approach because this information missed from

the data on differences between FIDs (eq 5). Since I only shifts the two tested particular

relationships without deforming them (eq 4), it does not affect the strength of the test.

Experiments
Ethics statement
Field experiment was carried out with permission no. 162 (15/2/2006) issued by the Ministry of

Environment, on behalf of the government of Czech Republic.

Study area and model species
Field research was carried out from April to July during 2006 and 2007 at four selected
fishponds (area polygon covered 18 km?) situated in the Tieboii Biosphere Reserve (49°9' N,

14°43" E). We used Mallards, cryptically colored ground nesting dabbling duck as a model



species. The typical nesting habitat was represented by ten artificial fishpond islands (5-30 m
wide, 100-300 m long) where all experimental nests were located. Vegetation on these islands
mainly consisted of the common reed (Phragmites communis), sedge grass (Calamagrostis
epigeos), growths of nettle (Urtica dioica) and bent-grass (Carex spp.). Field study was carried

out under permission no. 162 (issued 15/2/2006 by Ministry of Environment).

Field procedures

We searched for Mallards' nests by slow systematic walking which disturbed incubating hens,
thus enabling us to localize the nests. We determined nest site vegetation characteristics for each
nest by using a checkerboard-patterned (5 x 5 cm squares) plastic cube (20 x 20 x 20 cm) placed
on a top of the nest see [38], for details. In order to obtain a nest vegetation concealment from
the direction of experimental predator's approaches (see below), the percentage of squares
covered with vegetation viewed at 0.5 meter away from this direction on level corresponding to
female’s head position was scored (hereafter called “nest vegetation concealment”). We
estimated the incubation stage for each clutch by using a candler [44] to eliminate observed
effect of the current reproductive stage on FID [38,45]. It enabled us to experimentally approach
only nests in the same incubation stage (12-15 days). The nests found in advanced incubation
stages were excluded from the experiment. In order to avoid confounding effect of nest
parasitism, we excluded nests containing parasitic eggs of other species (e.g., the Tufted Duck
Aythya fuligula and the Gadwall Anas strepera), moreover, we also excluded nests completely
covered with vegetation (hundred percent concealment) for there is no looming stimuli to model
in this case (see Model and Theory). All experimental nests (n = 17) represent a random sub-

sample from four different study areas (see above).



Experimental design

Each nest was approached directly and tangentially by the same observer (VJ) simulating the
predator. All experiments were done between 10:00 and 16:00 (CET). We recorded flight
initiation distance (FID) for each approach (= 10 cm), i.e. distance from the predator (observer)
to the nest at the moment when a female started to flee. Direct approach was performed by slow
(0.5 m/s) walking toward the nest with predator's sight targeted to the nest position. Due to

observed effect of bypass distance on FID [37], we standardized tangential approach by setting

minimum perpendicular distance from the nest (dmin , in Fig 1) equal to one meter and by slow
(0.5 m/s) walking along the trajectory. Predator's sight was turned away from the nest position to
avoid a confounding effect of predator's eye-gaze on prey's response [46]. Individual type of
experimental approaches was applied in random sequence and interval between both
experimental approaches to identical nest was not longer than four days, which enabled us to
keep the incubation stage in the same phase during particular experimental approaches. In order
to avoid the effect of starting distance (i.e. distance between predator and prey when the
approach begins) on FID [47], we kept the equal starting distances during both experimental

approaches to identical nests.

Results

The modeled relationship (eq 5) fitted to data on difference between FIDs decreases with
vegetation concealment (Fig 2). Models of particular relationships between vegetation
concealment and FIDs for direct and tangential approaches showed decreasing and constant

curves (Fig 3a). None of the residuals between fitted and observed FIDs showed significant bias,

using standard test for correlation (P* 0.73 ,P¥ 0.14 and P * 0.55 for direct, tangential, and

difference between both of these approaches, respectively) (see Fig 3b). Since there was also no

evidence for significant second order polynomial for particular approaches (7 * 0.93 P E 0.12



and P~ 029 , respectively), we did not reject the proposed model and considered it as an
appropriate proximate interpretation of escape decision-making.

Experimental data showed significant decrease for relationships between (i) vegetation
concealment and difference between FIDs (# ¥ 0.021 ) and (ii) between the vegetation

concealment and FID for direct approach (7 * 0.011 ), just as our model predicted. There were

no significant relationships between the vegetation concealment and FID for tangential approach

(P* 0.9 ). Furthermore, the plot of FID for direct approach against the difference between

(P <0.00001

particular FIDs (Fig 3c) showed linear relationship ) with slope of one

(CIO-95 ~ {0'68; 1.22 } ). Therefore, the FID for tangential approach is independent of FID for the

direct approach as predicted.

Discussion

The escape decision-making has long been interpreted mainly in terms of theory based on the
ultimate, fitness costs/benefits balance paradigm [1,2]. The usage of mathematical models based
strictly on an ultimate explanations for interpretation of the behavioral decision-making process
is widely adopted by most of the behavioral ecologists [3,4,6]. This kind of approach has certain
heuristic power, for example, the observed inter - and intra-specific variability in escape
response to identical risk factors is widely interpreted through their multiple (i.e. additive or
interactive) effects [4, 48-50]. These ultimate variables, however, cannot be measured directly
and are considered as hidden or latent variables which can only be correlated with observable
behavior [7]. Such limitations of the ultimate approaches are taken into account in the most
recent theoretical studies which incorporate the proximate insight into the interpretation of the
decision-making processes during the mate choice [51] as well as decision to flee [52].

Accordingly, with respect to the mentioned theoretical background, it is right to assume that the



proximate explanations based on strictly parameterized variables are biologically relevant and in
fact more parsimonous than any ultimate considerations [53].

There are several studies confirming that individuals primarily use the information from
their sensory system [8,19,54] and that visually guided animals are able to precisely distinguish
between false and relevant visual signal in the environment [55,56]. Surprisingly, even though
we are getting empirical evidence of the escape response being closely linked with proximate
cognitive and/or physiological mechanisms [9,34,57], this fact has been mostly ignored in
theoretical models that evaluated the escape decision-making [3-5]. To our knowledge, our study
is first that proposes theoretical model predicting prey escape behavior based on looming stimuli
and involving the environmental and predator-induced factors as model variables. Including the
interactive effect of given factors affecting visual processing of an approaching predator, we
show that even relatively complex pattern of escape responses under conditions where various
risk factors interact, can be explained by a simple proximate mechanism.

The experimental data were consistent with the model predictions about the effect of
vegetation cover and the directness of predator's approach interaction - FID increased with
decreasing vegetation concealment during the direct but not during the tangential predator’s
approach (see Fig. 3a). These results can be interpreted with respect to the model predictions in
which different contribution of the vegetation concealment to visual processing of the direct vs.
the tangential predator’s moving pathway is considered (eq 5; Fig. 1b).

Although previous studies have documented that FID decreased with increasing
vegetation concealment and interpreted these findings in terms of the protective function of
dense vegetation for the prey [36-38,49], we suggest that the degree of the vegetation cover
limits the visual stimuli input [41,58], thereby affects FID. Moreover, our empirical data showed
linear relationship between FIDs for the direct approach and differences between particular FIDs

(see Fig. 3¢). Altogether, this is in line with our model predictions that the visual stimuli



triggered by the directly moving predator are different than the stimuli triggered by the
tangentially approaching one [10,26,42].

Support for our proximate insight into the escape decision-making is also provided by
several studies demonstrating that variations in the escape response are driven by certain
constrains such as capacity of the visual system [23,26,28,34] or responsiveness of the vision-
related neurons [9,34,59]. Besides, Jablonski and Strausfeld [60] used the looming stimuli that
are incurred by bird predator to insect prey for modeling of the evolution of contrastive pattern
within the bird’s plumage, which seems to be crucial to foraging success in flush-pursuing birds.
This fact in our opinion indicates that proximate insight per se may have predictive value for
evolution of the observed ultimate consequences.

Although we provide simple explanation for the effects of environmental and predator-
induced factors on FID, we note that the proximate approach may be limited in explanation of
the escape response by a refuging prey or in more complex risk situations where many factors
must be taken into account [61,62]. Nevertheless, in our study we show that the incorporation of
proximate expectations into the theoretical models of the escape decision-making may help to
reach nowadays neglected, simple, but more parsimonious and useful tool to explain within-

population variations in the prey escape behavior.
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Figure 1. Relationships between predator's frontal profile size, predator-prey distances and what
the prey can actually see. (A) If a predator, at a predator-prey distance d  moves along a
trajectory that bypasses the prey at distance - , then each step of Ad ghifts the predator of
A'd (2 Ad cos ) towards the prey. In the case of direct movement, rin =0 : hence, @ =0 and
A'd=Ad (B) The prey does not see the whole predator frontal profile size (4 ), but a portion

(1 B C)A where € corresponds to the actual vegetation concealment that covers the prey's view.
Predator's frontal profile size (4 ), is calculated as a product of a profile shape specific
coefficient (&) and square of an effective diameter (V') (i.e. 4= & ’ ). (C) The prey can virtually
see the predator as if it was placed on a screen at distance one (see ‘1’ in the fig). Consequently,
the virtual size of the predator's frontal profile corresponds to apparent diameters " and rﬂ;*A'd,

for the distances 9 (before a step) and d—-Ad (after the “step”), respectively. Geometrically,

rift=r/d and "4-ad =1/ (d —A d); hence, the virtual sizes of the predator's frontal profiles
r_ 12 _ 2 2 _ 2
follow Ay =Ky =K1 / d = AO/ d , Where Ay is the actual size of the predator's frontal profile.

Similarly, Apwa =4/ (d —A d) =4/ (d —Ad cos a)_ The eq 2a follows as it captures the

increase in the apparent frontal profile size when stepping forward (i.e. it covers the difference

A;—A’d - A:z )






Figure 2. Observed (squares) and modeled (solid line) relationships between the nest vegetation

concealment and differences between the two types of FIDs (direct minus tangential approach).
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Figure 3. Particular relationships and their residuals: (A) FIDs/vegetation concealment
relationships for the tangential (observed-empty squares, modeled-dashed line) and the direct
(observed-solid squares, modeled-solid line) approaches. (B) Neither residuals between data and
models for the tangential approach (empty squares) and the direct approach (solid squares), nor
the direct minus the tangential approaches (triangles) show significant bias. (C) Observed
(squares) and modeled (line) relationships between FID for the direct approach and difference

between FIDs for the two sorts of approaches.
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Summary

1. Microbial infection is considered to be critical source of hatching success in birds. Persistence
of diverse bacteria on the eggshell may facilitate microbes to invade the egg content and interfere
with developing embryo. Despite the existence of various mechanisms considered to eliminate
risk of microbial infection, possible antibacterial role of intermittent incubation and clutch
covering by nest lining during the egg laying period, when eggs are mostly susceptible to
bacterial trans-shell infection (hereafter “BTSI”’), remains unresolved.

2. Here we used for the first time culture-independent PCR based methods to measure
quantitative and qualitative indices of BTSI of experimentally exposed fertile mallard’s eggs that
were either untreated or treated by intermittent incubation, covering by nest lining, and
combination of both. Hatching success of experimental eggs and offspring quality were
subsequently assessed.

3. Data revealed that eggs originating from identical artificial nests had both similar bacterial
diversity, and the probability of being infected. Neither intermittent incubation, nor clutch
covering had the effect on the probability of BTSI. Similarly, none of these factors affected
bacterial diversity of infected eggs.

4. Hatching success was twice as high in intermittently incubated eggs than in un-incubated ones
but BTSI had no effect on hatchability. However, infection seemed to have effect on embryo
developments, since ducklings that hatched from infected and intermittently incubated eggs had
reduced weight compared to un-infected and non-incubated eggs, respectively. Contrariwise,
ducklings from covered eggs were heavier in comparison to ducklings that hatched from
uncovered eggs.

5. This study provides to our knowledge the first evidence of relationship between the BTSI, egg

viability and offspring phenotype in birds by using of culture-independent methods.
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Introduction

Interaction of macroorganisms with ubiquitous bacteria is thought to be driving force that lies
behind the evolution of immunity genes (Wlasiuk & Nachman 2010), regulation of population
densities (Robar ef al. 2010), or evolution of diverse life history traits (Cook ef al.
2005a,b;Wang, Firestone & Beissinger 2011). Most recently, exposure of the clutch to the risk of
microbial infection has been suggested as a crucial factor influencing egg viability and hatching
success in birds (Cook et al. 2003, 2005b; Godard et al. 2007). As a result, there has evolved a
wide range of physiological, morphological and behavioral traits considered to mitigate
detrimental effect of microbes on hatching success. These include various mechanisms such as
maternal transfer of antimicrobials into the albumen (e.g. Saino et al. 2002; Shawkey et al. 2008;
D’Alba et al. 2010.), and optimization of clutch size (Beisinger, Cook & Arendt 2005; Cooper et
al. 2005). However, the function of the nest characteristics (Peralta-Sanchez et al. 2010; Peralta-
Sanchez, Mgller & Soler 2011) and/or incubation pattern (Godard ef al. 2007; Ruiz-de-
Castafieda er al. 2011) to prevent microbially caused hatching failure remains prevailing subjects
of recent studies aimed at this field.

The incubation of a clutch has been documented as a crucial mechanism reducing
microbial growth on the eggshell (Cook et al. 2005a; Shawkey et al. 2009). It most likely
decreases a probability of microbes to invade egg content (hereafter BTSI - bacterial trans-shell
infection) (Cook et al. 2003,2005b; Godard et al. 2007). However, many bird taxa delay the
onset of incubation until the last or penultimate egg is laid to avoid costs resulting from
asynchronous hatching (e.g. Wiebe, Wiehn & KorpimAki 1998; Wang & Beissinger 2009).
Hence, the question arises how these species eliminate the constrain of increased risk of BTSI

due to extended pre-incubation period. Several alternative strategies have been proposed.



Empirical studies focused on domestic fowl documented that maintenance of eggs with
periodic dozens of incubation temperatures during pre-incubation period increase hatching
success (Meijerhov 1992; Fasenko et al. 2001; Reijrnik ez al. 2009). It may coincide with short
term periodic warming of uncompleted clutch by parents during egg-laying period (hereafter
“Intermittent incubation”) which seems to be prevailing for many of bird taxa (see Arnold 1993;
Anderson 1997; Loos & Rohwer 2004). Although many hypotheses have been postulated to
explain higher hatching success of intermittently incubated eggs (e.g. Wang & Beissinger 2009),
several studies showed that incubation temperature (i.e. ~ 37°C) enhances the activity of egg-
white antimicrobials (Tranter & Board 1984; Arn et al. 2010). Moreover, lysozymes that are only
egg-white antimicrobials with bacteriolytic activity particularly against gram-positive stains (e.g.
Tizard 1991; Kudo 2000) could also affect diversity of BTSI's bacteria. However, whether
intermittent incubation prevents incidence and community structure of BTSI still remains to be
tested.

Covering of clutch by nest lining feathers and nest site selection represent another
potential mechanism reducing the probability of trans-shell infection. Clutch covering known for
many birds (Salonen & Penttinen 1988; Prokop & Trnka 2010) is usually expected to provide
insulation of a clutch against unstable ambient temperatures (e.g. Pinowski ez al. 2006; Prokop &
Trnka 2010, Dawson, O 'Brien & Mlynowski 2011), or to reduce the risk of clutch to be predated
by visually oriented predators (Weidinger 2001, Kreisinger & Albrecht 2008). Yet, apart from
these functions, feathers incorporated in the nest lining may provide barrier for BTSI resulting in
increased hatching success (see Peralta-Sanchez, Moller & Soler 2011). Such mechanism is
inherent in the presence of antibiotic and antimicrobial substances produced by beneficial and
feather degrading bacteria (Simlot, Specht & Pfaender 1972; Soler et al. 2010) that are moreover
able to outcompete other bacterial strains on the eggshell (Simlot, Specht & Pfaender 1972; but

see Shawkey et al. 2009). In addition, uropygial gland waxes known for their strong bactericidal
4



activity (e.g. Shawkey, Pillai & Hill 2003) could improve antimicrobial properties of nest lining
feathers. Despite this potential, the effect of covering of clutch by nest lining feathers on the risk
and bacterial composition of BTSI has not been evaluated.

Altitudinal temperature gradient (Cook et al. 2003, Godard et al. 2007), and moisture
profile of the breeding habitat (e.g. D" Alba, Oborn & Shawkey 2010) have been observed to
enhance the eggshell microbial growth. Hence, the microhabitat humidity/temperature ratio
influencing the eggshell water vapor conductance and condensation of liquid water on the
eggshell could also affect the risk of trans-shell infection (e.g. Bruce & Drysdale 1994). In that
case, clutch covering may additionally act as physical barrier against eggshell moisture thereby
preventing the bacteria transmission.

Despite the growing interest in the effect of BTSI and hatching success in birds during
past years, many aspects are still poorly resolved. First, there is apparent taxonomic and
latitudinal bias towards the tropical and cavity-nesting species (Cook et al. 2003; 2005a,b), and
little effort has been paid to temperate birds (but see Wang, Firestone & Beissinger 2011; Ruiz-
de-Castafieda et al. 2011). Inasmuch as clutches in open-cup nests were observed to suffer from
higher microbial load then cavity nest’s ones (Godard et al. 2007), constrains related to the threat
of BTSI for temperate open-cup nesters still remain unknown. Second, the research of complex
bacterial community was generally based on direct microbial cultivations (e.g. Cook et al.
2005a,b), which however provided considerably biased view compared to PCR based methods
(Shawkey et al. 2009), as only limited spectrum of environmental microbes may be lab-
cultivated (see Amann, Ludwig & Schleifer 1995). Finally, most empirical evidence on the
association between the rate of trans-shell infection and hatching success is derived from
independent experimental subgroups (i.e. one group for assessment of BTSI and second for
evaluation of hatching success) which however does not allow to evaluate a direct causality

between the incidence and intensity of trans-shell infection, egg hatchability and hatchling”
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phenotype. Our study attempts to overcome these methodical drawbacks by exposing semi-
artificial nests containing mallard’s eggs to conditions of natural breeding habitats. Our
experimental design allowed to evaluate the effects of (1) intermittent incubation typical for
Mallards (Loos & Rohwer 2004), and (2) covering of clutch by nest lining feathers (Caldwell &
Cornwell 1975) on the probability and community structure of BTSI , egg hatchability and
offspring quality. Moreover, the PCR based quantitative and qualitative analyses of BTSI using
harmlessly (e.g., Finkler, Van Orman & Sotherland 1998) removed egg-white samples allowed
us to directly evaluate how BTSI affects hatching success and offspring quality of particular
experimental eggs. Our study is to our knowledge the first directly evaluating several functional
hypotheses concerning the association between intermittent incubation and BTSI and the effect

of both on egg-viability and offspring quality in open-cup ground nesting temperate zone birds.

Materials and methods

FIELD EXPERIMENT
Experimental fertile mallard’s eggs (n = 160) obtained from commercial hatchery (Rybarstvi
Ttebon, a.s, Kachni farma Mokfiny) were within 24-h of laying measured (length and width +-
0.1 mm) and cleaned with 70% EtOH to eliminate the initial eggshell bacterial assemblage.
Clutches contained four mallard’s eggs in semi-artifificial nests (n = 40) were exposed under the
condition of typical breeding habitat for that species in Div¢ice, Doudlebia, Czech Republic
(49°6'N,14°18'E) during June 2010. Exposure time was 9 days which is likely to be mean length
of egg-laying period in mallards observed under natural condition (e.g. Krapu ef al. 2004).
Individual nests formed as shallow ground hollow laid out with nest-lining feathers were
randomly placed in breeding habitat of Mallards. Particular eggs in each experimental nest were

assorted following balanced 2x2 design; i.e. 2 eggs were covered by nest lining material
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previously gathered from active mallard’s nest, 2 eggs remained uncovered, and 1 egg from each
of these subgroups (i.e. covered/uncovered) was daily exposed to incubation temperature in the
incubator (OvaEasy 190 Advance, Brinsea Products Inc., USA) to mimic the intermittent
incubation during egg-laying period. Thus, each nest represented quaternion containing four
distinct experimental groups of eggs: (1) covered-incubated (CI) ; (2) covered-unincubated (CU)
; (3) uncovered-incubated (UI); (4) uncovered-unincubated (UU).

Individual eggs from CI and UI groups were handled in sterile rubber gloves and placed
into the sterile plastic boxes during daily transferring from the nest to the incubator a vice versa.
To maintain identical egg turning and manipulation pattern also in non-incubated experimental
eggs (i.e. from CU and UU groups), we turned them twice daily over 180°, wearing a sterile
gloves. Duration of daily exposure of experimental eggs in the incubator corresponded to the
observed pattern of intermittent incubation during egg-laying period in Mallard (4nas
platyrhynchos) (see Loos & Rohwer 2004) (see Appendix A, for details). Intermittently
incubated eggs were in total exposed to 45 hours of incubation at 37.6 °C and relative humidity
of 60 %. Incubator was disinfected before each experimental incubation.

Nest lining material used for clutch covering and as a base material for simple
experimental nests was gathered from several randomly chosen active mallard nests. We
removed less than 25% of nest lining material from particular active mallard nests to avoid nest
desertion and reproductive failure of breeding hen. Hence, a mixture of individually collected
nest lining material was used for experimental clutch covering.

Since redundant liquid water on the eggshell was documented to enhance microbial
growth (D"Alba, Oborn & Shawkey 2010), which may, moreover, facilitate trans-shell infection
(Board & Tranter 1995), each clutch was sheltered by plastic transparent roof placed 10cm above
the ground to protect eggs against accidental rainfall during their overall exposure. Similarly, to

deter clutch predation, each experimental nest was fenced by wire mesh.

7



LABORATORY PROCEDURES

Egg-white sampling

To determine the occurrence of trans-shell infection, eggs were transported to the laboratory
after the outdoor treatment, cleaned with 70% EtOH and egg-white samples were obtained. Since
we simultaneously needed to determine hatchability of experimental eggs, eggshell on the blunt
end of each egg was gently perforated with 22G (0.7x40 mm) sterile needle (Terumo) and 300
uL of egg-white sample was removed into the 0.5 ml sterile syringe (Braun). Based on previous
studies such procedure has no effect on eggs hatchability (see Finkler, Van Orman & Sotherland
1998). Egg-white samples were placed into the sterile cryo-tubes and stored at -20 °C. Needle
perforation of the eggshells were glued up by gel adhesive (Super Attak, Loctite) and eggs were
placed into the incubator with automatic egg turning to assess hatchability. Incubation
temperature and relative humidity was held at 37.6 °C and 60 %, respectively except the eggs
hatching when relative humidity was increased on 80% (e.g. Prince, Siegel & Cornwell 1969;
Stubblefield & Toll 1993). Finally, weight (+- 0.1g) and tarsus length (+- 0.1mm) of hatched

ducklings were recorded.

Bacterial DNA extraction

Total genomic DNA from egg-white was extracted in flow box using of EliGene MTB Isolation
Kit (Elisabeth Pharmacon s.r.0., CR), the highly sensitive diagnostic kit for both G + and G-
bacterial strains. Briefly, egg-white samples were thawed, vortexed for 1 min and 50 pL of egg-
white was removed to the sterile plastic tube with 200 pL of M1 kit’s solution. Thereby diluting
egg-white samples were centrifugated at 17 000 x g for 10 min, supernatant was removed and

isolation was performed following isolation kit’s protocol.



Molecular techniques

Real-time PCR

The occurrence of trans-shell infection was based on the targeting of 16S rRNA in DNA samples
from egg-white and performed with a LightCycler system (Roche, Mannheim,Germany). The
FastStart DNA Master SYBR Green I (Roche) and universal primer sets including forward
primer Uni331 (5" - TCCTACGGGAGGCAGCAGT - 3’) and reverse primer Uni797 (5
GACTACCAGGGTATCTATCCTGTT - 3") (Nadkarni ef al. 2002) was used for PCR
amplification. The efficiency of PCR amplification was checked for various primer
concentration and annealing temperatures. The optimal amplification conditions were achieved
with 0.5 pM final concentration of each primer, and the annealing temperature of 58 °C. The
PCR reaction was performed in triplicates in a total volume of 10 uL contained 5 pL of FastStart
DNA Master SYBR Green I (Roche), 3 pL of PCR H,O, 0.5 pL of each primer in concentration
5 uM and luL of DNA template. The reaction conditions for amplification of DNA were The
amplification conditions were one cycle of 94°C for 15 s and then 45 cycles of 94°C for 3 s, 50°C
for 10 s, and 74°C for 35 s at the transition speed S-9, and finally one cycle of 74°C for 2 min
and 45°C for 2 s.To determine the specificity of amplification, analysis of product melting was
performed after each amplification. The melting curve was obtained by slow heating with a
0.1°C/s increment from 65°C to 95°C, with fluorescence collection at 0.1°C intervals. Serial
dilutions (10" — 10™) of purified genomic DNA from Streptococcus bovis were used to
construct calibration curves for quantification of bacterial DNA concentration, expressed as

number of bacterial cells per ImL of albumen.

PCR — DGGE (Denaturing gradient gel electrophoresis)

Eubacterial DNA amplification was realized by targeting 16S rRNA gene sequences with

universal bacterial primers 338GC (5’-CGC CCG CCG CGC CCC GCG CCC GGC CCG
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CCG CCG CCG CCG CAC TCC TAC GGG AGG CAG CAG - 3’) and RP534 (5°- ATT ACC
GCG GCT GCT GG - 3’). PCR assay was performed with the following amplification program:
3 minutes of denaturation step at 94°C, 35 cycles consisting of 1 min at 94°C, 30 seconds at
55°C, 1 minute at 72°C, and the final elongation step at 72°C for 10 minutes (Muyzer et
al.1993). The PCR mixture contained 2 pL. of DNA template, 0.5 pL of each primer (10 uM), 15
uL of ReadyMix Taq PCR Reaction Mix (Sigma-Aldrich, Germany) and 12 pL of sterile H,O.
All 30 pL of PCR mixture was used in the DGGE analysis.

Products from PCR were then processed by DGGE on the DCodeTM Universal Mutation
Detection System (Biorad, USA) on 9% polyacrylamide gel with 35-60% denaturating
gradient. The electrophoresis was realized in 7 L of 1x TAE buffer for 18 hours at 55 V and
60°C (Fischer & Lerman, 1983). Thereafter, gels were stained in 50 mL of 1x TAE with SYBRr
Green I dye (0.001%) for 30 minutes and visualized by UV light on Vilber Lourmat System

(France).

STATISTICS

Our data did not fulfill criterion of statistical non-independence since individual eggs were
clumped into 40 quaternions (i.e. 40 nests) during the outdoor exposition. Therefore,
Generalized Mixed Effect Models (GLMM) with quaternion identity treated as random intercept
were used in most cases to take this source of spatial non-independence into account.

We evaluated factors underlining observed variation in (A) probability and intensity of
bacterial infection, (B) probability of hatching success and (C) measures of ducklings” phenotype
using GLMM framework, where following explanatory variables (i.e. intermittent incubation
[yes or no], clutch covering [yes or no], and bacterial infection and their two-way interactions
were considered (see Table 1-3, for particular models). Explanatory variables were treated as

categorical with the exception of bacterial infection that was included both as categorical (i.e.
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infected vs. uninfected egg) or as continuous variable (i.e. log of number of bacterial cells per
ImL of albumen +1). Analyses using bacterial infection as categorical and continuous variable
provided quantitatively and qualitatively same results. Therefore, we present only analyses
where bacterial infection was assumed as categorical variable. Factors associated with bacterial
community structure were analyzed using permutation Mantel test.

Ad A: Quantitative RT-PCR data on bacterial loads were far from Poisson or normal
distributions, due to high number of eggs that were not infected. Therefore, in the first step, we
analyzed differences between uninfected vs. infected eggs (i.e. binary response variable) using
GLMM with logit link function and binomial error structure. Further analyses were performed
on the subset of infected eggs (bacterial load based on quantitative RT-PCR data > 1; n = 78)
using GLMM with logit link function and Gaussian error structure. Log transformed data on the
intensity of infection were treated as continuous response variable in this analysis.

Ad B: Hatching success was considered as a binary response variable (i.e. 0 vs. 1;
unhatched vs. hatched, respectively) in GLMM assuming logit link function and binomial error
structure.

Ad C: We evaluate the effect of clutch covering, intermittent incubation and incidence of
bacterial infection on (A) the body weight and (B) mean tarsus length of hatched ducklings. We
included egg volume computed according to Rohwers’ (1988) equation as a covariate into these
models.

To test the composition diversity of BTSI, DGGE data were converted to distance matrix in the
first step. To test the hypothesis that samples exposed to the same treatment (i.e. clutch covering,
intermittent incubation) exhibit similarities in the structure of bacterial community were used
Mantel test (10000 permutations). As we failed to standardize measures of DGGE pattern from
three different gels, we preformed three separate Mantel tests for individual gels. The sum of

permutations that exhibited stronger positive correlation compared to correlation observed
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between original distance matrices divided by the total number of permutation (corresponding to
30000 for all three gels) was used to compute the overall p values of given test. Factors affecting
diversity of bacterial strains observed on DGGE gels was analyzed using GLMM where the
response variable correspond to the proportion of strains observed in given sample vs. the
maximum number of strains observed on given gel. These models assume binomial distributions
of errors and logit link function, and used nest identity nested within gel identity as random
effect.

Backward elimination of the non-significant terms in the GLMM was then used to select
the best minimal adequate model (MAM)), i.e. the most parsimonious with all effects being
significant (Crawley 2007), first eliminating non-significant interactions and subsequently non-
significant main effects. The significance of a particular explanatory variable is derived from the
change in deviance between the model containing this term and the reduced model. There was no
hint of over-dispersion in the fitted models; thus we assumed a * distribution of difference in
deviances, with degrees of freedom equal to the difference in degrees of freedom between the
models with and without the term in question (Crawley 2007). The test the significance of the
effect of spatial clustering of individual eggs (i.e. quaternion identity) was assessed based on the
difference in AIC scores between the MAM GLMM and Generalized Liner Model (GLM) that
does not include random intercept and hence not take spatial dependence of samples into account
(e.g. Faraway 2000).

All analyzes were performed in Lme4 (Bates & Sarkar 2006) and ade4 (Chessel et al.

2004) statistical packages running under R 2.11.1 (R Development Core Team 2010).
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Results

PROBABILITY AND INTENSITY OF BACTERIAL TRANS-SHELL INFECTION

Our data revealed neither intermittent incubation, nor clutch covering was significantly
associated with the occurrence and intensity of trans-shell infection, respectively (Table 1, Fig.
1). Nevertheless it is worth noting that the elimination of random effect from the GLMM
resulted in considerable increase of AIC (A AIC = 13.4) which indicates the covariation in the

probability of trans-shell infection between eggs that originated from the same nest.

HATCHING SUCCESS

Hatching success was highly significantly affected by the effect of intermittent incubation (Table
2). Intermittently incubated eggs hatched with more than twice higher probability compared to
unincubated eggs (Fig. 2). The effects of bacterial infection, as well as of other explanatory
variables and their interactions were far from significance, when controlling the model for the
effect of intermittent incubation (Table 2). We also did not find any direct association between
the probability of hatching and the occurrence of bacterial infection (i.e. direct effect of bacterial
infection without statistical control on the effect of intermittent incubation; GLMM: A d.f. =1, X2
=0.001, p =0.9718) or between partial incubation and bacterial infection (GLMM: A d.f. = 1, y*
=0.340, p = 0.5598). AIC of GLMM on hatching success was higher by 1.99 compared to GLM
that does not take information about spatial clustering of eggs into account. This indicates that
there was no significant correlation in the hatching probability of eggs that originated from the

same nests.

OFFSPRING PHENOTYPE
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Our data show that body mass of hatched duckling was reduced when the egg was exposed to
bacterial infection. Similarly the decrease of body mass was observed in intermittently incubated
ducklings (Table 3, Fig. 3 A,B). On the other side, clutch covering during pre-incubation period
resulted in the increase of body mass (Table 3, Fig. 3 A). We observed no association between
these variables and mean tarsus length (Table 3, Fig. 3 B). The difference in AIC scores between
the models containing information on nest identity as a random effect (i.e. GLMM) and the
model without random effect was -1.47 and 7.08 in the case of body mass and tarsus length,

respectively.

BACTERIAL COMMUNITY STRUCTURE

Mantel’s tests for particular DGGE gels did not reveal the effect of clutch covering (p for
individual gels were: 0.9825, 0.6361, 0.1596) and intermittent incubation (p for individual gels
were 0.3311, 0.8210, 0.8937) on the diversity of bacterial strains isolated from egg content
(Table 4). On the other side, based on Mantel’s test, composition of bacterial strains that were
detected on DGGE gel tended to be more similar than expected by chance in eggs originating
from the same nest (p values were highly significant for 2 gels out of three: p = 0.0003, p =
0.0018 and p = 0.4389, respectively). We did not reveal any association between the bacterial
taxonomic diversity based on DGGE data and the interactive or the main effect of intermittent

incubation and clutch covering (Table 4).

Discussion

Wide ranges of adaptations enhancing hatching success are considered to be favored by natural
selection (Stenning 1996; Lambrechts ef al. 2000). Nest attendance during egg-laying (also
called “intermittent incubation”) known for many birds (Wang & Beissinger 2009) including

waterfowl (Loos & Rohwer 2004) may have underlying consequences on reproduction success
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of birds that delayed incubation until penultimate egg (Wiebe, Wiehn & KorpimAki 1998). This
behavior may be beneficial in sense of reduced probability of nest predation (Kreisinger &
Albrecht 2008; Cervencl et al. 2011), or brood parasitism (Kendra, Roth & Tallamy 1988) by
decreasing of period when clutch remains unattended during egg-laying. Similarly, nonstructural
nest lining that is used for clutch covering during incubation recesses in many bird species
(Gotmark & Ahlund 1984; Salonen & Penttinen 1988) has been proposed to increase nesting
success due to its cryptic role (e.g. Kreisinger & Albrecht 2008) or due to thermo insulation
function (Prokop & Trnka 2010, Dawson, O Brien & Mlynowski 2011). Incubation of clutch
could also improve hatching success due to the reduction of the growth of eggshell bacteria
(Beissinger, Cook Arendt 2005; Cook et al. 2005a; Shawkey et al. 2009, but see Wang,
Firestone & Beissinger 2011) and feathers included in nest lining has been shown to increase
hatching success (Peralta-Sanchez et al. 2010; Peralta-Sanchez, Meller & Soler 2011) possible
due to its antimicrobial properties related to presence of beneficial bacteria (see Soler et al.
2010) or preen gland substances (). In this study, we have experimentally demonstrated that
although the intermittent incubation and clutch covering by nest lining had no effect on
incidence, and community structure of BTSI, intermittent incubation affected hatching success,
and it along with BTSI and clutch covering had the effect on body mass of newly hatched
Mallard ducklings. Hence, to our knowledge we as a first directly measured the effect of
mechanisms considered to affect BTSI and hatching success and evaluated causality between

BTSI, hatching success and offspring phenotype.

INTERMITTENT INCUBATION
Previous experiments performed mostly under artificial on poultry have suggested that
intermittent incubation during egg storage period improve hatching success (Meijerhov 1992;

Fasenko et al. 2007). In line with these results we found that UI and CI eggs hatched with more

15



than twice higher probability compared to UU and CU eggs (Fig. 2). This is a reasonable
difference compared to 5-7% increase of hatching success in eggs under intermittent incubation
treatment in previous studies (Reijrnik ez al. 2009; Fasenko et al. 2001a,b), however, it could be
explained by differences in overall duration of intermittent incubation treatment in our and these
studies (45 vs. 6 h, respectively).

We also found that ducklings hatched from intermittently incubated eggs had decreased
body mass then un-incubated ones. Intermittent incubation was observed to enhance
development of embryo (Fasenko 2007) and level of developmental stage depends on the amount
of exposition to incubation temperatures (Fasenko 2001a,b; Reijrnik 2009). Consequently we
hypothesize that the body mass decrease of intermittently incubated ducklings were caused by
increased metabolic rates which was observed to reduce the internal yolk reserves (Boonstra,
Clark & Reed 2010).

Intermittent incubation reduces the growth of eggshell bacteria (Beissinger, Cook Arendt
2005; Cook et al. 2005a; Shawkey et al. 2009, but see Wang, Firestone & Beissinger 2011),
possibly via reduction of liquid water on the eggshell (D"Alba, Oborn & Shawkey 2010), an
essential substrate enhancing bacterial growth and subsequently the risk of BTSI (Bruce &
Drysdale 1991,1994). Alternatively, egg content might be protected against BTSI by egg-white
antimicrobials, whose activity is the highest in temperatures that are reached during the clutch
incubation (Board & Fuller 1974; Rehault-Godbert ez al. 2010). Both mechanisms may lead to
higher egg hatchability and offspring quality. However, we found no evidence for the effect of
intermittent incubation on the incidence or community structure of BTSI in Mallards. The effect
of intermittent incubation on maintenance of egg-viability (i.e. hatchability) and offspring body
mass is thus mediated via mechanisms independent of BTSI in Mallards and is more probably
inherent in developmental temperature-dependent advantage for embryo (e.g., Fasenko 2007,

Reijrnik 2009; Wang & Beissinger 2009).
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CLUTCH COVERING

Many bird species use feathers as a nest lining material (). Incorporation of feathers into the nest
may has considerable thermo-isolation function (e.g., Hilton ez al. 2004; Dawson, O 'Brien &
Mlynowski 2011). Apart from this thermoregulation potential, feathers included in nest lining
has been shown to increase hatching success possible due to its antimicrobial properties related
to presence of preen gland substances and/or beneficial bacteria (see Shawkey, Pillai & Hill
2003; Soler et al. 2010). However, in contrast to previous studies that evaluated role of
composition and amount of nest lining feathers in reproduction success (Peralta-Sanchez et al.
2010; Peralta-Sanchez, Mgller & Soler 2011), we did not support the beneficial role of clutch
covering either on hatching success, or the probability, intensity and diversity of BTSI. We
tested the effect of clutch covering in a waterfowl species with generous preen gland (Giraudeau
et al. 2010), and which using down feathers from its body as a prevailing nest lining material
(Caldwell & Cornwell 1975). Hence, nest lining of waterfowl including feathers that are well-
treated by uropygial substances should have strong antimicrobial potential. Therefore our result
are with respect to this specificity un-expected.

On the other side, independent of BTSI, body mass of duckling originating from eggs that
were covered by nest lining during the pre-incubation period was higher compared to uncovered
eggs. This provides evidence that clutch covering by nest material during pre-incubation period
may maintain temperatures under physiological zero (or cold torpor) preventing development of
embryo (Decuypere & Michels 1992; Ewert 1992). It could therefore reduce the metabolic rate
of covered ducklings before hatching, resulting in elevated yolk sac reserves (Boonstra, Clark &

Reed 2010).
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THE EFFECT OF BSTI ON FITNESS

The risk of BTSI has been recently proposed to be a crucial factor influencing evolution of
reproductive strategies in birds by its pronounced effect on hatching success (Cook et al. 2003,
2005a,b, Godard ef al. 2007; Wang & Beissinger 2009). Most studies providing evidence for
evolutionary significance of BTSI (i.e. direct effect of BTSI on fitness) have been performed in
tropical regions, where pathogens are in general evolutionary force of high significance
(Guernire ef al. 2004, Bell et al. 2006; Robar et al. 2010). Yet, little is known about the role of
BTSI in temperate regions (but see Godard et al. 2007; Ruiz-de-Castafieda ef al. 2011; Wang,
Firestone & Beissinger 2011). Despite the high incidence of BTSI (57% of eggs were infected)
in our study, we did not find any direct evidence for the effect of BTSI on hatching success in
temperate zone breeding Mallard. Our study thus corroborates recent findings (Ruiz-de-
Castafieda er al. 2011; Wang, Firestone & Beissinger 2011) suggesting lower effect of BTSI on
hatching success in temperate compared to tropical birds (see also Cook et al. 2003, 2005a).
However, our methodical approach based on nondestructive sampling allowed us to analyze not
only effect of BSTI on hatching success, but also direct effect of BTSI on the offspring
phenotype. We found that BTSI had detrimental effect on body mass of ducklings (2.35g mean
decrease of body weight compared to un-infected eggs), but no effect on structural size
(measured as tarsus length). Body mass of hatchling in general corresponds with the weight of
yolk sack (Bolton 1991; Dawson & Clark 1996) and correlates positively with early survival of
hatchling in many waterfowl species including mallard (Arnold ez al. 1995; Blomgqvist et al.
1997; Fondel et al. 2008). Hence we conclude that BTSI may have biologically important yet
non-lethal effect on phenotype during embryogenesis and that the hatching success might be

insufficiently rough measure of the fitness effect of BTSI at least in some species.
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Conclusion

. In this study we provide no evidence for the role intermittent incubation and clutch
covering on BTSI, yet our findings support the “egg-viability hypothesis™ (sensu Arnold,
Rohwer & Armstrong 1987) postulating that the onset of intermittent incubation during egg-
laying represents a mechanism maintaining egg-viability particularly in species where laying
large clutches exposes the eggs to ambient conditions (see also Wang & Beissinger 2009; Loos
& Rohwer 2004). We have also demonstrated the effect of clutch covering by nest lining and
intermittent incubation on offspring body mass. We argued that it is probably due to their role on
development of embryo which determines changes in metabolic rates causing differential
utilization of internal yolk reserves (Boonstra, Clark & Reed 2010).

However, independent to clutch covering and intermittent incubation we found the effect
of BSTI on offspring quality. Our findings thus indicate that neither clutch covering, nor
intermittent incubation in mallards evolved as a direct response to BTSI. Yet BTSI itself had
detrimental effect on offspring quality expressed as offspring body mass in this ground-nesting
precocial bird. Hence, based on our results we assume that direct evaluation of the effect of BTSI
on offspring phenotype in future studies is needed for better understand of the causality between

microbial load and reproductive success in birds.
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Table 1. GLMM fitting results for quantitative data on bacterial infection. Bacterial infection
was treated as binary response in the first step (A: Categorical; i.e. eggs considered as infected or
uninfected based on RT-PCR). Further set of models (B: Continuous) was performed only on the
subset of eggs confirmed as infected. Log transformed number of bacterial cells per ImL of
albumen was used as continuous explanatory variable. Backward eliminations of non-significant
terms were used to select the best minimal adequate model (MAM). Significant factors included

in the MAM are in boldface

A: categorical B: continuous
Response = bacterial infection Ad.f )(2 p )(2 p
clutch covering 1 1.28 0.2581 0.1 0.7448
Intermittent incubation 1 0.53 0.4655 3.08 0.0792
clutch covering:intermit. incubation 1 1.64 0.1997 0.01 0.9265

Table 2. GLMM fitting results for the probability of hatching success. Hatching success was
treated as a response variable. Backward eliminations of non-significant terms were used to
select the best minimal adequate model (MAM). Significant factors included in the MAM are in

boldface.

Response = hatching success Ad.f. X p
clutch covering 1 1.571 0.2101
intermittent incubation 1 9.0558 0.002619
bacterial infection 1 0.046 0.8303

1

1

1

clutch coveringxintermit. incubation 1.5764 0.2093
clutch coveringxbacterial infection 0.8896  0.3456
partial incubationxbacterial infection 1.1796 0.2774
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Table 3. GLMM fitting results for the offspring phenotype expressed as A) Body mass
B) Tarsus length. Backward eliminations of non-significant terms were used to select the best

minimal adequate model (MAM). Significant factors included in the MAM are in boldface

Response = phenotype A) Body mass b) Tarsus length

d.f » P x P
egg volume 1 45.48 0.0000 9.10 0.0026
clutch covering 1 5.66 0.0173 0.86 0.3534
partial incubation 1 14.13 0.0002 2.59 0.1077
bacterial infection 1 7.35 0.0067 0.14 0.7087

Table 4. GLMM fitting results for indices of bacterial community structure detected in egg
content based on DGGE data. Backward eliminations of non-significant terms were used to

select the best minimal adequate model (MAM). Significant factors included in the MAM are in

boldface
Response = community structure Adf X2 p
clutch cover 1 0.04 0.8395
partial incubation 1 0.62 0.4312
clutch cover:partial incubation 1 0.51 0.4758
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Figure 1. The effect of clutch covering and intermittent incubation on the probability of BTSI
(bacterial trans-shell infection). Estimates based on GLMM. Error bars correspond to least

significant difference. Significant effect indicated by grey background.
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Figure 2: The effect of BTSI (bacterial trans-shell infection), clutch covering and intermittent
incubation on the probability of hatching. Estimates based on GLMM. Error bars correspond to

least significant difference. Significant effect indicated by grey background.
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Mean difference in body mass (g)

Figure 3: The effect of BTSI (bacterial trans-shell infection), clutch covering and intermittent
incubation on (A) body mass in (g) and (B) mean tarsus length (mm). Mean difference between
two factor level for given explanatory variable are plotted. Estimates based on GLMM after
statistical control for egg volume. Error bars correspond to least significant difference.

Significant effect indicated by grey background.
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Appendix A
Duration of daily (1-9) exposition of CI (covered-incubated) UI (uncovered-incubated) eggs in

artificial incubator

Exposition day Duration (hours) of
incubation in incubator
1 3
2 3
3 3.5
4 3.5
5 4.5
6 5
7 6
8 7
9 8
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