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Il'y a une chose dont je suis absolument certain,

c'est que si on se prend au sérieux, on ne peut pas faire de travail sérieux.
Pour faire du travail sérieux, il ne faut pas se prendre au sérieux, car

c'est le seul moyen d'avoir la possibilité de faire une autocritique.

Et si on se prend au sérieux, on ne fait pas d'autocritique.

Paul Emile Victor



Introduction

l. Introduction

[.1. Contexte générale

La phénologie est I'étude des événements majdupgradiques des cycles de vie
animale et végétale. Parmi ces activités saisoesii@n peut citer les dates de débourrement
(ouverture des bourgeons a la sortie de I'hivee),fldraison, de premier vol de papillons,

d’arrivée de migrateurs, de ponte, de sevrageeihibernation.

[.1.1. La phénologie dans le contexte climatique ael

i. L’émergence de la phénologie

Le mot ‘phénologie’, du grephainomai(pawvopat, pour ‘montrer’, ‘apparaitre’) est apparu
dans le langage scientifique a la fin di™&iécle. Cependant, les hommes se sont intéressés
aux rythmes naturels saisonniers longtemps aupaira’&ae Moyen Age, le suivi des dates de
récoltes et de migrations permettaient de progranieseactivités agricoles, de cueillette, de
péche et de chasse. Ainsi les dates de vendangBsutgogne ont pu étre reconstituées
jusqu’a 1370 (Chuinet al. 2004). Malgré d’'importants enregistrements, dantxceffectués

par les stations de Météo-France entre 1880 et,1®tsouement scientifique s’est avéré
mitigé. Ce n’est qu’au cours des récentes décergquesla comprehension des variations

phénologiques a pris son essor, porté par le ctntetuel des changements climatiques.

ii. Une avancée a long terme de la phénologie depaoduction

Au cours du 28™ siécle, le réchauffement global s'est concrétiaé yne élévation des
températures de 0,58°C en moyenne (IPCC). Les qaesées d'un tel changement
climatique ont pu étre appréciées a differentegléehbiologiques : physiologie, phénologie,
aire de distributions, processus micro-évolutifsucure et composition des communauteés,
déclin des populations (Hughes 2000; Waltteal. 2002). Particulierement faciles a détecter,
les variations phénologiques sont devenus l'uniddateurs privilégiés des changements
climatiques (Waltheet al.2002).
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Introduction

Dans I'hémisphéere Nord, on constate, en effet, avancée relative de la phénologie
printaniére des especes animales et végétales éBamnnd. Yohe 2003), estimée en moyenne
a -2.8 + 0.35 jours par décennie (N = 203 espéoes, taxons confondus, Parmesan 2007).
Pour les oiseaux, I'avancée des dates de ponterestoyenne de -3.7 + 0.70 jours par
décennies (N = 41 espéces, Parmesan 2007). Cependsarétudes ont été majoritairement
menées dans les milieux terrestres. Chez les oigmatins, les tendances phénologiques sont
moins évidentes et plus contrastées. En mer du ,Nesl mouettes tridactyleRRissa
tridactyla, et les guillemots de TrolJria aalge,présentent un retard de respectivement 5,1 et
2,6 jours par décennies (Frederiksetnal. 2004). De méme, les fous de Basskiorus
bassanuspnt un retard de 2,1 jours par décennies (Wardesd. 2008). Au contraire, les
pontes ont lieu de plus en plus t6t chez les steanetiquesSterna paradisae@Mgller et al.
2006) et dans d'autres colonies de guillemots dail TiVotier et al. 2009). Une étude
comparative a mis en évidence ces fortes dispagiégésendances phénologiques chez les
oiseaux marins au Nord-Est de I'Angleterre : treépeces de sternes (sterne arctique, sterne
pierregarin Sterna hirundogt sterne caugel§terna sandvicengigrrivent et se reproduisent
plus t6t, tandis que les macareux moirestercula arctica,et les mouettes tridactyles se
reproduisent de plus en plus tard ou que d’autspea@s comme les pingouins torddca
torda, et les fulmars boréauxFulmarus glacialis, ne présentent pas de tendances
phénologiques claires (Wanlestsal. 2009).

Dans les milieux polaires, pourtant tres touchéslgm changements climatiques, les
tendances de phénologie de la reproduction resteat et peu généralisables. En Terre
Adélie, Antarctique, l'arrivée a lieu en moyenn# furs plus tard et la reproduction, 2,1 plus
tard comparées aux années 1950 (Barbraud & WeiimgisR006). On constate par contre,
un avancement de la date d’arrivée du skua amjaciCatharacta macormickiBarbraud &
Weimerskirch 2006). Au Spitzberg, Arctique norvégiées mergules naingille alle, se
reproduisent de plus en plus t6t tandis que lesettes! tridactyles présentent une tendance
non-significative a un retard de la reproductiorog\t al. 2009). Au Nunavut, une colonie
de guillemots proches du cercle polaire se reptatkiplus en plus t6t, tandis qu’une colonie
plus septentrionale ne présente pas de tendane®lpb&ue a long terme (Gaston et al.
2005a).

Face a ces fortes différences dans les réponseslpb&ues a I'échelle de la population, il
apparait nécessaire d’identifier I'éventail de sigx environnementaux, pouvant affectés la

phénologie de la reproduction au niveau individagéh de comprendre les mécanismes
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proximaux, qui font le lien entre ces parameétregironnementaux et I'ajustement de la

phénologie de la reproduction au niveau individééy. 1).

[.1.2. Les signaux environnementaux influengant lahénologie de la reproduction

i. La photopériode

La photopériode est la variation annuelle de l&dute la phase claire du jour. Fixe, fiable et
répétable d’'une année sur l'autre, c’est le signahaire qui initie la préparation aux activités
de reproduction plusieurs semaines, voire plusiews a I'avance (Fig. 1). Rowan (1925)
est le premier a avoir établi un lien entre la lemiet les préparations physiologiques et
comportementales aux activités saisonniéres dedaption aviaire. La photopériode a non
seulement une action initiatrice sur la reprodurtimais a aussi une fonction terminatrice.
Trois phases ont ainsi été définies: les oiseaomt fout d’abord photosensiblesa
I'allongement de la durée du jour au début du primgs, puigphotostimulégdéveloppement
et maturation des gonades), et enfihotoréfractaires(régression des gonades) face a

I'exposition a des jours de plus en plus longsyreéans Dawsoet al. 2001).

ii. Les signaux secondaires

En plus de ce signal fixe, plusieurs signaux emviesnentaux sont intégrées et coordonnent
des variations phénologiques a plus fine écheftgoteelle, de I'ordre de quelques jours ou
quelques semaines. Chez les oiseaux, ces informsatides secondaires jouent un role
inhibiteur ou accélérateur sur la date de pontg. (Bi. Ainsi, parmi les facteurs abiotiques, on
cite la température ambiante, les précipitatiors événements météorologiques difficiles,
I'accessibilité des nids (couverture neigeusejetilue de glace de mer, tandis que parmi les
facteurs biotiques, on cite la disponibilité, lmitig et 'abondance des proies, la présence et
la qualité du partenaire et / ou les stimulatioonsiaes (Ball 1993; Visseet al. 1998;
Wingfield et al. 2003; Schoeclt al. 2004; Gastoret al. 2005a,b; Barbraud & Weimerskirch
2006; Ball & Ketterson 2008; Botat al. 2009). De plus, l'activité solaire (tadches solgjire
affecte les dates de ponte des mésanges (Vissan& 209). Visseet al. (2009) ont montré

un lien direct entre des températures élevées etpamte précoce. Enfin, une attention
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particuliere a été dédiée a I'échelle spatiale dasables climatiques (grande échelle :
Oscillation Nord Atlantique par rapport aux tempéres de surface de la mer SST,
Frederikseret al.2004; Moeet al. 2009).

En plus de retarder linitiation de la reproductiodes évenements stressants
(raréfaction des ressources environnementales,uerisgle prédations, évenements
météorologiques difficiles) tét dans la saison meuvinfluencer la décision de ne pas se
reproduire, c'est-a-dire la décision de prendreammee sabbatique (Fig. 1). Ainsi, Chastel
al. (1995) ont montré que 50% des pétrels bleladpbaena caeruleaje se reproduisent pas

lors des années défavorables bien qu'ils soientedkment matures.

ENVIRONNEMENT

- Photopeériode -T°C

- Disponibilité des ressources
- Interactions sociales

INDIVIDU

- Réserves
- Age

Année sabbatique Date de Ponte

Figure 1 : La date de ponte et la décision de seg@roduire sont influencées par les
conditions environnementales (signal primairepHatopériode, signaux secondaires :
température, disponibilité des ressources, inter@esociales) et par I'état physiologique de
I'individu (réserves énergétiques, age, etc.)
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[.1.3. Les parametres individuels influencant la pBnologie de la reproduction

McNamara & Houston (2008) ont passé en revue lagables individuelles
susceptibles d’affecter les traits d’histoire de.vNous détaillerons dans ce paragraphe
'importance des réserves énergétiques, de l'adesdlifferences entre males et femelles, sur
la décision de ne pas se reproduire et la dat@di §Fig. 1). D’autres facteurs interviennent,
tels que la capacité a acquérir de la nourritereapacité a défendre un territoire de meilleure
qualité, des plumes de mauvaise qualité, une biestu ou un stress chronique (Nilsson &
Svensson 1996; McNamara & Houston 2008). De pitudate de ponte est un trait déterminé
génétiguement et partiellement héritable (e.g. @batieret al. 2006; Brommeet al. 2008).

Les tendances phénologiques observés a long tdrezeles mésanges résultent cependant de

la plasticité phénotypique et non de processusa@vaiutifs (Charmantieet al. 2008).

i. Les réserves énergétiques

La source majeure des variations individuelles des de ponte est le niveau de réserves
énergétiques nécessaire a la formation des ceuds l'atitiation de la reproduction. On
distingue lesncome breedergyour qui la reproduction est basée sur I'acqoisitmmédiate
de nourriture, desapital breedersqui puisent dans leurs réserves énergétigueanadées
antérieurement pour préparer la reproduction (D&maan 1980 ; Stearns 1992 ; Jonsson
1997). Certains nutriments sont aussi primordiactnme le calcium nécessaire a la
formation de la coquille des ceufs (Tilgatral 2002), ou comme certains pigments tels que
les caroténoides (e.g. Doutrelat al. 2008). Enfin, la capacité a augmenter le taux
métabolique de base est associée a une date aegrénoce (Chastet al. 2003).

Concernant les années sabbatiques, les non-repeods ont une condition corporelle

plus faible que les reproducteurs en période prigadagChastekt al. 1995).

ii. L'age

L’age est un caractere individuel essentiel daétudle des traits d’histoire de vie. En régle
générale, les jeunes se reproduisent plus tardlda@son que les oiseaux plus agés (Martin
1995; DeForest & Gaston 1996; Gonzalez-Setlial 2004; Ezarcet al.2007; McCleeryet al.

2008; Verhulst & Nilsson 2008; Blaet al. 2009). D’un point de vue ultime, ce phénoméne
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peut étre expliqué par (1) une disparition progvessles individus tardifs par sélection
naturelle ¢election hypothesidvlauck et al. 2004), (2) un ajustement individuel des traits
d’histoires de vie: les jeunes privilégient leunse et en vieillissant, favorisent de plus en
plus leur succes reproducteuwedtraint hypothesjsStearns 1992), (3) une amélioration des
performances reproductrices avec I'expérienmngtraint hypothesjsCurio 1983), ou (4)
I'incorporation progressive d'individus précocesnslales classes d'ageldglayed-breeder
hypothesisforslund & Part 1995; Blast al.2009). De plus, il a été montré, mais en de rares
occasions, que les individus trés vieux se repsatiiplus tard dans la saison, comparés aux
oiseaux d’age moyen (Ezast al. 2007; McCleeryet al. 2008), ce qui reflete un possible
aspect de la sénescence chez certains oiseauwifsngé

Enfin, la décision de ne pas se reproduire varge #age : chez les oiseaux longévifs,
les trés jeunes et / ou les tres vieux ont unefaibée probabilité de se reproduire par rapport
aux individus d’age moyen (Caet al. 2002; Bermaret al. 2009; Goutteet al.2010a).

iii. Les différences entre sexes

Comme suggére par Ball & Ketterson (2008), méleferaelles ne présentent pas forcément
la méme sensibilité aux variables environnementatdsiencant la phénologie de la
reproduction. Les femelles ont, en effet, des céhtrgétiques élevés associés a la formation
des ceufs, tandis que la compétition entre malssdieda période prénuptiale pourrait étre un
critere sélectif privilégiant une rapide prépamaties males a la reproduction et une certaine
insensibilité aux événements stressants (Ball &dfsedbn 2008).

Le role indirect des males sur la date de ponte@stroversé. Chez les mésanges
bleues Cyanistes caerulelisles femelles apparaissent comme les seulesidedéle la date
de ponte (Caret al. 2009), tandis que chez les goélands cendraés$ canusBrommer &
Rattiste 2008), une espece aux soins biparentasixméles ont des effets génétiques indirects

sur la date de ponte de leur partenaire.
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.2. Fitness, décision de reproduction et phénologie de la repduction

[.2.1 Décision de ne pas se reproduire

Selon la théorie des traits d’histoire de vie &8te 1992), un individu alloue de facon
différentielle une quantité limitée d'énergie a neproduction en cours et a sa propre
maintenance. Chez de nombreux espéces longéviessndividus matures s’abstiennent de
se reproduire lors d’'une ou de plusieurs saisorms (Bamet al. 1998 ; Chasteét al 1993,
1995; Bermaret al. 2009; Blas & Hiraldo 2010).

Cette décision de ne pas se reproduire, pouttr@tadnsidérée comme une stratégie
adaptative consistant a privilégier la survie strigproductions futures lorsque la valeur de la
reproduction immeédiate est faiblpergdent parent hypothesiDrent & Daan 1980). Ainsi, la
prise d’'une telle année sabbatique pourrait facille rétablissement, comme cela a été
observé chez les fous a pieds bleésisla nebouxii les ornements sexuels des individus trés
agés sont plus colorés I'année suivant une anr#dmsque, que I'année suivant un épisode
de reproduction (Velandet al. 2010).

La décision de ne pas se reproduire pourrait, pem étre une stratégie adaptative,
mais une forme extréme d’échec reproducteur : deezmouettes tridactyles, les non-
reproducteurs ont des taux de survie plus faiblesermient alors des individus de moindre
qualité (Canet al.1998).

[.2.2 Un ajustement des besoins aux ressourcesiming is everything’

Si se reproduire au bon moment est considéré commmérait d’histoire de vie
essentiel au succes reproducteur (Lack 1968; RBet®70; Nager & VanNoordwijk 1995),
quelles sont les conséquences écologiques qui @étodu lien entre les signaux

environnementaux, I'état individuel et la phénotde la reproduction ?

! Fithessou valeur sélective : capacité a transmettre saimpzine génétique aux générations
futures
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i. La théorie

La théorie du'match-mismatch’a été tout d’abord élaborée a I'échelle des pdionis et
postule que le recrutement augmente lorsque laeptiascycle la plus colteuse en énergie
(généralement, I'élevage des jeunes) coincide &quc de disponibilité des proies dans
I'environnement (Visseet al. 1998; Stenseth & Mysterud 2002; Duranial. 2007). En effet,
I'exploitation optimale des ressources disponillaas I'environnement permet de subvenir
aux besoins énergétiques requis pour la croissdesgeunesnfatch,Fig. 2). Si le pic de
nourriture survient plus tét ou plus tard et si le@rents n’ajustent pas leurs activités
saisonnieres, les besoins énergétiques nécesaaiaeseproduction sont décalés par rapport
aux ressources disponiblesismatch Fig. 2), et le recrutement en patit.

ii. Le modele mésange-chenille

L’exemple classique est le modéle mésange-chgiMlibseret al. 1998; Durantet al. 2007,
Both et al. 2009). La phénologie de la végétation et des omalltrophiques supérieurs
(chenilles, passereaux et rapaces) ont été sulgisgaterme, aux Pays-Bas, au cours des deux
dernieres décennies. On note un avancement glamlddtes de débourrement, du pic
d’abondance des chenilles, ainsi que des datefodién de la mésange charbonnid?arus
major, de la mésange bleu€yanistes caeruleyusle la mésange noirBgriparus ateret du
gobe-mouche noilicedula hypoleuc#Visseret al. 1998; Bothet al. 2009). Pour I'épervier
d’Europe,Accipiter nisus en revanche, on ne constate aucune tendancergutdrme, bien
gue ses proies se reproduisent plus tot (Rotd. 2009).

A chaque niveau trophique, les réponses phénalegige font a un degré plus faible
qgue celles de leurs proies, si bien qu’il persistedécalage entre la date de disponibilité

maximale des ressources et la date de ponte (\8sBeth 2005).

iii. Ajustement phénologique et recrutement

Cette limite dans la flexibilité phénologigqumiématch peut avoir de lourdes conséquences
démographiques. Chez le gobe-mouche noir, la faidbacité a ajuster la date de ponte aux
changements des conditions environnementales (égames dates de pic d’abondance des

chenilles) méne a un fort déclin de la populatiBoth et al. 2006). Une étude comparative
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sur plus de 100 especes d’oiseaux migrateurs arénguoe les populations en déclin sont

celles qui ne présentent aucune tendance phénagitpng-terme (Mgllezt al. 2008).

(a) Concordance

Besoins
énergétiques
Ressources
disponibles
; ; > Temps
(b) Décalage
8
\\l
\
\
— » Temps
Ressources

disponibles plus tot

Figure 2 : La théorie du match-mismatch illustréelp modéle passereaux-chenilles : (a)
Concordance entre les besoins énergétiques at tEgtiondance des chenilles. (b) Décalage
en cas d’avancée des ressources D’apres Stefaddyisterud 2002 et Durardt al.2007

1.2.3. Fitness immédiate et fitness résiduelle

i. Fitness immédiate

Au niveau individuel, les couples reproducteurspeés dans la saison ont généralement une
plus grande couvée, une meilleure réussite a Bémhoet a I'envol et / ou une plus forte

croissance des poussins (Perrins 1970). Ce déaisorsier du succes reproducteur a été
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attribué a deux phénomeénes, non mutuellement efgl(revus dans Verhulst & Nilsson
2008) :

(1) La date de reproductiqgrer sepeut directement affecter le succes reproductear, v
la détérioration de I'environnement au cours dedason ate hypothesjsBrouweret al.
1995; Brinkhof & Cave 1997; Wardrop & Ydenberg 2083nold et al. 2004). En effet, des
ressources de moins en moins abondantes, des pégesmroissants de compétition, des
pressions de prédation et de parasitisme de plydusnfortes sont autant de phénomenes
saisonniers qui concourent a la réduction des @sade survie des jeunes (Verboedral.
2001; Naef-Daenzeat al.2001; G6tmark 2002).

(2) La seconde hypothese attribue le déclin saisordu succés reproducteur a la
qualité individuelle quality hypothesisDeForestet al. 1996; Hipfner 1997; Hipfneet al.
1999; Dauntt al. 1999). Comme détaillé ci-dessus, la qualité eBhigépar un ensemble de
facteurs, tels que l'état énergétique, I'age, lesfgpmances intrinseques, la qualité du
partenaire et / ou la qualité du territoire. Desddles précoces sont des femelles en meilleure
condition et / ou plus ageées (e.g. Datral. 1990; Dauntet al. 1999). Indépendamment de
I'environnement et des dates de reproduciomn se ces femelles précoces auraient un

meilleur succes reproducteur, que des femellesaledre qualité et tardives.

Afin de mettre a I'épreuve ces deux hypothesesatebreuses manipulations expérimentales
des dates de reproduction ont été menées via lacepent de la couvée ou des échanges
entre couvées tardives et précoces (Fig. 3, vothMst & Nilsson 2008 pour une revue
critigue de ces techniques). Les deux hypothesdsfdr seet qualité du couple) expliquent
le déclin saisonnier du succes reproducteur avesffehplus ou moins prononcé en fonction

de I'espece et de la composante de fitness ét(derbulst & Nilsson 2008).

il Fitness résiduelle : survie et reproductionsuits

Chez les espéces se reproduisant dans des mi@onngiers, la durée de la reproduction est
limitée par des activités post-reproductrices,les$ particulierement par la mue, c'est-a-dire le
renouvellement partiel ou complet du plumage. Aides couples de mésanges bleues dont la
phénologie de reproduction a été retardée expétatenent ont une dépense énergétique
élevée pendant I'hiver -liée a une plus forte themégulation- et se reproduisent plus tard

'année suivante par rapport aux couples témoinsgbh & Svensson 1996). Ces auteurs
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proposent qu’un retard de la reproduction interfarec la mue, ce qui diminue la qualité des
nouvelles plumes, et qui cause de fortes pertehaeur pendant I'hiver et des codts lors des
futurs épisodes reproductifs.

A l'opposé, une reproduction précoce peut comptyméa survie. Chez les femelles
de foulque macrouleF(lica atra, Brinkhof et al. 2002), une avancée de la période de
reproduction engendre un fort taux de mortaliténd@e suivante, d0 a un degré

d’investissement tres élevé dans la reproductiocoens.

[.2.4. L’hypothese d’optimisation individuelle

i. La théorie

Pour des parents prudents, la date de ponte ayestun compromis adaptatif entre la valeur
de la reproduction en cours et la valeur des remtioh futures (i.e. la survie, Drent & Daan
1980). D’apres I'hypothese d’optimisation individlee(Drent 2006), la tendance saisonniére
de ces deux forces sélectives s'oppose: d'une, pest besoins énergétiques pour la
reproduction en cours sont d’autant mieux satsfajue I'exploitation des ressources
disponibles débute t6t dans la saison ; d’autrélpasurvie des parents, et les possibilités de
reproductions futures ne doivent pas étre comprEsnmar une reproduction en cours trop
précoce et soutenue.

La figure 3 représente les prédictions associées differentes hypotheses: selon
I'hypothese de date, un retard de la reproductioinit une baisse saisonniere de fitness di a
une incapacité a subvenir aux besoins des jeunesn@tch, tandis gu'une avancée de la
reproduction augmente les chances de subvenir asairis des jeunes et optimise donc la
fitness. Selon I'hypothése de qualité, la dade sen’est pas la cause du déclin saisonnier et
un retard ou une avancée de la reproduction nefimoddonc pas la fithess. Enfin, selon
I’hypothese optimisation individuelle, un retard ome avancée de la reproduction provoque
une perte de fitness dd a une incapacité a sub&eribesoins des jeungri$match ou a des

codts sur le long terme.
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Avance Retardé

date
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Figure 3 : Prédiction des variations de fitnesgapme manipulation expérimentale des dates
d’éclosion en fonction des trois hypothéses. Isge Drent 2006.

ii. Les conséquences possibles en termes d’ingestent parental

Chaque couple, de qualité donnée dans un envircamtewhonné, fait donc face a un
compromis entre la reproduction en cours et lesodppités de reproductions futures. Un
aspect possible mais peu exploré serait la motidicade I'investissement parental suite a
une manipulation expérimentale des dates d’éclodem jeunes. Il est concevable que les
parents dévaluent une couvée tardive, puisque dbapilité d'échec augmente avec le
décalage des besoins par rapport aux ressoumiem@tch. En se désinvestissant de leur
reproduction tardive, les parents prudents favaieat ainsi leur propre survie et leurs
reproductions futures (Drent & Daan 1980). Lesl&slrésultats étayant cette hypothese sont
cependant contrastés : d'une part, le taux mémmlitémoin de l'effort reproducteur, est
indépendant de la date de reproduction (Verhul§irbergen 2001) ; d’autre part, le taux de
prise alimentaire chez les moineaux domestigRasser domesticugpourtant nourrisad
libitum, diminue au cours de la saison, suggeérant un failde apport alimentaire aux
couveées tardives par rapport aux couvées prechtmeiio-Rueda 2004).

Cette possible diminution de I'investissement ptakepourrait étre aussi modulée par
les opportunités de reproductions futures, c'adit@par 'dge des reproducteurs.
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iii. Anticipation par utilisation de signaux pré@gurs ou contraintes énergétiques

Puisque la reproduction est initiée bien avanl@ dle ressources maximales, I'ajustement de
la date de ponte se fait en fonction des varialdegironnementales présentasant
I'initiation de la reproduction et en fonction détat physiologique des membres du couple.
Apres la ponte, les seuls ajustements possiblesistent a retarder I'éclosion, en ajustant
I'effort d’incubation des ceufs, soit en repousdartébut de I'incubation, soit en incubant les
ceufs par intermittence. Selon certains auteursintigidus seraient capables de capter des
signaux précurseurs qui leur permettent d’anticiperconditions futures et de prédire la date
de disponibilité maximale des ressources (Fredemilet al. 2004; Reedet al. 2009). Par
exempleVisseret al.(2009) ont montré que des températures élevéesiseatementiées a
une ponte précoce. Ces signaux précurseurs, siis geu fiables, imprécis, difficilement
perceptibles ou mal interprétés peuvent expligaedldcalage entre les besoins énergétiques
requis et les ressources disponibles a un tempséd@ans ce contexte, la prédictibilité de
I'environnement a une importance cruciale (Reedl. 2010). Des conditions imprévisibles,
telle qu’'une raréfaction des ressources, une pEtimn météorologique, ou un fort risque de
prédation forceraient les individus a se reprodpivs tard que I'optimum.

Cependant, cette hypothése d’anticipation adajtatigst pas soutenue par certaines
études descriptives et expérimentales, en pasicuhez les oiseaux marins migrateurs
(Hipfner et al. 2008; Shultzt al. 2009). Au lieu d’étre choisie et anticipée, laedde ponte
serait alors imposée par les contraintes enviroemdades prénuptiales (e.g. Bahal. 2009).
Pour tester cette hypothése, il a été proposédigreéle budget énergétique des femelles et
de tester si les dates de pontes sont avancéesnday, une avancée de la reproduction n'a
pas été mise en évidence suite a la réduction dpsndes énergétiques des meésanges
femelles, via le chauffage des nichoirs pendamiuia (Nager & VanNoordwijk 1992). Ainsi
il apparait difficile de discerner I'hypothese daidate de ponte choisie et anticipée, d’'une

date de ponte imposée par les conditions enviroentates.

Dans ce contexte controversé, il apparait donsjpatisable d’identifier les mécanismes sous-
jacents qui lient les conditions environnementaiésat physiologique et les décisions de se
reproduire et / ou les dates de ponte. Au niveaxipral, nous nous sommes concentrés sur le

réle potentiel des mécanismes hormonaux.
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[.3. Mécanismes hormonaux de la décision et de lda@nologie de la reproduction

Les hormones sont des messagers chimiques, pquhuitdes cellules ou des glandes
sécrétrices en réponse a des stimuli internes ouroemementaux. Principalement
transportées dans le systeme circulatoire (sarlgngihe), elles agissent sur des cellules
cibles, en se liant & des récepteurs spécifiguasdeisent une réponse physiologique ou
comportementale. Leurs actions sont pléiotropiquesst-a-dire que plusieurs fonctions
différentes sont activées de maniére simultanéetestostérone, par exemple, stimule les
parades sexuelles mais inhibe les soins parentaas<.hormones semblent donc étre des
médiateurs appropriés entre les stimuli internederees et I'ajustement des niveaux
physiologiques et comportementaux, ce qui les pkececceur des compromis adaptatifs

predits par la théorie des traits d’histoire de(@tearns 1992 ; Ricklefs & Wikelski 2002).

[.3.1 La photopériode et I'axe HPG

L’augmentation de la photopériode (jours de plupleis longs) est le signal primaire
qui active I'axe Hypothalamus-Hypophyse-Gonade® (BPG, de I'anglais hypothalamic—
pituitary—gonadal axis, Fig. 4). Au niveau de I'byfpalamus, une neurohormone, la GnRH
(Gonadotropin Releasing Hormone) est expriméetateaa son tour, la sécrétion d’hormones
hypophysaires, les gonadotrophines: la FSH (Heitimulating Hormone) et la LH
(Luteinizing Hormone, Dawsoet al. 2001, Fig. 4). La FSH est impliquée dans l'inibatde
la gamétogenese et la régulation de la croissaesegdnades, tandis que la LH régule
principalement la maturation des gonades, stimalgrioduction de testostérone par les
cellules de Leydig chez les males, ou de la praolict cestradiol chez la femelle et provoque
I'ovulation. On observe donc un pic marqué de lapdihdant la phase prénuptiale chez les
individus vivants dans les milieux tempérés et jpe$a a la saisonnalité marquée (Fig. 16,
partie ‘Matériel et Méthodes’, exemple des mouettielactyles dans I'Arctique norvégien).
En zone tropicale, les variations temporelles dax tle LH sont faibles (Lormés al. 2000;
mais voir Chastett al. 2005a)

Les gonadotrophines provoquent donc un pic de @éarde la testostérone (famille

des androgenes) et d’cestradiol, pendant la phasepiale (Fig. 4 et 16).
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Figure 4 : Axe Hypothalamus-Hypophyse-Gonades@ttén de LH, FSH et d’hormones
sexuelles (testostérone et cestradiol)

Ces hormones sexuelles concourent a [I'expressiam darge éventail de
comportements dont la construction du nid, les geganuptiales et I'accouplement (Ball
1993). Une autre hormone sexuelle, la progestéeonme action moins connue dans la
reproduction aviaire : certaines études ne repbaecune évolution des taux de progestérone
au cours de la saison de reproduction (Fivizza®iéng 1986; Hector & Goldsmith 1985),
tandis que d’autres suggerent une action stima&atsur I'incubation (Daviet al. 1995;

Fivizzani and Oring, 1986) ou sur I'élevage du miugHectoret al. 1996).

Cependant, la photopériode est un signal constanecannée sur l'autre, et son action sur
'axe HPG ne suffit pas a expliquer les variabditdes dates de ponte. Quels sont les
meédiateurs proximaux qui font le lien entre les naigk environnementaux non-

photopériodiques et la variation des dates de pbnte
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|.3.2. Les variables environnementales et les hormes de stress

i. Définition

On qualifie de stressant un événement impreévislalile et compromettant potentiellement
la survie de lindividu (Wingfield & Kitaysky 2002 titre d’exemple, on cite la raréfaction
des ressources alimentaires, un événement métgmyadoparticulierement difficile et / ou un
fort risque de prédation. L’allostasie est définlemme I'ensemble des processus
physiologiques et comportementaux qui permettant arganisme confronté a un évenement
perturbant d’atteindre un état d'homeostasie, a'edte un état interne stable (McEwen 2000,
McEwen & Wingfield 2003, Wingfield 2005).

Face a une perturbation stressante, l'individupggloin état dit d’'urgence (Wingfield
et al. 1998), qui conduit a différents types deorégges selon le type de perturbations
rencontrées. Dans le cas de perturbations insteesgafpar exemple, un risque de prédation
élevé ou un évenement météorologique particulien¢miéficile), une réponse physiologique
et comportementale quasi-instantanée se met ea pfac d’éviter, ou bien de combattre, le
facteur perturbantife fight-or-flight respongeDans le cas de perturbations progressives (par
exemple, la raréfaction des ressources alimenjaims si une perturbation instantanée
perdure dans le temps, I'état d'urgence actives aldférents types de stratégies selon la
condition physiologique de l'individu (Wingfield Kitaysky 2002, Wingfield 2003, 2005): la
fuite (the leave-it strategy la recherche d'un refugehg take-it strategy ou bien la
recherche d’'un refuge puis la fuite si le factetnessant persistehfe take-it, then leave-it
strategy.

L'individu alloue donc ses ressources énergétiguss survie immeédiate, au détriment
d’activités secondaires et non-immédiatement \8tademme la reproduction en cours. Ainsi,
un événement stressant peut engendrer I'abandopotaire ou définitif de I'ceuf ou du
poussin (Wingfield & Sapolsky 2003), via hotamme&atgmentation d’hormones de stress
(corticostérone) et la baisse momentanée des thoxnadbnes parentales (prolactine, Chastel
et al. 2005b; Angelieet al.2007b, 2009; Angelier & Chastel 2009).

Ce stress de courte durée, qualifié de stress aguloit pas étre confondu avec un

stress chronique, c'est-a-dire un stress qui persis le long-terme.
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ii. Physiologie du stress

Au niveau physiologique, chez les Vertébrés, desditions stressantes provoquent la
sécrétion accrue d’hormones de stress de la famdte glucocorticoides (Wingfieldt al.
1998, Fig. 5B et C). Les glucocorticoides sont&tésrpar les glandes corticosurrénales, suite
a l'activation de I'axe hypothalamus-hypophyse-discorticosurrénales (HPA, Fig. 5A). La
corticostérone est le glucocorticoide principalzhes oiseaux, et est I'équivalent du cortisol

chez 'homme.

A) Cerveau B)

CH,OH

Hypothalamus ¢=0
(+)
physe
)
= o
i 2 )
o ‘5
D
o = Taux de
S « corticostérone |
=} c .
S IS (+) Induits par |
= © v un stress
2 o | Corticosurrénales
O Basaux +
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Figure 5 : A) Axe Hypothalamus-Hypophyse-Glandesicasurrénales et sécrétion de
corticostérone. B) Molécule de corticostérone (gaacticoides), C) Evolution des taux de
corticostérone suite a un stress

Cette réponse hormonale au stress permet auxidondie faire face a I'événement
perturbateur via la mobilisation des réserves @teyges, I'adoption de comportements de
recherche et de prise alimentaire, de fuite et /d@tente dans un refuge, ainsi que la
suppression de toutes fonctions non-immédiatemitaies, telle que la reproduction en cours
(Wingdfield & Sapolsky 2003; Landyet al. 2006; Breuneet al.2008). Cette réponse au stress

est considérée comme adaptative puisqu’elle peraitettors d’un événement stressant, de
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rediriger les réserves énergétiques vers la survigdiate au détriment de la reproduction en
cours (Wingfield & Kitaysky 2002; Wingfield Sapolsky 2003; Breunet al.2008; Bokony
et al.2009).

Au contraire, un stress chronique et des tauxéélele corticostérone sur le long-terme
compromettent les capacités cognitives et d’apm®age, les fonctions immunes et la
guérison et diminuent la masse musculaire (revis &apolsky 2000). A terme, I'exposition a
des taux élevés de corticostérone diminue la s{Raenero & Wikelski 2001; Browet al
2005; Kitayskyet al 2007, 2010; Gouttet al.2010b).

Pour bien comprendre le mode d’action des gludmoides, il est important de
distinguer deux niveaux de corticostérone : lex taasaux et les taux induits par un stress
(Fig. 5C). En effet, il existe deux types de réeept auxquels se fixe la corticostérone : I'un
est activé par de faibles taux de corticostéroagx(basaux), tandis que l'autre possede une

grande affinité pour de fort taux de corticostérfmex induits par un stress, Romero 2004).

iii. Niveau basal de corticostérone

Le niveau basal de corticostérone est un marquesiradtivités et de I'état énergétique de
I'individu (Kitaysky et al. 1999; Loveet al. 2004; Landyst al. 2006) et reflete le ratio entre
I'énergie disponible (dans l'environnement et / dans les réserves) et la demande
energétique pour la réalisation d'une activité #upe (Landyset al. 2006). Le taux de
corticostérone basale est élevé lorsque la dispip@ities ressources diminue (Kitayséyal.
1999; Lynnet al. 2003; Kitayskyet al. 2007), lorsque le succes de recherche alimentsire e
faible (Angelieret al. 2007c), lorsque les réserves énergeétiques devltiudsont réduites
(Cherelet al. 1988; Lynnet al. 2003) et / ou lorsque les demandes énergétiquesasorues,
comme par exemple lors de la reproduction (Letval.2004; Landy<t al.2006).

Le taux de corticostérone basale est souvent i@gsaogne mesure physiologique et
intégrative de la fitnesCprt-fithess hypothesisevu et critiqué par Boniet al. 2009) et par
extension de la qualité d'un individu (Angeliet al. 2010). Il a été ainsi montré, chez les
males d’albatros a sourcils noifhalassarche melanophrygue des individus ayant eu, sur
le long-terme, le moins de descendants (indice ed'faible qualité) présentaient des taux
élevés de corticostérone basale et que ces taienttmutement répétables d’'une saison a
l'autre (Angelieret al. 2010). Cependant, il faut garder a I'esprit quéadees activités, telles
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que la reproduction, nécessitent un travail soutehusont aussi caractérisés par une

augmentation des taux de corticostérone basalal{isart al.2006; Bonieret al. 2009).

iv. Niveau de corticostérone induit par un stress

Le niveau maximal de corticostérone (Fig. 5C) esialix de corticostérone atteint aprés un
épisode stressant, comme par exemple aprés unati@ituclimatique contraignante
(Wingfield et al. 1983; Roger®t al. 1993; Smithet al. 1994; Astheimeet al. 1995), un fort
risque de prédation (Silverin & Wingfield 1998; ®cierlein et al. 2001) ou la capture
(Windfield et al. 1994). Ce taux maximum de corticostérone corredpen moyenne et selon
les especes, a une multiplication par 5-10 des b@asaux (Bokongt al. 2009). Il reflete le
degré de sensibilité au stress de lindividu, dtassimilé, par extension, a la perception
individuelle du risque ainsi qu'au degré dinveséisent dans la reproduction en cours
(Ricklefs & Wikelski 2002; Wingfield & Sapolsky 230 Lendvaiet al. 2007; Bokonyet al.
2009). D’'apres la théorie des traits d’histoirevik la réponse au stress peut étre atténuée
lorsque la valeur de la reproduction en cours é¢=téé, relativement a la valeur des
opportunités de reproductions futures (Wingfield Sapolsky 2003). Plusieurs études
expérimentales et comparatives convergent verg dgtpothésebfood value hypothesis
Lendvaiet al.2007; Lendvai & Chastel 2008; Bokoatal. 2009).

Ainsi, les glucocorticoides orchestrent I'ajusteineles compromis adaptatifs. Avant la
période de reproduction, ils pourraient jouer léerde médiateurs entre les conditions
environnementales, individuelles, les décisionséeas se reproduire et / ou les dates de

ponte.

[.3.3. Le contrble hormonal de la phénologie de repduction

I. Mécanismes hormonaux orchestrant la décisionalpas se reproduire

Schoechet al. (1996) a montré que les non-reproducteurs sorgiplogiquement aptes a se
reproduire chez le geai a gorge blanchphelocoma coerulescensne espece utilisant un

systeme de coopération pour la reproduction (uimpleocest aidé par un ou plusieurs oiseaux
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non-reproducteurs dit ‘helpers’). En effet, pendanphase de construction du nid, les males
et femelles non-reproducteurs, mais ‘helpers’, des taux de LH équivalents aux

reproducteurs ; en revanche, les males non-repteahsc ont des taux plus faibles de
testostérone, du a un manque de stimulation ; éeselfes non-reproductrices ont des
follicules ovariens moins développés que les femsetbproductrices (Schoeeh al. 1996).

De plus, Blas & Hiraldo (2010) se sont intéresagés \zariations saisonnieres des hormones
sexuelles chez les milans noifglilvus migrans: entre les males reproducteurs et non
reproducteurs, les taux de testostérone ne sordigisicativement différents, tandis que les
femelles non reproductrices ont des taux d'oestraglas faibles que les femelles

reproductrices.

Un rdle inhibiteur de la corticostérone sur I'akd’G et sur la décision de se
reproduire semble étre tres probable. Chez la fentd diamant mandarinirdeniopygia
guttatg, I'élévation expérimentale des taux de corticasté avant la ponte, provoque une
diminution du nombre de femelles reproductricedv@de & Williams 2003). De méme,
chez les iguanes maridgnblyrhynchus cristatiydes femelles qui ne se reproduisent pas ont
les plus fortes concentrations de corticostérorsalbaet de corticostérone induite par un
stress pendant la période prénuptiale comparéetemelles qui se reproduisent (Vitousatk
al. 2010).

ii. Mécanismes hormonaux orchestrant la date detgo

Tres peu d’études ont réussi a établir un lieneeleis niveaux prénuptiaux de corticostérone
(basaux et /ou maximunng. induits par un stress) et la variation individaelles dates de
ponte chez les animaux sauvages (Schaschl. 2009). Les animaux sauvages, et tout
particulierement les femelles, sont en effet maiosessibles avant la période de reproduction
que pendant l'incubation et I'élevage des jeunaglques rares études suggerent néanmoins
un réle inhibiteur de la corticostérone basalelasidécisions de ponte chez les femelles. Une
approche descriptive chez le geai a gorge blanehédea que les femelles avec de forts taux
basaux de corticostérone initient leur ponte pard fue les femelles avec de faibles taux
basaux de corticostérone (Schoethal. 2009). Cependant cette relation n’est observée que
lors des années défavorables et est masquée leraardeees favorables. Une approche
expérimentale chez la femelle de diamant mandainaitre que I'élévation expérimentale

des taux de corticostérone avant la ponte provaguetard de la ponte (Salvante & Williams
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2003). Toutefois, I'administration de corticostéeoaux femelles de geai a gorge blanche
nourriesad libitumne retarde pas les dates de ponte (Scheteah2007). A ce jour et a notre
connaissance, aucune étude n’a exploré les tagrrtieostérone induit par un stress comme
mécanisme potentiel de la perception du strese diryestissement dans une reproduction
précoce (Goutteet al. 2010a). La corticostérone semble faire le lierreerles conditions
environnementales stressantes et une date de fawdiee, mais ces relations apparaissent

complexes, dépendantes de I'environnement et méritee investigation plus poussée.

iii. Relation entre les glucocorticoides et 'ax@@

Quelle est I'action fonctionnelle des glucocorta®s sur les dates de ponte et les décisions de
se reproduire? Comment agit la cortiosterone agani\physiologique ?

Chez les animaux sauvages, le réle de la corticosesur I'axe HPG, et plus
particulierement sur la sécrétion de LH, de FSHI'abrmones sexuelles a été trés peu
exploré chez les femelles avant la ponte et semdmeplexe chez les males (Wingfield &
Sapolsky 2003; Schoecht al. 2009). En effet, en captivité, I'injection de doostérone
directement dans I'hypothalamus des males de biuaigonien $pizella arboreaWilson &
Follett 1975) diminue les taux basaux de LH et daissance des testicules. A I'opposé,
I'implantation sous-cutanée de corticostérone ndifi@opas les taux de LH et de testostérone
chez les males de cette méme espece, en milietehfstheimeret al. 2000). En outre, le
cortisol inhibe le développement testiculaire eséarétion de testostérone mais sans réduire
la production de LH chez les méales de carg@gp(inus carpio L.,Constenet al. 2001,
Consteret al.2002) et de cochons d’'indeCavia aperea porcellus;enske 1997).

Des études menées sur les animaux domestiquesnpeypyorter quelques pistes sur
I'action des glucocorticoides sur 'axe HPG. Ereefthez des brebi€vis hamonayant subi
une ovariectomie, un stress psychosocial et / augthentation expérimentale de cortisol
plasmatique réduit considérablement I'amplitude s#erétion pulsatile de LH, via la
suppression de la réponse de I'hypophyse au GnBRHidrdans Breen & Karsch 2006). De
plus, 'augmentation expérimentale de cortisol clesz brebis ayant subi une ovariectomie
puis traitées a I'cestradiol et a la progestéropduit la fréquence des pulses de GnRH
(Oakleyet al. 2009). Ainsi, les stéroides ovariens jouent ua dins l'inhibition de la GhnRH
par le cortisol.
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On peut donc raisonnablement s’attendre a un efifébiteur des glucocorticoides sur I'axe
HPG chez les animaux sauvages, mais aussi a déseddes entre males et femelles dans le
réle fonctionnel de la corticostérone sur 'axe HR@Gmme suggéré par Ball & Ketterson

(2008) et / ou a des variations interindividuelles.

[.3.4. L'effet de I'age sur les taux d’hormones

Comme évoqué précédemment, la décision de neepa&pmoduire et la date de ponte
sont fortement influencées par I'état physiologiges individus, et notamment par leur age.
Les glucocorticoides pourraient jouer le role deliat@urs entre I'age et la décision de ne pas
se reproduire et / ou les dates de ponte. Quelsls®reffets connus de I'age sur les taux de

corticostérone, de LH et d’hormones sexuelles ?

i. Age et corticostérone

Les études présentées ci-dessous ont été menédsnpéimcubation et / ou I'élevage du
poussin. Chez les especes longeévives, les tauxpbaeacorticostérone ne sont pas corrélés a
'age (grand albatrosDiomedea exulansAngelier et al. 2006; sterne pierregariSterna
hirundo, Heidingeret al. 2006; pétrel des neigeRagodroma nivealngelier et al. 2007b;
albatros a sourcils noir§hallasarche melanophrisAngelier et al. 2007d). Cependant, le
nombre d’expérience de reproductions antérieurasyest lie a I'age, est trés corrélé aux
taux basaux de corticostérone (Angelkdtral. 2006; Angelieret al. 2007d). Pour le grand
albatros en période d'incubation, les taux de @umstérone augmentent avec l'expérience de
reproduction avant de diminuer chez les individéeescents, tandis que pour l'albatros a
sourcils noirs en période d'élevage du poussintdes de corticostérone sont au contraire
plus élevés chez les individus inexpérimentés mesEents (Angelieet al. 2006; Angelieret

al. 2007d). Ainsi, les patrons obtenus difféerent geament entre les espéces et les stades de
reproduction.

Concernant les taux de corticostérone induit yrarstress, la sensibilité au stress
décline avec I'age chez la sterne pierregarin (iHget et al. 2006), ce qui est interprétée
comme un investissement croissant dans la reprioduenh cours. Des injections d’ACTH
(Adrenocorticotropic Hormone, Heidinget al. 2008) ont pu montrer que I'atténuation de la
réponse au stress (taux maximum de corticostéraned I'age était due a une baisse des
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capacités adrénales. Par ailleurs, on constatedum@ution avec I'age de la sensibilité au
stress de certaines hormones parentales, telleslagpeolactine (Angelieret al. 2007b,
Angelier & Chastel 2009; Heidinger et al. in press)

ii. Age, LH et hormones sexuelles

L’age influence aussi les taux de LH et d’hormoseguelles, avant et apres la maturité
sexuelle. Les résultats sont cependant contrastisen les especes et le sexe. Avant
d’atteindre la maturité sexuelle, les femelles dengs albatros sécrétent de la progestérone
mais pas d’cestradiol et leur taux de LH basale amnggnavec I'age (Hectat al. 1990). Pour
les individus matures sexuellement, il existe adssirelations entre I'age et les taux de LH et
d’hormones sexuelles. Chez les femelles de stermeeparin, entre la ponte des deux
premiers ceufs, le taux basal de LH augmente a@ge,ltandis que les taux d’cestradiol et de
progestérone ne varient pas avec l'age (Nigheal. 1999). Chez les males de la méme
espece, le taux d'androgéne augmente pendant |psefiéres années, puis diminue
progressivement, de 5 a 21 ans, et le taux de Liarie pas avec I'age (Nisbet al. 1999).

De plus, les taux de testostérone et de progegt@es males, et les taux d’cestradiol et de
progestérone des femelles reproductrices de mid@mne sont pas liés a 'age (1 a 13 ans,
Blas & Hiraldo 2010).
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I.4. Problématique et objectif du doctorat

Les variations de la phénologie de la reproduatiénotent de la grande flexibilité des
individus a répondre aux conditions environnemestah fonction de leur état physiologique.
Cependant, certains facteurs proximaux, et prih@ipant les mécanismes hormonaux, sous-

jacents restent trés peu compris et explorés.

Ce doctorat vise a concourir a l'identification desnécanismes hormonaux orchestrant

les décisions de reproduction et des dates de ponte

Ce doctorat s’est concentré sur les milieux podaiaractérisés par une saisonnalité tres
marquée et dimportantes contraintes environnententaBien que ces milieux soient
particulierement sensibles aux changements glodasxdonnées phénologiques y sont rares
et different des tendances observées dans lesuritiempérés (Gastomt al. 2005a,b;
Barbraud & Weimerskirch 2006; Ma al. 2009).

Nos deux modeéles d’études sont :

- les mouettes tridactyles, au Svalbard, qui prtésgnune grande variabilité de
phénologie de la reproduction au cours des demiggeennies, di en partie, aux conditions
océanographiques, comme la température de suréaneedet I'étendue de glace (Metal.
2009). Les années tardives sont associées a ule failtcés reproducteur, soulignant
I'importance de la date de ponte en termes de val&ective (Moeet al. 2009). Facilement
manipulable et accessible avant la ponte, cett@cesprésente des atouts techniques et
scientifiques pour I'étude des mécanismes hormomaé@ruptiaux controlant la décision de
reproduction et date de ponte.

- les pétrels des neiges en Antarctique, dont knplogie de reproduction varient
fortement d’'une année sur l'autre et qui présenterttendance au retard de la reproduction
(Barbraud &Weimerskirch 2006). Chez cette espece, I'age afdet facon quadratique la
décision de se reproduire et la date de ponte (8eetal. 2009; Gouttest al. 2010). Grace a
un suivi a long-terme exceptionnel (depuis 19634) 3 aux connaissances des mécanismes
endocriniens pendant la période de reproductiarg@er et al. 2007b), le pétrel des neiges

est idéal pour l'intégration d’'un volet sur lesetff de I'dge sur les mécanismes proximaux
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régissant les décisions de reproduction et de digtg®nte. Enfin, 'acces au nid fait du pétrel
des neiges, un modéle privilégié pour la manipoitagéxpérimentale de la phénologie, via un

échange entre les ceufs précoces et tardifs.

Les objectifs de cette étude sont :

M de replacer la phénologie dans un contextacqliisition et d’allocation
d’énergie, avec une approche éco-physiologique.

Chez les mouettes tridactyles, nous avons compar@justements physiologiques,
comportementaux et phénologiques lors de deux anaée conditions environnementales
contrastées. Chez le pétrel des neiges, nous awests les effets d’une manipulation

expérimentale des dates d’éclosion (retard ou a&aersur I'effort parental.

(i)  de comprendre les mécanismes hormonaux im@#gdans les variations des
dates de pontes et des décisions de ponte endorudil’age des pétrels des neiges.
Nous nous sommes concentrés non seulement swaursde corticostérone, mais

aussi sur la dynamique de la sécrétion de la LH.

(i)  de comprendre l'action fonctionnelle de larticostérone sur la phénologie et
sur la sécrétion d’hormones impliqguées dans latibn de la reproduction chez la mouette
tridactyle.

Par une approche descriptive, puis expérimentales avons examiné les liens entre
les taux de corticostérone, la décision de ne pasmoduire et les dates de ponte, ainsi que
les liens entre la corticostérone et I'inhibitioa k& sécrétion de la LH et / ou des hormones
sexuelles (testostérone). Une attention particil&eété portée aux différences et similitudes

entre males et femelles.
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Entre chague montagne il s’est formé d’immenses glaciers

dont la hauteur augmente chaque année ; cette élévation croissante
de glaciers est inévitable : un été de quelques semaines ne peut
fondre compléetement ces immenses amas de neige que répand sur
le Spitzberg un hiver de dix mois, et dans un temps donné les
glaciers atteindront presque le sommet des pics de granit.

Léonie d’Aunet (1839)
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Il. Matériels et méthodes

Les données nécessaires a ce travail de théséténmtcoltées au cours de quatre
campagnes de terrain, dans l'Arctique norvégien auxtemps 2008 et 2009, et en
Antarctique lors des étés austraux 2007/2008 e8/2009. Cette section est consacrée a la
présentation des deux sites d'études, a la bioldg® espéces, ainsi qu'a la description

détaillée des protocoles et des analyses employés.

I1.1. Sites et modeles d'étude

[1.1.1. Sites d’étude : les milieux polaires

I. Le Svalbard : territoire Arctique

Bordé par 'océan Arctique, le Spitzberg est laspdmande ile de I'archipel du Svalbard, au
nord de la Norvege (Fig. 6, 7). La colonie détude Mouette tridactyle se situe a
Krikjefjellet, en Baie du Roi, prés de la base stifjue de Ny-Alesund (78°56’'N, 11°56'E,
Fig. 6, 7). La cOte ouest du Spitzberg bénéficidetepératures |égerement tempérées di au
courant chaud de l'Atlantique Nord, la branche liaspseptentrionale du Gulf Stream. Les
températures sont en moyenne de 6.7°C pendantitelenplus chaud (juillet). De mi avril a

mi aodt, le jour y est permanent.

ii. La Terre Adélie : territoire Antarctique

Sur la c6te Antarctique, I'lle des Pétrels appattée I'archipel de Pointe Géologie (66°40’S,
140°01’E), en Terre Adélie (Fig. 8, 9). Les colanid’étude de pétrels des neiges sont
dispersées autours de la station scientifique dadda d'Urville, basée sur I'lle des Pétrels
mais aussi sur les iles alentours (Fig. 8, 9).\ueds y sont tres violents et les températures
sont basses, y compris pendant I'été : au coursndis le plus chaud (décembre), les
températures moyennes sont de -1°C. En été austsa|eil passe la ligne d’horizon autours

de 23 heures pour se lever vers 1h30.
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© Réalisation JP Humblot / Service Communication IPEV

Figure 6 : Carte de I'Arctique. La fleche rougeiqe le Svalbard. Source : IPEV

Figure 7 : Vue aérienne d

village scientifique de Ny

Alesund et de la Baie du
Roi, Svalbard.
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Figure 8 : Carte de I'Antarctique. La station stiigue
francaise Dumont D’Urville (fleche rouge) se siare
Terre Adélie. Source : IPEV
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[1.1.2. Biologie des espéeces étudiées

I. La mouette tridactyle

Oiseau marin pélagique, la mouette tridactides$a tridactylalinnaeus 1758) appartient a la

famille desLaridae et a I'ordre deCharadriiformes D'une longueur de 36 a 40 cm, elle a
une envergure de 95 & 120 cm pour un poids de & d. Elle niche en colonies sur les
falaises cotiéres de I'Atlantique Nord, du Paciéddord et de I'océan Arctique. Le Spitzberg

constitue la limite nord de son aire de réparti{fl@ramp 1983) et accueille environ 300 000 a
500 000 couples (Mehlum 1990).

En Baie du Roi, les mouettes tridactyles occupestdolonies dés le mois d’avril
(Mehlum 1990). La ponte a lieu la deuxieme moiti& dhois de juin et peut
exceptionnellement atteindre trois ceufs. Durapéi@ode prénuptiale, les mouettes paradent,
s’accouplent, défendent et construisent leur nddir de débris végétaux. Les ceufs, formés
en 6-8 jours, sont pondus et incubés pendant appativement 27 jours, par les deux
membres du couple (Coulson & Wooller 1984). La pésen partie de I'élevage (jeunes
poussins) est la plus colteuse en énergie puisgupdrents doivent se relayer au nid pour
nourrir et réchauffer leurs poussins (Fytral. 2001; Bectet al. 2002). Une fois les poussins
indépendants thermiquement, les parents partentltsinément en mer acquérir des
ressources pour eux-mémes et pour leurs petitavblea lieu une quarantaine de jours apres
I'éclosion (Roberts & Hatch 1993), soit en fin addebut septembre (Fig. 10).

Ponte Eclosion Envol
Arrivée  Prénuptial l Incubation l Elevage l Migration

avril mai mi-juin mi-juillet septembre
~ 27 jours ~ 40 jours

Figure 10 : Cycle de vie de la mouette tridactyléBaie du Roi, Svalbard
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La mouette tridactyle constitue un bon indicaieita fluctuation de I'environnement.
En Baie du Roi, elle fait I'objet d’'un suivi démeagphique a long terme depuis 1970. Les
conditions environnementales avant la ponte (awai} déterminent en partie, la phénologie
de reproduction : les mouettes sont précoces lessahnées de fortes SST (Sea Surface
Temperature, Moet al. 2009). De plus, les années tardives sont assoaiégsfort échec
reproducteur (Moeet al. 2009). Au Svalbard, le régime alimentaire des rtteserepose
essentiellement sur de jeunes morues polaBeseogadus saidaCependant, lorsque les
ressources se font rares, elle se nourrit de pdéiegp(escargots marins planctoniques) et de
crustacés planctoniques (amphipodes).

Accessible sur le nid environ deux mois avant latpocette espece présente un intérét
considérable pour I'étude des mécanismes hormomapbgués dans les traits d’histoire de
vie (programme de recherche soutenu par I'lPEVpaesable O. Chastel). Facilement
manipulable, elle est appropriée a la pose d’esneggirs miniaturisés (Angeliet al. 2007a)
ainsi qu’aux manipulations expérimentales des tdihormones (Kitayskyet al. 2001;
Angelieret al.2007a, 2009; Gouttet al. 2010b).

ii. Le pétrel des neiges

Le pétrel des neigedPégodroma niveaForster 1777) est un oiseau marin extrémement
pagophile, autrement dit dont I'écologie est étmiént associée a la glace de mer. |l
appartient a la famille deRrocellariidae et a I'ordre ded’rocellariiformes D'une longueur
de 30 a 40 cm, il a une envergure de 75 a 95 cmyopoids de 315 a 570 g. De distribution
circumpolaire, sur la céte antarctique mais aussit&rieur du continent, le pétrel des neiges
recherche ses proies au niveau de la banquis@reixamité des icebergs. Fidele au nid et a
son partenaire (Briedt al. 2003) il niche en colonies dispersées, dans desmsses et des
trous de rochers, sous les éboulis.

L'arrivée a lieu fin octobre, les parades et lescaplements au cours du mois de
novembre (période prénuptiale, Fig. 11). Pendaetxokle préposital (2-3 semaines), la
femelle accumule en mer, les réserves énergétigaesssaires a la formation de I'ceuf
unique. La taille des femelles explique 24 % dedration des dates de ponte (Barbraud et
al. 2000). L'oeuf est pondu en décembre, sans @apient en cas d’échec, et est incubé
entre 41 et 49 jours (Fig. 11). Aprés I'éclosion,janvier, les parents se relaient au nid pour
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garder, nourrir et réchauffer le poussin. Le paugsnancipé (42 - 54 jours) s’envole en mars
(Fig. 11).

Ponte Eclosion
Prénuptial l Incubation l Elevage

Arrivée Envol

Fin octobre Mars

Novembre Décembre Janvier
~ 41-49 jours ~ 42-54 jours

Figure 11 : Cycle de vie du pétrel des neiges aereTAadélie.
Les dates de ponte affectent le succes reproduatewniveau individuel chez les

pétrels des neiges : en 2007-2008, le succes negtd décroit lorsque les dates de ponte

sont tardives (Fig. 12).
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Figure 12 : Probabilité de réussite (poussin avidnen fonction de la date de ponte chez les
pétrels des neiges en décembre 2007. Les effgotitsdonnés pour chaque date de ponte.
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Les colonies de pétrels des neiges en Terre Adié&ig I'objet d'un suivi
démographique (programme soutenu par I'IPEV, resplole H. Weimerskirch). Tous les
poussins sont bagués avant leur envol, sur I'enkeids iles de Pointe Géologie. Etant
philopatrique, un certain nombre d’adultes, bagoesssins, reviennent sur le site d’étude
pour s’y reproduire et sont ainsi d'age connu. €e&tspece a une faible fécondité et est
extrémement longévive (Chastdlal. 1993; Jenouvrieet al. 2005). Le plus vieux pétrel des
neiges manipulé dans le cadre de ce doctorat bagp@é poussin il y a 45 ans. L'age a la
premiere reproduction est estimé a 9.9 ans en mey@bhastekt al. 1993), les immatures
restant en mer ou visitant occasionnellement lésnges a partir de 5 ans (Weimerskireh

al. 1986; Chastett al. 1993).

Afin d’étudier les mécanismes hormonaux impliquasglla décision de se reproduire et dans
la date de ponte, nous avons employé une apprasoeigtive (covariation naturelle entre les
taux d’hormones et la date de ponte) puis une apprexpérimentale (manipulation de la

date de ponte et manipulation des taux hormonaux).
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[I.2. Approche descriptive

[1.2.1. Captures et baguages

Pendant la période prénuptiale, les oiseaux stnatpaés au nid, a I'aide d’'une courte
gaffe pour les pétrels des neiges, ou d’un nceuldicba I'extrémité d’'une canne a péche de 5
meétres pour les mouettes tridactyles. Chaque iddivecoit alors une bague métal possédant

un numéro unique.

Figure 13 : Identification de mouettes tridactydestélescope depuis le bas de la colonie
grace a leur bague Darwick. Photos : C. Clémensteha

Les mouettes recoivent également une bague eniqgol@st(bague Darwick),
comportant un code unique de trois lettres (Fig. 13dentification des mouettes ainsi
baguées est possible au télescope (Fig. 13) aartane distance de la colonie, ce qui limite
les perturbations humaines. Pour les deux espgoesnarque au feutre sur la téte permet de
plus, d’'identifier un oiseau manipulé lorsque sgu@an’est pas directement visible.

[1.2.2. Mesures biométriques et indices de conditiocorporelle

Une fois capturés, les oiseaux sont mesurés afimod’ un indice de leur taille
corporelle. Le crane (téte + bec) et le tarse snesurées a l'aide d’'un pied a coulisse
(précision de 0.1mm), l'aile pliée grace a un régheécision de 1mm, Fig. 14). De plus, la
masse corporelle est enregistrée a I'aide d’unanisal Pesola (précision de 1g). Si nécessaire,

43



Matériel et méthodes

I'oeuf et / ou le poussin de pétrels des neigesaasgi mesurés et / ou pesés (Fig. 14). Pour le
calcul de lindice de condition corporelle, on spartera aux méthodes détaillées dans les

articles.

Figure 14 : Mesure biométrique du crane (téte #,lkctarse et de 'aile d’un adulte et d'un
poussin de pétrel des neiges. Photos : A. GoutteMt Thierry

[1.2.3. Prises de sang, réponse au stress, et cap@a sécréter de la LH

I. Prises de sang

Juste apres la capture (chronomeétre en main), ise gie sang est effectuée par ponction de
la veine alaire a lI'aide d’'une aiguille (25G) fix@&une seringue de 1 mL préalablement
héparinée (Fig. 15A). Le chronométre permet deutade temps écoulé entre la capture
(début du stress) et la fin de la prise de sangteQhrirée de premiére prise de sang peut

influencer les taux d’hormones mesurés : au-dela3deninutes apres la capture, la
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corticostérone est sécrétée et les taux mesuresm@lus basaux (Romero & Reed 2005, Fig
15B). Dans ce cas, un seuil est déterminé, au-deffuel les taux de corticostérone
augmentent significativement avec la durée de pmamprise de sang et ne sont plus
considérées comme basales.

Le sang est recueilli dans un tube Eppendorf, es@wé dans une boite isotherme a
environ 0°C. Moins de 6 heures aprés la prise dg,das échantillons sont centrifugés a 7000
tours par minute pendant 10 minutes. Le plasmaomi diluées les hormones, est pipeté et
séparé du culot d’hématie, dont 'ADN servira aMagge. Tous les tubes sont congelés a —
20°C, puis rapatriés au CEBC pour les analysepl&n des taux basaux de corticostérone,

cette premiere prise de sang, immédiatement aprésmpture, sert a déterminer les taux

basaux de LH et de testostérone.

30

25 A

20 A

15 A

10 A

Corticosterone levels (ng/mL)

100 150 200 250 300 350
Bleeding time after capture (seconds)

Figure 15 : A) Prise de sang par ponction de laesaiaire d’'une mouette tridactyle. (Photo :
C. Clément-Chastel), B) Augmentation du taux déicostérone en fonction du temps de
prise de sang. Au-dela des 3 minutes, les tauxodiEastérone ne sont plus basaux.

Afin de s’assurer que la phase prénuptiale (péraelgparades et d’accouplements) était la
période idéale pour I'étude des mécanismes hormomapliqués dans les décisions de
ponte, nous avons étudié les variations saisormidee differentes hormones. Les taux
prénuptiaux de LH chez les males et les femelies] gue les taux de testostérone chez les
males sont a leurs niveaux maximum, par rapporttaux a l'arrivée, a I'incubation et / ou
pendant I'élevage des poussins (mouettes tridatgkison de reproduction 2008, Fig. 16).
De plus, les taux de corticostérone sont élevéphase prénuptiale et diminuent apres la
ponte. Les taux de prolactine, hormone des soirenfux, augmentent au cours de la saison
(Fig. 16).
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levels (ng/mL)

i ® Females
% v Males Figure 16: Variation saisonniére des taux
12 ¢ basaux de corticostérone, LH,
ol testostérone et prolactine (ng/mL) et de la
% masse (g) de mouettes tridactyles
61 ‘} pendant la saison de reproduction de
3l ® 2008. Les moyennes et les erreurs types
(SE) sont données pour chaque période, a
or savoir l'arrivée (avril), le prénuptial (fin
[ mai / début juin), I'incubation (fin juin)
et I'élevage des poussins (fin juillet). Les
_lor % males sont représentés par un triangle
E sl blanc et les femelles par un rond noir.
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ii. Protocole de réponse au stress

Lors d'un stress, la corticostérone est sécrétéeiretile dans le sang, jusqu’a atteindre
rapidement une concentration maximale. L’amplitulge cette sécrétion de corticostérone
(aussi appelée réponse au stress) témoigne dedepgien individuelle du risque et oriente
les décisions d’histoire de vie (Wingfiedd al. 1998). Elaboré par Wingfielet al.(1994), un
protocole standardisé consiste a prélever du samggdiatement apres la capture, afin de
déterminer le taux basal de corticosterone, puisndéntenir I'oiseau captif pendant 30
minutes, dans un sac de toile, et enfin d’effectursr seconde prise de sang a 30 minutes, afin

de déterminer les taux de corticostérone induitsipastress (Fig. 17).

Capture et 2¢me prise
prise de sang de sang
Sécrétion de corticosterone l
¥ O 31 -
T 1 »>
0 30 Minutes

Figure 17 : Protocole de réponse au stress

Les taux de corticostérone augmentent en périogéieuptiale, chez les deux espéces
étudiées, apres un protocole de réponse au skigsd8 A, B). Ce protocole de stress permet

aussi d’étudier la réponse au stress d’autres hoesy@omme la LH et la testostérone.
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Figure 18 : Evolution des taux de corticostérorenay0 min) et aprés (30 min) un protocole
de réponse au stress chez les pétrels des neipext (s mouettes tridactyles (B)
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iii. Test de réponse a la GnRH

Afin de mesurer la capacité a sécréter de la LHe$#t de réponse a la GnRH consiste a
injecter une solution de GnRH qui induit un picidapet transitoire de LH (Schoeeh al.

1996). La GnRH est en effet percue par I'hypophgseme un signal déclencheur de la
production et de la sécrétion de LH. Le protocaerébonse a la GnRH (Fig. 19) consiste a
effectuer une premiére prise de sang, immédiateayés la capture de I'oiseau, puis de lui
administrer une solution de GnRH. Dix minutes apiagction, une seconde prise de sang
renseignera sur les taux maximum de LH, induitsgedie injection de GnRH. Les taux de
LH diminuent progressivement apres le pic, si bigrune derniére prise de sang a 30

minutes indiquera alors 'amplitude de déclin (Fi§).

Capture et 2¢me prise 3eme prise
prise de sang de sang de sang

l Sécrétion de LH l Diminution des taux de LH

inm— Y § >l

| | | >
! ! v

OI 10 30 Minutes

Injection de
GnRH

Figure 19 : Protocole du test de réponse a la G#ires une injection de GnRH (ou de
LHRH, un équivalent de la GnRH), la sécrétion deddtistimulée. Des prises a 0, 10 et 30
minutes renseignent sur la dynamique (augmentatidéclin) des taux de LH.

La solution de GnRH a été préparée par dissolution équivalent de la GnRH, la LHRH

(Luteinizing Hormone Releasing Hormone, [§irSigma Lot 121H04314) dans une solution
physiologique (solution saline a 0,9%), jusqu’aeiatire une concentration finale de 0,6
ug/0,1mL. Chez les oiseaux marins (Jouventin & Maut@96), 1,5ug de LHRH par

kilogramme de masse corporelle, suffit a provoques sécrétion maximale de LH. Ainsi
pour un oiseau de 400g en moyenne (pétrels ou masliele protocole employé a été
I'injection de 0,1 mL d’une solution de GnRH a Q&/0,1mL dans la veine alaire a l'aide

d’'une seringue a injection de 0,3 MI. Pour les vidlis témoin, 0,1 mL de solution
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physiologique est injectée. Le protocole a étédéatihez les mouettes tridactyles (Fig. 20) et
les pétrels des neiges.

21 GnRH —@— Females
~ 18} —V¥— Males
£
S 15
S
o 12 -

e 4|
Q@
T osp o
s | Controls I 4
0 | | | |
0 10 20 30

Time after injection (minutes)

Figure 20 : Evolution des taux de LH avant (O masit 10 et 30 minutes apres injection
d’une solution de GnRH (points et ligne rougespawne solution saline (points et ligne
verts) chez des mouettes tridactyles méales (trem) gt femelles (ronds) avant la ponte (année
2008)

En outre, le pic de LH provoqué par l'injection @aRH va a son tour induire la
sécrétion d’hormones sexuelles (cestradiol et tEstowe). Contrairement a la LH, les
hormones sexuelles augmentent progressivement @néae 30 minutes. La concentration
plasmatique des hormones sexuelles (principalefagastostérone) pourra donc étre suivie a
0, 10 et 30 minutes apreés l'injection, via lesgmiises de sang réalisées.

L’injection d’'une faible dose de GnRH pendant lagd prénuptiale ne perturbe pas la

décision de ponte et la date de ponte des oiseainxafticle E).

[1.2.4. Suivis phénologiques et comportementaux

I. Suivi des décisions de ponte et de la phénelogi

Afin d’enregistrer la présence au nid des deuxgoaites du couple, les mouettes tridactyles
font I'objet de lectures de bague Darwick a I'adian télescope, une a deux fois par jour.
Quant au pétrel des neiges, l'identité des deutepaires est contrblée grace a leur bague

métal et / ou a leur marque au feutre.
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Lors de la période de ponte du ou des ceufs, usagagous les jours ou tous les 2
jours permet de suivre les dates de ponte. Chaéfuel pst doucement soulevé a I'aide d’'une
gaffe pour vérifier la présence ou I'absence d'ui.d@ans la colonie de mouettes, un miroir
est hissé a I'extrémité d’une cane a péche télegaepour contrdler I'intérieur des nids (Fig.
21). De méme, la désertion du ou des ceufs, le si@ctéclosion et le succes final (poussin a
I'envol pour le pétrel et nombre de poussin de mles12 jours pour les mouettes) sont
enregistrés a chaque étape de la saison de refimduc

Figure 21 : Contrdle d'un nid de mouette (ici, 2fga I'aide d’un miroir hissé a I'extrémité
d’'une cane télescopique. Photo : F. Amélineau

ii. Suivi comportemental de présence au nid dtajets en mer

En 2008 et 2009, le comportement de recherche afaite des mouettes a été
enregistré a l'aide de GPS miniaturisés de 7 grasn(@dechnoSmart). Imperméabilisés a
I'intérieur d’'un sac, les GPS sont fixés sur lasypes du dos avec du ruban adhésif ©Tesa. A
intervalle régulier, la géo-localisation est préarent enregistrée, ainsi que des parameétres
d’'activités, comme la vitesse et l'altitude. La @éertotale du voyage, la distance totale

parcourue et I'éloignement maximal par rapport éolanie sont donc déduits.
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[1.3. Manipulation expérimentale

Les approches descriptives, détaillées ci-dessun, idéales pour mettre en relation
les composantes hormonales, comportementales etolplgigues. Cependant, afin de

s’affranchir d’éventuels effets confondants, unpraphe expérimentale est requise.

[1.3.1. Manipulation des dates d’éclosion

L’accessibilité du nid, 'age des parents et laeualrelative de I'ceuf unique font du
pétrel des neiges un modéle scientifique et tectnjrivilégié. Les dates de ponte ont été

suivies quotidiennement et la variabilité inteririduelle est importante (plus de 2 semaines).

Fin de : -
Ponte Echange lincubation Eclosion manipulée
: O /( )\ O @ avanceée
Nid ! do--------- , Jours
‘avanceé’
. Q @ retardée @
Nid ) - = e > , Jours
‘retardé’ ) , -— &
5 jours 5 jours d'écart entre I'éclosion de

I'ceuf adopté et I'éclosion prévue

Figure 22 : Schéma de la manipulation expérimemtala date d’éclosion (la swapette pour
les intimes). La ponte est suivie précisémentsehlds dont la ponte est espacée de 5 jours
sont jumelés. L’échange a lieu pendant I'incubatlas parents finissent d’'incuber I'ceuf

adopté, dont I'éclosion a lieu plus tét ou plusitque prévu.

Les nids ont été jumelés en fonction de la datpatde : les ceufs sont échangés entre deux
nids dont la ponte a eu lieu avec 5 jours d’édaig.(22, I'ceuf « vert » a été pondu 5 jours
plus tard que I'ceuf « rouge »). Lors de la deuxienuitié de l'incubation, les ceufs jumelés
sont transférés d’'un nid a l'autre (« Echange g, BR), de sorte que les parents finissent
d’incuber I'ceuf adopté jusqu’a I'éclosion. Pendintransfert, un ceuf factice est donné au
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parent, pour éviter I'abandon. La date d’éclosish ansi manipulée par rapport a la date
d’éclosion attendue pour leur propre ceuf (éclogamiron 5 jours plus tot pour les nids
avances et environ 5 jours plus tard pour les ratisdés).

Les conséquences sur le succes reproducteur & somportement des parents ont
été suivies. La sensibilité au stress des paressignt I'élevage du poussin, témoin de
I'effort parental, a été enregistrée via un proteae réponse au stress. De plus, une attention

particuliere a été portée aux effets de 'age dadmndition corporelle des parents.

[1.3.2. Manipulation expérimentale des taux de coitostérone

Les mouettes tridactyles se prétent facilement raaripulations expérimentales des
taux de corticostérone (Kitayskst al. 2001; Angelieret al. 2007a, 2009; Gouttet al.
2010b), ce qui permet d'étudier l'influence de larticostérone sur les ajustements
physiologiques et sur les traits d’histoire de vie.

Cette technique repose sur l'implantation sousr@dad’'un ou de deux tubes de
silastic (diamétre interne : 1,47 mm, diametre e 1,96 mm, longueur : 25 mm, Dow
Corning, Michigan) remplis avec de la corticost@amistallisée (C2505, Sigma Chemical
Co., St. Louis, USA) ou vides (témoins). Une peititeision cutanée de moins d’'un mm de
diametre est effectuée dans le dos des mouettee (es deux ailes) afin que I'implant soit
glissé sous la peau a l'aide d’'une sonde cannél@ecs avoir désinfecté l'incision a
I’Alumine, celle-ci est refermée avec de la collergrgicale, a usage vétérinaire ©Vetbond
3M. Afin de faciliter la diffusion de la corticostine, les extrémités du tube ont été coupées
juste avant I'implantation.

Au CEBC, les implants ont été testés sur des pgem captivité (Fig. 23). Trois se
sont vus attribuer un implant de corticostérone RTY le quatrieme, un implant vide
(ttmoin). Entre le lot CORT et le lot témoin, lesux basaux de corticosterone ont été
multipliés par approximativement 3, les deux premjeurs.

Les doses de corticostérone utilisées (un ou dapiants) n'ont pas les mémes effets.
Chez les mouettes tridactyles, il a été largeméntantré (Kitayskyet al. 2001; Angelieret
al. 2007a, 2009 ; Gouttet al. 2010b) que l'utilisation de deux implants provoquiee
augmentation des taux basaux de corticostérondeles premiers jours (multiplication des
taux basaux par 10). Or, la production endogene cddicosterone est inhibé par

l'implantation de doses faibles et moyennes deiamsterone exogene chez les rats de
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laboratoire (Akanat al. 1992). L’administration de corticostérone chezdesgaux provoque
aussi un rétrocontrble négatif pendant une duréempgée (Vandenborret al. 2005; Romero
et al.2005; Busctlet al. 2008; Mulleret al.2009). Ainsi, il est possible d’altérer la percepti
du stress (i.e. la sécrétion endogéne de corticysésuite a un stress) via I'administration

d’une faible dose de corticostérone exogene.

—-O— Témoin

Taux basal de
corticosterone (ng/mL)
N
o

Jours apres implantation

Figure 23 : Validation des implants de corticosterCORT) pour des pigeons en captivité.
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[1.4. Analyses biochimiques

[1.4.1. Sexage moléculaire

Le faible dimorphisme sexuel des mouettes et [trelpermet pas de distinguer les
males des femelles a I'ceil nu. Le sexe des indsvielst alors déterminé par la technique de
sexage moléculaire (Fridolfsson & Ellegren 1999ADRN est extrait au CEBC a partir du
culot d’hématies prélevé lors de la prise de shag.introns (portions de génes non codantes)
sont isolés a l'aide d’enzymes spécifiques, puipldies par PCR, a partir d'amorces. Les
fragments CHD1Z sont présents chez les méales etetaslles, tandis que les fragments
CH1DW sont présents uniquement chez les femellestdile et de poids différents, ces
fragments sont alors séparés par migration viaéeetrophorése sur un gel d’agarose. Un
individu présentant deux bandes visibles sur leegtlune femelle, celui n’en présentant

gu’'un est un male.

[1.4.2. Dosages hormonaux

La technique de dosages hormonaux utilisés au CiepGse sur des dosages radio-
immunologiques (Berson & Yalow 1968). A partir dlagma récolté sur le terrain ont été
déterminés les taux de corticosterone, LH, testms& cestradiol et / ou prolactine. Les
dosages hormonaux chez les oiseaux sauvages, anment les dosages d’hormones
hypophysaires, sont tres spécifiques et nécessitenise au point de systeme hétérologue de
dosage (Fig. 24). Actuellement, de faibles quamtitélormones de référence purifiees (LH)
sont disponibles, et ont été obtenues a partirgbpityse d’especes domestiques (poulet). En

France, seul le CEBC réalise ces dosages hétéasogu

I. Principe

Le dosage radio-immunologique est une méthode Ig&macompétitive d'une grande
précision basée sur la réaction de deux antigedegiques (I'un étant marqué) avec leur

anticorps. L’hormone a doser est I'antigene fraidn marqué) et est mise en compétition

54



Matériel et méthodes

avec une hormone standard, I'antigéne marquéewavésotope actif. Ces deux antigénes ont
une affinité identique pour les sites de liaisonrdanticorps spécifique et forment donc des
complexes anticorps-antigenes. La quantité d’argialisponible dans le milieu réactionnel
étant limitée, tous les antigenes ne pourront gabes sous forme de complexes. Ainsi la
concentration inconnue de I'antigéne froid (hormandoser) est déterminée en fonction du
nombre de complexes anticorps-antigéne froid formésiétriment des complexes anticorps-
antigene marqué. Grace au signal fourni par le oeanqg radioactif, la concentration du

complexe anticorps-antigene marqué est mesurée pdtérentes concentrations de

I'antigéne froid.

ii. Application

Avant d’étre dosées, les hormones stéroidiennes c@dicostérone, la testostérone,
I'cestradiol) nécessitent une extraction préalablaide d’'un solvant organique des lipides
afin d’éliminer les protéines de transport. On qlie le dosage est total, par opposition au
dosage de la fraction d’hormones libres. La LH atptolactine sont quant a elles, des
hormones protéiques, qui peuvent étre dosées elinecit a partir du plasma. Le marquage
consiste a fixer un élément radioactif dont le rm@ment constituera un signal mesurable. Le
CEBC est spécialisé dans le marquage des hormagpesthysaires (LH, prolactine) a I'iode
125, qui émet un rayonnement X et gamma. Le mamjueigessite une période de pré-
incubation et d’incubation dans des conditions sg@es (temps de réaction, température,
etc.). Pour les stéroides (corticostérone, testmst$, le marquage est aussi effectué au
CEBC, au tritium 3H qui émet un rayonnement béteec{gons).

Une fois lincubation terminée, les fractions &br d’hormones marquées et
d’hormones "froides" sont séparées des complex@sogps-hormones par centrifugation
aprés immunoprécipitation (hormones protéiquesapaés adsorption sur charbon recouvert
de Dextran (hormones stéroidiennes). Le milieu oetamant plus que les complexes
anticorps-hormones est analysé sur un compteuintéllations, soit directement pour l'iode
125 (LH, prolactine), soit avec un liquide scimatiit, qui émet des photons de fluorescence,

proportionnellement a la radioactivité du tritiuooiticostérone, testostérone, cestradiol).
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Figure 24: Principe et grandes étapes des dosét@®logues
(exemple du dosage de la LH pour la mouette trydi)ct
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iii. Validation

Une courbe d’étalonnage est établie afin de détesmpar interpolation, les concentrations
hormonales de chaque échantillon. Cette courbeoletgnue par dilution d’'une solution
standard de concentration connue. La mesure duc@aiage de traceur radioactif lié
équivaut, par référence a cette courbe, a une medeirla concentration hormonale de
I'échantillon. Dans le cas des dosages hétérolgdaedilution d’'un échantillon de plasma
riche en hormone permet de s’assurer que I'hornsgneomporte de la méme maniere que
I’'hormone standard marquée, en termes d’affinitér panticorps. La courbe obtenue a partir
de la dilution du plasma riche doit étre paralile courbe obtenue avec ’hormone standard
(Fig. 25, cas du dosage de la LH chez les mougitiexctyles). Des échantillons de référence
sont doseés plusieurs fois afin de calculer un cdefft de variation intra-dosage, et donc

d’estimer I'erreur associée au dosage.

120 I I I I I I

100

80

% Bound
3
[

20 || —e—— Std LH (AGM51122F)
— -0 —  Black-legged Kittiwakes

0 I I I I I I
125 250 500 1000 2000 4000

Dose of LH standard

Figure 25 : Validation du dosage de LH par diluttban plasma riche en LH de mouette
tridactyle. Les doses de LH standards (AGM51122R} sexprimées en pg par tube.

[1.5. Méthodes statistiques

Les analyses statistiques ont été conduites gradegiciel R 2.8.0 (R Development Core

Team 2008). Les tests utilisés sont détaillés daasun des manuscrits.
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Mieux vaut aller skier en pensant a Dieu,
Qu‘aller a I’église en pensant au sport.

Fridtjof Nansen
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lll. Phénologie, acquisition et allocation d’énerge

[11.1. Organisation du chapitre

Ce premier chapitre de résultat est consacré aofapréhension des décisions

phénologiques dans un contexte d’acquisition dtatation des ressources énergétiques.

D'une part, au niveau populationnel, nous avonsnparé les ajustements
comportementaux (présence au nid et trajets almrest prénuptiaux via la pose de balises
GPS), les ajustements hormonaux (corticostérone, testostérone) et I'adoption de traits
d’histoires de vie (décision de se reproduire, aditegonte et taille des ponte) lors de deux
années contrastées (2008 & 2009, Article A). Emat@vec nos prédictions, une année
tardive, avec une faible proportion de couples agdpcteurs et peu d’ceufs pondus, est
caractérisée par des trajets alimentaires longpé&inde prénuptiale, des taux élevés de

corticostérone et de faibles taux de LH et de s#étone (Article A).

D’autre part, nous nous sommes intéressés auegoesces d’un retard ou d'une
avancee expérimental(e) des dates d’éclosion swaléar de la reproduction en cours et sur
les décisions parentales en termes d’allocatiomgétiques (Article B). La sensibilité au
stress est un moyen efficace et fiable de mesweddgré d'effort parental dans la
reproduction en cours. Nous avons ainsi montré lpse pétrels des neiges, dont la
reproduction a été retardée, diminuent leur mabwaparentale, en abandonnant I'ceuf en fin
d’'incubation et en présentant une robuste réponsstrass (taux élevés de corticostérone
induits par un stress) en début d’élevage des pmugSette baisse de la motivation parentale
n'est pas renforcée par une moindre condition cetfgdes poussins et / ou une moindre
survie des poussins. Enfin, une avancée de la daption n'est pas synonyme d’une

motivation parentale accrue (Article B)
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[11.2. Phénologie, recherche alimentaire et stressine approche interannuelle

ARTICLE A

Foraging trips and the onset of breeding in anidsztabird:

hormonal differences between two contrasted years
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Foraging trips and the onset of breeding in anidsztabird:

hormonal differences between two contrasted years

Summary

Environmental conditions early in the season gyeafluence the inter-annual variations in
the number of breeding pairs, the timing of bregdand the clutch size. However, the
underlying mechanisms remain poorly understooda IHigh Arctic population of Black-
legged kittiwakes, we investigated, for the firshe, foraging behaviours and endocrine
adjustments during the pre-laying period of twotcasted years. Specifically, foraging trips
were tracked in male and female kittiwakes, thro@®S deployment. At the physiological
level, we focussed on corticosterone, a markeoofdifrelated stress and foraging success, and
on LH and testosterone, the hormonal drivers ofedireg. LH releasing abilities were
monitored through GnRH challenges. In 2008 (theotygear”), the number of breeding pairs
was higher, egg-laying was earlier and clutch gias bigger than in 2009 (the “bad year”).
In parallel, pre-laying foraging trips were furthaway from the colony and lasted longer
during the bad year than during the good year, aasibe for males. Pre-laying baseline
corticosterone levels were higher in 2009 thand0&, in male but not in female kittiwakes.
Baseline LH levels in both sexes, and baselineséstone in males, were lower in 2009 than
in 2008, while the LH releasing ability after a GfiRhallenge did not differ between the two
years. These results suggest that foraging conditgarly in the season may drive breeding
decision, egg-laying date and clutch size, throtighexpression of elevated corticosterone

levels and/or low LH and testosterone levels.

Key words: egg-laying date, clutch size, breeding decisiGRS tracking, foraging trips,
corticosterone, LH, testosterone, GnRH challeRygsa tridactyla
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Introduction

Long-term phenological trends have provided eviden®of the tight link between
environmental parameters and the timing of bree@ng. Stenseth et al. 2002; Walther et al.
2002; Parmesan & Yohe 2003). In marine top predateea surface temperatures, sea ice
extent and/or the abundance of the preys have belated to inter-annual phenological
variations (Frederiksen et al. 2004; Gaston et0@lb2a,b; Barbraud & Weimerskirch 2006;
Moe et al. 2009; Shultz et al. 2009). Indeed, pidémreeders adopt various strategies to
cope with a depletion of food supply early in treason: they may skip the immediate
breeding season, they may decrease their clutehasid/or they may postpone their egg-
laying (“prudent parent hypothesis”, Drent & Dan®80; Stearns 1992). The modulation of
these life history traits early in the season hagial fithess consequences (Lack 1968;
Perrins 1970) and requires the adoption of appaitgphysiology and behaviour, in response
to environmental fluctuations and physiological testgreviewed in Wingfield 2008;
McNamara & Houston 2008). For instance, in Adéaguins,Pygoscelis adeliadpraging
trips during the courtship period were shorter wisea-ice retreat was earlier, and pre-
breeders switched to other food supply when seaeteat was late (Beaulieu et al. 2009).
However, this annual foraging change was not acemmep by a change in the egg-laying
date and/or in the reproductive success (Beauliewal.e2009). Hence, the proximate
mechanisms underlying annual resource variatioms ldé@-histories decisions early in the
season remain poorly understood and need furthiesiigations.

One potential mediator could be the release oficasterone in response to stress,
which is known to adjust life-history strategies@aing to environmental and physiological
parameters (Ricklefs &Wikelski 2002; Wingfield & |gasky 2003). Baseline corticosterone
level is a reliable marker of food-related stresd geflects food availability, energetic state
and sustained activities (Wingfield et al. 1998talsky et al. 1999; Wingfield & Kitaysky
2002; Love et al. 2004; Landys et al. 2006; KitgysRiatt & Wingfield 2007; Benowitz-
Fredericks et al. 2008). In turn, corticosteronenpotes the mobilization of energy reserves,
facilitates locomotion and foraging decision (Wiletd & Kitaysky 2002; Wingfield &
Sapolsky 2003; Landys et al. 2006; Angelier et2@l08). High corticosterone levels could
interfere with the current reproduction, but théacof corticosterone remains unclear during
the pre-laying period. At the individual level, emt studies reported that females bearing
elevated baseline corticosterone levels during phe-laying period did not breed or
postponed the onset of breeding (Salvante andani#ii2003 ; Schoech et al. 2009; Vitousek
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et al. 2010; Goutte et al. 2010a). It is conceigahht corticosterone interferes with the onset
of breeding, through a down-regulation of the hinatamic—pituitary—gonadal axis (hereafter
HPG axis, reviewed in Schoech et al. 2009; Gouttal.e2010b). Indeed, the HPG axis is
activated by photoperiodic changes (increased daygth): the expression of the
Gonadotropin Releasing Hormone (GnRH) triggers thkase of follicle stimulating
hormone and luteinizing hormone (LH), the hormod@avers of reproduction. In turn, LH
promotes gonadal development and the secretion extsteroids (estradiol and/or
testosterone, reviewed in Dawson et al. 2001). fbisonal cascade leads to the adoption of
sexual behaviours, such as courtship, mating, astlbbuilding, and promotes the egg-laying
(Ball 1993). In female Black-legged kittiwakes, v&éed baseline corticosterone levels are
associated with low baseline LH levels and with Ibit releasing abilities (Goutte et al.
2010b). Hence, it is conceivable that the secretiboorticosterone at the individual level
would thus mediate skipped breeding decision, ba¢eding, and/or low clutch size, through
the inhibition of LH release.

This study aims to explore behavioural and phgsgjigial causes of annual variations
in life history traits, early in the season, andtla population level. We focused on two
consecutive and contrasted years (2008 and 2008) khigh Arctic population of Black-
legged kittiwake Rissa tridactyly A long-term study (38 years) has been condurtetis
population and has highlighted great inter-anndnplogical variations (Moe et al. 2009).
In Svalbard, kittiwakes attend the colony during tmonths before egg-laying, thus offering
the opportunity to explore behavioural and phygialal parameters during the pre-laying
period {.e. copulations and nest building period). In 80 ndstseding decisions, egg-laying
dates and clutch-size were precisely monitoredtrdiok the foraging ranges of male and
female kittiwakes, they were equipped with a GP@ageduring the pre-laying period. The
duration of foraging trips were known through nestecking. At the hormonal level, the
baseline levels of corticosterone and LH were nwead in pre-laying males and females, and
the baseline levels of testosterone, in males énllack-legged kittiwakes, baseline LH and
testosterone levels reach maximal levels duringtledaying period, compared to the arrival,
incubation and chick-rearing period (Goutte al. wwighed data). Moreover, the readiness of
a bird to breed and its ability to release temporaH can indeed be assessed by
administering a small injection of Luteinizing Hoome Releasing Hormone (LHRH, the so-
called GnRH challenge, Schoech et al., 1996). Wee wleus able to compare behavioural,
physiological and phenological adjustments betwibentwo years. Hence, we predicted that

a year of low breeding decision, late egg-layingd/an small clutch size would be
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characterized by longer foraging trips, and by hlggseline corticosterone levels, low
baseline LH and testosterone levels, comparedy®aa of high breeding decision, early egg

laying and/or big clutch size.

Materials and methods

Study area and birds

Our study was conducted during the 2008 and 2089aying periods in a colony of
Black-legged kittiwakes at Kongsfjorden (78°54’'N2°13’E), Svalbard, 7 km east of Ny-
Alesund, Norway. Black-legged kittiwakes are co#dniseabirds that breed on cliffs
throughout the northern parts of the Pacific ankmtic, including the Barents Sea region up
to the Svalbard Archipelago. We studied kittiwakesne plot of 80 nests at a height of 5-10
m. These nests were occupied by a pair during riaying period but some of them did not
breed. In these nests, pairs were not manipulatedgithe pre-laying 2008 and 2009, except

for the basic endocrine investigations and the &#pment, described below.

Life-history traits early in the season

Using a mirror at the end of an 8 m fishing rae checked the 80 nests every two
days during the egg-laying period. Three life-higtaits were thus monitored: the breeding
decision, the laying date of the first egg, anddhech size. Breeding decision is a binomial
variable: 0 means no laid eggs, and 1, at leastggss laid (active nest). Among the active
nests, we managed to monitor egg-laying date artditkize of 71 nests in 2008 and 57 nests
in 2009.

Foraging trips

To study the foraging movements of kittiwakes dgrihe pre-laying period, we fitted
14 kittiwakes in 2008 and 13 kittiwakes in 2009 hwita miniaturized 7g GPS
(©TechnoSmart). The GPS was placed into a watefdrag and fitted on the bird's back
using ©Tesa tape, a method successfully used fivitgaecorders in kittiwakes (Angelier et
al. 2007a; Kotzerka et al. 2010). We are confidleat there were no deleterious effects of the

GPS loggers on the behavior of kittiwakes sinceltigger’'s weight was about 4% of the
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mass of the birds, which is far below the limit smiered as acceptable for flying birds
(Kenward 2001). Due to technical problems with bagteries, we were not always able to
track the whole foraging trips, especially for tbeg foraging trips in 2009.

The majority of kittiwakes in the plot are indivdlly marked with metal rings and
plastic rings with a code of three letters allowinigntification from a distance without
perturbation. We checked the nests and the whateng@nd we read the plastic rings from a
distance, twice a day. The duration of a foragigwas estimated as the number of days that
a kittiwake was absent from the nest and from tbl®ny. The durations of pre-laying
foraging trips were monitored for 128 pre-layingtiluakes (N = 80 in 2008 and N = 48 in
2009). We excluded uncertain observations, whestiplaings were not clearly visible, for

instance.

Blood sampling

We only considered baseline corticosterone, LH tastbsterone levels of kittiwakes
that did breed in 2008 or in 2009. Indeed, we haewiously shown that baseline LH levels
were lower and baseline corticosterone levels vgghler in kittiwakes that did not breed,
compared to breeders (Goutte et al. 2010b, 20GBszx}.

Male and female kittiwakes were caught at theastswith a noose on the end of a 5
m fishing rod, during the pre-laying period 2008(h 19 May to 18 June 2008, N = 48) and
2009 (from 19 May to 18 June 2009, N = 23). Immesdyaafter capture, a first blood sample
was collected from the alar vein with a 1 mL hepiaad syringe and a 25 gauge needle to
assess baseline LH and corticosterone levels iesratd females and testosterone in males
only. Bleeding time, that is, the time between ueptnd the end of the blood sampling, was
3 minutes and 36 + 5 [SE] seconds.

Immediately after this first blood sampling, 32tikiakes (22 in 2008 and 10 in 2009)
were injected with 0.1 mL of a solution of LHRH (f€], Sigma Lot 121H04314) to test the
responsiveness of the pituitary gland. The LHRH diagsolved in physiological solution to
yield a final dosage of 0.6g/0.1mL (1.5ug/ kg body mass in 1 mL of 0.9% saline solution).
This dose of LHRH has been shown to be sufficienglicit the maximal release of LH in
Black-legged kittiwakes (Goutte et al. 2010b). Wdenanistered the LHRH solution directly
into the alar vein, and collected a second bloadpéa Ca. 0.3 mL) 10 minutes after the

injection, to assess LHRH—-induced LH levels.
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Kittiwakes were weighed to the nearest 2 g usirfgeaola spring balance and their
skull length (head + bill) was measured to the @sta®.5 mm with a sliding caliper. Because
males are larger than females (Moe et al. 2003}y lsondition was calculated for males and
females separately, from a standardized least-sguerear regression of body mass against
head size. Kittiwakes were also marked with spbtdye on the forehead to distinguish them
from their partner during observations and wereaséd.

Molecular sexing and hormone assay

Blood samples were centrifuged and plasmas wesanted and stored at -20°C until
they were assayed. Red cells were also kept foecutdr sexing at the Centre d’Etudes
Biologiques de Chizé (CEBC). Sex was determinedpblymerase chain reaction (PCR)
amplification of part of two highly conserved ger{€HD) present on the sex chromosomes
(Fridolfsson and Ellegren, 1999), as detailed inéeskirch et al. (2005).

LH radioimmunoassay was conducted following thehods previously described for
other seabirds (Mauget et al., 1994; Chastel e2@D5b), and especially for Black-legged
kittiwake’s plasma (Goutte et al. 2010b). The lowestectable concentration for LH was
0.06 ng/mL and the intra-assay coefficient of vesrawas 8.7 % (N = 3 duplicates). Plasma
concentrations of testosterone were assayed foesmahly, by radioimmunoassay, at the
CEBC as described by Chastel et al. (2003). Theesbwdetectable concentration for
testosterone was 0.05 ng/mL and the intra-assaffiadent of variation was 7 % (N = 3
duplicates). Plasma concentrations of corticostenare determined by radioimmunoassay
at the CEBC, as described by Lormée et al. (2003¢. lowest detectable concentration for
corticosterone was 0.5 ng/mL and the intra-assa&fficeent of variation was 6.7 % (N =5

duplicates).

Statistical analyses

All statistical analyses were performed using B.2.(R Development Core Team
2008). We used GLM with quasi-Poisson error distitn and a log link function to test an
effect for year, sex and year * sex on clutch simd on foraging trip durations. We used
generalised linear models (GLM) with a normal erdbstribution and an identity link
function to test an effect for year (2008 and 2088x (male and female) and an interaction

year * sex on 1) egg-laying dates, 2) body condjti8) maximum foraging ranges, 4)
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baseline corticosterone levels, 5) baseline LHIeW) baseline testosterone levels for males,
7), LHRH-induced LH levels. Dependent continuousialdes were log-transformed when
necessary. Diagnostic plots were assessed to testhar the data sufficiently met the

assumptions of the linear model.

Results
Life-history traits early in the season

Among the 80 monitored nest, the breeding decigsias ~25 % lower in 2009 than in
2008 (Wald Chi2z = 22.07, df = 1,158, p < 0.001,.Ri§). First egg-laying was postponed of
about 8 days in 2009 compared to 2008;§k= 139.30, p < 0.001, Fig. 1B). Clutch size was
14% smaller in 2009 than in 2008, (s = 9.92, p = 0.002, Fig. 1C). Moreover, we did not
record any clutch of 3 eggs in 2009 while 7 % @f dictive nests had 3 eggs in 2008.
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Figure 1: Comparison of (A) breeding decision (0,egg laid and 1, at least one egg laid),
(B) laying date of the first egg in June, and (Cieh size per active nests in 2008 and 2009.
Samples sizes, means and standard errors are given.

Foraging trips

During the pre-laying period, maximum foraginggas from the colony were higher
in 2009, than in 2008 (Ks= 6.94, p = 0.015), and higher in males than indies (k24 =
28.47, p < 0.001), without an interaction year X ¢ »3< 0.01, p = 0.969, Table 1, Fig. 2).
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Females did not forage outside the fjord systemjewrD % of males foraged offshore, in
deep waters, during the pre-laying period 2008 20@9 (Fig. 2). Foraging trips durations
were around 2 days longer in 2009 (N = 48, 3.752% @ays) than in 2008 (N = 80, 1.73 £
0.13 days, Fi126= 59.01, p < 0.001), without differences betweeresgsex: F125= 0.03, p =
0.859; year * sex: f124= 0.21, p = 0.651).
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Figure 2: Foraging tracks of pre-laying male kitikes during the pre-laying periods in 2008
and in 2009.

2008 2009 Total
Males N=4,933+356 N=9,188.2+70.5 | N=13,159.9 £50.4
Females N=10,52+22 N=4,44+20 N=14,49+1.6
Total N=14,31.2+14.7 | N=13,131.6 +53.8 | N=27,79.5+28.2

Table 1: Mean and standard error of maximum forgugamge (km) of pre-laying kittiwakes.
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Comparison of hormones levels

During the pre-laying period, baseline corticoster levels were significantly higher
in 2009 than in 2008, but only in males (year *:déxs= 6.02, p = 0.017; year: ks = 2.38,
p = 0.128; sex: f5= 6.59, p = 0.013; Fig. 3A). Baseline LH levels eéower in 2009 than
in 2008 (ks2= 6.63, p = 0.013) and were lower in males thafemales (s, = 10.01, p =
0.003), without an interaction effect year * sex /< 0.001, p = 0.998, Fig. 3B). Baseline
testosterone levels in male kittivakes were highe2008 than in 2009 (ks = 7.03, p =
0.012, Fig. 3C). Ten minutes after the LHRH-injenti LH levels did not differ between
years (f30= 0.511, p = 0.480), even when considering an effesex (sex: Fx9= 0.314, p =
0.580; year * sex: f2g= 0.797, p = 0.380). Body condition during the faging period did
not differ between years {kos= 0.13, p = 0.724), even when considering an efiésex (sex:
F168<0.01, p = 0.956, year * sexj &= 0.45, p = 0.503).
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Figure 3: Comparison (means and standard errorbpséline levels of (A) corticosterone,
(B) LH, and (C) testosterone (ng/mL) in 2008 an®200pen triangles denote males and
filled circles denote females.

Discussion
To our knowledge, this study is the first one tate foraging and endocrine

adjustments, with early life-history decisionse(breeding decision, egg-laying date, and

clutch size) between two contrasted consecutivesy@ae results are summarized on table 2.
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2008 2009
Early life-history traits
Breeding decision High Low
Timing of breeding Early Late
Clutch size Big Small
Foraging trips
Max. foraging range Close Far
Foraging trip duration Short Long
Hormonal levels
Corticosterone (male) Low High
Corticosterone (female) Low Low
LH (male) High Low
LH (female) High Low
Testosterone (male) High Low

Table 2: Summary of difference in early life-histaraits, foraging trips and hormonal levels
during the pre-laying period 2008 and 2009.

First of all, the two years greatly differed irethfe-history traits early in the season.
The 2009 year could be seen as a poor year withbleeding decision, late egg-laying and
small clutch size. In contrary, the 2008 year iarabterized by high breeding decision, early
egg-laying and big clutch size, and could be seema good year (Moe et al. 2009). This
annual difference have probably emerged from enuwmental differences between these two
consecutive years, such as sea surface temperaiextent and/or food supply (Frederiksen
et al. 2004; Moe et al. 2009). For instance, ad#fice in fish abundance would have affected
phenology and clutch size, as demonstrated by Beald (2009). Moreover, in the Arctic and
in the Antarctic, extended sea-ice cover and legebireak-up are usually related to delayed
breeding and small clutch size in seabirds (Gastaa. 2005a,b; Barbraud & Weimerskirch
2006). Annual variability of sea ice recession eleprimary production bloom and imposes
temporal asynchronies and spatial separations betwenergy requirements and food
availability, ultimately impacting seabird poputais (Moline et al. 2008; Laidre et al. 2008).
Although annual variations in environmental parargetvere not investigated in this study,
we observed a greater sea-ice extent and lateceaatreat in 2009, compared to 2008. In
turn, it is possible that kittiwakes were negatwvaffected in 2009, through a reduction of
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preys abundance, accessibility and/or distributibm test this hypothesis, we monitored the
foraging ranges and durations during the 2008 &0® pre-laying periods.

Pre-laying kittiwakes foraged 4.2 times fartheagvirom the colony in 2009, than in
2008. Moreover, foraging trips lasted 2 days longe2009, than in 2008. This lower nest
attendance and longer foraging trips in 2009 cdade led to the decreased probability to
breed, to the delayed breeding and to the smattltigize in 2009 compared to 2008.
Specifically, sustained foraging activities in 200&uld have triggered higher energy
expenditure and lower nest attendance, compare@0@B, ultimately decreasing the
investment in the immediate breeding event. Intargly, we detected strong sex-difference
in foraging range: the majority of males did offgharips, while all females foraged in the
flord system. As pre-laying kittiwakes displayedidship feeding (Kempenaers et al. 2007),
we suggest strong sex-differences in foraging caimgs during the pre-laying period.
However, the annual difference in foraging actestiand the possible variation in preys’
abundance did not influence stored energy resesuase body condition did not significantly
differed between the two years, neither in males,mfemales.

Baseline corticosterone levels were higher in 20GH in 2008, especially in male
kittiwakes, which could reflect an inter-annual igéion in activities, energetic state, food
availability, and foraging success (Kitaysky et199; Love et al. 2004; Landys et al. 2006;
Angelier et al. 2007b; Benowitz-Fredericks et @02). In addition, corticosterone promotes
energy mobilisation and facilitates locomotion (byat al. 2003). Thus, the higher baseline
corticosterone observed in males in 2009 are ctamgisvith the higher distance travelled in
2009 and with the sex-difference in maximum forggmnange. In females, high baseline
corticosterone levels have been previously assatiatth late breeding at the individual level
(Salvantes & Williams 2003; Schoech et al. 2009uiBoet al. 2010a). Interestingly, baseline
corticosterone levels in females did not differvibetn 2008 and 2009, which suggests that the
correlation between corticosterone levels and ddébhistory traits was not detectable at the
population level. Alternatively, as blood samplwgs done during the same period in 2008
and 2009, baseline corticosterone levels were mo@dtaround 8 days earligglative tothe
egg-laying period, in 2008 than in 2009. Howevars difference in the breeding schedule
should not have strongly affected corticosteronelte since the date of sampling did not
affect hormonal levels during the pre-laying periadthin a year and at the individual level
(Goutte et al. 2010b). At last, baseline corticaste levels in males were higher the year of

low breeding decision, late breeding and smallctiwtize. This would suggest an indirect
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effect of males on breeding decision, egg-layingedand / or clutch size, through for
instance, lower nest attendance and / or courfseiging.

Concerning the HPG axis, baseline LH levels inamand females were lower in
2009 than in 2008 and baseline testosterone lavetmles were lower in 2009 than in 2008.
The higher corticosterone levels in 2009 would havebited the secretion of LH, as
previously highlighted at the individual level (Gtauet al. 2010b). However, the present
results are not consistent with the sex-differeimcéhe corticosterone-induced inhibition of
LH (Goultte et al. 2010b). Moreover, LHRH-induced legitels were not lower in 2009 than in
2008, while high corticosterone levels were asgediavith a low LH releasing ability after
an injection of LHRH at the individual level (Goatt al. 2010b). Alternatively, as kittiwakes
were absent from their nest during a more-prolorggibd in 2009, compared to 2008, they
would have been less stimulated by their matesbgritieir neighbours. This lack of frequent
social interactions could have led to a decreadeHolnd testosterone levels and ultimately,
to the late breeding and the small clutch size mfeskin 2009 (e.g. Helm et al. 2006).

To sum up, we argue that phenological variatiorss iafluenced by pre-laying
foraging distance, which in turn, may trigger treergtion of corticosterone, especially in
males. Low nest attendance and/or high baselineasterone levels would perturb LH and
testosterone release, thereby delaying the ondweetling and decreasing the clutch size.
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Experimentally delayed hatching triggers a magdis&ess response in a long-

lived bird

Summary

In birds, the timing of breeding is a key life-luist trait with crucial fithess consequences.
We predicted that parents may value a brood legshiéitched later than expected, thereby
decreasing their parental effort. In addition, ldieg effort would be further modulated by the
age-specific decline of future breeding opportesitiWe experimentally investigated whether
snow petrels, Pagodroma nivea, were less comntdtedre for a chick that hatched later than
expected. The timing of hatching was manipulatedWwgpping eggs between early and late
known-age pairs (7-44 years old), and investigatiom hormonal and behavioral adjustments
were conducted. As a hormonal gauge of parentahutment to the brood, we measured the
corticosterone stress response of guarding adolleed, an acute stress response mediates
energy allocation towards survival at the expernfseuorent reproduction and is magnified
when the current brood value is low, as it is exgeédo be in young and/or delayed parents.
As predicted, egg desertion and the magnitude ektress response was stronger in delayed
pairs compared to control ones. However, the treatndid not decrease the length of the
guarding period, chick condition and chick survivid addition, old parents resisted stress
better (lower stress-induced corticosterone levéign young ones. Our study provides
evidence that snow petrels, as prudent parents,valdag a brood less if it hatched later than
expected. Thus, in long-lived birds, the respons®gs to stressors appeared to be adjusted
according to the individual prospect of future loieg opportunities (age) and to the current

brood value (timing of breeding).

Key words: corticosterone, brood value, egg swapping, plogywl parental investment,
stress response, age, snow petrel, Pagodroma nivea
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Introduction

The timing of breeding is a key life-history trdityon et al., 2008; Reed et al., 2009),
which greatly influences final reproductive succfisack, 1950; Perrins, 1970). A brood that
hatched later than expected may suffer from higirarironmental deterioration, such as
resource depletion, competition, and/or predatisk for the offspring (‘date hypothesis’,
Lack, 1968; review in Verhulst and Nilsson, 200@preover, experimental manipulations of
the breeding schedule have provided evidence #lalyed breeding may not only penalize
the brood, but may also induce long-term costspfarents, due to the overlap with post-
breeding activities, such as moult (Nilsson andnSsen, 1996; Brinkhof et al., 2002,
Verhulst and Nilsson, 2008; McNamara and Houst@@82. Hence, it is conceivable that
long-lived parents would be less committed to clmea brood that hatched later than
expected, thereby favouring their own survival dutire breeding opportunities (“prudent
parent hypothesis”, Drent and Daan, 1980). In amditas future breeding prospects decline
with advancing age, old breeders are expecteduestnmore in current reproduction than
young ones (Stearn, 1992; Isaac and Johnson, Alf5see McNamara et al., 2009).
Consequently, the modulation of parental effortudtidoe adjusted according to both the
timing of current breeding and the age of the beeeSuch adaptive parental strategies should
be regulated in a flexible manner, via the integrabf fluctuating environmental conditions
and the individual perception of the risks (Wingfieet al., 1998; Ricklefs and Wikelski,
2002).

One potential mechanism underlying the adjustneénparental effort may be the
endocrine stress response (Wingfield and Sapo}g§3). Vertebrates release glucocorticoid
hormones (corticosterone in birds) in responsetrssors, such as food scarcity, predator
attacks, and harsh weather. This adrenocorticakstresponse is thought to promote the
immediate survival through the mobilization of srenergy and the adoption of emergency
behaviors at the expense of current breeding &esviWingfield and Sapolsky, 2003; but see
Breuner et al., 2008). Therefore, the stress resp@ seen as an adaptive mechanism that
reallocates energy toward survival when individaradl/or environmental conditions could not
sustain the current reproductive effort (Landysaket 2006). However, when the value of
current reproduction is high relative to the valfefuture breeding opportunities, stress
response should be attenuated or even suppresseduce that the current breeding success
is not threatened (Silverin and Wingfield, 1998;ngfield and Sapolsky, 2003). This ‘brood
value hypothesis’ is highly supported by recentraative, comparative and experimental
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studies (Wingfield et al. 1995, Heidinger et al.0&0 Lendvai et al., 2007; Lendvai and
Chastel, 2008; Bokony et al., 2009). Thus, the nmada of the stress response appears to be
a good proxy for the level of parental commitmenthte brood. It is crucial to distinguish the
stress response (that is, the stress-induced asidione levels) from the baseline
corticosterone levels, which are a marker of ai#igj energetic state and/or food availability
(Kitaysky et al., 1999; review in Landys et al.0B). Increased baseline corticosterone levels
would provide information on the levels of sustaimeproductive activities / work (Kitaysky
et al. 2001; Love et al. 2004). If the brood hasclater than expected and is less valuable,
parents are predicted to mount a stronger adreticalostress response (stress-induced
corticosterone levels) and to be less committedate for the offspring. In contrary, if they
work harder, delayed parents are predicted to @xhigher baseline corticosterone levels
than controls. In addition, older adults shouldomesl less strongly to stressors (lower stress-
induced corticosterone levels) than younger onesdfHger et al., 2006, 2008; Angelier et
al., 2007a). In summary, stress response is liteheflect the relative value of a brood that
hatched earlier / later than expected, for youolg parents.

In this study, we tested whether parental effatlided with delaying breeding
through the measure of parental behavior and stessonse in a long-lived Antarctic
seabird, the snow petrel (Pagodroma nivea, Foistér). Snow petrels are excellent models
for such an investigation because, like all Pracglbrmes, they lay only one egg during the
extremely short Antarctic breeding season. Thedingeschedule is thus of high importance
for an optimal allocation of energy to the singldck and thus for reproductive success.
Furthermore, snow petrel, as a very long-lived Igind to 46 years old), should modulate the
stress response in relation to the current broddevand to their own age (Angelier et al.,
2007a; Bokony et al., 2009).

By swapping eggs between early and late breedairg,pve manipulated the hatching
date. We then measured breeding success, incubatidgchick-rearing behavior and the
corticosterone stress response of chick-rearingy gydrels through a capture/restraint stress
protocol (Wingfield, 1994). Parental behavior anedaling success were expected to be
reduced in delayed pairs and enhanced in advaraiesignmpared to controls. According to
the brood value hypothesis, delayed breeders sheuldbit a higher stress-induced
corticosterone release and advanced breeders, ex Kivess-induced corticosterone release
than controls. In addition, stress-induced cortieasie levels are expected to be higher in

young than in old parents, as an additional efféeevated future breeding expectancies.
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Methods

Study site and species

The study was carried out on lle des Pétrels, iadéand (66°40’S, 140°01'E),
Antarctica. Snow petrels (250-500 g) are long-ligedbirds (> 40 years old) that lay one egg
per season with no replacement clutch in caseiloféa(Warham, 1990). In Adélie Land, the
laying period ranges from late November to mid Deloer (Barbraud et al., 2000; Goutte et
al., 2010) and incubation lasts 44.2 + 0.3 days=(8B4). Although males undertake slightly
longer incubation shifts than females, males anaafes provide roughly similar amounts of
parental care in this species (Warham, 1990). Nesértion is a common behavior in snow
petrels (Angelier et al., 2007a). At the individdaVel, reproductive success significantly
decreases with increasing egg-laying date durieg2h07/2008 season (GLM, N = 5@,=
4.910, p = 0.027). A significant part of the popiga on lle des Pétrels is of known age
because of intensive yearly banding of chicks sih863. Some adults were also ringed
during their first breeding attempt and a minimuge @ould be attributed to them by adding
the minimum age at first breeding in snow petreks. 6 years, Chastel et al., 1993) to the

time elapsed since ringing.

The treatment: manipulation of hatching date

To manipulate hatching dates, a cross-fosterimgopol was applied between paired
nests, on the 7th and 8th of January 2008, whichduaing the second half of the incubating
period. In order to avoid egg unviability, we sééetnests that were not deserted prior to the
treatment and we did not switch eggs with hairlinecks on their shell. All the eggs were
measured (length and breadth) to the nearest 0.fusimg a calliper, and were swapped with
eggs of similar volume to reduce potential egg n@weffects (Barbraud et al., 2000). During
egg transfer (less than 10 minutes), the egg infiteenest was temporarily replaced with
warmed dummy egg that was readily accepted by tioeibating parent. Eggs were
manipulated with care and transported from one twete other in a box covered by cotton.
Eggs were swapped between two nests whose eggylawte differed from 5 days. Egg-
laying dates were precisely known by daily nestckhey during the egg-laying period (i.e. 3-
17 December 2007). A time lag of 5 days seemedetsufficient as it corresponded to 2.5 £

0.5 time the standard deviation of the incubatemgth. Pairs receiving an egg that was laid 5
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days earlier than their own were called “advancedsp (N = 18 nests), whereas pairs
receiving an egg that was laid 5 days later thair thwn were called “delayed pairs” (N = 20
nests). Pairs with unchanged hatching date coteditthe control group (N = 37 nests).
Among the 75 studied nests, 63 parents were of kranye (banded as chicks) and 12 parents
had a minimum estimated age (number of years dmaceling + 5 years). Groups did not
differ in the age of the parents,(fz= 0.042, p = 0.959, advanced: 20.0 + 2.4 [SE], Q0-4
(range) years old; control: 20.0 = 1.3 [SE], 7-4dnfe) years old and delayed: 20.7 £ 2.0
[SE], 11-37 (range) years old).

Effect of the treatment on hatching success andding effort

The 75 nests were checked every day followingirs@ment and until the end of the
chick-rearing period to monitor parental behavi@tching success, hatching date, the length
of the guarding period and chick survival. The doraof the guarding period (mean + SE:
10.2 £ 0.4 days, N = 62 in 2007/2008 and in 2008220s of high importance because young
chicks are not thermally independent and requiresiamt attendance by their parents. The
opportunities of breeders to forage for themselesthus constrained (Catry et al., 2006).
Male and female snow petrels provide roughly simalaounts of parental care and the shifts
during brooding last between 2 to 3 days (Warha®®0). During early guarding (chick was
4.9 £ 0.1 days old), body mass and skull lengtlaghe bill) of chicks were recorded to the
nearest 0.5g using a spring balance and to theeste@5 mm using a calliper. Chick body
condition was then calculated from a least-squéinesr regression of body mass against
skull length ( s6= 13.699, p < 0.001).

Measuring the stress response

During the guarding period (chick was 4.9 = 0.yglald), one known-age parent of
each experimental pair was captured by hand aegs An initial blood sample (for baseline
corticosterone levels) was collected from the a&n immediately after capture (mean + SE:
119 £ 5 seconds) using a 1-mL heparinized syrimgkaa25-gauge needle. For two of them,
bleeding time exceeded 3 minutes (i.e. the timaiired for baseline corticosterone levels,
Romero and Reed, 2005), so these two values werased for the analysis. After the first
bleeding, the bird was placed into cloth bags asdcand blood sample was collected 30 min

later (for stress-induced corticosterone levelgpeting to the standardized capture/restraint
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stress protocol (Wingfield, 1994). Adults were wegg to the nearest 2 g using a spring
balance and their skull length (head + bill) wasasmged to the nearest 0.5 mm using a
calliper. In snow petrels, skull length appeardéoa reliable measure of the overall size of a
bird (see Angelier et al., 2007a). Adult body cdiati was then calculated from a least-
squares linear regression of body mass againdtlskgth (R s7= 39.476, p < 0.001). Petrels
were marked with spots of dye on the forehead strdjuish them from their partner. During
handling of adults, chicks were placed in a boxeted with cotton to keep them warm. At

the end of the sampling, first chicks then aduksenput back onto their nest.

Molecular sexing and hormone assay

Within 6 hours from sampling, blood sample werentikiged and plasma was
decanted and stored at —20°C until assayed. Résl wele also kept frozen for molecular
sexing in our laboratory (CEBC). The sex of adwtss determined by polymerase chain
reaction (PCR) amplification of part of two highdgnserved genes (CHD) present on the sex
chromosomes (Fridolfsson and Ellegren, 1999), aaildd in Weimerskirch et al. (2005).
Plasma concentrations of corticosterone were d@éedrby radioimmunoassay at the CEBC,
as described previously (Lormée et al., 2003).salinples were run in one assay and intra-

assay variation was 7.9% (N = 6 duplicates).

Data processing and analysis

All analyses were conducted using R 2.8.0 (R Dmwekent Core Team 2008). The
corticosterone stress response was expressed asreéss-induced levels of corticosterone.
Baseline and stress-induced corticosterone levele wot correlated in our sample size (r =
0.212, p = 0.104, N = 60). We first used generdlizdditive models (GAM) and considered
age of adults as a smoothed variable. Howeverjfgignt effects of age were only linear so
we moved to generalized linear model (GLM). GLM wkiinomial error distribution and a
logit link function was used to examine hatchingccass as a function of treatment
(advanced, delayed and control groups) and agduifsa The interaction treatment * age was
not included in the analysis, due to the low nundfexggs that failed to hatch (N = 6). Chick
survival was tested as a function of treatment,ltablody condition and adult age. The
interactions treatment * adult body condition aneatment * age were not included in the

analysis, due to the low number of dead chicks @.#e used GLM with normal errors and
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an identity link function to examine the length tfe guarding period and chick body
condition as a function of treatment, adult bodydibon, adult age and the interactions
treatment * adult body condition and treatment tiladge. The magnitude of stress response
was expressed as the stress-induced levels ofesteérone. We also calculated the amplitude
of corticosterone release (i.e. the difference betwstress-induced and baseline levels) and
the statistical analyses of this variable gave Igaedentical results, hence we report only the
results for stress-induced corticosterone levelsfaalitate the comparison with other
published results. Baseline corticosterone andgsitireduced corticosterone levels were tested
as a function of treatment, sex, adult body coadjtadult age and the interactions treatment
* adult body condition, treatment * adult age. Deghent continuous variables were log-
transformed if necessary. We used a step-down apprastarting from the most global
models and therefore simplified them by eliminatstgp by step non-significant independent
variables. When treatment significantly affects aiethe dependant variables, a post hoc
pairwise t-test with Bonferroni correction was used@¢ompare the three groups. The effect of
intrinsic breeding schedule was not included ingheve models, since the expected hatching
date differed between groups (Post hoc Bonferramiection: delayed-control: p = 0.012,

advanced-delayed: p < 0.001, advanced-control0@65, Fig. 1).

Advanced Control Delayed
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Hatching date (January)

Figure 1: Expected (own egg) and manipulated (fasgg) hatching date in the advanced and
the delayed groups, and controls hatching date.
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Results

Expected hatching date (own egg) significantlyfeddd from the manipulated
hatching date (foster egg) in advanced pairs (gditest: df = 13, t = 13.769, p < 0.001, Fig.
1) and in delayed pairs (paired t-test: df = 12,-14.506, p < 0.001, Fig. 1). Moreover, the
hatching date (January) differed among groupgs¥ 9.086, p < 0.001).

Effect of the treatment on reproductive successtmadding effort

Hatching success differed significantly betweepegimental groups (N = 75,2 =
12.150, p = 0.003) and was lower in delayed p&os{ hoc Bonferroni correction: advanced-
control: p = 1; advanced-delayed: p = 0.011, delagentrol: p = 0.007, Fig. 2A). Indeed
incubation behavior was reduced in the delayedmgrbue delayed pairs deserted their nest
3.6 = 2.6 days after the expected hatching datdewanly one control pair and no advanced
pairs deserted their nest. There was no effectiolt age on hatching success (N = ¥53,=
1.175, p = 0.278). The treatment and the age oltsadiid not influence the length of the
guarding period and the chick body condition (Takkb). Chick survival was neither
influenced by the treatment (N = 682 = 0.398, p = 0.820, Fig. 2B), nor by parents @¢&
68,y 2=0.053, p = 0.819) and nor by parents body itimmd(N = 68,y 2= 0.003, p = 0.960).

Table 1: Modelling (a) length of the guarding period and (b) chick body condition at the end
of the guarding period according to the treatment, adult body condition and the interactions
using GLMs (normal error distribution, identity link function). A step-down approach was
used and variables are ordered according to the elimination process.

Dependent variable | Independent variables | df F-value p-value
(a) Length of the guarding |Adult body condition 1,60 2986 0.089
period (log) Treatment 2,58 1.523 0.227

Adult age 1,57 0.468 0.497
Treatment * Body condition | 2,656  0.959 0.390
Treatment * Age 2,63 <0.001 0.999
(b) Chick body condition Adult body condition 1,59 2794 0.099
Treatment 2,57 0326 0.723
Adult age 1,56 0470 0.496
Treatment * Age 254 1513 0.229
Treatment * Body condition | 2,62  0.960 0.390
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Figure 2: (A) Hatching success in relation to ekpental manipulation of hatching dates. (B)
Chick survival in relation to experimental manigida of hatching dates. Sample sizes are
given for each group.

Effect of treatment on adult stress response

Adult body condition was not affected by the treant (R ss= 0.584, p = 0.561).
Baseline corticosterone levels were not affectediigy treatment (Table 2a, Fig. 3A) but
decreased significantly with increasing adult agaeb(e 2a, Fig. 4A). Circulating plasma
levels of corticosterone increased significantljyoi@ing capture and handling (p < 0.001 for
paired Student’s t-tests). There was a significefiect of treatment on stress-induced
corticosterone levels (Table 2b, Fig. 3B): delapeds responded more strongly to the acute

stress protocol than control ones (Post hoc Boorfécorrection: delayed-control: p = 0.015,
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advanced-delayed, p = 0.143, advanced-control, p.060). In addition, stress-induced
corticosterone significantly decreased with increg&dult age (Fig. 4B) and with improving
adult body condition (estimate of the slope: -0.G8®.044), without interactions effect
treatment * adult age and/or treatment * adult boaolydition (Table 2b).

Table 2: Modelling baseline (a) and stress-induced (b) corticosterone levels according to the
treatment, adult age. sex. adult body condition and the interactions using GLMs (normal error
distribution, identity link function). The best models (in bold type) were selected by using a
step-down approach starting from the most global model. In this table, variables are ordered
according to the elimination process.

Dependent variable Independent variables df F-value p-value
(a) Baseline corticosterone | Adult age 1,56 4.586 0.037
levels (log) Treatment 2,54 0.582 0.562
Treatment * Adult age 2,52 2.726 0.075
Sex 1,49 0.071 0.791
Treatment * Sex 2,47 1.684 0.197
Adult Body condition (BC) 1,45 0.208 0.651
Treatment * Adult BC 2,43 0.865 0428
(b) Stress-induced Treatment 1,54 4.733 0.013
corticosterone levels Adult Body condition (BC) 1,54 4.136 0.047
Adult age 1,54 4.756 0.034
Treatment * Adult BC 2,52 1.945 0.153
Treatment * Adult age 2,50 1.003 0.374
Sex 1,49 0.014 0.905
Treatment * Sex 2,47 0.048 0.954
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experimental group. Sample sizes are given for gemip.

Discussion

In this experimental study, we tested whether mafeeffort is modulated when
hatching occurs earlier or later than expected.oAtiag to our hypothesis, we found that
incubation behavior and hatching success were egdlut delayed snow petrels. Moreover
they mounted a stronger stress response during @adk-rearing period compared to control
snow petrels. To our knowledge, this is the firaidg to show that an experimental
manipulation of the timing of breeding can influertbe magnitude of stress-response and the
parental commitment to reproduction. In additionthcs treatment effect, the magnitude of
the stress response declined with older age ardbeiter body condition.
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Fitness consequences of the treatment and parbatelvior

Our manipulation had clear fithess consequenaase $he overall breeding success of
the delayed group was significantly reduced congpdee advanced and control pairs. In
seabirds, the decline in reproductive success mwithe season is mainly due to hatching
failure, rather than chick mortality (De Forest &dston, 1996; Minguez, 1998). Moreover
in petrels, the release of corticosterone in respdn stress is higher during incubation than
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during brooding period (Adams et al., 2005; Angege al., 2009), possibly because of the
lower fitness value of an egg relative to chickiseo Our treatment clearly reflected this
pattern, since hatching success, but not chick iglrv was compromised by the
experimentally postponed hatching date. This hatghiailure was entirely due to egg
desertion, the main source of failure in snow petfa&ngelier et al., 2007a) and this low nest
attendance was observed only at the end of théatimn period: delayed snow petrels were
more susceptible to desert an egg after the exgpdudeching date. In addition to this
incubation behavior, the hypothesis of reducedrmiateffort in delayed pairs was supported
by a magnified stress response during the earbkel@aring period.

Alternatively, as incubation requires fastinghat hest (Heaney and Monaghan, 1996),
delayed birds could have been exhausted by theriexgrally prolonged incubation time.
However, the adult body condition and/or baselir@ticosterone levels (markers of
physiological state and activities, Wingfield et, d998; Landys et al., 2006) did not differ
between delayed petrels and control ones. Thisestigghat stored energy was not depleted
in delayed birds and that the extended incubatftortedid not require a significantly harder
work, compared to controls. However, we could natlede the possibility that delayed and
failed birds were not able to cope with energetiastraints of extended incubation effort,
since body condition and baseline corticosteromelsewere not measured during incubation
to avoid extra disturbance, and were thus only toosd in birds that did not desert the nest.

In contrast with the incubation period, we did wetect any observable behavioral
consequences of the treatment, during the broopgergd. Contrary to our expectations,
chicks’ body condition and survival were not redilide the delayed groups. However, it is
important to notice that the 2007/2008 breedingseavas characterized by a high breeding
success (68% of successfully fledged chicks, N4 &fgs in the long-term study plots), well
above the average 50% recorded for this specig@siétie Land (Chastel et al., 1993). Since
adult baseline corticosterone levels and body d¢mmdidid not differ between groups,
delayed birds seemed to have provided the saméslef/sustained activities (Landys et al.,
2006) and brooding effort compared to control addaaced ones. These results support the
ideas that the fithess value of the brood, onceheal, did not differ between delayed,
advanced and control pairs. To go further, we itigated the stress response of brooding
parents, which are known to be actively modulatezbeding to the brood value (Landvai et
al., 2007).
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Timing of breeding and parental stress response

According to our prediction, delayed snow petrelsponded stronger to acute stress
than control ones. An elevated stress responseeatslienergetic resource away from parental
duties and towards survival (‘emergency stage’, §ffetd et al., 1998). According to the
brood value hypothesis, stress response is ateshwateven suppressed, when the value of
reproduction is high relative to the value of fetureeding opportunities, to ensure that the
current breeding success is not threatened (Silvend Wingfield 1998; Wingfield and
Sapolsky, 2003; Lendvai et al., 2007; Lendvai artthstel, 2008). Hence, our findings
support the hypothesis that parents value the blessl if it hatched later than expected.
Alternatively, we could not exclude that delayedwnpetrels exhibited elevated stress-
induced corticosterone levels as a reaction talét@yed hatching date.

Parental behavior during the guarding period wast affected by the treatment.
Despite high stress-induced corticosterone levbbs length of guarding period, the chick’s
body condition, the chick’s survival were not redddn delayed pairs. Thus, how can we
interpret the stronger release of corticosteroneegponse to acute stress in experimentally
delayed pairs compared to controls? First, ourlt®@sure consistent with studies in house
sparrows (Passer domesticus, Lendvai et al., 2Q@ndvai and Chastel, 2008): an
experimentally increased brood value (increasedcltlsize) did not change adult body
condition and baseline corticosterone levels bwgarty attenuated the stress-induced
corticosterone release. Second, it is importankeéep in mind that the stress-induced
corticosterone levels reflect the parental motovatin a stressful context (Wingfield and
Sapolsky, 2003). In case of unpredictable adveoselitons (e.g. snow storm which cause
significant chick mortality in snow petrels, Chdst¢ al., 1993), delayed pairs would have
mounted a higher acute release of corticosterame ¢bntrols. In turn, they would likely have
provided poorer brooding effort, thereby promotitggir own survival in case of a life-
threatening perturbation.

Interestingly, advanced pairs did not attenuatar tistress response compared to
control ones, suggesting that an earlier-hatchimgkowvas not value more than a control one.
This contrasts with the results obtained in thertsinced house sparrow (Lendvai et al.,
2007): parents with experimentally enhanced braader(increased clutch size) were able to
actively attenuate their adrenocortical respons&ress. Our result suggest that an advanced
brood was not valued more than the expected oneekder, snow petrels, as very long-lived

organisms (up to 46 years old) show a strongerpmodably less flexible response to stress
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than short-lived species (Bokony et al., 2009)this study, the very long-lived snow petrels
tended to behave as prudent parents (Drent and,2880), and would have not jeopardized
their own survival by suppressing their stressoasp, even for a highly valuable chick. This
also highlights possible survival costs of earlgdating (Brinkhof et al., 2002; reviewed in
Drent, 2006) and the need for long-lived specieadpst parental care for future breeding
prospects. It would be interesting to conduct ailamstudy in short-lived birds to compare
the flexibility of the adult stress response inapto an advanced / delayed brood.
Regarding the age of adult snow petrels, we did firmat any effect of age on parental
behavior, through hatching success, length of trerding period, chick body condition and
chick survival. At a proximate level, young snowtrpks exhibited higher baseline
corticosterone levels than old ones, suggestingenignergetic constraints (Angelier et al.,
2007b). During the brooding period, older snow gstrexhibited lower stress-induced
corticosterone levels than younger ones. A deadinthe stress response over age has been
also found in incubating common terns (Sterna ldojrHeidinger et al., 2006; Heidinger et
al., 2008). Similarly, prolactin, a hormone invalvevidely in regulating parental cares,
decreased after a stressor in a age-specific maoidesnow petrels maintained higher stress-
induced prolactin levels than young ones (Angeditral., 2007a). Such age-related stress
responses have been interpreted as a mechanismyurgi¢he well-known improvement of
reproductive performance over age (Heidinger et 2006; Angelier et al., 2007a).
Alternatively, our transversal study could not exid the selection hypothesis: phenotypes
excessively sensitive to stress could have prowyedgsdisappeared. This implies that the
magnitude of the stress response is fixed earlthen reproductive life of an individual.
However, individuals appear to modulate their hamaistress response flexibly according to
the value of the reproductive event (Lendvai et 2007). Stress resistance may have also
arisen from a habituation process to handling vaige. However known-age snow petrels
have been seldom handled prior to this study asichdar study found no effect of recapture
history on stress-hormone levels (Heidinger et28106). Such age-related resistance to acute
stress was independent of the treatment which malgnified the stress response in delayed
birds. Hence, the degree of flexibility in respotseeduced brood value did not differ across
age. This strengthens the hypothesis that the nesmmess to stressors is adjusted according
to the current brood value (timing of breeding) awidlitionally, to the individual prospect of
future breeding opportunities (age of breeders).

Our study provides evidence that snow petrelsevéthe brood less if it hatched later

than expected. This adjustment in parental effooimbined with individual (age, body
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condition) and environmental factors, might givevniasights into the tight link between
breeding schedule and reproductive success.
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IV. Age, phénologie et mécanismes hormonaux

IV.1. Organisation du chapitre

Chez les oiseaux longevifs, I'age influence le ssceproducteur, la décision de ne
pas se reproduire et la date de ponte. Les artiCles D ont pour vocation I'étude des
processus hormonaux, au niveau individuel, qui soqiqués dans l'orchestration de la
décision de ne pas se reproduire et du timing depeoduction en fonction de 'age (7-45

ans).

D’une part, I'article C cible le réle de la cortatérone et de la sensibilité au stress
comme médiateur potentiel entre I'age et les déwnsside ne pas se reproduire et / ou les
décisions de date de ponte. Concernant I'agetdsgdunes ont une probabilité plus élevée de
ne pas se reproduire. De plus, les tres jeunes étds vieux sont les plus tardifs. Nous avons
mis en évidence que les tres jeunes et les tréx gient les plus sensibles au stress. Les taux
basaux de corticostérone influencent la probaliliée pas se reproduire, chez les femelles,

et la date de ponte chez les méles et femellex(AR).

D’autre part et via un test de réponse a la GnRldyhamique de sécrétion de la LH a
été suivie chez les pétrels des neiges (articleLB3. taux basaux de LH augmentent avec
I'age, tandis que la capacité maximale de sécrékola LH n’est pas dépendante de I'age. De
facon intéressante, nous avons montré que legetrass et les trés vieux étaient moins aptes
a maintenir des taux élevés de LH aprés un picHianduit par I'injection de GnRH. Ce fort
déclin des taux de LH pendant une période de strésht la décision de ne pas se reproduire
(Article D).
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IV.2. Age, décision de ponte, date de ponte et cabstérone
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Summary

1. Young birds often reproduce later in the season than older ones, with poorer breeding suc-
cess, but the proximate mechanisms involved in such a pattern remain poorly studied, especially
in long-lived species. One possible mechanism is the endocrine stress response which is accompa-
nied by the release of corticosterone. Elevated corticosterone levels can trigger physiological and
behavioural responses that may delay or even suppress reproduction.

2. We tested the hypothesis that the delayed timing of breeding of young birds may be related to a
greater susceptibility to stress compared with older ones during the pre-laying period of the breed-
ing season. For this purpose, known-age (744 vears old) pre-laying snow petrels, Pagodroma
nivea, were monitored for baseline and acute stress-induced corticosterone levels. We examined
whether baseline and stress-induced corticosterone levels were related to age, and whether they
could influence the decision to breed and egg-laying date.

3. Young snow petrels were more likely to skip the breeding season and to breed later than
middle-aged birds. In addition, the oldest birds bred later than middle-aged ones, suggesting a pos-
sible senescence on laying dates. Baseline corticosterone levels were independent of age but young
and very old birds were more sensitive to stress than middle-aged ones. However, there was no
effect of stress-induced corticosterone levels on breeding decision and egg-laying date. Elevated
baseline corticosterone levels during the pre-laying period were associated with a higher
probability of skipping breeding in females and a delayed timing of egg-laying in both sexes.

4. These results suggest that the greater susceptibility of young breeders to stress was not the
functional mechanism explaining their delayed timing of breeding. Baseline corticosterone levels,
although independent of age, appear to be a more likely mediator of breeding decision and egg-
laying date. In long-lived birds, the relationship between age and timing of breeding may be
rather indirect, as other age-related factors such as breeding experience or foraging skills may
have a deeper impact on baseline corticosterone than age per se.

Key-words: age, glucocorticoids, laying date, snow petrel (Pagodroma nivea), stress response

Introduction

Breeding at the right time 1s a key factor for successful
reproduction in fluctuating environments (Lack 1968;
Perrins 1970; Nager & van Noordwijk 1995). The adjust-
ment of breeding schedule allows a good overlap between
offspring’s energy requirements and local peak in food
availability (match-mismatch hyvpothesis; Visser et al. 1998:;
Stenseth & Mysterud 2002; Durant er al. 2007). In bird spe-
cies, although early breeders usually perform better than
late breeders, the decision to start breeding greatly differs
between individuals. Typically, voung breeders reproduce

*Correspondence author. E-mail: goutte(@ cebe.cnrs.fr

later in the season than older ones, and have lower repro-
ductive success (Martin 1995; DeForest & Gaston 1996;
Gonzalez-Solis er al. 2004; Ezard, Becker & Coulson 2007,
MeCleery et al. 2008; Blas, Sergio & Hiraldo 2009). This
could be explained by (i) a progressive disappearance of
late-breeders over age classes (selection hypothesis; Mauck,
Huntington & Grubhb 2004), (ii) an individual adjustment of
life-history strategies: as it gets older, a bird would favour
current breeding rather than survival (restraint hypothesis;
Stearns 1992), (iii) an improvement of breeding skills with
age owing to the accumulation of breeding experience (con-
straint hypothesis, Curio 1983) or (iv) a progressive incorpo-
ration of early breeders over age classes (delayed-breeder
fiypothesis; Forslund & Pért 1995; Blas, Sergio & Hiraldo
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2009). Ultimate factors explaining why young breeders
reproduce later than older individuals have been discussed
widely (Curio 1983; Forslund & Part 1995; Blas & Hiraldo
2010). However, the mechanisms underlying this age-
specific timing of breeding are still poorly understood. In
that respect, endocrine mechanisms deserve special attention
as they mediate life-history strategies in relation to environ-
mental conditions and to the physiological state of individu-
als (Wingfield er al. 1998; Ricklefs & Wikelski 2002).

Specifically, the endocrine stress response could play a key
role in the age-specific timing of breeding. In vertebrates,
stressful conditions such as harsh weather, scarce food avail-
ability or presence of predators, trigger an acute secretion of
glucocorticoid hormones, that is. cortisol or corticosterone
(Wingfield er al. 1998). In turn, this stress response allows
individuals to cope with the stressors by suppressing repro-
ductive functions (Wingfield & Sapolsky 2003: Landys,
Ramenofsky & Wingfield 2006; Breuner, Patterson & Hahn
2008). Although the majority of such studies focused on the
parental phase of the reproductive cycle (i.e. incubation and
chick rearing in birds), very few studies have investigated rela-
tionships between glucocorticoids, known to interfere with
the hypothalamic-pituitary—gonadal axis (Wingfield &
Sapolsky 2003; Pérez-Rodriguez et al. 2000), and the timing
of breeding (Salvante & Williams 2003; Schoech er al. 2009).
These studies suggest a similar inhibiting role of corticoste-
rone during the pre-laying period (i.e. before the onset of
breeding). Elevated corticosterone levels were associated with
delayed first clutch initiation during unfavourable years in
Florida scrub jay (Aphelocoma coerulescens; Schoech ef wl.
2009). Furthermore. experimental administration of exoge-
nous corticosterone in zebra finches (Tueniopygia gutiaia)
greatly decreased the number of pairs initiating reproduction
and delayed clutch initiation (Salvante & Williams 2003).
Corticosterone appears therefore to be an excellent candidate
adjusting the timing of breeding in response to environmental
conditions (Schoech er a/. 2009). Understanding the func-
tional role of corticosterone implies to distinguish between
(i) baseline corticosterone level. which is a marker of activities
and energetic state (Kitaysky, Wingfield & Piatt 1999: Love
er al. 2004; Landys, Ramenofsky & Wingfield 2006), and
(ii) stress-induced corticosterone level, which mirrors the sen-
sitivity to stress and less commitment to current reproduction
(Lendvai, Giraudeaun & Chastel 2007).

According to life-history theory, the stress response should
be attenuated when the value of the current reproduction is
high relative to the value of future breeding events (Wingfield
& Sapolsky 2003). Recent experimental and comparative
studies support this assumption (brood value hyvpothesis:
Lendvai, Giraudeau & Chastel 2007; Lendwvai & Chastel 2008;
Bokony er al. 2009). Relating this to age-specific reproductive
suceess, it has been predicted and observed that the stress
response of old adults is attenuated. probably to ensure that
reproduction is not inhibited (Heidinger, Nisbet & Ketterson
2006: Angelier et al. 2007a). During the pre-laying period. an
attenuation of the stress response might therefore be the
endocrine mechanism underlying early breeding in old birds.
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Focusing on a long-lived species, the snow petrel (Pago-
droma nivea Foster), we hypothesized that young birds are
more sensitive to stress before the onset of reproduction than
older ones. First, we tested whether young birds lay their egg
later or whether they were more likely to skip the breeding
season than older birds. Secondly. we tested whether baseline
or stress-induced corticosterone levels varied with age. We
predicted that young birds would exhibit higher baseline
and/or stress-induced corticosterone levels than older birds
during the pre-laying period. Thirdly, we predicted that indi-
viduals with high pre-laying baseline and/or stress-induced
corticosterone levels would delay the onset of breeding or
even halt their reproduction.

Materials and methods

STUDY SITE AND SPECIES

The study was carried out on Ile des Pétrels, Pointe Géologie Archi-
pelago, Terre Adélie (66°40°S, 140°01°E). Antarctica. Snow petrels
(2505000 g: Fig. 1)arevery long-lived birds with low annual fecundity
and high adult life expectancy {Chastel, Weimerskirch & Jouventin
1993; Jenouvrier, Barbraud & Weimerskirch 2005). Like all Procel-
lariiform species, breeding pairs lay only one egg per season, with
no replacement clutch in case of failure (Chastel, Weimerskirch &
Jouventin 1993; Barbraud & Weimerskirch 2001). The age at first
breeding is 10 years on average and birds breed annually, although
a significant proportion of birds skip the breeding season (Chastel.
Weimerskirch & Jouventin 1993). Nest and mate fidelity is high
{Bried, Pontier & Jouventin 2003), Males and females provide
roughly similar amounts of parental care (incubation of the egg and
care for the chick). Birds arrive on the breeding ground in early
November. The courtship and mating period typically lasts about
2 weeks, Then, individuals of both sexes forage at sea Lo accumulate
resources and females build up reserves for the egg (pre-laying exo-
dus). The laying period ranges from late November to mid-December.
Within one breeding season, egg-laying dates differ between individu-
als over a period of 2 weeks (Barbraud, Lormee & LeNeve 2000).

The ongoing mark-recapture programme of the snow petrels popu-
lation began in 1963 (see Chastel, Weimerskirch & Jouventin 1993;
Barbraud & Weimerskirch 2001 for detailed methodology). Every

Fig. I. A pair ol courting snow petrels during the pre-laying period,
in Terre Adélie, Antarctica. Photo by Aurélie Goulte.

© 2010 The Authors. Journal compilation © 2010 British Ecological Society. Functional Ecolagy
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chick of the monitored colonies has been banded prior to fledging
every vear since 1963. Thus, a part of the current population is of
known age.

BLOOD SAMPLING, BODY CONDITION AND PHENOLOGY

Adult male and female snow petrels were handled during the 2007
pre-laying period (6-19 November, that is, 26493 = 0-76 days before
egg-laying). A total of 55 known-age adults (7-40 years old) and 11
unknown-age adults (but they were ringed as adults and they were at
least 11 years old) were caught at their nest. in 65 different nests. In
one nest, both partners of the pair were of known age and we ran-
domly selected one bird of this pair, A blood sample from the alar
vein was taken immediately (157-5 £ 58 s) after capture using a
l-mL heparinized syringe and a 25-gauge needle. For nine of them,
bleeding time exceeded the time required for baseline corticosterone
levels (Romero & Reed 2005), so these nine values were not used for
the analysis. Birds were then placed into cloth bags, and subsequent
blood samples were collected 30 min later, according to the standard-
ized capture/restraint stress protocol (Wingfield et al. 1994), Skull
length (head + bill) and tarsus length were measured using a calliper
to the nearest -5 mm, wing length to the nearest | mm and weight to
the nearest 2 g using a spring balance. As univariate metrics may be
inadequate to estimate overall body size in birds, we used the first
component (PCI) of a principal component analysis as an index of
size. As male and female snow petrels differ greatly in size (Barbraud
& Jouventin 1998), males (¥ = 38) and females (N = 28) were anal-
ysed separately. The first component accounted for 76 and 72% of
the total variance in male and female measurements, respectively, and
was highly positively correlated with all variables (r > 083 for both
sexes). PCI scores increased with the size of the birds. Standardized
body condition was then calculated for males and females separately
from a least-squares lincar regression of body mass against body size
(PC1). Petrels were then marked with spots of dye on the forehead to
distinguish them from their partner and were released at their nest.
Then, we checked the 65 nests every 2 days to monitor the presence or
absence of the marked birds, breeding decision (i.e. decision to lay an
ege or to skip the breeding season) and the egg-laying date. The
time between sampling and ege-laying did not difTer between the
sexes (F) 52 = 1078, P = 0-304) and was not related to age (F) 44 =
0377, P = (1542).

In addition, we prospected for other known-age birds during the
incubating period to increase the sample size. A total of 109 known-
age adults (6-44 years old) were indeed monitored for breeding deci-
sion, and 96 eggs were followed every day until hatching to assess
hatching success and hatching date, As blood sampling and bird han-
dling might disturb the breeding phenology, we compared breeding
decision and hatching date of manipulated birds with the sample of
non-manipulated birds nesting in the long-term study plots (see
Chastel, Weimerskirch & Jouventin 1993), where birds were seldom
handled (N = 221 for the breeding decision and N = 142 for the
hatching date). Timing of hatching for handled birds was similar to
non-handled ones (N = 142; Wilcoxon's w = 26655, P = (-721).
The proportion of breeders tended to be slightly reduced by handling
(handled birds: 83-33 + 462%: non-handled birds: 90-95 + 1:93%;
N = 221y = 3072, P = 0-080).

MOLECULAR SEXING AND HORMONE ASSAY

Blood samples were centrifuged and plasma was decanted and stored
at =20 °C until assaved. Red cells were also kept frozen for molecular
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sexing at the Centre d"Etudes Biologiques de Chizé (CEBC). Sex was
determined by polymerase chain reaction (PCR) amplification of a
part of two highly conserved genes (CHD) present on the sex chromo-
somes (Fridolfsson & Ellegren 1999), as detailed in Weimerskirch,
Lallemand & Martin (2005). Plasma concentrations of total baseline
and stress-induced corticosterone were determined by radioimmunao-
assay at the CEBC, as described by Lormee et al. (2003). Only one
assay was performed and the intraassay coefficient of variation was
56% (N = 4duplicates).

STATISTICAL ANALYSES

All analyses were performed using R 2:80 (http://r-project.org/). We
used generalized linear model (GLM) with binomial error distribu-
tion and a logit link function to explain breeding decision, and GLM
with normal errors and an identity link function to explain egg-laying
date and hormone levels. Dependent continuous variables were previ-
ously tested for normality with a Shapiro-Wilk test and were log-
transformed when necessary. An information-theoretic approach was
used to select the best models (Burnham & Anderson 2002). Model
selection criteria included the corrected version of Akaike's informa-
tion criterion (AlCc) for small sample sizes and the difference in A1Cc
between each candidate model and the model with the lowest AICe
value (AAICc; Burnham & Anderson 2002). AICc weight can be used
as a measure of the relative probability of a model for being the best
model with a given data set among other potential models. Selected
models were then checked for assumptions, that is, constancy of vari-
ance and residual normality, Parameters’ estimates £ SE were given
for models with the highest AICc weight and by removing interac-
tions with covariables (Quinn & Keough 2002).

Age, breeding decision and timing of breeding

As female body size is known to account for a great part of the varia-
tion in the egg-laying date of snow petrels (Barbraud, Lormee &
LeNeve 2000), we included body size in our analysis. Therefore, we
tested whether breeding decision and egg-laving date were influenced
by standardized body condition, body size, sex and the interaction
body condition x sex and body size x sex in pre-laying snow petrels
(N = 66). To test for an effect of age, we used known-age snow pet-
rels handled during the pre-laying period and the 54 known-age birds
handled after the egg-laying period. As hatching date was monitored
for each nest and was highly correlated to egg-laying date (esti-
mate = 0770 £ 0077, Fy 35 = 9930, £ = 0:001), we used hatching
date instead of egg-laying date in this model. We tested whether
breeding decision and hatching date were influenced by “sex’, ‘age’.
‘age” and the interaction *sex (age + age’). Within breeding pairs,
the age of the male was positively correlated with that of the female
(F) 2 = 6522, P = 0018).

Age and stress hormones

Because standardized body condition was negatively related to sam-
pling date (see ‘Results’), we first tested whether baseline and stress-
induced corticosterone levels were influenced by body condition, sex
and the interaction “sex x body condition” by using linear regressions.
Then we analysed whether baseline and stress-induced corticosterone
levels were influenced by the sampling date (hereafter “date’), ‘sex’.
‘age’, ‘ageﬂ“ and the interaction ‘sex (age + agel)‘.

Moreover, we ran the analysis again adding the “time before egg-
laying” variable (i.e. the time between sampling and egg-laying date)

@ 2010 The Authors. Journal compilation © 2010 British Ecological Society, Functional Ecology
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to take into account a potential hormonal change with advancing
time. ‘“Time before egg-laying’ and ‘sampling time” were tested sepa-
rately as they were significantly negatively linked (F, 5, = 39-380,
P o= 0:001).

Stress hormones, breeding decision and timing of breed-
ing

We tested the influence of pre-laying baseline (or stress-induced) cor-
ticosterone on breeding decision and egg-laying date. As baseline and
stress-induced  corticosterone levels differed  between sexes (see
‘Results™; Table 1), we could not include the ‘sex” and ‘baseline (or
stress-induced) corticosterone levels” variables simultaneously in a
model. Thus, we standardized baseline (or stress-induced) corticoste-
rone levels for each sex by subtracting for each sex the mean baseline
(or stress-induced) corticosterone levels from each observed value,
and dividing by the SD. Because sex and standardized corticosterone
levels were no longer associated, we started our analyses from the gen-
eral model including the ‘date’, “sex”, “baseline (or stress-induced) cor-
ticosterone levels” variables and the *sex x baseline (or stress-induced)
corticosterone levels’ interaction. To test for an effect on breeding
decision and on egg-laying date, we considered all monitored nests
prospected during the pre-laying period and then only eggs which

hatched successlully.
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Results

Pre-laying body condition was not related to age
(estimate = 0-009 + 0014, Fy 53 = 0427, P = 0:516). Pre-
laying body condition decreased with the date of sampling
(estimate = —0-111 + 0029, F,q = 14961, P < 0:001),
but was not affected by the time between sampling and egg-
laying date (estimate = 0047 £ 0028, Fi s = 2:779,
P = 0102).

AGE, BREEDING DECISION AND TIMING OF BREEDING

Breeding decision and egg-laying date were not influenced by
pre-laying body condition or body size (for all tests:
P = 0-16). Breeding decision was influenced by the breeder’s
age (N = 109, 3> = 8586, P < 0:001): birds that skipped
breeding were mainly younger (<13 years old: Fig. 2a).
There was a significant effect of age on hatching date, in a
quadratic way: young (less than 13 years old) and very old
(more than 30 years old) birds bred later than the 13-30-year-
old birds (Fig. 2b; N = 60; age: estimate = —0-484 + 0-209,
¥’ = 4976, P = 0026: age’ estimate = 0010 + 0004,

Table 1. Model selection using corrected version of Akaike’s information criterion (AICc) to explain (a) baseline corticosterone levels (N = 47)
and (b) stress-induced corticosterone levels (N = 53). K refers to the number of parameters. Candidate models and models without any
explanatory variable (the “intercept model’) are ranked according to their AICc. The second part of the table includes the parameter estimates for

the selected model: (a) “Date; Sex” and (b) ‘Date; Sex; Age; Age”™

No. Model AlCe AAICe AlCc weight K
(@)
1. Drate: Sex 120-58 ] 376% 4
2. Date 12173 I-15 21'1% 3
3 Date: Sex: Age 12293 235 11-6% 5
4. Date: Sex; Age; Sex x Age 123-64 307 8:1% o
5. Date; Age 124-01 343 6-8% 4
6. Intercept 124-36 378 57% 2
7. Date; Sex; Age; Age”; Sex (Age + Age?) 125-23 465 3T7% 8
8. Date; Sex; Age; Age’ 12541 484 34% 6
9. Date; Age; Age” 126:38 580 21% 5
Selected model Parameters Estimate + SE Chi-squared P
Date: Sex Intercept 1-44 + 048 911 0-003
Date 008 + 004 487 0027
Sex 044 + 024 335 0-067
(b)
1. Date; Sex; Age; Age’ 480-42 0 632% 6
2. Date; Age; Age” 484-21 380 9-5% 5
3. Date; Sex 484-38 396 B7% 4
4. Date; Sex; Age 485-12 471 60% 5
5. Date: Sex; Age; Age™; Sex (Age + Age?) 485-22 480 57% 8
[ Date 486-23 81 35% 3
7. Date: Sex; Age; Sex x Age 487-45 703 1-9% 6
8. Date; Age 487-88 T-46 1:5% 4
9. Intercept 502-98 2256 0% 2
Selected model Parameters Estimate + SE Chi-squared P
Date; Sex; Age; Age” Intercept 7517 = 26,58 504 0-005
Date 351 = 094 13-87 < 0-001
Sex 1437 + 587 599 0014
Age =576 = 200 783 0-005
Age® 012 = 004 694 0-008

© 2010 The Authors. Journal compilation © 2010 British Ecological Society, Functional Ecology
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Fig. 2. (a) Breeding decision (0 = nen-breeder; 1 = breeder) in rela-
tion to age in snow petrels (The median, [0th, 25th, 75th and 90th per-
centiles are plotted as horizontal boxes with error bars) and (b)
hatching date in relation to age in snow petrels. The probability of
breeding increased with age, whereas young and very old birds bred
later than middle-aged ones,

¥* = 6190, P = 0013). As mentioned, the use of hatching
date was more powerful (larger sample size) than the use of
ege-laving date (N = 33). However, this did not affect the
detected trend (egg-laying date = —0-375 x age + 0009 x
'dgi:1 vs. hatching date = —0-484 2 age + 0010 x agez).

AGE,BODY CONDITION AND STRESS HORMOMNE
LEVELS

Baseline corticosterone levels were not associated with pre-
laying  body (estimate = =0-042 £ 0631,
Fis5 = 0006, P = 0:940) even when considering an interac-
tion with sex (estimate = 0105 £ 0-290, F, sy = 0124,
P = 0:726). However, baseline corticosterone levels were
higher in males than in females (8255 = 0758 and
6620 = 0972 ng mL "', respectively). increased with the date
of sampling (Table la), but were not influenced by age
(Table laand Fig. 3a).

During the pre-laying period, males and females
responded to the stress of capture by increasing their cortico-
sterone levels significantly (P < 0-001 for paired Student’s
t-tests). Stress-induced corticosterone levels were indepen-
dent of baseline corticosterone  levels  (estimate =
0-003 = 0004, Fysq = 1115, P = 0-296). Stress-induced
corticosterone levels were negatively correlated to body con-
dition  (estimate = —13690 = 3:139, F 4 = 19022,
P < 0001). Moreover, stress-induced corticosterone levels
were higher in males than in females (77937 + 4213 and
67-860 + 5657 ng mL', respectively), increased with the
date of sampling and were correlated to age in a gquadratic

condition
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Fig. 3. (a) Baseline and (b) stress-induced corticosterone levels during
the pre-laying period in relation to age in males (N = 29, closed cir-
eles with solid best-fit line), and females (N = 25, open circles with
dashed best-fit line) snow petrels.

way (Table 1b): yvoung and very old birds were more sensi-
tive to stress than middle-aged ones (Fig. 3b).

After running the analysis with the “time before egg-laying’
variable instead of the ‘sampling date’ variable, stress
hormone levels were not associated with the time before
ege-laying (P = 017 for baseline and stress-induced
corticosterone levels).

STRESS HORMONES, BREEDING DECISION AND TIMING
OF BREEDING

Elevated baseline corticosterone levels during the pre-laying
period were associated with a higher probability of skipping
breeding in females (Table 2a and Fig. 4). Breeding decision
was not influenced by stress-induced corticosterone levels
(Table 2b). When considering all laid eggs (i.e. eggs that
hatched successfully and eggs that failed to hatch), egg-laying
dates were neither influenced by the standardized baseline
corticosterone levels (estimate = (0-123 &+ 0111, F, 4

1236, P = 0-272), nor by the standardized stress-induced
corticosterone levels (estimate = 0206 + 0-529,
Fisy = 0027, P = 0-869), even when considering an interac-
tion effect *sex x standardized corticosterone levels’ (baseline:
estimate = —1-037 + 1-148, F, 4 = 0817, P = 0371;
stress-induced:  estimate = 0461 £ 1079, Fj4 = 0183,
P = (-671). However, hatching success was negatively corre-
lated with standardized baseline corticosterone levels (esti-
mate = —09024 + 0423, N = 40, 4> = 9037, P = 0:003):
snow petrels with elevated standardized baseline corticoste-
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Table 2. Model selection using corrected version of Akaike’s information criterion (AlCc) to explain breeding decision (0 = non-breeder;
1 = breeder) in relation to (a) standardized baseline corticosterone levels (Bas. CORT, N = 57) and standardized stress-induced corticosterone
levels (Max, CORT. N = 64) during the pre-laying period. K refers to the number of parameters. Candidate models and models without any
explanatory variable (the ‘intercept model’) are ranked according to their AICe. The second part of the table (a) gives the estimates of parameter
(absolute baseline corticosterone levels) for males (N = 32)and females (N = 23)

No. Model AlCc AAICe AlICc weight K
(a)
1. Bas, CORT; Sex; Bas, CORT x Sex 5762 0 39:6% 4
2. Intercept 5792 0-30 34-0% 1
3. Bas. CORT 59-14 1-52 18:5% 2
4, Bas, CORT; Sex 60-82 3-20 80% 3
Selected model Parameters Estimate = SE Chi-squared P
Bas. CORT: Sex; Bas. CORT = Sex Males
Intercept 055 + 102 17-301 <0001
Bas. CORT 009 + 012 0-542 0461
Females
Intercept 383 = 1436 89-867 <0001
Bas. CORT =026 £ 012 7315 0-007
(b)
1. T Intercept 61-47 0 50-6% 1
2. T Max. CORT 62-46 0-98 31-0% 2
3. T Max. CORT:; Sex 0416 2-68 13:2% 3
4. T Max. CORT; Sex; Max, CORT = Sex 6604 456 52% 4

n
(=]

m— |\lales
—— Females

-
[54]

T
]

Baseline corticosterone
levels (ng mL-1)
-
w o
I 1

1 1
Will not breed Will breed

Fig. 4. Standardized baseline pre-laying corticosterong  levels
(ng mL"", mean and SE) of snow petrels in relation to breeding deci-
sion (will skip or will breed). Black-filled bars denote males and
white-filled bars denote females.

rone levels during the pre-laying period were more likely to
lose their egg. When only considering eggs that hatched suc-
cessfully, there was a positive and significant correlation
between standardized baseline corticosterone and egg-laying
date (Table 3a and Fig. 5a). Pre-laying stress-induced corti-
costerone levels were not associated with the egg-laying date
of hatched eggs (Table 3band Fig. 5b).

Discussion

As found in other avian species (Forslund & Pirt 1995;
Gonzalez-Solis et al. 2004; Ezard, Becker & Coulson 2007;
McCleery et al. 2008), young snow petrels (less than 13 years
old) bred later than middle-aged birds (from 13 to 30 years).
Moreover, young snow petrels were more likely to skip a
breeding attempt than old ones. In addition, the oldest birds

(= 30 years old) bred later than middle-aged ones, suggesting
a possible effect of older age on the timing of breeding. a
pattern only reported to date in the common tern (Sterna
hirundo; Ezard, Becker & Coulson 2007) and the mute swan
(Cygnus olor; McCleery et al. 2008). In parallel, young birds
and very old birds were more sensitive to stress than middle-
aged ones during the pre-laying period. However, there was
no link between stress-induced corticosterone levels and egg-
laying date. However, elevated baseline corticosterone levels
were associated with a higher probability to skip breeding in
females and a delayed timing of egg-laying in both sexes.

AGE AND STRESS HORMONES

During the pre-laying period, snow petrels exhibited a 10-fold
increase in corticosterone levels related to capture and han-
dling. This magnitude was similar during incubation and was
lower during chick rearing in petrel species (Adams er al.
2005; Angelier er al. 2007a, 2009). Adults in poor body condi-
tion were more sensitive to stress than those in good body
condition as shown in many other species (Wingfield er al.
1998: Angelier er al. 2009). Furthermore, baseline and stress-
induced corticosterone levels increased with sampling date,
whereas body condition decreased with sampling date. but
not with the time before egg-laying. During the pre-laying
period, early-arrived petrels were indeed in better condition
than late-arrived ones (Chastel, Weimerskirch & Jouventin
1993). Birds in poor condition and showing elevated cortico-
sterone levels may then be of lower quality (e.g. low foraging
skills) and may not be able to arrive early in the season. Males
exhibited slightly higher baseline and stress-induced cortico-
sterone levels than females, possibly in response to different
pre-laying energetic constraints and activities (Wingfield er al.
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Table 3. Model selection using corrected version of Akaike’s information criterion (AlCc) to explain laying date of hatched egg in relation to (a)
standardized baseline corticosterone levels (Bas. CORT, N = 30) and standardized stress-induced corticosterone levels (Max. CORT. N = 37)
during the pre-laying period. K refers to the number of parameters. Candidate models and models without any explanatory variable (the
‘intercept model’) are ranked according to their AICec. The second part of the table (a) includes the parameter estimates for the selected model

‘Bas. CORT’
No. Model AlCe AAICe AlCc weight K
(a)
1. Bas. CORT 156:41 0 66-8% 3
2, Bas. CORT; Sex 158-62 221 22:2% 4
3. Bas. CORT; Sex: Bas, CORT x Sex 16126 485 59% 5
4. Intercept 161-56 515 51% 2
Selected model Parameters Estimate = SE Chi-squared P
Bas. CORT Intercept 974 £ (58 277020 = (-001
Bas. CORT 210 + 0075 T618 0-006
(b)
1. Intercept 198-60 0 63-3% 2
2. Max. CORT 200-59 1-99 234% 3
3. Max. CORT; Sex 20247 387 9-1% 4
4. Max. CORT: Sex; Max. CORT x Sex 20405 545 41% 5
(b) e
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Fig. 5. Relationship between the egg-laying date
December) and standardized pre-laying baseline - ! ! : - : - L -
( ber) and sta ed pre-laying ba 92 > 0 1 ) ) 1 0 1 2 3

{a) and stress-induced (b) corticosterone levels of
breeders. Closed circles denote males and
open circles denote females.

1998; Landys, Ramenofsky & Wingfield 2006) such as fasting
and strong intrasexual competition (Barbraud & Chastel
1999).

Contrary to our prediction. pre-laying baseline corticoste-
rone levels were not correlated with age, as reported in other
long-lived birds (Angelier e al. 2006; Heidinger, Nisbet
& Ketterson 2006; Angelier et al. 2007a.b). This may suggest
that baseline corticosterone is more likely to be influenced
daily by short-term stressful events (Landys. Ramenofsky &
Wingfield 2006) and be independent of age. However, breed-
ing experience (i.e. number of previous breeding attempts)
greatly differs between snow petrels of the same age, because
they frequently skip a breeding attempt and the age when
first breeding is greatly variable between individuals (Cha-
stel, Weimerskirch & Jouventin 1993). In long-lived birds,
breeding experience explains better the variation of baseline
corticosterone than age per se (Angelier ef al. 2006, 2007b).
This suggests that baseline corticosterone levels are not only
influenced by short-term factors but can also be influenced
by longer-term factors such as breeding experience.

According to our prediction, young pre-laying birds were
more sensitive to stress than middle-aged ones. This has also
been observed during incubation in another long-lived bird

Baseline

Stress-induced
Standardized corticosterone levels

(Heidinger, Nisbet & Ketterson 2006) and is commonly
interpreted as a mechanism for low commitment into cur-
rent reproduction (Heidinger, Nisbet & Ketterson 2006;
Angelier et al. 2007a). Young birds should favour [uture
reproductive opportunities, likely through high pre-laying
stress-induced corticosterone levels. Stress resistance may
have arisen from a habituation process to handling with age.
However, known-age snow petrels have been seldom handled
prior to this study and a similar study found no effect of
recapture history on stress hormone levels (Heidinger, Nisbet
& Ketterson 2006). The lower stress response in middle-aged
snow petrels compared with younger ones may originate [rom
a decrease in adrenal capacity as suggested by a recent study
of known-age common terns (Heidinger, Ketterson & Nisbet
2008).

Interestingly, we found that the oldest birds ( > 30 years)
showed a stronger response to stress than the 13-30-year-
old birds. To our knowledge. this is the first report of a
magnified stress response at an older age in a free-living
organism. The stronger stress response in the oldest birds
may therefore originate from a possible physiological
senescence of the hypothalamo-pituitary-adrenal (HPA)
system, as observed in elderly humans and rats (Sapolsky.
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Krey & McEwen 1986a,b; Wilkinson, Peskind & Raskind
1997 Sapolsky 1999; Otte er al. 2003).

An alternative hypothesis could be a progressive disappear-
ance of adults excessively sensitive to stress over time. This
would imply that the magnitude of the stress response is fixed
early in the reproductive life of an individual. However, as
shown experimentally in the house sparrow (Passer domesti-
cus: Lendvai, Giraudeau & Chastel 2007), the same individual
can modulate its hormonal stress response flexibly according
to the value of the reproductive event. Furthermore, this
‘selection hypothesis” would not explain the magnified stress
response found in the oldest birds.

AGE, STRESSHORMOMES AND TIMING OF BREEDING

As found in Florida scrub jay and zebra finches (Salvante &
Williams 2003; Schoech ez al. 2009), elevated pre-laying base-
line corticosterone levels were associated with the decision to
skip breeding in female snow petrels, and with a postponed
egg-laying date in both sexes. Baseline corticosterone seems
therefore to fine-tune the timing of breeding with regard of
stress occurring during pre-laying, suggesting energetic con-
straints.

Male stress hormone levels were important for the timing
of breeding. although it is thought that females mainly drive
the egg-laying date (Caro et al. 2009). This suggests that base-
line corticosterone levels of one partner may reflect the global
state of the breeding pair (e.g. quality of the nest, male’s
ability to defend the nest), or an assortative mating according
to stress levels. However, male corticosterone levels were not
as decisive as in females for breeding decision. This highlights
a potential sex difference in the response to environmental
cues related to seasonal events (Ball & Ketterson 2008; Blas &
Hiraldo 2010).

How could baseline corticosterone orchestrate breeding
decision and timing of breeding? In domesticated animals,
cortisol suppresses luteinizing hormone (LH, a pituitary hor-
mone involved in the onset of breeding) secretion by inhibit-
ing pituitary response to gonadotropin-releasing hormone
(GnRH; Breen & Karsch 2004). Moreover, corticosterone
potentially acts via the gonadotropin-inhibiting hormone
(GnlH), a recently discovered peptide, that downregulates
the hypothalamic—pituitary—gonadal axis (Bentley er al.
2006; Ubuka er af. 2006; Calisi, Rizzo & Bentley 2008;
Greives er al. 2008: Kirby er al. 2009). Thereby, in snow pet-
rels, stress hormones might activate the GnlH system and
postpone the timing of breeding or even cancel the breeding
attempt.

However, the positive correlation between baseline cortico-
sterone levels and egg-laying date was only observed in snow
petrels that incubated their egg successfully, Failed clutches
belonged to parents with high baseline corticosterone levels
during the pre-laying period. We did not observe any disap-
pearance of egg owing to predation and all case of failure
were because of nest desertion. In snow petrels, incubation
requires petrels to fast on the nest. Birds bearing elevated
baseline corticosterone levels may then be of lower quality

Article C

(e.g. low foraging skills; Angelier er al. 2007c) and may not be
able to cope with the energetic constraints of incubation. In
conclusion, higher baseline corticosterone levels in snow pet-
rels during the pre-laying period were correlated to a higher
probability (i) to skip the breeding attempt, (ii) to loose the
egg or (iii) to start breeding later in the season.

Our aim was to test whether the often observed age-specific
timing of breeding could be related to higher stress sensitivity
in young breeders compared with older ones. Contrary to our
prediction and in spite of a strong age-specific stress response
during the pre-laying period, the sensitivity to stress was not
the functional mechanism involved in age-specific timing of
breeding pattern observed in snow petrels. Our sample size
was sufficient to rule out any hidden effect. Stress-induced
levels of corticosterone are not as flexible and reactive to daily
environmental cues than baseline corticosterone (Kitaysky,
Piatt & Wingfield 2007). Thus, stress-induced corticosterone
levels might be inappropriate to rule the adjustment of timing
of breeding or the decision to breed.

However, baseline corticosterone levels, which predicted
breeding decision and timing of breeding, were independent
of age. How can the age-specific differences in timing of
breeding be explained? The link between age and timing of
breeding could possibly be indirect and originate from other
age-related parameters (see Blas & Hiraldo 2010). In snow
petrels, timing of breeding is better explained by previous
breeding experience than age per se (unpublished data). We
suggested that baseline corticosterone levels would be higher
in inexperienced birds as found in other long-lived birds
(Angelier er al. 2006, 2007b), and in turn would explain the
functional mechanism of late breeding in young birds.
Regarding the very old snow petrels, their late breeding could
be the consequence of reduced foraging skills (Catry er al.
2006) and/or the possible death of their previous mate. Newly
formed pairs breed later than long-term partners (snow pet-
rels, unpublished data) and may exhibit higher baseline corti-
costerone levels, as shown in black-legged kittiwakes
(Angelier er al. 2007d). Thus age-related factors, like previous
breeding experience. foraging ability or change of mates may
influence the timing of breeding rather than age per se. In
turn, these age-related factors could influence the baseline
corticosterone levels of pre-laying birds.
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IV.3. Age, décision de ponte et dynamique de la séton de LH
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Why do some adult birds skip breeding? Age-relat@munonal constraints in a
long-lived bird

Summary

Skipping of reproduction is often observed in Idivgd organisms byproximate mechanisms remain
poorly understood. Sinceoyng and/or very old snow petreRBagodroma niveacommonly skip
breeding, we tested whether they are physiologicalhstrained during the pre-laying stage compared
to middle-aged petrels. To do so, we measuredetiidimess to breed and the ability of known-age
[11-45 years old] petrels to release luteinizingnmane (LH, an important driver of breeding), by
injecting exogenous GnRH (gonadotropin-releasimgriome). Although young petrels exhibited low
baseline LH levels, they were able to release liera GnRH challenge. Moreover, young and very
old petrels showed a stronger decrease in LH laftds the GnRH-induced LH peak compared to
middle-aged petrels. Birds that skipped breedingevas able as breeders to release LH after a GnRH
challenge, indicating that they had functional hiya¢amo-pituitary-gonadal axes. However, the
decision to skip reproduction was linked to a 9rbRl decrease after the GnRH-induced peak. Our
result suggests that the youngest and the oldesip&il to maintain elevated baseline LH levels
during stressful situations, thereby do not initiegproductive activities. Skipping of reproduction

long-lived birds probably results from age-relatedstraints on the dynamic of the HPG axis.

Key words: Intermittent breeding, Age, GnRH challenge, Luitshg Hormone, Snow petrels
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Introduction

Skipping of reproduction (i.e. non-breeding by induals that previously bred) is often
observed in long-lived organisms (Cam et al. 1998 “prudent parent hypothesis” posits
that nonbreeding decision should be favourethen the value of the immediate reproduction
is low relative to the value of future reproductgportunities and survivéDrent & Daan
1980) as it is expected to be in young aduM®reover, senescent individuals may take
advantage of sabbatical years to recover from ptsvieproductive efforts (Velando et al.
2010). Alternatively, skipped breeding, insteadbeing strategically decided, might be
imposed by physiological constraints in low qualntglividuals (Cam et al. 1998). Age
appears to be the keystone of skipped breedingg $ims behaviour is markedly observed in
the youngest and in the oldest adult birds (Bergtaal. 2009; Goutte et al. 2010). Thus, some
of the needed physiological requirements for susfoéseproduction may be deficient in
young and senescent aduF(slund & Part 1995)

Although ultimate causes of skipped breeding haenlwidely discussed, proximate
factors influencing such patterns remain poorlyl&d (Schoech et al. 2004; Blas & Hiraldo
2010), especially in an age-specific context (Goattal. 2010). In birds, the onset of
breeding is under strong hormonal control (hypatimat-pituitary-gonadal [HPG] axis,
Dawson 2008). In response to increased day lengihring, GnRHgonadotropin-releasing
hormone) is expressed and triggers the secretibi dfuteinizing hormone) by the pituitary
gland. LH, in concert with follicle-stimulating hoone, promotes gonadal maturation, sexual
steroids secretion and in turn, sexual behavidg@ossidering that non-breeding events result
from physiological constraints (Cam et al. 2008js then conceivable that skipping breeders
are unable to appropriately release LH.

As very long-lived birds, the snow petreRBagodroma niveaprovide an excellent model
system to study non-breeding decision. Indeed,oup0f6 of adults can skip breeding in a
given year (Chastel et al. 1993), mainly the yoshged the oldest snow petrels (Berman et
al. 2009; Goutte et al. 2010). The present studgesigned to test, in this monogamous
species, 1) whether age affects the ability toassdelH during the pre-laying period and 2)
whether skipping petrels fail to release LH. To sty we used a common and powerful
protocol, the injection of exogenous GnRH during pphotosensitive stage, and tested the
readiness to breed and the ability of known-ageefseto release LH (Schoech et al. 2004).
We predicted that young and very old petrels waeldase less LH after a GnRH injection
than middle-aged ones, and that lower LH releaseldvpredict high probability to skip

breeding. LH levels progressively decrease afterGhRH-induced LH peak and returned to
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baseline levels (Schoech et al. 2004). We therefmestigated for the first time whether this
LH decrease 1) would be stronger in young and wktypetrels than in middle-aged ones and
2) would predict a high probability to skip breeglin

Methods

The study was conducted on Terre Adélie (66°4048°Q1'E), Antarctica. Snow petrels are
very long-livedphilopatric birds with a low fecundity (one egg perar,Chastel et al. 1993Part of
the current population is of known age, becausekshave been banded prior to fledging each year
since 1963 (Chastel et al. 1993). Forty-one matk famale snow petrels, from 11 to 45 years old,
were handled during the pre-laying period (i.e.rtship and mating period), from the ™10 23
November 2008. All sampled birds were previouslgered as breeders. They were caught at their
nest by hand and a first blood sample was collecigld a syringe immediately after capture to
determine baseline LH levels. Then, birds were idiately injected with 0.1mL of a GnRH solution
in the alar vein ([Giff, Sigma Lot 121H04314). The GnRH was dissolved physiological solution
to yield a dosage of 0463/0.1mL (1.5p9/ kg body mass in 1mL of 0.9% saline solutionyaledated
for seabirds in Jouventin & Mauget 1996). A secblabd samples was collected 10 minutes after the
injection to measure the LH releasing ability. Thenmonitor the dynamic of LH change after the
GnRH-induced peak, a third blood sample was takemButes after the injection. Blood samples
were centrifuged and plasma was stored at —20°@l, lid levels were assayed by heterologous
radioimmunoassay at the CEBC (see Chastel et 86)20’he lowest detectable quantities for LH
were 0.05 ng/mL and the intra-assay coefficienvariation was 6.2 % (N = 3 duplicates). The 46
nests were checked every two days to monitor dséngaged in breeding or if they skipped breeding.

All analyses were performed using R 2.8.0 (R Dgwalent Core Team 2008). We used
generalized linear model (GLM) with normal erronsdaan identity link function to explain LH
(baseline levels, change following a GnRH injectiofLH-10— LH=0) / LHi=, Or change after a LH
peak = (LH30— LHi=10) / LHi=10) as a function of sex, age, age? and the int@r&ttex * age and sex
* (age+age?). Similarly, we used GLM with binomeatfor distribution and a logit link function to tes
for an effect of sex, LH (baseline levels, LH charigllowing a GnRH injection, or LH change after a
peak) and the interactions sex * LH on the prolighib skip breeding. Selected models were checked

for assumptions.

Results

Baseline LH levels were higher in males than indkss, and significantly increased
with age (sex: Fsg = 7.856, p = 0.008; age:1 k7= 4.389, p = 0.043, Fig. 1A), without
guadratic effect for age and/or interaction effdpts> 0.38 for all tests). LH release after the
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GnRH challenge significantly decrease -
with age (k3= 6.640, p = 0.014; Fig.
1B), without effect for sex, age? an
interactions (p > 0.15 for all tests
However, absolute LH levels reached :
minutes after GnRH challenge wel
unrelated to age (linear; k3= 0.093, p =
0.763; quadratic: f33= 1.623, p = 0.212).
LH decrease after the GnRH-induced L

peak was higher in young and very o

petrels than in middle-aged one
(quadratic: k35 = 4.569, p = 0.040, Fig.
1C), without effects for sex ant

interactions (p > 0.12). Baseline LH leve
and LH change after a GnRH challeng
did not explain skipped breeding decisic
(p > 0.42). However, a strong LH decrea
after a LH peak predicted high skippe
breeding probability (N = 3%2 = 4.066, p
= 0.044, Fig. 2).

Figure 2: Means and standard errors of
LH change measured 30 minutes after a
GnRH-induced peak of snow petrels in
relation to breeding decision (will skip
or will breed).
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Figure 1: Means and standard errors of LH levels
in relation to age in pre-laying snow petrels. (A)

Baseline LH levels increased with age in males
(open triangles and dashed line) and femalesdfille

circles and solid lines). (B) LH changes measured
10 minutes after the GnRH challenge were
negatively linked to age (C) LH changes measured
30 minutes after a GnRH-induced peak were
quadratically linked to age.
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Discussion

Although young petrels exhibited low baseline Ld¥dls, they strongly released LH
after a GnRH challenge and reached similar absdlhtdevels compared to older petrels.
Indeed, this clearly indicates that young adultd hanctional HPG axes. How then is it
possible to explain their lower baseline LH leveisithough photoperiod is the primary
signal controlling seasonal reproductive activitiescial interactions can influence central
physiology by modifying GnRH neurosecretory celdich in turn stimulates the adjustment
of reproductive physiology and behaviour (Dawso08)0 In the monogamous snow petrel,
repeated breeding attempts with the same partnéd ¢berefore provide important benefits
by improving coordination of breeding activitiesellly and Nager 1996). In this context,
low mate stimulations in young and newly-pairedr@etcould explain their lower baseline
LH levels. Similarly, young females are thoughtrémluce reproductive costs by delaying
estradiol secretion and ovarian development ustidtdishing pairs bond with a dominant
male (Blas & Hiraldo 2010). Contrary to young pktreld birds showed high baseline LH
levels and did not strongly respond to the GnRHIllehge. This may suggest that older
petrels already secreted LH at their maximum levs#sause of strong mate-mate interactions
stimulated by long-term partnerships.

There were considerable inter-individual variationsLH change after the GnRH-
induced LH peak: LH levels rapidly decreased, dtl change or continued increasing from
10 to 30 minutes after the GnRH challenge. Comptoediddle-aged, the youngest and the
oldest petrels failed to maintain LH release frobintd 30 minutes after the GnRH challenge.
In a previous study, we found that young and vddypetrels were more sensitive to stress
than middle-age ones (Goutte et al, 2010). We sigdeat this high stress response could
interfere with the capacity to maintain LH prodoctiin an age-specific manner, so that the
youngest and the oldest petrels would be likelydtavn-regulate LH production during
stressful conditions. Alternatively, this age-rethhormonal pattern may be the consequence
of a progressive disappearance over time of aduitessively sensitive to stress and poorly
able to maintain LH release. However this ‘selettitypothesis’ forslund & Part 1996
would not explain the magnified stress response thedstrong LH decrease found in the
oldest birds. Indeed, the marked decline in LH Ievellowing the GnRH-induced LH peak
in the oldest birds may originate from a possiliiggiological senescence of the HPG system,
as observed in aging poultry (Sharp et al. 1992)y&ported here for the first time in a free-
living bird.
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As found in some cooperative breeding bird spe(sehoech et al. 2004), skipped
breeding in the monogamous snow petrel was noteged with a physiological suppression
of LH secretion, the main trigger of gonadal antidveoural development required for the
onset of breeding. However, we found that faillwenmtaintain LH levels after the GnRH-
induced peak was the main predictor of the decisioskip reproduction. Specifically, the
youngest and the oldest individuals, which appeabd more susceptible to stressors than
middle-aged ones (Goutte et al. 2010), fail to neamelevated LH levels during the photo-
sensitive stage and thus would be highly susceptdkkip breeding. As highlighted by Cam
et al. (1998), we therefore suggest, that non limgeoh long-lived birds is probably the
consequence of some constraints acting on the dgnaimthe HPG axis and is imposed by

age, as a component of intrinsic quality (Angedieal. 2010).
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V. Roéle fonctionnel de la corticostérone sur 'ax&PG et sur la
phénologie

V.1. Organisation du chapitre

Cette partie vise a élucider le réle fonctionnelal corticostérone dans les ajustements
de la phénologie de la reproduction et dans lalafign de 'axe HPG (sécrétion de la LH et
de la testostérone). Les deux articles inclus @anshapitre s'efforcent de répondre a cette

guestion mécanistique, de facon descriptive, pxpgementale.

Dans une démarche descriptive, l'article E ciblaction fonctionnelle de la
corticostérone sur la sécrétion de LH et d’hormaseauelles chez les mouettes tridactyles.
Une attention particuliére est portée aux difféemnentre males et femelles. Nous avons
montré que chez les femelles, des taux éleveés rdieasiérone basale perturbent la sécrétion
de LH, méme apres un test de réponse a la GnRHebeslles qui ne se reproduisent pas
présentent, en période prénuptiale, des taux élbwvésrticostérone basale et des taux faibles
de LH basale. De plus, la date de ponte est infi@emar la condition corporelle des femelles
mais pas par leur taux d’hormones. Enfin, les matésentant des taux de testostérone éleves

apres une injection de GnRH, se reproduisent I t@iu(Article E).

Par son approche expérimentale, I'article F pemteetonclure sur le rble joué par la
corticostérone dans la régulation de la décisionatereproduction et dans la date de ponte,
en prenant en compte le succés reproducteur iminéidia taux de retour I'année suivante.
Une diminution expérimentale de la sensibilit¢ &ess n’influence pas les décisions de
reproduction, mais avance la date de ponte, clefetrelles. Les différences entre méles et
femelles sont tres présentes. De plus, les femalest les taux de corticostérone ont été
diminués, sont en meilleure condition, et réussisegeux que les couples témoins. Le taux
de retour et la décision de reproduction I'annéeasiie ne sont pas affectés par la diminution
expérimentale de la sensibilité au stress (Arkle
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V.2. Liens entre corticostérone, LH, testostéronet @hénologie
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1. Introduction

ABSTRACT

In birds, stressful environmental conditions delay the timing of breeding but the underlying mechanisms
are poorly understood. The stress hormone corticosterone appears to be a good candidate for mediating
the decision to breed and when to start egg-laying, via a possible inhibition of luteinizing hormone (LH)
and sex-steroids production. We used luteinizing hormone releasing hormone (LHRH) challenge in pre-
laying male and female Black-legged kittiwakes (Rissa tridactyla) to test whether LH and testosterone
secretion were depressed by elevated corticosterone levels. Females bearing high baseline corticosterone
levels showed reduced baseline LH levels and a low ability to release LH, following LHRH challenge. Fur-
ther, females bearing low baseline LH levels and elevated baseline corticosterone levels were more likely
to skip breeding. However, non-breeding females were physiologically primed for breeding, since they
mounted high LHRH-induced LH release. Egg-laying date was advanced in good body condition females
but was unaffected by hormones secretion. In males, corticosterone levels had no effect on LH and/or tes-
tosterone secretion and did not affect their decision to breed. Interestingly, males with high LHRH-
induced testosterone release bred early. Our study highlights clear sex-differences in the HPG sensitivity
to stress hormones in pre-laying kittiwakes. Because females have to store body reserves and to build up
the clutch, they would be more sensitive to stress than males. Moreover, intrasexual competition could
force male kittiwakes to acquire reproductive readiness earlier in the season than females and to better
resist environmental perturbations. We suggest that high testosterone releasing ability would mediate
behavioural adjustments such as courtship feeding, which would stimulate early egg-laying in females.

© 2010 Elsevier Inc. All rights reserved.

Wingfield and Kenagy, 1991; Ball, 1993; Visser et al., 1998; Wing-
field et al., 2003; Schoech et al., 2004; Ball and Ketterson, 2008; Both

Breeding at the right time is a key-component of fitness, as
successful reproduction requires a good overlap between energy-
demanding needs and the peak of available resources (match-mis-
match hypothesis, Cushing, 1990; Visser et al., 1998; Stenseth and
Mysterud, 2002; Durant et al., 2007; review in Visser, 2008 ). Hence,
as adaptive responses to environmental variations, free-living
organisms must exhibit considerable behavioural and physiological
flexibilities in the timing of their seasonal activities (review in
Wingfield, 2008). To do so, they integrated photoperiod, as a fixed
cue (Wingfield and Kenagy, 1991; Dawson et al., 2001) and variable
cues, such as ambient temperature, food supply, nest sites avail-
ability, andfor stimulatory social interactions (Wingfield, 1980;

* Corresponding author.
E-mail address: goutte@cebe.cnrs.fr (A, Goutte),

0016-6480/% - see front matter @ 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygcen.2010.07.0165

et al., 2009), At the endocrine level, the onset of breeding involves
the activation of the hypothalamic-pituitary-gonadal axis (hereafter
HPG axis): increasing day length activates the expression of a neuro-
hormone, the Gonadotropin Releasing Hormone (GnRH) that trig-
gers the release of two pituitary gonadotrophins: the luteinizing
hormone and the follicle-stimulating hormone (LH and FSH, re-
viewed in Dawson et al,, 2001). In turn, gonadotrophins activate
the gonadal development and the release of sex steroids such as
estradiol and testosterone. A wide range of sex steroid hormone-
dependent behaviours is then expressed (Ball, 1993), such as nest
building, courtship, and mating. However, this hormonal cascade
is not only driven by photoperiod, but could also be regulated by
additional non-photoperiodic cues. Specifically, pre-laying ener-
getic constraints, such as food shortage and/or environmental cues
that enable individuals to anticipate food availability (see Shultz

bird. Gen. Comp. Endocrinol. (2010), doi:10.1016/j.ygcen.2010.07.016

Please cite this article in press as: Goutte, A, et al. Stress and the timing of breeding: Glucocorticoid-luteinizing hormones relationships in an arctic sea-
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et al., 2009) should be involved in the down-regulation of the HPG
axis (Wingfield et al., 2003).

At the individual level, the underlying mechanisms have re-
ceived increased attention (review in Schoech et al., 2009). One po-
tential mediator is the endocrine stress response, which is known
to adjust life-history strategies in relation to environmental condi-
tions and to individual physiological state (Ricklefs and Wikelski,
2002; Wingfield and Sapolsky, 2003). Indeed, the release of gluco-
corticoids during stressful perturbations triggers physiological and
behavioural adjustments that shift energy investment away from
reproduction and redirects it towards survival (Wingfield and
Sapolsky, 2003). Relating this to the timing of breeding, elevated
pre-laying glucocorticoids levels might postpone or even halt the
immediate breeding event, as correlatively shown in Florida
scrub-jays (Aphelocoma coerulescens, Schoech et al., 2009), Marine
iguanas (Amblyrhynchus cristatus, Vitousek et al., 2010), and Snow
petrels (Pagodroma nivea, Goutte et al., 2010). Moreover, experi-
mental administration of glucocorticoids decreased the proportion
of breeding females and delayed the onset of egg-laying in captive
Zebra finches (Taeniopygia guttata, Salvante and Williams, 2003).
However, the functional action of glucocorticoids on the HPG axis
remains poorly understood in free-living vertebrates (reviewed in
Schoech et al., 2009).

In domesticated animals, it has been better documented how
stress and stress hormones can act on the HPG system via central
and peripheral sites. First, glucocorticoids can suppress LH release
by inhibiting pituitary responsiveness to GnRH (e.g, Breen and Kar-
sch, 2006). Second, glucocorticoids can act directly at the hypotha-
lamic level by disrupting the GnRH pulse frequency (e.g. Oakley
et al., 2009). Third, glucocorticoids can impair testicular develop-
ment but not through the inhibition of LH release (e.g. in Common
carp, Cyprinus carpio L., Consten et al., 2002). A novel down-regula-
tor of the HPG axis, the gonadotropin-inhibitory hormene (GniH),
appears to inhibit the release of LH, FSH and testosterone (review
in Bentley et al., 2009; Tsutsui et al., 2009; McGuire and Bentley,
2010), and is especially expressed during stressful conditions
andfor glucocorticoid release (Calisi et al, 2008; Kirby et al.,
2009). Thus, stress hormones seem to be candidates for the
stress-related inhibition of the reproductive axis and associated
physiological pathways.

Despite these findings from captive or domesticated species, the
functional action of glucocorticoids on gonadotropin release and
timing of breeding remains unclear and controversial in free-living
vertebrates (review in Schoech et al., 2009). For instance, experi-
mental increased glucocorticoid levels did not suppress LH and tes-
tosterone levels in free-living male American Tree sparrows
(Spizella arborea, Astheimer et al., 2000) and failed to delay breed-
ing in food-supplemented Florida scrub jay (Aphelocoma coerules-
cens, Schoech et al, 2007). In that context, it is crucial to
carefully distinguish the two levels of glucocorticoids. The baseline
glucocorticoid level is a marker of activities, energetic state and
food availability (Kitaysky et al., 1999; Love et al., 2004; review
in Landys et al., 2006), while the stress-induced glucocorticoid le-
vel mirrors the sensitivity to stress and the commitment into cur-
rent reproduction (review in Wingfield and Sapolsky, 2003;
Lendvai et al., 2007). Moreover, it is difficult to draw a general pic-
ture since males and females are expected to differ in the down-
regulation of the HPG axis in response to stressful events (review
in Ball and Ketterson, 2008).

The aim of the present study was to address the functional ac-
tion of corticosterone -the main glucocorticoid in birds- on the
breeding decision and the adjustment of egg-laying date in an Arc-
tic population of Black-legged kittiwake (Rissa tridactyla). At the
population level, a long-term (38 years) study in Svalbard showed
great inter-annual variation in the timing of breeding (Moe et al.,
2009). Moreover, breeding success was higher in years when

breeding was early, and high spring sea surface temperatures were
associated with early breeding (Moe et al., 2009). This population
is thus well-appropriated for our study, since at the individual le-
vel, early (pre-laying) environmental and physiological conditions
should be decisive for the breeding schedule. In Svalbard, kittiwa-
kes attend the colony during two months before egg-laying (i.e.
pre-laying period), thus offering the opportunity to explore corti-
costerone/LH relationships in pre-laying males and females, by
using luteinizing hormone releasing hormone (LHRH) challenge.
LHRH is an equivalent of the GnRH, and a small injection of LHRH
is commonly used to assess the readiness of a bird to breed and its
ability to release temporary LH and sex-steroid (Schoech et al.,
1996). We predicted that elevated baseline and/or stress-induced
corticosterone levels during the pre-laying period would be linked
to non-breeding decision or postponed egg-laying date, through
the disruption of the HPG axis. First, we tested whether baseline
and/or LHRH-induced levels of LH or testosterone decreased with
increasing baseline and/or stress-induced corticosterone levels.
Then, we investigated whether the breeding decision was related
to hormonal levels (corticosterone, LH, testosterone). Finally, we
tested whether the egg-laying date was related to hormonal levels
(corticosterone, LH, testosterone).

2. Materials and methods
2.1. Study area and birds

Our study was conducted on a colony of Black-legged kittiwa-
kes at Kongsfjorden, Svalbard (78°54'N, 12°13'E), 7 km southeast
of Ny-Alesund, Norway. Black-legged kittiwakes are colonial sea-
birds that breed on cliffs throughout the northern parts of the Pa-
cific and Atlantic, including the Barents Sea region up to the
Svalbard Archipelago (Anker-Nilssen et al., 2000). We studied kit-
tiwakes in one plot of around 116 pairs breeding on cliff ledges
at heights of 5-10 m.

2.2. Blood sampling and LHRH challenge

Male and female kittiwakes were sampled from 20 May to 6
June 2008, during the pre-laying period (i.e. copulations and nest
building period). In Black-legged kittiwakes, baseline LH in males
and females and testosterone in males reach maximal levels during
the pre-laying period (Goutte et al., unpublished data). Seventy se-
ven birds were caught on the nests with a noose at the end of a5 m
fishing rod. In 50 of them, a first blood sample (ca. 0.3 mL) was col-
lected immediately after capture, from the alar vein with a 1 mL
heparinised syringe and a 25-gauge needle to assess baseline LH,
testosterone (in males only) and corticosterone levels. Bleeding
time (i.e. time elapsed from capture to the end of the first blood
sample: 3min 3145 [SE] seconds) exceeded the time recom-
mended by Romero and Reed (2005) for some birds. Corticosterone
levels were thus related to bleeding time in males (estimate of the
slope: 0.067 £0.019, F; 55 =14.540, p <0.001) but not in females
(Fy2;=0.012, p=0.914). We performed statistical tests by using
the residuals of corticosterone against bleeding time, then by
excluding corticosterone levels, whose bleeding time exceeded
3 min, and then by using absolute corticosterone levels. The three
approaches led to similar results, Hence, we reported the results
for absolute corticosterone levels to facilitate the comparison with
other published results.

Immediately after this first blood sampling, kittiwakes were in-
jected with 0.1 mL of a solution of LHRH ([Gin®], Sigma Lot
121H04314) to test the responsiveness of the pituitary gland and
the gonads. The LHRH was dissolved in physiclogical solution to
yield a final dosage of 0.6 pg/0.1 mL (1.5 pg/kg body mass in
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1 mL of 0.9% saline solution). This dose of LHRH has been shown to
be sufficient to elicit the maximal release of LH in other seabird
species (Jouventin and Mauget, 1996). We administered 0.1 mL
of LHRH solution (LHRH-injected birds, N =46) or saline solution
(control birds, N=31) directly into the alar vein. Kittiwakes were
then placed into cloth bags and subsequent blood samples (ca.
0.3 mL) were collected from the alar vein at 10 min and 30 min
after the injection. Hence we assessed the LHRH-induced release
of LH in males and females, as well as the LHRH-induced release
of testosterone in males only.

Kittiwakes were individually marked with metal rings and PVC
plastic bands engraved with a three-digit code and fixed to the
bird's tarsus for identification from a distance. Birds were weighed
to the nearest 2 g using a Pesola spring balance, and their skull
length (head + bill} was measured to the nearest 0.5 mum with a
sliding caliper. A scaled mass index (Peig and Green, 2009) was cal-
culated individually for males and females separately, because of
sex-difference in skull length (Moe et al., 2002). Kittiwakes were
marked with spots of dye on the forehead to distinguish them from
their partner during subsequent observation and were released.
Using a mirror at the end of an 8 m fishing rod, we checked the
whole plot (ca. 116 nests) every two days to monitor breeding
decision (at least one egg is laid or no egg laid) and egg-laying
dates. Breeding decision and egg-laying date were not influenced
by the LHRH-injection (p > 0.39 for all tests).

2.3. Molecular sexing and hormone assay

Blood samples were centrifuged, and plasma and red blood cells
were separated and stored at —20 °C until used, respectively in hor-
mone assays or molecular sexing, at the Centre d’Etudes Biologiques
de Chizé (CEBC). Molecular sexing was performed as detailed in Wei-
merskirch et al. (2005). LH radioimmunoassay was conducted fol-
lowing the methods previously described for other seabirds
(Mauget et al., 1994; Chastel et al., 2005), and validated for Black-
legged kittiwake plasma. Pooled plasma samples of kittiwakes pro-
duced dose-response curves that paralleled the chicken LH standard
curves ("AGM 51122F", sources: LH, Prf. Ishii and Wakabayashi,
Wadesa University, Japan, Fig. 1). Parallel curves indicate that the
concentration-dependent binding of LH to antibody is similar in Kit-
tiwakes and chickens, and that this heterologous RIA can be used to
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Fig. 1. Dose-response curve for LH in standard LH (AGM 51122F} and Black-legged
kittiwakes. LH standard is expressed in pg per tube.

assess relative levels of plasma LH in the Black-legged kittiwakes.
The lowest detectable concentration for LH was 0.06 ng/mL and
the intra-assay coefficient of variation was 8.7% (N = 3 duplicates).
Plasma concentrations of testosterone were assayed for males only,
by radicimmunoassay, at the CEBC as described by Chastel et al.
(2003). The lowest detectable concentration for testosterone was
0.05 ng/mL and the intra-assay coefficient of variation was 7%
(N =3 duplicates). Plasma concentrations of corticosterone were
determined by radioimmunoassay at the CEBC, as described by Lor-
mée et al. (2003). The lowest detectable concentration for cortico-
sterone was 0.5 ng/mL. Only one assay was performed and the
intra-assay coefficient of variation was 6.7% (N = 5 duplicates).

2.4. Statistical analyses

All statistical analyses were performed using R 2.8.0 (R Devel-
opment Core Team, 2008). We used generalised linear mixed-ef-
fects models (GLMM) and included bird identity as a random
effect, to test the individual variation of hormone levels over 10
and 30 min after the injection of LHRH or saline solution. Then
we used generalised linear models (GLM) with a normal/binomial
error distribution and an identity/logit link function to test our bio-
logical assumptions (Table 1). Baseline and LHRH-induced LH and
testosterone levels were tested as a function of bleeding time, sam-
pling date and scaled mass index in males and females separately
(Table 1i). Then, effects for baseline and/or stress-induced cortico-
sterone levels on baseline and LHRH-induced LH levels were tested
in pre-laying male and female kittiwakes and on baseline and
LHRH-induced testosterone levels in males only (Table 1ii). Lastly,
the effects for hormone levels on breeding decision and on first
egg-laying date were tested in males and females (Table 1iii and
1iv). Diagnostic plots were assessed whether the data sufficiently
met the assumptions of the linear model, and dependent continu-
ous variables were log-transformed when necessary.

3. Results

LHRH-injection had no effect on stress-induced corticosterone
levels compared to controls (10 min: Fy7;=0.295, p=0.589,
30 min: F;50=0.621, p=0.434). Corticosterone levels significantly
increased after 10 and 30 min {GLMM, F5 143 =615.911, p <0.001),
without effect of sex (GLMM, F,75=2.217, p=0.141; interaction:
F3141=1.511, p=0.224). Scaled mass index was neither correlated
to sampling date (males: F, 4 =1.127, p=0.295, females: Fy 3=
2.146, p=0.153). Before LHRH-injection, baseline (i.e. at 0 min)
hormone levels did not differ between LHRH-injected and control
kittiwakes (GLM, LH: F; 41 = 0.690, p=0.411; testosterone: F; 5=
0.131, p=0.721, corticosterone: F; 74 =0.501, p=0.481). Following
LHRH injection, LH levels reached maximum levels at 10 min and
then returned to baseline after 30 min (GLMM, time as factor,
Fa50=41.684, p <0.001), without sex difference (sex: Fj4=
2.263, p=0.140; interaction: F,4g=1.640, p=0.205, Fig. 2A and
B). In controls birds, LH levels significantly decreased over 10 and
30 min of handling (GLMM, F; 3, = 8.029, p = 0.002, Fig. 2A and B)
and were lower in males than in females at 30 min (GLM,
Fi22=12.161, p=0.002) but not at 10 min after the injection of
saline solution (F;»; = 1.302, p=0.267). In LHRH-injected males,
testosterone levels significantly increased over 30 min after injec-
tion (GLMM, F;3;=5.958, p=0.006, Fig. 2C), while in control
males, testosterone significantly decreased over 30 min (GLMM,
Fs 25 =5.648, p = 0.009, Fig. 2C).

Concerning the factors influencing hormonal levels during the
pre-laying period (Table 1i), baseline LH levels were not influenced
by sampling date (males: Fy,5=1.135, p=0.297; females:
Fi.21=3.080, p=10.094), by scaled mass index (males: F; 24 = 0.200,
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Table 1
Biological assumptions tested and associated generalised linear models, Model A —@&— LHRH
selection was performed by a step down approach starting from the global model 18 —O— Controls
including all the independent variables. Sample sizes were given for males {Nm) and
females (Nm). Corticosterone and luteinizing hormone levels were abbreviated as
‘CORT" and 'LH". =5 15T
Dependant variable Independant variables Nm  Nf "E,
i-Effect of sampling date, body condition and sex on hormone levels < 12r
1-a Baseline LH Bleeding time, sampling date, 27 23 %
scaled mass index 5
1-b LHRH-induced LH Sampling date, scaled mass 23 17 = ar
index 5
1-c Baseline testosterone Bleeding time, sampling date, 27
scaled mass index 6
1-d LHRH-induced testosterone  Sampling date, scaled mass 22
index
ii-Effect of corticosterone levels on LH and restosterone levels 3 - L - L
2-a Baseline LH Baseline CORT 27 22 v
2-h Baseline LH Stress-induced CORT 27 22 18 B LHRH
2-¢ LHRH-induced LH Baseline CORT 23 16 —=7/— Controls
2-d LHRH-induced LH Stress-induced CORT 23 16
2-e Baseline Testosterone Baseline CORT 27 15 +
2-f Baseline Testosterone Stress-induced CORT 26 )
2-g LHRH-induced Testosterone  Baseline CORT 22 =
2-h LHRH-induced Testosterone  Stress-induced CORT 22 "g; 12 -
fii-Effect of hormone levels on breeding decision (breeding or skipped breeding) ‘U‘;
3-a Breeding decision Body condition 43 32 o
3-b Breeding decision Baseline CORT 27 2 a or
3-c Breeding decision Stress-induced CORT 42 29 —
3-d Breeding decision Baseline LH 27 21 :I_:.
3-e Breeding decision LHRH-induced LH 23 18 6 e
3-f Breeding decision Baseline Testo 27 N@“ TS
3-g Breeding decision LHRH-induced Testo 22 V4
iv-Effect of hormone levels on first-egg-laying date 3 ! ! ! ]
4-a First-egg-laying date Body condition 31 20
4-b First-egg-laying date Baseline CORT 20 15 40t C —%¥— LHRH
4-¢ First-egg-laying date Stress-induced CORT 30 20 s —s7— Controls
4-d First-egg-laying date Baseline LH 20 15 —E'
4-e First-egg-laying date LHRH-induced LH 1510 5 S
4-f First-egg-laying date Baseline Testo 18 =
4-g First-egg-laying date LHRH-induced Testo 15 :; 3.0
°
& 25
G:J
p=0.659; females: F, 5= 1.425, p=0.247), and by bleeding time o 20r
(males: F23<0.001, p=0.997; females: F,;5=0.014, p=0.908). %
LHRH-induced LH levels (10 min) were not influenced by sampling ..c% 151
date (males: F;;;<0.001, p=0.988; females: F,;5=1.195, |E ik
p =0.293) and scaled mass index (males: F; 50 = 0.653, p = 0.429; fe- ’
males: F 14 =0.529,p = 0.479). In males, baseline testosterone levels 05 | | 1 |

were not related to bleeding time (F; 35 = 0.134, p = 0.718). Baseline
and LHRH-induced (30 min) testosterone levels were neither influ-
enced by sampling date (F;24=0.717, p=0.406 and F, ;5= 0.927,
p=0.348) nor by scaled mass index (F;2s=2.355, p=0.138 and
Fy20=3.385, p=0.081).

3.1. Effect of corticosterone levels on LH and testosterone {Table 1ii)

Baseline LH levels decreased significantly with increasing base-
line corticosterone levels in females (estimate: —0.405 +0.228,
Table 2a, Fig. 3A) but not in males (estimate: 0.136 + 0.099, Table
2a, Fig. 3B). In addition, LHRH-induced LH levels (10 min)
decreased significantly with increasing baseline corticosterone lev-
els in females (estimate: —0.929 + 0.474, Table 2c, Fig. 3C) but not
in males (estimate: —0.165 + 0.224, Table 2c, Fig. 3D). There was no
effect of stress-induced corticosterone levels on baseline and
LHRH-induced LH levels in both sexes (Table 2b and d). In males,
baseline testosterone levels did not vary with baseline or stress-in-
duced corticosterone levels (Table 2e and f). LHRH-induced testos-
terone levels did not vary with baseline andfor stress-induced
corticosterone levels (Table 2g and h).

0 10 20 30
Time after injection (minutes)

Fig. 2. Hormonal change after the injection of the LHRH solution (solid line, filled
symbaols) or of the saline solution {(control, dashed lines, open symbals). LHRH-
injected females (A, circle) and males (B, triangle) significantly released LH over the
first 10 min then LH returned to the baseline levels over 30 min, while control levels
decreased after injection. (C) Testosterone levels in males following the injection of
LHRH (solid line) or saline solution (control, dashed lines). LHRH-injected males
showed significantly elevated testosterone over 30 min, while control levels
decreased after injection.

3.2. Hormonal levels and breeding decision (Table 1iii)

Breeding decision was not influenced by scaled mass index in
both sexes (Table 3a). In females, breeding decision was related
to pre-laying baseline LH levels and to pre-laying baseline cortico-
sterone levels: females that will not breed show significantly lower
pre-laying baseline LH levels and higher baseline corticosterone
levels than females that will breed (Table 3a, Fig. 4A and B).
LHRH-induced LH levels and stress-induced corticosterone levels
were not linked to female breeding decision (Table 3a, Fig. 4C
and D). In males, breeding decision was not related to levels of
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Table 2

Modelling baseline (Hyp. 2a and 2b) and LHRH-induced (Hyp. 2c and 2d) LH levels, baseline (Hyp. 2e and 2f) and LHRH-induced (Hyp. 2 g and 2h) testosterone (T) levels as a
function of baseline (or stress-induced) corticosterone levels (CORT), using GLMs (normal error distribution, identity link function) in pre-laying male and female kittiwakes.

Hyp Dependant variable Independant variables df. F p-value
2a Baseline LH levels Baseline CORT (males) 125 1.880 0.183
Baseline CORT (females) 1,20 4.327 0.050
2h Baseline LH levels Stress-induced CORT (males) 125 1.188 0.286
Stress-induced CORT (females) 1.20 0.020 0.890
2c LHRH-induced LH levels (log) Baseline CORT (males) 1.21 0.224 0.641
Baseline CORT (females) 1,14 4.643 0.049
2d LHRH-induced LH levels (log) Stress-induced CORT [males) 121 0.432 0.518
Stress-induced CORT (females) 1,14 2175 0.162
2e Baseline T levels (log) Baseline CORT (males) 1.25 1.370 0.253
2f Baseline T levels (log) Stress-induced CORT (males) 124 0.265 0612
2g LHRH-induced T levels (log) Baseline CORT (males) 120 3.221 0.088
2h LHRH-induced T levels (log) Stress-induced CORT (males) 120 0.164 0.690
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Fig. 3. In pre-laying females (filled circles), baseline (A) and LHRH-induced [C) LH levels decreased with increasing baseline corticosterone levels. In pre-laying males,
baseline (B) and LHRH-induced (D} LH levels were not linked to baseline corticosterone levels.

baseline or LHRH-induced LH (Table 3a, Fig. 4A and C), baseline or
stress-induced corticosterone (Table 3a, Fig, 4B and D), baseline or
LHRH-induced testosterone (Table 3a).

3.3. Hormonal levels and egg-laying dates (Table 1iv)

In fermales, there was a significant effect of pre-laying scaled mass
index on first egg-laying date (Table 3b): females with high scaled
mass index start laying their first egg early (Fig. 5A). Males pre-laying
scaled mass index had no effect on egg-laying date (Table 3b). Base-
line or stress-induced corticosterone, baseline or LHRH-induced LH
levels and baseline testosterone levels had no influence on first
egg-laying date (Table 3b). On the other hand, males with high
LHRH-induced testosterone levels bred significantly earlier than
males with low LHRH-induced testosterone levels (Table 3b, Fig. 5B).

4. Discussion

In the present study we showed that elevated baseline, but not
stress-induced, corticosterone levels have the potential to disrupt
the HPG axis of female Black-legged kittiwakes. Furthermore, fe-
males with low baseline LH levels and elevated baseline corticoste-
rone levels had the highest probability to skip breeding. On the
contrary, elevated baseline and/or stress-induced corticosterone
levels did not disrupt LH release in males, highlighting strong
sex-difference in the HPG sensitivity to stress in Black-legged
kittiwakes. Concerning the timing of breeding, females' scaled
mass index, but not hormone levels, had a positive influence on
egg-laying date, Males that exhibited high LHRH-induced testos-
terone release ability bred earlier than males with low ability to re-
lease testosterone.
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Table 3
Modelling (a) breeding decision and (b) first-egg-laying date in 2008 as a function of scaled mass index and hormones levels using GLMs with binomial error distribution and logit
link function (a} or normal error distribution and identity link function (b).

Independant variables N Chi* p-value N Chi* p-value
a-Breeding decision MALES FEMALES
Scaled mass index 43 0.087 0.768 32 1.078 0.299
Baseline CORT 27 0.016 0.900 21 7.656 0.006
Stress-induced CORT 42 0.029 0.866 30 0.036 0.850
Baseline LH 27 0.173 0.678 21 7.368 0.007
LHRH-induced LH 23 1.599 0.206 16 0.614 0.433
Baseline Testosterone 27 0.704 0.402
LHRH-induced Testosterone 22 0.443 0.506
b-First egg-laying date MALES FEMALES
Independant variables d.f. F p-value d.f. F p-value
Scaled mass index 1,29 0486 0.491 1,18 5.289 0.034
Baseline CORT 118 1.622 0219 113 0.004 0.953
Stress-induced CORT 1,28 0.650 0.427 118 0.003 0.959
Baseline LH 1,18 0.425 0.523 1.13 0,874 0.367
LHRH-induced LH 113 0.987 0339 18 0323 0.585
Baseline Testosterone 1,16 1.639 0.219
LHRH-induced Testosterone 1,13 7.365 0.018
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Fig. 4. Hormone levels in pre-laying male and female kittiwakes that will breed (white bar) and that will not breed (black bar): (A) baseline LH levels, (B) baseline
corticosterone levels, (C) LHRH-induced LH levels and (D) stress-induced corticosterone levels.

4.1. Effect of corticosterone levels on LH and testosterone down-regulation of the HPG axis by stress hormones was however
strongly sex-specific in kittiwakes, since it was only observed in fe-

Our study showed, for the first time in free-living birds, that males, In free-living avian species, the link between LH and cortico-
elevated baseline corticosterone was paralleled by low baseline LH sterone levels has been seldom investigated and to our knowledge,
levels and by low ability to release LH after a LHRH-injection. Such studies were mainly biased towards males (Wilson and Follett,
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Fig. 5. (A) Egg-laying date (June 2008) advanced with increasing females' scaled
mass index; (B) Egg-laying date (june 2008) advanced with increasing males’
testosterone release ability.

1975; Astheimer et al., 2000; review in Schoech et al., 2009). Our re-
sults highlight that in female kittiwakes, plasma corticosterone may
actat the pituitary level, though a down-regulation of LH production
and/or a low responsiveness to the GnRH input. This physiological
pathway could be related to the stress-induced expression of GnIH
and its associated inhibition of LH release, as recently reported in
captive house sparrows and laboratory rats (Calisi et al., 2008; Kirby
et al,, 2009).

In males, baseline corticosterone levels had no effect on base-
line LH levels and on LH releasing ability after a LHRH challenge.
This supports the idea that the sensitivity of the HPG axis to stress-
ful cues may differ between sexes, as suggested by Ball and Ketter-
son (2008). For instance, intrasexual competition could force male
kittiwakes to acquire reproductive readiness earlier in the season
than females and to better resist environmental perturbations.
Moreover, females have to extract and store a sufficient amount
of energy to build up the eggs, hence being more sensitive to envi-
ronmental stressors, such as poor food supply, than males (Ball and
Ketterson, 2008). The low susceptibility to stress of male HPG axis
was further supported by the lack of relationship between baseline
corticosterone and testosterone levels as experimentally observed
in male American Tree sparrows (Astheimer et al., 2000).

It is also important to notice that stress-induced corticosterone
levels had no effect on LH in males and females and on testoster-
one levels in males. In kittiwakes, corticosterone may need time

to suppress the HPG axis, therefore a short acute release of stress
hormones could be inappropriate to trigger strong HPG disruption.

4.2. Hormonal levels and breeding decision

As previously found (Salvante and Williams, 2003; Vitousek
et al.,, 2010; Goutte et al., 2010), elevated pre-laying baseline corti-
costerone levels were associated with the decision to skip breeding
in females. Females bearing elevated baseline corticosterone levels
may then be of lower quality (e.g. low foraging skills, Angelier
et al., 2007; Kitaysky et al., 2010) and may be unable to cope with
the energetic requirements for egg-formation and future incuba-
tion effort.

Moreover, LH levels were higher in females that did breed than
in females that did not breed. Since the LHRH injection did not re-
veal an inability to release LH, non-breeding females had a fully
functional HPG axis (Schoech et al., 1996) and thus appeared to
be physiologically primed for breeding. In that context, how to ex-
plain low baseline LH levels in non-breeding females? Our results
suggest that non-breeding females failed to express endogenous
GnRH input that is required for high baseline LH levels. Poor nest
site, weak social stimulations or low mate interactions in females
that will not breed could explain their low baseline LH levels (Ball,
1993; Dawson, 2008 for review). This down-regulation of LH levels
might have been associated with possible reduced release of other
pituitary hormones (FSH) and/or estradiol, which play a major role
in the growth of reproductive organs and the expression of sexual
behaviours, Estradiol is known to stimulate female begging behav-
iour (Hunt and Wingfield, 2004) and courtship feeding (Eda-Fujiw-
ara et al., 2003). In pre-laying Black-legged kittiwakes, courtship
feeding by the males is commonly observed and is closely linked
to successful copulation (Helfenstein et al, 2003; Kempenaers
et al., 2007). Hence, females with low baseline LH levels would
have exhibited low estradiol levels and low mating effort, thereby
skipping the breeding attempt. Therefore, in pre-laying female
kittiwakes, elevated corticosterone levels appear to be strongly
involved in the disruption of the HPG axis and to negatively affect
breeding decision. At the ultimate level, skipped breeding could be
an adaptive response to promote females' own survival, especially
for long-lived prudent parents (Drent and Daan, 1980).

4.3. Hormonal levels and egg-laying dates

Concerning the timing of breeding, females with low scaled mass
index laid their first egg later than females with high one. However,
baseline corticosterone levels were not related to the timing of
breeding, contrary to recent correlative and experimental findings
in another long-lived seabird, the Snow petrel {Goutte et al., 2010).
Why is the hormonal regulation of the timing of breeding species-
dependant? Energetic constraints associated with egg formation
should differ between these two seabird species. Indeed, small Lar-
ids, like kittiwakes, build up an egg in about 6-8 days ( Astheimer and
Grau, 1990), while female petrels have to accumulate energy
reserves at sea during an extended period of three weeks (pre-laying
exodus, Warham, 1996). Therefore, the timing of breeding should be
under strong energetic constraints in petrels, and thus should be
greatly influenced by early environmental conditions and physio-
logical state (baseline corticosterone levels, Goutte et al., 2010).
On the contrary, kittiwakes should experience lower energetic con-
straints during egg formation, and in turn the timing of egg-laying
would be poorly mediated by elevated baseline corticosterone lev-
els. The functional action of corticosterone on the egg-laying date
could also be environment-dependant. Indeed, favourable condi-
tions may overcome the effect of stress hormones on the first egg-
laying date, as it was shown in females Florida scrub-jays (Schoech
et al., 2009). The observed inhibition of HPG axis by high baseline
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corticosterone levels in females could postpone the breeding sche-
dule, but only during poor years.

In male kittiwakes, corticosterone levels were not as decisive as
for females concerning the breeding decision, thereby highlighting
sex differences in the response to environmental cues related to
seasonal events (Ball and Ketterson, 2008; Blas and Hiraldo,
2010; Goutte et al,, 2010). Furthermore, baseline and/or LHRH-in-
duced LH and testosterone levels did not differ between breeders
and non breeders, as found in Florida scrub jays (Schoech et al.,
1996). Therefore, in male kittiwakes, pre-laying energetic and hor-
monal states appear to poorly influence the HPG system and the
breeding decision.

Interestingly, the timing of breeding was closely linked to
males’ testosterone profile. Female kittiwakes bred earlier when
their mates exhibited higher testosterone release ability after a
LHRH challenge. How could males’ testosterone drive the egg-lay-
ing date? High testosterone levels after a LHRH input could medi-
ate behavioural adjustments in males, such as aggressiveness to
obtain and defend a high quality nest, and/or high quality court-
ship display. In turn, provisioning effort was suggested to be a sex-
ually selected trait on which female kittiwakes base decisions
about timing and frequency of copulations (Kempenaers et al.,
2007). Additionally, males with high testosterone release ability
may enhance high body condition in pre-laying female kittiwakes,
thereby triggering early breeding.

In conclusion, our study highlights clear sex-differences in the
HPG sensitivity to stress hormones in pre-laying kittiwakes, This
may originate from the specific constraints faced by males and fe-
males during the pre-laying period. Experimental manipulations of
corticosterone levels coupled with behavioural observations
(courtship feeding effort and copulation rate in corticosterone-im-
planted males and females) have to be conducted to confirm this
hypothesis.
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Summary

Breeding at the right time is oraf the most challenging issues for reproductivecsss. In
birds, stressful environmental conditions are kndwrelay the timing of breeding but the
underlying mechanisms are poorly understood. Tressthormone corticosterone appears to
be a good candidate for mediating egg-laying dateording to early environmental
conditions and physiological state. Batering the perception of stre&s Black-legged
kittiwakes during the pre-laying periopdwe tested whether egg-laying date was
mechanistically linked to corticosterone level@ do so, we implanted male and female
kittiwakes with a low dose of exogenous corticaster to inhibit endogenous corticosterone
production. According to our predictions, the exmental reduction of corticosterone release
was paralleled by a significant advancement of lagorg in females (around 4 days earlier).
This effect was strongly sex-specific since it wast observed in corticosterone-treated
males. In addition, females with experimentallyused corticosterone release gained mass
during the pre-laying period and had a higher bregduccess compared to control females.
The corticosterone treatment did not influence irdiaie breeding decision and clutch size,
as well as return rate and breeding decision tllewing year. Our results confirm that
corticosterone mediates egg-laying dates, posdibtgugh the accumulation of energy
reserve and body mass gain. Moreover, we suggasthb enhanced breeding success was
triggered by the advancement of egg-laying in feawmaivith experimentally reduced
corticosterone levels. At last, the corticostertratment and its associated immediate fitness

consequences did not compromise survival and brgexpportunities the following year.

Keywords: glucocorticoid, implants, phenology, fitness,t@rseabird
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INTRODUCTION

Breeding at the right time is one of the most lemajing issues for reproductive
success in a fluctuating environment (e.g. Laclg8l®errins, 1970; Lyon et al., 2008). In
birds, late breeding is usually associated with lmweding success, because of a possible
mismatch between offspring’s energy needs and #ak pf food supplynfatch-mismatch
hypothesisVisseret al., 1998; Stenseth and Mysterud 2002; Dueaial., 2007)In addition,
the timing of egg-laying has long-term fithess @msences since an experimental
advancement and/or delay of breeding compromiseduteproduction and survival (Nilsson
and Svensson, 1996; Brinkhof et al., 200)e adjustment of the timing of breeding is thus
crucial and is possible through some behaviourdl@ysiological flexibilities in response to
environmental and internal factors (reviewed in W¥ield, 2008; McNamara and Houston,
2008). In that context, free-living birds are thatugp track pre-breeding environmental cues
that enable them tanticipatethe peak of food availability and then,adaptively adjustheir
breeding schedule (e.g. Frederiksen et al., 208dyvever, this hypothesis is not always
supported by correlative and experimental evider(¢épfner et al., 2008, Shultz et al.,
2009). An alternative but not exclusive hypothestates that the timing of breeding is
imposedby pre-laying energetic constraints associateth wie clutch formation (Durant et
al., 2005, Visser and Both, 2005). In that contéxis essential to clarify the underlying
mechanisms that link pre-laying environmental cus#sysiological state and phenological
decisions at the individual level.

What are the mechanism underlying the onset ofdimg@ Increasing day length
activates the hypothalamic—pituitary—gonadal akisrdafter HPG axis). The expression of
the Gonadotropin Releasing Hormone (GnRH) trigdbes release of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH, reviesdvéen Dawson et al., 2001). In turn,
gonadal development is promoted and sex-sterogtsa(kol and testosterone) are released,
thereby mediating the adoption of sexual behaviosugh as courtship, mating, and nest
building (Ball, 1993). In addition to this fixed ptoperiodic cue, many environmental
variables, such as temperature, food supply, ansffionulatory social interactions may
interact to modulate the onset of breeding (Windfid980; Wingfield and Kenagy, 1991;
Ball, 1993 ; Wingfield et al., 2003; Dawson, 2008he underlying mechanisms that regulate
the HPG axis according to pre-laying non-photopkc@ues have received growing attention
but remain still poorly understood (review in Sctioet al., 2009). One potential mediator is

the release of glucocorticoids in response to sbmss(such as inclement weather, food
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shortage, or predator attacks), which is knowndjust life-history strategies according to
environmental conditions and physiological statéckRfs and Wikelski, 2002; Wingfield
and Sapolsky, 2003). Indeed in Vertebrates, thetea@ecretion of glucocorticoids
(corticosterone and/or cortisol) via the Hypotha@ituitary-Adrenal (HPA) axis
promotes the immediate survival through the moaiian of stored energy, but at the expense
of the current reproduction (review in Breuner kf 2008). During the pre-laying period,
elevated corticosterone (hereafter CORT) levelseamud to be associated with delayed
breeding in females (Salvante and Williams, 20@3d&ch et al., 2009; Goutte et al., 2010a),
via a possible perturbation of the HPG axis (reeéwin Schoech et al., 2009). In Black-
legged kittiwvakesRissa tridactylalinnaeus, 1758), we recently found that femalesibga
high baseline CORT levels showed reduced baselihdelels and a low ability to release
LH, following LHRH challenge (Goutte et al., in gg. Thus, CORT appears to be a
potential candidate that mediates the timing of edmeg according to pre-laying
environmental and physiological conditions. In thaspect, it is crucial to carefully
distinguish the baseline and the stress-induceticosterone levels. Baseline CORT levels
are considered as a marker of activities, energédie and food availability (Kitaysky et al.,
1999; Love et al., 2004; review in Landys et abQ@&), whereas stress-induced CORT levels
mirror the sensitivity to stress and the commitmard current reproduction (review in
Wingfield and Sapolsky, 2003; Lendvai et al., 20B@kony et al., 2009).

Conversely, a low release of CORT in response ttess would be a possible
mechanism to ensure early breeding through a fajyression of the HPG axis. We tested
this hypothesis for the first time, by down-regingtthe CORT release of Black-legged
kittiwakesduring the pre-laying perio®ur aim was talter the perception of environmental
stressin Black-legged kittiwakesluring the pre-laying periodo do so, we implanted pre-
laying male and female kittiwakes with a low dogeewogenous CORT to inhibit the HPA
axis and endogenous corticosterone production. Véxeosed to low doses of CORT for a
prolonged period, the HPA axis compensates by radudCTH production, adrenal capacity
to produce CORT, and adrenal activity (Akatal., 1992; Wolkowitz, 1994Following this
CORT treatment, we addressed the following issy&¥: what were the phenological
consequences of the CORT treatment? StheeHPG axis of females appear to be more
sensitive to stressful events than males’ oneslaokdegged kittiwakes (Goutte et al., in
press), we predict th&males, with reduced CORT stress response, waekdbearlier than
control ones. (2) What were the fithess consequentehe CORT treatment? Immediate

fitness parameters (hatching and breeding success)residual fitness (return rate and
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breeding decision the next year), were thus mogstoSincesarly breeding is associated with
high breeding success (Perrins, 1970) and sinctanuated CORT stress response favours
reproductive investment (Lendvai et al., 2007), predict thatfemales with reduced CORT

stress response, would have a higher breeding saititan control ones.
2. MATERIALS AND METHODS

Study area and birds
Our study was conducted between 19 may to 8 aid® in a colony of Black-

legged kittiwakes at Kongsfjorden, Svalbard (78/§412°13’E), 7 km east of Ny-Alesund,
Norway. Black-legged kittiwakes are colonial sedbithat breed on cliffs throughout the
northern parts of the Pacific and Atlantic, incluglthe Barents Sea region up to the Svalbard
Archipelago. We studied kittiwakes in one plot af @00 pairs breeding on cliffs at a height
of 5-10 m. Birds were individually marked with wliPVC plastic bands engraved with a
three-digit code and fixed to the bird's tarsususlhkittiwakes could be identified from a

distance without perturbation.

Experimental treatment of stress-induced corticoste levels

The corticosterone implantation was conducted ftoen1d" to 3" may 2009, during
the pre-laying period. 21 females and 20 males waptured at their nest with a noose on the
end of a 5 m fishing rod (day 0). Immediately aftapture, a blood sample was collected
from the alar vein with a 1 mL heparinized syriragel a 25 gauge needle, within 3 minutes
(3 minutes and 2 £ 5 seconds) to determine bas@®BT levels. In 8 birds, handling time
exceeded the time recommended by Romero and R868)(f assess baseline CORT levels
and these values were excluded for the analysiselinmtely after this first blood sample, we
implanted the kittiwakes subcutaneously (betweesulslers) with one 25-mm silastic tubes
(internal diameter 1.47 mm, external diameter Ir86, Dow Corning, Michigan) sealed at
the ends with medical grade silicon (Dow Corninggl @ither filled with crystallized CORT
(C2505, Sigma Chemical Co., St. Louis, USA, N =CI3RT-blocked females and 10 CORT-
blocked males) or empty (N = 8 control females dafid control males). Just prior to
implantation, a 1 mm incision was made with scissior both ends of the implant. The
implant site was disinfected with povidone iodinedahen glued (Vetbond, 3M SANTE).
Administration of exogenous CORT is known to dowgtlate the endogenous CORT

production in birds during a prolonged period (Vanidorne et al., 2005; Romero et al., 2005;
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Busch et al., 2008; Mdller et al., 2009). Two 25-rsifastic implants significantly elevate
baseline CORT levels in Black-legged kittiwakesidgtthe first three days after implantation
(Kitaysky et al., 2001; Angelier et al., 2007, 2009). We d®balf of this dose (one implant)
to inhibit CORT release, without strongly elevatlmgseline CORT levels (Akared al, 1992;
Wolkowitz, 1994).

After implantation, birds were weighed to the near2 g using a Pesola spring
balance and their skull length (head+bill) was mesas to the nearest 0.5 mm using a sliding
calliper. An index of body condition was calculatiedm a regression of body mass against
body size (GLM, F3s= 15.934, p < 0.001). Kittiwakes were then markethwpots of dye
on the forehead to facilitate subsequent obsemsmd were released.

Physiological effects of the corticosterone treaitne

During the 26 first days after the CORT implantat{day 1 to day 26, still during the
pre-laying period), 18 CORT-blocked kittiwakes ark® controls were recaptured
opportunistically. The number of days between teatment and the recapture did not differ
between CORT-blocked (11.72 + 1.83 days) and cbrittwakes (11.11 + 1.54 days,
student’s test, t = 0.258, df = 34.277, p = 0.798hlood sample was collected immediately
(2 minutes and 54 + 5 seconds) after capture tesadsaseline CORT levels. Kittiwakes were
then weighed and body mass change was calculatiz akfference between the body mass
at the day of recapture (BMt) and the body magheaday of implantation (BMO), corrected
by BMO, that is, (BMt-BM0)/BMO. A second blood salmpvas collected 15 minutes (15
minutes and 46 + 19 seconds) after handling tosasfiee stress-induced CORT levels.
Although maximum levels of CORT are reached 30 neisiafter capture and handling in

black-legged kittiwakes (Chastel et al., 2005),deeided to minimize the time of capture.

Timing of breeding and fithess consequences afdheosterone treatment
During the egg-laying period, we checked the nes&y two days, using a mirror at

the end of an 8 m fishing rod. Breeding decisidridast one egg is laid or no egg laid), egg-
laying dates, clutch size (1 or 2 eggs) were thasitared. Then, we checked the nests every
2 or 3 days to monitor the number of lost eggsgaéive nest, and the number of chicks that
reached 12 days old per active nest (hereaftezdhlteeding success). During the following
year (from the 26 May 2010 to 1% June 2010), we monitored the return rate and the
breeding decision of CORT-blocked and control Wittkes in order to investigate possible

long-term fitness consequences of the CORT treatmen

132



Article F

Hormones assay

The blood samples were immediately put into icel @entrifugation at the end of the
day. Plasma was separated and stored at —20 °@cMal sexing was performed as detailed
in Weimerskirch et al. (2005). Plasma concentratimi CORT were determined by
radioimmunoassay at the Centre d’Etudes BiologigdesChizé (CEBC) as previously
described (Lormée et al., 2003). All samples werein one assay; the coefficient of intra-
assay variation was assessed using several reéeptamemas within the assay (coefficient of
variation = 5.8%, N = 5 duplicates). Minimal detdale CORT level was 0.5 ng/mL

Statistical analyses

All statistical analyses were performed using R.@.@R Development Core Team
2008). Concerning baseline corticosterone levaks first day after treatment was particular
compared to day 2 and more (ref). Thus we firstetedor an effect of CORT treatment
(CORT-blocked or control), period of sampling (dayday 1 and period between day 2 to day
26), sex and the interactions CORT treatment *qukeand treatment * sex on baseline CORT
levels. Because birds were sampled twice (day Odarydof recapture), we used generalized
linear mixed model (GLMM) by including bird identiais a random effect. Then we focussed
from day 2 to day 26. We tested for an effect edtment, day of sampling (day 2 to day 26),
sex and the interaction treatment * day of samplireptment * sex on baseline CORT levels,
by using a generalized linear model (GLM) with natrarrors and an identity link function.
Secondly, we investigated whether stress-induce@RT@vels were dependant on CORT
treatment, period (day 1 and the period betwees @a36), or day of sampling (from th& 1
to the 28 day after treatment), sex and the interactions T@Batment * day of sampling,
treatment * sex on. Indeed stress-induced CORTIdewere not assessed at day 0, and we
used a GLM normal errors and an identity link fumat Third we tested for an effect of the
CORT treatment, body condition and the interac@@®RT treatment * body condition on 1)
breeding decision by using GLM with binomial erdistribution and a logit link function, on
2) laying date of the first egg, 3) clutch size Mimber of lost eggs, 5) breeding success, by
using GLMs with Poisson errors and a log link fuoet 6) return rate and 7) breeding
decision the following year by using GLM with bin@herror distribution and a logit link
function. Males and females were analysed sepgratahally, we tested for an effect of
treatment on ddy mass change before egg-laying by using wilcoests.Only pre-laying

females thatid breed were analysed for body mass change, becawmsbreeding females
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are not constrained to acquire and store energyh®reggs building. Males’ body mass
change were analysed for all and then for breedalg. Dependant variables were log-

transformed when necessary and models were chéakadsumptions.

RESULTS

Validation of the corticosterone treatment

At day 0, CORT-blocked kittiwakes and controls didt differ in baseline CORT
levels (R 31= 2.209, p = 0.148) even when considering an iotEna effect with sex (sex:
F130= 1.813, p = 0.189; treatment * sex;.b= 0.019, p = 0.892); in body condition; @g=
0.002, p = 0.964), even when considering an intenaeffect with sex (sex:iks= 0.001, p =
0.971; treatment * sex:1k7 = 0.530, p = 0.471); in date of treatment 4= 0.330, p =
0.569), even when considering an interaction effatt sex (sex: Fss= 0.737, p = 0.396;
treatment * sex: f37= 1.557, p = 0.220).

Baseline CORT levels were influenced by the pefaal O, day 1, days 2-26) but in a
different way between CORT-blocked and control g=o(iTable 1a, Fig. 1A). Indeed, within
the control group, baseline CORT levels were n&ctéd by the period (GLMM, 4, =
0.342, p = 0.717), or by the day of sampling (GLMM ;3= 1.1001, p = 0.313). Within the
CORT-blocked group, baseline CORT levels signifigaimcreased from day 0 to day 1 (W =
0, p = 0.009) and then significantly decreased betwday 1 and days 2-26 (W = 32, p =
0.013). From the " to the 2&' days after the treatment, baseline CORT levelse wert
affected by the day of sampling (Table 1b). At daybaseline CORT levels tended to be
higher in CORT-blocked than in control kittiwakest lit was not significant (Wilcoxon, W =
0, p = 0.2). After day 1, baseline CORT levels wa&gnificantly lower in the CORT-blocked
group (9.47 + 1.28 ng.mi) than in the control ones (13.58 + 1.26 ng‘mable 1b). In
addition, males had significantly lower baselineRoCthan females, from thd2to the 28
days (Table 1b)

Stress-induced CORT levels were significantly lowerthe CORT-blocked group
(30.78 + 3.76 ng.mt) than in controls (50.35 #+ 3.61 ng.MLTable 1c,d, Fig. 1B). Stress-
induced CORT levels were unaffected by the periothe day of sampling, the sex and the

interactions (Table 1c,d).

134



Article F

Table 1. Effect for the CORT treatment, period (dayday, 1, days 2 to 26), sex and the
interactions CORT treatment * period, CORT treattifesex on the levels of a) baseline
corticosterone and c) stress-induced corticostermieg GLMMs with bird identity as a

random effect. Effect for the CORT treatment, déysm the second to the Y&lays after

CORT treatment), sex and the interactions CORTitreat * days, CORT treatment * sex on
the levels of b) baseline corticosterone and djsstinduced corticosterone, using GLMs
using normal errors and an identity link function.

Dependant variable Independant variables d.f. F p
a-Baseline corticosterone (ng/mL) Treatment 1,35 1531 0.224
N = 68 Period 2,25 7.436 0.003
Treatment * Period 2,25 6.503 0.005
Sex 1,35 0.303 0.586
Treatment * Sex 1,35 0.003 0.959
b- Baseline corticosterone (ng/mL) Treatment 1,30 9.378 0.005
between day 2 and 26 Days after treatment (>1) 1,29 0.087 0.770
N =32 Sex 1,28 13.743 0.001
Treatment * Days after treatment 1,27  0.002 0.962
Treatment * Sex 1,26 2.898 0.101
c-Stress-induced corticosterone (ng/mL)  Treatment 1,27 13.101 0.001
N =29 Period 1,26 2.616 0.119
Sex 1,25 0.096 0.759
Treatment * Period 1,24 1.604 0.218
Treatment * Sex 1,23 1.604 0.218
d- Stress-induced corticosterone (ng/mL) Treatment 1,27 11.174 0.003
N =29 Days after treatment 1,26 1.318 0.263
Sex 1,25 0.153 0.700
Treatment * Days after treatment 1,24 0.001 0.981
Treatment * Sex 1,23 0.180 0.675
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Figure 1: Evolution of (A) baseline corticosterdaeels and (B) stress-induced corticosterone
levels with day of sampling after treatment (datoGay 26) for CORT-blocked kittiwakes
(filled square, solid line) and controls (open ggualashed line). Baseline corticosterone
levels increased at day 1 compared to day O and riterned to lower levels at days 2-26
compared to controls.
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Corticosterone treatment and immediate phenologacal fithess consequences

The breeding decision did not differ between CQO#fdcked females and control
females (Table 2a, Fig. 2A). However, the proportdd non-breeding females increased with
decreasing body condition (Table 2a). CORT-bloctadales laid their eggs around 4 days
earlier than control ones (Table 2b, Fig. 2B), withan effect of body condition. Clutch size
was not influenced by the corticosterone treatnard by body condition in males and
females (Table 2c). In nests with a CORT-blockemdke, around ¥4 of the clutches were
predated by Glaucous gullsarus hyperboreydar less than in nests with a control females:
the whole clutches were predated (Table 2d, Fig. Bteeding success was significantly
higher in nest with CORT-blocked females than intoal ones (Table 2e, Fig. 2D). In males,
a higher proportion of CORT-blocked males tendedkip the breeding event than control
males, without an interaction effect for body cdiuahi (Table 2a, Fig. 2A). Our experimental
treatment had no effect on egg-laying date, nuroblrst eggs and breeding success in males
(Table 2b,d,e, Fig. 2B,C, D).

During incubation, our CORT treatment had a sigaift effect on body mass
changes: CORT-blocked breeding females gained rfidss 5, +6.31 + 1.56%) whereas
control breeding females lost mass (N = 4, -4.0589%, Wilcoxon W = 1.5, p = 0.032, Fig.
3). Body mass change did not differ between CORCHe#d males and control ones (W = 22,
p = 0.805), even when considering only breeders=(Y@, p = 0.762).

Corticosterone treatment and long-term fithess egagnces

The return rate in 2010 did not differ between Qtiitocked kittiwakes and control
ones (Table 2f, Fig. 2E). For the ones observetietolony in early 2010, the decision to
breed the year following the treatment 2010 diddiffer between CORT-blocked kittiwakes
and control ones (Table 2g, Fig. 2F).
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Table 2: Modelling a) breeding decision, b) egg+g date, c) clutch size, d) number of
predated eggs, e) breeding success, f) Returmnratly 2010, g) breeding decision in 2010,
as functions of treatment and body condition, ugktd with binomial error distribution and
logit link function for (a, f, g) and GLMs with psgon error distribution, log link function for
(b, c, d, e), in CORT-blocked and control kittiwakd~emales and Males were analysed

separately. Significant variables were indicatetoid.

Dependant Independante Statistics (Females) Statistics (Males)

variables variables N Chi2 p N Chi2 p

a- Breeding decision Treatment 21 1.129 0.288 20 3.439 0.064
Body condition 21  4.338 0.037 |20 0.249 0.618
Treament * Body 21  0.566 0.452 |20 0.052 0.819
condition

b- Egg-laying date Treatment 13 4.035 0.045 12 0.517 0.472
Body condition 13 0.265 0.607 12 0.235 0.628
Treament * Body 13 0544 0.461 12 0.052 0.820
condition

c- Clutch size Treatment 13 0.036 0.849 12 0.080 0.777
Body condition 13 <0.001 1.000 12 0.002 0.965
Treament * Body 13 0.002 0.964 |12 0.009 0.925
condition

d- Lost eggs Treatment 13 4.010 0.045 12 0.439 0.508
Body condition 13 <0.001 1.000 12 0.010 0.920
Treament * Body 13 0.125 0.723 12 0.205 0.650
condition

e- Breeding success Treatment 13 7.355 0.007 12 0.299 0.584
Body condition 13 <0.001 1.000 12 0.350 0.554
Treament * Body 13 0.111 0.739 12 2.943 0.086
condition

f- Return rate Treatment 21 1.044 0.307 20 2.848 0.092
Body condition 21 1.737 0.188 |20 0.965 0.326
Treament * Body 21 2.648 0.104 |20 0.185 0.667
condition

g- Breeding decision Treatment 16 0.760 0.383 15 0.043 0.835

the next year Body condition 16 2.497 0.114 15 0.161 0.689
Treament * Body 16  2.048 0.152 15 0.018 0.894
condition
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Figure 2: (A) Breeding decision (at least one egjgid : 1, no egg is laid : 0), (B) first egg-
laying date, (C) Number of predated eggs per actest (0, 1 or 2), (D) Breeding success
(number of chick > 12 days old per active nest),réturn rate the year following the
treatment (not seen: 0, seen: 1), (F) breedingaecthe year following the treatment for
CORT-blocked (filled symbols), and control kittinesk (open symbols). Circles denote
females and triangles denote males.
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Figure 3: Body mass change between day of implantétiay 0) and day of recapture (day 1-
26) in CORT-blocked breeding females (N = 5) analtic breeding females (N = 4)
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DISCUSSION

In this study of pre-laying black-legged kittiwakaeve showed for the first time that a
prolonged reduction of baseline and stress-indUC&dRT levels was accompanied by an
advancement of the egg-laying date and by an ingmnewt of breeding success. This effect
was strongly sex-specific since it was observeg anfemales. Moreover, breeding females
with experimentally reduced CORT levels gained bowss, whereas control ones lost mass.
Finally, the return rate and the breeding decisianfollowing year were not affected by the
CORT treatment.

CORT treatment and CORT secretion

Our aim was to alter the perception of stressndyuite pre-laying period in kittiwakes.
To do so, a low dose of exogenous CORT was usedwm-regulate the HPA axis and the
release of endogenous CORT in response to thesstfesapture (Akana et al., 1992;
Wolkowitz, 1994). Thus in male and female kittiwakéhe stress-induced CORT levels were
around 60% lower after a CORT implantation thareraét sham-implantation. This down-
regulation of CORT release was long-lasting sincgas observed at least 26 days after the
CORT treatment. In addition, baseline CORT levetseneduced by about 70% from the
second to the Z6day. At day 1, crystallised corticosterone wasaséd into the bloodstream
so that plasma corticosterone levels were 3.5 timgiser than before the CORT treatment.
This short CORT increase was within the physiolagmange observed for an acute stress

response in black-legged kittiwvakes and was muafeiddhan the 10-time increase of baseline
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CORT levels observed with two CORT implants (Kitayet al., 1999; Chastel et al., 2005).
Finally, baseline CORT levels were lower in malegntin females, form day 2 to day 26, but

without an interaction effect with the CORT treatme

Corticosterone treatment and the timing of breeding

According to our predictions, we found that the exxpental reduction of CORT
release during the pre-laying period was parallddgda significant advancement of egg-
laying in female kittiwakes (around 4 days earliefhis experimental CORT treatment
strongly supports the hypothesis that CORT leveid #he timing of egg-laying are
mechanistically linked, as previously suggestedcbsrelative observations : high baseline
CORT levels were associated with late breedingemdie Florida scrub-jays#Aphelocoma
coerulescensSchoech et al.,, 2009) and in snow petrélagodroma niveaGoutte et al.,
2010a). Moreover in captive female Zebra finch@sefiiopygia guttata Salvante and
Williams, 2003), an experimental elevation of plas@ORT levels decreased the proportion
of breeding females and delayed the onset of egggaAs high baseline CORT levels is a
marker of energetic state and food availabilitytéisky et al., 1999; Love et al., 2004;
review in Landys et al., 2006), CORT may thus meediaeeding phenology according to
energetic constraints. However, this relation appemmplex since high baseline CORT
levels were not associated to delayed breedingnguiavourable conditions breeding in
Florida scrub-jays (Schoech et al., 2009) and itiwakes (Goutte et al., in press).
Furthermore, an experimental CORT administratioth ot delay the timing of breeding
when females Florida scrub-jays were &etllibitumduring the pre-laying period (Schoech et
al., 2007). In this study, we investigated for firet time to our knowledge, whether the
suppression of CORT release influence the timingreéding in free-living birds. Our results
support the idea that low baseline and/or stredse@d CORT levels were mechanistically
linked to early egg-laying in female kittiwakes.

How to explain the causal link between experiméntedduced CORT levels and
early breeding in female kittiwakes? In a previgusly, we found that high baseline CORT
levels were associated with low baseline LH lewsld low LH releasing ability after a GnRH
injection (Goutte et al., in press). By experiméyteeducing CORT levels, LH secretion and
gonadal development could have been promoted,lithdrggering early breeding. In that
respect, we also found a high body mass gain iedimg females with reduced CORT levels.
As body mass gain could result from the rapid gahagowth, this would support the
hypothesis of an accelerated reproductive physiologluced by the experimentally reduced
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CORT levels. Alternatively, body mass gain coulfles the accumulation of energetic
reserves in females with experimentally reduced TOIRvels, instead of gonadal
development. Since high body condition in pre-lgyifemale Kkittiwakes predicts early
breeding (Goutte et al., in press), females withhbody mass gain would have laid their
eggs earlier in the season. Consequently, femaltbsewxperimentally reduced CORT levels
may have bred earlier, because of a higher accuiolaf energy reserves compared to
control ones. Indeed, at the proximate level, thegry function of CORT is to facilitate
glucose release for utilization during challengisis thus conceivable that females with
experimentally reduced corticosterone levels wdwge saved more energy reserves than
control ones. Moreover, courtship feeding is a camrbehaviour in kittiwakes during the
pre-laying period (Kempenears et al., 2007). Altjiowe did not record female begging
during our experiment, it is conceivable that fessalith experimentally reduced CORT
levels would have begged more for food. In turreirthmates might have fed them more
and/or earlier than usual, hence allowing themdoumulate energy reserves and to breed
earlier. Further behavioural observations havestodnducted to confirm this hypothesis.

The effect for reduced CORT release on the timihdpreeding was strongly sex-
specific since males with experimentally reducedRTOevels did not breed earlier than
control ones. Indeed the sensitivity of the HPGsax stressful cues is thought to differ
between sexes (Ball and Ketterson, 2008). Supppttiis, we have recently shown that the
inhibition of LH release by high baseline CORT Ievavas only observed in female
kittiwakes and not in males (Goutte et al., in pyePre-laying constraints should be strongly
sex-specific in free-living seabirds. In one hantgle-male competition could force male
kittiwakes to acquire reproductive readiness earfiethe season than females and to better
resist environmental perturbations. In the othemdhdemales have to extract and store a
sufficient amount of energy to build up the egged aould be strongly sensitive to
environmental stressors, such as a depletion ad &@ply early in the season (Ball and
Ketterson, 2008).

Fitness consequences of the corticosterone tredtmen

First, it is important to notice that the experinameduction of CORT levels did not
influence breeding decision in females. Only fersal@th low initial pre-laying body
condition did not breed, which suggests that théucgon of CORT levels could not
counteract energetic constraints. However, in mades experimental reduction of CORT

levels tended to decrease the breeding probabaityyout an effect of body condition. It is
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conceivable that males need to maintain relativegh baseline CORT levels to ensure
sustained reproductive activities (Landys et al0&). During the pre-laying period, nest
defence, foraging activities and courtship feedhguld require moderate levels of baseline
CORT, so that a prolonged reduction of CORT lewadsld have led to nest and/or mate lost.

Secondly, females with experimentally reduced CQO&Els had a higher breeding
success than control ones, although clutch sizealidliffer between groups. Indeed, females
with experimentally reduced CORT levels managedintubate successfully their eggs
(around 0.5 vs 2 lost eggs in the control groups. flequently observed in birds, early
breeders succeed better than late ones (reviewerhWlst and Nilsson, 2008), particularly
during the incubation period in seabirds (e.g. Debband Gaston, 1996). In that context, we
suggest that females with experimentally reducedRT@evels would have benefited from
better environmental conditions than controls, kisato the advancement of egg-laying.
Alternatively, being heavier, CORT-blocked femategy have beneficiated from higher body
reserves during the challenging brooding period mamed to control females (Moe et al.,
2002). The CORT treatment might have also lastegdo than the pre-laying period and
might have been effective during the incubation asidck-rearing period. Since the
attenuation of CORT stress response is known touiahigh parental effortbfood value
hypothesisLendvai et al., 2007), females with experimegtaliduced stress-induced CORT
levels would have attend the nest more, hence faaimigher reproductive success than
control females. However, this should have beeremesi in CORT-blocked males, since
incubating and chick-rearing roles, as well as CO&®Els during these periods are largely
similar between males and females in kittiwakedaysky et al., 1999; Chastel et al., 2005).
Since male kittiwakes with experimentally reduce@RT levels did not have a better
reproductive success than controls, this contéstdypothesis of a very long attenuation of
CORT release.

Finally, the CORT treatment had no long-term conseges, neither in males nor in
females. Indeed, kittiwvakes with experimentallyueeld CORT levels during the pre-laying
period did not suffer from a low return rate thédaing year. As two CORT implants during
the chick-rearing period decreased the survivabgbodity of kittiwakes (Goutte et al.,
2010b), our result suggests that the number of C@RIlants and/or the period of CORT
implantation had contrasted long-term consequendeseover, females with experimentally
reduced CORT levels had an identical return ratekaeeding decision the following years,
although they bred earlier than usual. Bhaf et al. (2002) demonstrated ttiemale coots

(Fulica atra) with experimentallyadvanced breeding had a lower survival rate tluautrals.
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However, the advancement of hatching date in ceats higher (10 days), than in our study
(ca. 4 days). Moreover, the production of a sedmodd in the experimentally advanced coot
pairs could have resulted in higher reproductivetc@nd associated higher mortality rate
(Brinkhof et al., 2002). Finally, the higher bremglisuccess and hence higher breeding
investment in females with experimentally reducgdRT levels did not compromise their

breeding opportunities the following year, contraoyhe hypothesis of Golet et al. (2004).
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Tout vient a point a qui sait se détendre.

Guillaume Aldebert
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VI. Discussion et perspectives

Ce doctorat visait a identifier les mécanismesrmraux impliqués dans le contréle
des décisions de non-reproduction et des dates omée pen fonction des paramétres
environnementaux et individuels. Notre étude, rtdiiface entre I'écologie et la physiologie,
s'est concentrée sur deux especes d'oiseaux mamimsilieux polaires, présentant, comme
caractéristiques majeures, une forte longeévitéd(ar®s pour les mouettes tridactyles, ~ 50 ans
pour les pétrels des neiges) et une étroite fe@&meproduction liee a I'extréme saisonnalité

de ces régions. Notre travail s’est appuyé surlagpsoches descriptives et expérimentales.

Nous avons pu mettre en évidence le rble clé dedarticostérone, comme médiateur des
décisions de non-reproduction et de dates de pon&n réponse a un stress

environnemental, et en fonction des caractéristiqueindividuelles.

Dans ce chapitre, les résultats sont tout d’abepthcés dans un contexte écologique, puis les
meécanismes physiologiques impliqués dans la décisida phénologie de la reproduction
sont discutés et nuancés en fonction des effeigidls et des différences interspécifiques,

pour terminer sur les limites de ce travail etdesspectives envisageées.

VI.1. La date de ponte comme composante de la fitsg

VI.1.1. Succes reproducteur et survie

En accord avec des études antérieures (Verhuhits&on 2008), nous avons retrouve
un déclin saisonnier du succes reproducteur atanivedividuel. De plus, une manipulation
expérimentale de la phénologie confirme le lierdtirentre un retard de la reproduction, un
fort échec a I'éclosion et une faible motivationmaintenir les soins parentaux pendant
'élevage du jeune poussin (Article B). Enfin, laawée des dates de ponte, par
I'intermédiaire d’'une manipulation hormonale, es¢a@ciée a un plus fort succes reproducteur
chez les mouettes tridactyles (Article F). Ains, dlate de ponte apparait comme une

composante clé de la fitness chez ces deux espééellec a principalement lieu au moment
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de l'incubation avec une plus forte perte des celuéz les individus naturellement tardifs et /
ou expérimentalement « retardés », ce qui a étérabgshez la majorité des oiseaux marins
(e.g. DeFores& Gaston 1996).

Ce déclin saisonnier du succes reproducteur déodelldifférents facteurs, comme
l'illustre la figure 26 (modifiée de la figure 3néntroduction). Tout d’abord, chez les couples
«avancés » de pétrels des neiges, le succés vepead est inchangé, ce qui supporte
I'hypothese de la qualité individuelle (Article Boir Verhust & Nilsson 2008, Fig. 26). Par
exemple, chez les pétrels des neiges, nous avongérgue les tres jeunes et les tres vieux
pétrels se reproduisent plus tard dans la saisditf®&C) et montrent, par ailleurs, une forte
probabilité d’échec pendant l'incubation (Angeliet al. 2007b). En plus de la qualité
intrinséque du couple, I'hypothese de la dpée se(voir Verhust & Nilsson 2008) peut
expliquer 1) le fait que les mouettes réussissaatxn lorsque la date de ponte est avancée
(Article F), et 2) le fait que les pétrels des msigchouent plus, lorsque la date d’éclosion est
retardée (Article B, Fig. 26). Enfin, nos résultaésconfortent pas I'hnypothése d’optimisation
individuelle proposée par Drent (2006), selon ldeushaque couple ‘déciderait’ de la date de
ponte optimale en fonction de leurs caractérisgqu&inseques et de son environnement. En
effet, les pétrels et les mouettes « avancées son#firent pas d'une baisse de la fitness
immédiate, ni apparemment de codts sur le longdefArticle B, F). Au contraire, les
mouettes « avancées » ont un meilleur succes regiend, tandis que leur taux de survie et

de probabilité de reproduction I'année suivante gdntiques a celles des témoins (Article F,

Fig. 26).

Avanceé Avancé Retarde
Date @ /
% o 2 £ ‘
4 5 “
5 = @« 0O
— =
Qualité
@ Date
Motivation parentale
date date

Figure 26 : Synthese des conséquences d’'une avanagen retard de la reproduction en
termes de fitness, chez la mouette tridactyle ¢fati) et le pétrel des neiges (Article B). Les
hypothéses de date et de qualité sont concluddtes proposons en plus un déclin
saisonnier de la motivation parentale.
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VI.1.2. Motivation parentale

Via la mesure de la sensibilité au stress, noumnapu tester un déclin de la
motivation parentale lorsque la reproduction a pus tard que prévu (Fig. 26, Article B). En
effet, suite a un décalage expérimental des daesptoduction, nous avons montré que des
parents « retardés » présentent une plus fortétg@tide corticostérone suite a un protocole
de stress, et abandonnent plus fréquemment leur @eujui engendre un plus fort échec
reproducteur (Article B). Sachant qu’une réponsetaess élevée est communément associée
a une redirection des ressources allouées a ladegion, vers la survie immédiate
(Wingdfield & Sapolsky 2003), nos résultats physgitpes et comportementaux étayent donc
I'hypothese d’'une baisse de la valeur de la reprthoin (brood value hypothesisLendvaiet
al. 2007; Lendvai & Chastel 2008), lorsque celle-tiea plus tard que prévue. Les parents
d’especes longévives apparaissent donc moins nsoéive’investir dans une reproduction
tardive.

Cet ajustement de la motivation parentale s’appliyil 2 une reproduction ayant lieu
plus tét que prévu ? Etant donné qu'une reprodancficecoce est synonyme d’une forte
valeur de la nichée, les parents « avancés » @exréire d’'autant plus motivés a élever les
jeunes et a atténuer leur sensibilité au stressnddr travaux montrent que les parents
«avanceés » ne different pas des « témoins », niepataux basaux de corticostérone, ni par
leur réponse au stress, ni par leur comportemeparrieur succes reproducteur final (Article
B). Nos résultats contestent donc I'hypothese qgr'reproduction « avancée » engendre une
augmentation de la motivation parentale, du moirezde pétrel des neiges. Sachant qu’'une
avancée de la reproduction augmente la mortaligz tds femelles de foulqueBulica atra,
Brinkhof et al.2002), des parents prudents, et notamment desessprés longévives, comme
le pétrel des neiges, devraient ne pas compromletiresurvie en investissant trop dans la
reproduction en cours (Drent & Dann 1980). Ce tésusuggere que les espéces trés
longévives présentent une moindre flexibilité denlativation parentale et de la sensibilité au
stress (Bokonyet al. 2009), tandis que chez des especes peu longéwoesme les
moineaux, la réponse au stress apparait étre phdulable (accentuée et atténuée), en

fonction de la valeur de la nichée en cold®0d value hypothesisendvaiet al 2007).
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VI.2. Mécanismes hormonaux en période prénuptiale

La problématique principale de ce doctorat coasist déterminer les mécanismes
hormonaux orchestrant la décision de ne pas sedejpe et la date de ponte.

En comparant deux saisons de reproduction tresast@es chez la mouette tridactyle,
nous avons observé des differences marquées erestedajustements physiologiques,
comportementaux et phénologiques (Article A). Eietefune année tardive (plus de 8 jours
de décalage entre les moyennes des pontes de 2008pport a 2008) avec une proportion
de nids actifs moindre (environ 25% de couplesa@ypcteurs en moins) et une faible taille de
ponte (14% d'ceufs en moins) est caractérisée partidgets alimentaires prénuptiaux,
éloignés de la colonie et par des taux élevés deastérone basale, en particulier pour les
males (Article A). Une activité de recherche alitaéne soutenue et une faible disponibilité
des ressources ont pu causer cette plus fortetisécd® corticostérone (Kitayslat al. 1999;
Wingfield & Kitaysky 2002; Kitaysky, Piatt & Wingéld 2007; Benowitz-Frederickst al.
2008). De plus, les taux de LH sont plus faibles26@9 qu’en 2008 pour les males et les
femelles, ainsi que les taux de testostérone pEmumlales (Article A). Une absence au nid
prolongé, un manque de stimulation sociale et weau de stress élevé sont autant
d’arguments qui peuvent expliquer ces faibles tdexLH et de testostérone en 2009,
comparés a 2008 (Helet al. 2006). Ces différences interannuelles laissergserir de forts
liens entre les conditions environnementales (digplité des ressources, distance a
parcourir), des taux élevés de corticostéroneadxefs taux de LH / testostérone et une ponte

retardée.

Par le biais d’approches descriptives et expérialest nous avons tenté d’'établir les liens
entre les taux de corticostérone et I'ajustemeriadkate de ponte ; les taux de corticostérone
et la décision de non-reproduction et entre leg thucorticostéron et la sécrétion de LH et /
ou d’hormones sexuelles. L'objectif de ce parageapst donc de synthétiser et discuter les
différents résultats (Fig. 27).
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Figure 27 : Schéma synthétique des relations émstess environnemental en période

prénuptiale, la sécrétion de corticostérone ettigrd de ponte, voire I'absention de la

reproduction. La corticostérone agit probablemannaibant la sécrétion de LH, avec
cependant des différences entre especes et eres etdemelles.

VI.2.1. La corticostérone

i. Décision de ne pas se reproduire

La décision de ne pas se reproduire est caracenbéz les femelles de pétrels des neiges et
de mouettes tridactyles, par des taux basaux éldeesorticostérone pendant la phase
prénuptiale (Article C & E), comme cela a été ménprécédemment chez les diamants
mandarins en captivité (Salvar&enilliams 2003) et chez les iguanes marins (Vitousekl.
2010). Dans la mesure ou des taux élevés de cstdiome basale peuvent étre la
conséquence d’'un faible succés de péche (Angdliak. 2007c ; Lecomte et al. 2010), nos

résultats suggerent que les femelles présentantiapé la phase prénuptiale, de forts taux
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basaux de corticostérone sont probablement de meoouhlité (Angelieet al. 2010), avec,
par exemple, une faible aptitude de recherche aliaive (Angelieret al 2007c), échouant
alors a subvenir aux besoins énergétiques requislpdormation des ceufs (Article C & E).

En plus des taux basaux, nous avons étudié lesd@aworticostérone induits par un
stress, qui refletent la perception individuelle simess et la motivation des parents a
abandonner ou a poursuivre linvestissement pdresta cas de perturbations séveres
(Ricklefs & Wikelski 2002; Wingfield & Sapolsky 230 Lendvaiet al. 2007; Lendvai &
Chastel 2008; Breunett al 2008). Cependant, les taux de corticostérondtsmgar un stress
n'influencent pas la décision de se reproduireheiz les mouettes, ni chez les pétrels (Article
C & E). De méme, une baisse expérimentale de lansdp au stress ne modifie pas la
probabilité¢ de ponte chez les femelles de moudtidactyles (Article F). Ces résultats
laissent supposer que le fait de ne pas se repeodst une contrainte (taux basaux de
corticostérone, i.e. ratio énergétique entre |spins nécessaires a la réalisation d’'une activité
spécifique par rapport aux ressources disponilddaysky et al. 1999; Loveet al. 2004;
Landyset al. 2006) et non une stratégie adaptative (réponstressj.e. degré de motivation
parentale dans la reproduction en cours, par rapgax opportunités de reproductions

futures).

il. Date de ponte

Les dates de ponte semblent aussi étre sous lBde la corticostérone, mais les relations
sont plus complexes, comme évoqué récemment pareSicbt al. (2009) : chez les pétrels
des neiges, la reproduction est retardée, lorspitalix basaux de corticostérone sont élevés
(Article C). Des conditions environnementales diffis lors de la période prénuptiale
(éloignement des ressources par exemple, ArticletA)ou un état physiologique moindre
d’'un membre du couple (condition corporelle desdkes, Article E) pourraient donc retarder
la formation de I'ceuf via des taux basaux de costierone élevés. Ce résultat étaye donc
I'hnypothése d’'une date de ponte contrainte et irldpdses tot dans le cycle annuel par les
conditions environnementales et la capacité indefleé a extraire efficacement I'énergie
nécessaire a la mise en place de la reproductiguing@t et al. 2008; Shultzt al. 2009; Both

et al. 2009). Au contraire, les taux de corticostérortits par un stress n’influencent pas la
date de ponte (Article C). Cela suggére, encore foise qu’'une ponte tardive résulterait
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davantage d’'une contrainte énergétique (taux badaiwcorticostérone élevés, Kitaysiyal.
1999; Loveet al. 2004; Landyst al. 2006) et ne serait pas stratégiquement « décidée »

Chez les mouettes tridactyles, les liens entreolicostérone et la date de ponte du
premier ceuf semblent plus complexes. Via une appramrrélative, les dates de ponte
semblent indépendantes des taux de corticostémsaik ou induits par un stress (Article E).
Via une manipulation expérimentale, une réductiea thux basaux de corticostérone et des
taux de corticostérone induits par un stress, ¢bedemelles en période prénuptiale, sont
associées a une avancée de la date de ponte éAr)icLes deux niveaux de corticostérone
(basale et induit par un stress) semblent dona avoréle subtil dans les variations de dates
de ponte et apportent des éléments de réflexionlasutécision des dates de ponte. La
corticostérone pourrait agir indirectement sur &edde ponte, via une modification des
réserves énergetiques. En effet, les femelles ldosécrétion de corticostérone est diminuée
prennent du poids et pondent plus tét que les fesmétmoins (Article F). La corticostérone
pourrait aussi agir sur les interactions au seincduple, en agissant par exemple sur la
guémande des femelles et sur le taux d’approvisioemt des males. En effet, le nourrissage
de la femelle par le male est fréquent chez lesettes tridactyles en phase prénuptiale
(Kempenaerst al. 2007). Au contraire, si la date de ponte est & et stratégiquement
ajustée (Frederikseet al. 2004; Reeckt al. 2009), une reproduction précoce pourrait étre
contrdlée par l'atténuation de la réponse au st@same cela a été montré dans l'article F.
Si la date de ponte est contrainte par les comditienvironnementales et / ou par |'état
physiologique de l'individu, la date de ponte secaintrolée par les taux de corticostérone
basale (Article C). Ces deux hypotheses n'étannpatsiellement exclusives, la date de ponte
pourrait étre contrainte chez les individus en na#&es condition, et anticipée chez les
individus en bonne condition.

Par ailleurs, il n'est pas exclu que des mécarssaugres que la corticostérone soient
impliqués dans la phénologie de la reproductiom@8chet al. 2009), comme par exemple la
leptine, une hormone peptidique produite par ldisles adipeuses. La leptine régule la prise
alimentaire, le métabolisme et semblerait affel@ereproduction en agissant sur I'axe HPG
(Henson & Castracane, 2003). Il a d’ailleurs éténtr® récemment que la décision de
produire une seconde couvée, chez les mésangéscatadlée par la leptine (LGhmus &
Bjorklund 2009).
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VI.2.2. La LH et la testostérone

La LH est le déclencheur hormonal des processumpeodementaux et
physiologiques, qui initient la reproduction (Dawset al. 2001). Les taux basaux de LH
diminuent progressivement lors d'une période desstrsans injection de GnRH/LHRH (30
minutes de capture, Article E). De plus, la tegtiasie diminue progressivement pendant une
phase de stress (30 minutes de capture, ArticlE€&Je réponse au stress d’hormones, autres
que la corticostérone, est encore mal connue. ES pk l'augmentation des taux de
corticostérone (Wingfield & Sapolsky 2003), les Xad’autres hormones diminuent en
réponse a un stress, telles que la LH, la testosté(Article E, Lynn et al. 2010), ou la
prolactine, I'hormone impliqguée dans les soins pi@ex (Chastel et al. 2005 ; Angelier &
Chastel 2009).

i. Décision de ne pas se reproduire

Chez les mouettes tridactyles, nos résultats monteut d’abord que les femelles non-
reproductrices présentent des taux basaux de Lsifalbles. Cependant, elles sont capables
de sécréter de LH a des niveaux comparables aurdwegteurs, suite a une injection de
GnRH/LHRH (Article E). Les non-reproducteurs onndaun axe HPG fonctionnel, comme
montré chez les ‘helpers’ d'une espéece coopéralivgeai a gorge blanche (Schoesthal.
1996) et chez le milan noir, un rapace dont lesufatipns sont caractérisées par une part
importante d’individus non-reproducteurs (‘floafer Blas & Hiraldo 2010). Comment
expliquer les plus faibles taux basaux de LH cleszfémelles non-reproductrices par rapport
aux reproductrices? La sécrétion de LH est prideipant initiée par I'allongement de la
durée du jour mais aussi par d'autres facteurs,geé les interactions sociales (Ball 1993).
Parce qu’elles interagissent moins avec un parenk sécrétion de LH chez les femelles
non-reproductrices est probablement moins stimatéleurs follicules ovariens sont moins
développés (Article E, Schoedt al. 1996). Chez les mouettes tridactyles femellessnou
avons aussi analysé quelques taux d’'cestradiol modpéprénuptiale : les femelles qui ne se
reproduisent pas ont tendance a présenter dedteastradiol plus faibles que les femelles
qui vont se reproduire (N = 8, Wilcoxon W = 12, ©857). Chez les males, les taux basaux
de LH et ceux induits par une injection de GnRH/IHHRe different pas entre reproducteurs

et non reproducteurs, ce qui laisse supposer quedetion de LH des males n’est pas
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impliquée dans la décision de non-reproductionuet la sécrétion de LH ne dépend pas des
interactions / stimulations sociales (Article Eh & qui concerne les hormones sexuelles, la
décision de non-reproduction n’est pas liée auilpdeftestostérone (taux basaux testostérone
et taux induit par une injection de GnRH et un ge& LH) chez les méales de mouettes
tridactyles (Article E).

De plus, nous avons mis en évidence l'importaredaddynamique de LH dans la
médiation de la décision de non-reproduction (Aeti®). Suite a un test de réponse
hypophysaire a la GnRH, les pétrels ont des taux-imaximum a 10 minutes puis, entre 10
et 30 minutes apres l'injection de GnRH, les taaX 8l diminuent progressivement. Le taux
de déclin de LH, entre 10 et 30 minutes apres elitipn de GnRH / LHRH, est
particulierement important dans la probabilité dm-neproduction (Article D). En effet,
l'incapacité a maintenir des taux €levés de LH sipgéic est associée a une faible probabilité
de ponte chez les pétrels des neiges, pour lesratiles femelles (Article D). La capacité a
maintenir des taux élevés de LH, lors d’'un événdmsnessant, pourrait donc moduler les

ajustements physiologiques et comportementawallésitiation de la reproduction.

ii. Date de ponte

Les taux de LH n’expliquent pas la date de pontenigaau individuel (Article E, pas de
relation pour les pétrels des neiges non plusi Bigils semblent fortement impliqués dans
la décision de ne pas se reproduire, ils n‘'ontreerg peu ou pas d’'impact sur les ajustements
de la ponte a fine échelle temporelle.

La date de ponte est cependant corrélée au gdefeéstostérone (Article E). Apres une
injection de GnRH/LHRH et donc apres un pic de lé$, taux de testostérone augmentent
progressivement (30 minutes) chez les maéles de tesuéridactyles. Plus les taux de
testostérone atteints 30 minutes apres l'injectierGNRH sont importants, plus les dates de
ponte sont précoces. Ce résultat suggére desraiste comportementaux et sociaux liés a la
sécrétion de testostérone, tels que I'agressiaitépnquéte et la défense d’'un nid de qualité et
/ ou I'élaboration de parades nuptiales. Chez leseties tridactyles, les males apportent de
la nourriture a la femelle avant la ponte (e.g. kemaerset al. 2007), ce qui peut assurer 1)
le gain de masse des femellesirfediate material benefjtdHunter et al. 1993), 2) un
investissement maternel plus important en raisotadgualité du malegenetic benefits for
the offspring Jennions & Petrie 200@yture material benefits for the offsprinBirkhead &
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Mgller 1992) et / ou 3) des copulations plus frégas (nating effort Kempenaerst al.
2007). Une forte capacité a sécréter de la testostépeut étre liee a des interactions plus
fréequentes avec la femelle, et / ou a un gain desejace qui peut expliqguer une ponte
précoce. Ce résultat dénote, de surcroit, 'impilice du méale dans la phénologie de la
reproduction. Il apparait logique que la femelleidé de la date de ponte, comme cela a été
montré chez les mésanges (Cab al. 2009). Cependant, cette décision apparait étre
fortement influencée par la qualité du male et lesuinteractions avec le partenaire (Helm

al. 2006).

VI.2.3. Inhibition de la sécrétion de LH par la coticostérone

La corticostérone agit-elle sur les traits d’higale vie, via I'inhibition de la sécrétion
de LH et/ ou d’hormones sexuelles ? Existe-ilign fonctionnel entre la corticostérone et la
sécrétion de LH et / ou de testostérone ? Nostedsudonfirment ce lien : les taux basaux de
corticostérone des femelles de mouettes tridactgtes négativement corrélés aux taux
basaux de LH (Article E). De plus, suite a un tstréponse hypophysaire a la GnRH, des
forts taux de corticostérone basale sont assoai@e daible capacité a sécréter la LH (Article
E). Bien que le r6le inhibiteur de la corticostég®ur la sécrétion de LH soit connu chez les
animaux domestiques (brebis ayant subi une ovanget Breen & Karscl2006), cette
régulation hormonale est peu étudiée et peu conhae les animaux sauvages, notamment
les femelles. Cette inhibition de la sécrétionaleHl par la corticostérone est probablement le
mécanisme clé de la décision de non reproducti@z td&s mouettes tridactyles (Article E).
En ce qui concerne la phénologie, I'inhibition desEcrétion de LH par la corticostérone ne
semble pas controler les variations individuelles adhte de ponte (Article E, pas de
corrélation non plus chez les pétrels des neidles$t important de souligner de plus que les
taux de corticostérone induits par un stress nigricent pas les taux de LH (Article E). Chez
les males de mouettes tridactyles, nous n’avongrpasé de liens entre corticostérone et LH
(Article E). Les différences males-femelles et ecmuses possibles sont détaillées plus bas (8§
VI1.3.3.)

Chez les pétrels des neiges, nous n’avons pasmiwvidence d’effet inhibiteur de la
corticostérone (taux basaux et / ou induit parteess) sur la sécrétion de LH (taux basaux de
LH, taux de LH apres une injection de GnRH, et taux de LH 20 minutes aprés un pic de

LH, p > 0.9 pour toutes les corrélations, Fig. 2Bn’est pas exclu que la corticostérone
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agisse non pas sur la LH mais sur la FSH ou bieectdment sur les taux d’hormones
sexuelles (testostérone, e.g. Congtal.2001). Nous n’avons pas pu tester cette hypothése
cause d’'une quantité de plasma trop faible. llagsisi envisageable que la corticostérone ne
perturbe pas I'axe HPG mais que ces hormones ¢ostérone, LH, testostérone) aient des
actions complémentaires sur la médiation de lasd#tide ne pas se reproduire et de la date
de ponte. Ainsi, chez les femelles de pétrels éages, les non-reproducteurs ont des taux de
corticostérone plus élevés que les reproducteurticld C) et présentent une moindre
capacité a maintenir des taux de LH élevés aprgsaude LH (Article D), sans que les taux

de LH soient corrélés aux taux de corticostéroig: (8).
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VI.2.4. Récentes avancées en neuroendocrinologie

Pour aller plus loin, il a été récemment mis eidé&we qu’'une classe de peptides,
appelée RFamide, est impliquée dans les activagsproduction au niveau neuroendocrinien
(revue dans Kriegsfel@t al. 2006; Tsutsui & Ukena 2006). Deux de ces RFamitkes,
kisspeptine et la GnlH, de l'anglais gonadotropihtditory hormone (GnlH, revue dans
(Bentleyet al. 2009; Tsutsui 2009) ont été identifiés comme égsilateurs majeurs de I'axe
HPG, avec des effets opposés (revue dans Kriegstetd. 2006; Tsutsuiet al. 2006). La
kisspeptine joue un réle crucial dans le dévelopmrenet la régulation positive du systeme
reproductif chez les mammiféres tandis que la Galldne action inhibitrice (revue dans
Greives et al. 2008). La GnIH pourrait étre tout particulierementpliquée dans la
terminaison de la reproduction (Bentletyal. 2003).

Chez les mammiféres, amphibiens, oiseaux et pmsda GnlH agit directement au
niveau central en inhibant la sécrétion de la Lideeta FSH (revue dans Greivetsal. 2008;
Bentley et al. 2009; Tsutsui 2009). De plus, la GnlH est exprineéeagit au niveau des
testicules en réduisant la production de testos&hez le méale de moineau domestique
(Passer domesticudcGuire & Bentley 2010). Existe-il un lien fonatinel entre les taux de
glucocorticoides et la GnlH ou ont-ils simplemems dactions complémentaires ? Il a été
récemment montré que I'expression de la GnlH estssulement activée par un stress aigu
suite a la capture chez les moineaux domestiquass{(Rizzo, & Bentley 2008), mais aussi
par des taux élevés de glucocorticoides chez tes(Karby et al. 2009). Ces découvertes
neuroendocriniennes ouvrent de nouvelles persmsctivia compréhension des mécanismes

proximaux liés a l'initiation de la reproductionezhles animaux en milieu sauvage.
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VI.3. Sources de variation : de I'espéce a l'indidu

Comme cela a été évoqué, l'action de la corticost sur les traits d’histoire de vie
(décision de ne pas se reproduire et date de patte)r 'axe HPG n’est pas généralisable et
varie non seulement entre les deux espéces étudigms aussi en fonction de certains
caracteres individuels, tels que les difféerenceseanales-femelles, la condition corporelle et

/ ou l'age.

VI.3.1. Variations interspécifiques

Chez les pétrels des neiges, la corticostérorteckgiement sur la décision de non-
reproduction et la date de ponte (Article C), tanque les corrélations entre les taux de
corticostérone et sur la date de ponte semblemst gdplexes chez les mouettes tridactyles
(Fig. 30, Articles E & F). Ceci peut étre du auxntraintes énergétiques associées a la
formation des ceufs. En effet, les mouettes fabnue ceuf en 6 - 8 jours (Astheimer &
Grau 1990) et pondent jusqu’a trois ceufs au Swvdjbi@ndis que les pétrels des neiges
accumulent des réserves énergétiques en mer peBdsainaines pour produire un oeuf
unique (exode prénuptial, Warham 1990). Ainsi, lesnditions environnementales
prénuptiales et I'état physiologique doivent étigsprontraignants chez les pétrels des neiges
par rapport aux mouettes tridactyles, ce qui expligit un fort lien entre les taux basaux de
corticostérone et la date de ponte chez les pétledsneiges, mais pas chez les mouettes
tridactyles (Articles C, E & F). Des facteurs astgpr'énergétiques peuvent intervenir, tel que
la durée de recherche d’'un partenaire avant lagp@t effet, le taux de fidélité au partenaire

est plus élevé chez les pétrels des neiges (Btiatl2003) que chez les mouettes tridactyles.

V1.3.2. Variations interindividuelles : I'age et la condition corporelle

i. La condition corporelle

Chez les oiseaux, la condition corporelle, notantnaes femelles, joue un rble primordial
dans la décision de se reproduire et la date deederg. Perrins 1970; Bégt al. 2003). La
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probabilité de ponte est d’autant plus faible,est dates de ponte sont d’autant plus tardives
que la condition corporelle des femelles de mosédtidactyles est faible (Article E, Fig. 30).
Ainsi, I'état des réserves énergétiques des fesmskenblent fortement déterminer ces deux
traits d’histoire de vie, comme cela a été montée@demment (e.g. Chasétlal. 1995; Bety
et al.2003). Ces liens n’ont toutefois pas été validéezdes pétrels des neiges (Article C)
Cependant, nous n'avons pas trouvé de liens éntrendition corporelle et les taux
basaux de corticostérone ; entre la condition ceff® et les taux de LH (basale ou
maximale) ; ou entre la condition corporelle ettimsx de testostérone (basale ou maximale,
Article C & E). Le mode d’action fonctionnelle dedserves énergétiques sur les traits
d’histoire de vie ne semble donc pas se faire avigélcrétion d’hormones de stress et / ou via
I'inhibition de la LH et des hormones sexuelles. ioée potentiel de la leptine, hormone
peptidiqgue produite par les cellules adipeuses,rrpituétre étudi€ comme mécanisme
complémentaire entre I'état des réserves (conddarporelle) et la décision de se reproduire
et la date de ponte. Seule la réponse au strassrtaximum de corticostérone) est atténuée
pour des individus en bonne condition (Article Ci résultat peut refléter une augmentation
de l'investissement parental pour la reproductramédiate lorsque les réserves énergétiques

sont élevées.

ii. L'age

Quant aux effets de I'age (Fig. 30), les tres jsuee les tres vieux individus ont une
probabilité plus forte de ne pas se reproduirecet de se reproduire plus tard dans la saison,
bien gu’ils soient sexuellement matures (Article Ghe analyse longitudinale a de plus été
menée et souligne I'importance de I'expérienceapeaduction sur la date d’éclosion (Goutte
et al. manuscrit en préparation, Fig. 29).

Au niveau proximal, les tres jeunes et les trémuxiindividus semblent étre plus
sensibles a un stress, étant donné que leurs @eorticostérone induits par un stress sont
plus élevés que ceux des individus d’age moyenidlartC). Quant aux taux basaux de
corticostérone, pourtant impliqués dans le contdide traits d’histoire de vie (décision de
ponte et date de ponte des pétrels), ils ne vapastavec I'age (Article C). Il n’est pas exclu
que les taux de corticostérone basale soient megpkqués par I'expérience de reproduction
gue par I'age, comme cela a été montré précédemihagtlier et al. 2006; Angelieret al.
2007d). De plus, les taux basaux de LH sont plidefs chez les jeunes pétrels que chez les
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vieux, bien gu’ils soient physiologiquement capahile produire et de sécréter de la LH aprés
une injection de GnRH, a des niveaux équivalents \aeux individus (Article D). Ceci
suggere un manque de stimulation sociale chezel@seg couples et / ou un nid de plus
mauvaise qualité. Enfin, le déclin des taux de Iprea un pic induit par 'injection de GnRH
est plus prononcé chez les trés jeunes et levigax (Article D). D’aprés ces résultats, la
sénescence endocrine chez les pétrels des neigasipétre caractérisée par une plus forte
sensibilité au stress (taux de corticostérone tedo@ar un stress trés élevés chez les vieux
individus) et des contraintes au niveau hypophgs@ircapacité a maintenir des taux de LH

élevés suite a un pic et pendant une phase ds)stres
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Figure 29 : Date d’éclosion standardisée (entr8 322007, moyenne * SE) en fonction de
I'expérience de reproduction des femellegy{Mations= 1201, Nhaiviaus= 344). Les effectifs
pour chague expérience sont donnés.

VI1.3.3. Différences entre sexes

Comme predit par Ball & Ketterson (2008), malesemelles différent grandement
dans les mécanismes régulant les activités sais@mmien fonction des conditions

environnementales (Fig. 30). Tout d’abord, la cbadicorporelle des males n’influence pas
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les décisions de reproduction et les dates de palues que celle des femelles est corrélée a
ces deux traits d’histoire de vie. Ce constat g&ipliquer par des contraintes énergétiques
différentes, notamment liées a la formation dessgeaf les femelles.

En outre, les liens entre les taux basaux decostiérone et la décision de ne pas se
reproduire sont inhérents aux femelles, et inemistahez les males, quelle que soit I'espéce
considérée (Article C & E). Ces différences entrélas et femelles persistent aprés une
manipulation expérimentale des taux de corticosg{@rticle F). Chez les femelles, les taux
basaux de corticostérone font clairement le lietreeiétat physiologique et / ou les
ressources disponibles dans I'environnement eééésobn de ne pas se reproduire (Article C
& E). La corticostérone agirait par I'inhibition d& sécrétion de LH basale et induit par une
injection de GnRH/LHRH (Article E). Chez les malesjte décision est surement orchestrée
par des mécanismes autres. Les males ont touétirdétre prét a se reproduire tét dans la
saison et a étre résistant face a un événemeansaiite & cause de la compétition entre méles
(Ball & Ketterson 2008). Il est concevable que tedles aient des activités plus soutenues
pendant la phase prénuptiale, comme par exemplapulerissage de la femelle pour les
mouettes tridactyles (Kempenaatisal. 2007) et que ces activités, mobilisant de I'éreergi
soient associée a des taux élevés de corticostéCapendant, ces forts taux de corticostérone
basale ne doivent pas bloquer l'initiation de lprogluction. Ainsi cela expliquerait qu'au
niveau physiologique, I'inhibition de la LH par darticostérone ne soit pas observée chez les
males (Article E).

D’apres Blas & Hiraldo (2010), les males de milaogs ont intérét & investir dans la
recrudescence totale des gonades bien gu’ils s@entraints par un accés limité aux
territoires de bonne qualité. Les femelles, au reargt, n’atteignent pas une maturation
complete du systeme reproducteur a cause d'un readgqustimulation sociale. Elles ont
intérét a réduire les codts physiologiques de laroduction, en retardant la sécrétion
d’cestradiol et le développement ovarien, jusqu’@eelles soient en couple avec un male

dominant.
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Figure 30: Synthése des relations trouvées ergralx de LH, de corticostérone basale (Cg)Rde corticosterone aprés 30 minutes de
stress (CORYp), la décision de non reprodution, la date de pehtes parametres individuels (age, condition aae) selon le sexe et
'espece étudiée (mouette tridactyle et pétrelrarges).
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VI.4. Limites et perspectives

VI1.4.1. Hormones non dosées et protéines de trangpo

La GnRH n’a pas été dosée puiqu’elle ne circukegams le sang et n'est présente que
dans I'hypothalamus, nécessitant alors le sacrde&sindividus. De plus, la FSH, qui circule
dans le sang, n'‘a pas été analysée, car le dosageas été mis au point. Cette
gonadotrophine a des effets Iégerement différemtslad LH et il serait intéressant de
comprendre comment la FSH est régulée par des wsigrmmvironnementaux non-
photopériodiques et par I'état physiologique indiel. Enfin, les quantités restantes de
plasma étaient insuffisantes pour doser I'cestra@ielll un faible effectif d’échantillons a été
analysé, ne permettant pas d’aboutir & des résutaicluants. La progestérone n’a pas non
plus été considérée dans ce travail, malgré dedsefiiconnus qui demanderaient a étre
explorés chez les oiseaux. Ces difféerentes infaomatmanquent a la compréhension globale
de I'action fonctionnelle de la corticostérone kaxe HPG (GnRH> LH / FSH-> cestradiol
/ testostérone). On sait par exemple, que chebrtdss, il existe des rétrocontrdles entre les
hormones sexuelles et I'inhibition de I'axe HPG |earglucocorticoides (Oaklet al. 2009).

De plus, en ce qui concerne la corticostéronds $esi niveaux de corticostérone totale
ont été considérés dans ce travail de these. @qgrtecostérone circule dans le sang en étant
liées a des protéines de transport, les CBG, dglbés Corticosterone Binding Globuline.
Seule la corticostérone libre serait active, atpue la corticostérone liée aux CBG n’aurait
aucune action physiologiqgue et comportementéleeg hormone hypothesi8reuner &
Orchinick 2002, Breuner & Hahn 2003, Lynn et al020Love et al. 2004). Il aurait été
intéressant de discerner le role de la corticos&libre sur la décision de non-reproduction,
sur les dates de ponte et sur les taux de LH, enapt en compte les caractéristiques

individuelles, telles que I'age et / ou la conditicorporelle.

VI.4.2. Interactions sociales

Les observations comportementales dans ce doderabnt limitées a la présence
d’'un ou des membres du couple, au nid, tous les jou tous les deux jours. Un suivi plus

régulier, a intervalle de temps plus courts, aypaiimis d’intégrer I'expression d’'une plus
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large gamme de comportements, tel que les paragemles, les nourrissages, les squats de
nid par les non-reproducteurs, les accouplemesmts,cbnstructions de nids et / ou les
interactions avec les conspécifiqgues. Les stimodiagix constituent, en effet, une source
d’'information cruciale (Conradt & Roper 2003; Dairclet al. 2004; Dall et al. 2005),
notamment dans le contexte des cycles annuels (Blefth2006). Ces informations peuvent
non seulement étre transmises activement, paetimédiaire de communications visuelles,
vocales et / ou olfactives entre les deux membuesodiple (Gil & Gahr 2002; Dehlest al.
2003; Bonadonna & Nevitt 2004), mais peuvent auwdse obtenues passivement, par
lintermédiaire des conspécifiques (Boulinier & 2am 1997).

Il a été montré que l'information sociale peuteafér la date et la synchronisation de
la reproduction (Darling 1938; Waastal.2005). Chez les mouettes tridactyles notamment, la
densité du voisinage influence la synchronisatiea gontes (Coulson & White 1960). Au
niveau proximal, chez des especes coloniales, nahsgnisation de la reproduction peut
s’expliguer par le niveau de stress du voisindgeemelle pond lorsque ses voisins sont peu
agités, réduisant alors la probabilité de perdreolavée (Jovani & Grimm 2008). Enfin, les
stimuli sociaux, en plus d’induire une ponte précogynchrone, influencent les taux
d’hormones sexuelles (e.g. Setiawetnal. 2007). Ce travail de doctorat aurait donc pu étre
enrichi par la prise en compte des aspects so@auwsein du couple et entre conspécifiques
(en particulier, les interactions avec le voisinageche), sur la décision de ponte, sur la date
de ponte, et sur les ajustements hormonaux. Eleineffets de I'age (jeunes et sénescents)
sur la perception et la traduction des stimuli @oxiauraient pu étre explorés, en particulier

dans le contexte de la dynamique des taux de LHc{AD).

En outre, I'expérience avec le méme partenaire peshordiale dans les performances
reproductrices (Cézilly & Nager 1996). Chez lesrgiét des neiges, les couples se
reproduisant avec un nouveau partenaire pondesttphd que les couples se reproduisant
avec le méme partenaire (Gou#t al. manuscrit en préparation, Fig. 31). La date de la
reproduction suite a un changement de partena@gst pas significativement différente de
celle des individus se reproduisant pour la preenieis (Fig. 31). Au niveau hormonal, le fait
de changer de partenaire est percu comme un stoees)e cela a été mesuré via I'élévation
des taux de corticostérone chez les mouettes tyldacpendant la période de reproduction
(Angelieret al.2007e).
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$tandqrdized hatching date

T T T
1st reproduction Same partner New partner

Change of partner

Figure 31 : Date d’éclosion standardisée des cewgdaeproduisant pour la premiére fois,
s’étant reproduit au moins une fois et sans chaegede partenaire par rapport au dernier
épisode de reproduction, ou s’étant reproduit ainsnane fois et ayant changé de partenaire
par rapport au dernier épisode de reproduction.

V1.4.3. Déterminisme génétique

Nous avons implicitement considéré que tous lebvidus au sein d’'une méme
population avaient la méme capacité génétique stajoent de leur date de ponte. Or, la date
de ponte est un trait héritable (Charmengeml. 2006, 2008 ; Brommeet al. 2008). Les
individus different considérablement dans le defgélasticité phénotypique, en réponse aux
variations de I'environnement (e.g. la températBmmmeret al. 2008). Par exemple, il a
été montré que les reproducteurs généralementfsagdnt moins flexibles et ne sont pas
capables de se reproduire tot lors des annéesatalesr(printemps « chauds »), tandis que les
reproducteurs généralement précoces présentenpaatres plus large de modulation de la
date de ponte en fonction des conditions envirommeates (Brommeet al. 2008). Ces
différences génétiqgues engendrent de fortes digpaphénologiques et n'impliquent pas

forcément de régulations hormonales sous-jacentes
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VI1.4.4. Approche multi-stress

L’intégration des conditions environnementalesparticulier pendant la migration et
'hivernage (enregistrés par des GLS), mais aussilad date d’arrivée sur le site de
reproduction et de la date de terminaison de kosaile reproduction permettrait d’avoir une
vision plus globale de I'impact du stress enviraneatal sur la succession des traits
d’histoire de vie (e.g. Schroedetral. 2009).

De plus, d’autres facteurs de stress peuventpéiseen compte tels que les taux de
polluants. Il a été montré que des taux élevésodéaminants organochlorés sont associés a
une ponte tardive chez les goélands matiasus marinusHelberget al. 2005; Bustnest al.
2008) et chez les skuas antarctigueatliaracta maccormickBustnes et al. 2007). De plus,
les taux de polluants sont associés aux taux badeug&s de corticostérone et a une inhibition
de la réponse au stress chez le goéland bourgmesings hyperboreysVerbovenet al.
2010). Les contaminants organochlorés perturbentrliécanismes endocriniens (revu dans
Dawson 2000; Wingfield & Mukai 2009). En particulieertains polluants interférent avec la
sécrétion de LH (Khan & Thomas 2001). Des analysediminaires chez les mouettes
tridactyles montrent que les non reproducteursdesttaux plus élevés de c-Nonachlorine en

période prénuptiale, comparé aux reproducteurs t{&etial. manuscrit en préparation).
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Quand les mouettes ont pied, il est temps de virer
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The secretion of corticosterone in response to stress is thought to be an adaptive mechanism, which pro-
motes immediate survival at the expense of current reproduction. However, at the individual level, the
hypothesis of a corticosterone-related survival appears to be complex. In this study, we tested this
hypothesis by combining for the first time an experimental manipulation of corticosterone levels and
capture-mark-recapture (CMR) models. To do so, we increased corticosterone levels of chick-rearing
Black-legged kittiwakes (Rissa tridactyla) via subcutaneous implants. Then, we monitored the long-term
survival of kittiwakes over the 2 consecutive years. Corticosterone-implanted birds showed a signifi-
cantly lower apparent annual survival than sham-implanted ones (46.9% vs 77.8%). This result is sup-
ported by the well-known deleterious effects of elevated corticosterone levels on cognitive and
immune functions. Alternately and in the light of recent studies, our experimental manipulation may
have down-regulated the endogenous secretion of corticosterone through a prolonged negative feedback.
If so, the corticosterone-implanted kittiwakes may have failed to trigger an appropriate stress response
during subsequent life-threatening perturbations, hence being unable to adjust their behavior and phys-
iology toward immediate survival. This study highlights the complex long-term consequences of cortico-
sterone manipulation on fitness in free-living vertebrates.

@ 2010 Elsevier Inc. All rights reserved.

1. Introduction

Reproduction imposes the challenge to allocate an optimal
amount of energy and time to the offspring’s requirements without
jeopardizing long-term survival (life-history theory, Stearns, 1992),
This is especially predicted for long-lived species that should be-
have as “prudent parents” (Drent and Daan, 1980; Stearns, 1992)
because their lifetime reproductive success is primarily a function
of adult survival (Williams, 1966). At the proximate level, endo-
crine mechanisms are at the helm of such life history decisions
(Wingfield et al., 1998; Ricklefs and Wikelski, 2002). Specifically,
glucocorticoid hormones (GC) are released under life-threatening
perturbations, such as food shortage, harsh weather or predation
risk, and in turn, trigger the adoption of an emergency stage (re-
viewed in Landys et al., 2006). The behavior and physiology exhib-
ited during this emergency stage enhance the animals" ability to
cope with the stressor (Wingfield and Kitaysky, 2002; Wingfield
and Sapolsky, 2003) at the expense of non-vital functions such as
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current reproductive effort (Silverin, 1986; Wingfield and Kitaysky,
2002; Love et al., 2004).

The adrenocortical stress response is thus expected to be an
adaptive mechanism, which redirects energy allocation towards
immediate survival (Wingfield and Sapolsky, 2003). The stress re-
sponse may have evolved due to its short-term selective advanta-
ges (Wingfield and Sapolsky, 2003; Landys et al., 2006}, and occurs
despite its adverse long-term effects (reviewed in Sapolsky, 2000).
Supporting this, a recent comparative study has shown that long-
lived bird species with low fecundity have a stronger acute stress
response than short-lived, high fecundity ones (Békony et al.,
2009). However, although stress response has been measured in
many species (Romero, 2002; Bokony et al., 2009), few studies
have tested this assumption at the individual level and the results
are rather variable (reviewed in Breuner et al., 2008). For example,
a recent study of American redstarts (Setophaga ruticilla) showed
that high stress-induced GC were linked to a higher return rate,
but this was only observable for birds wintering in low quality
habitats (Angelier et al., 2009b). However, other studies showed
the opposite pattern. Under stressful events, marine iguanas
(Amblyrhynchus cristatus) with greater stress-induced GC had a
lower survival (Romero and Wikelski, 2001). In white stork {Ciconia
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ciconia), nestlings with strong GC reactivity showed a lower return
rate (Blas et al., 2007). Song sparrow (Melospiza melodia) with
greater stress responses were less likely to return to breed the fol-
lowing year (MacDougall-Shackleton et al., 2009). In addition, the
hypothesis of GC-related survival appears to be complex because
elevated baseline GC levels have also been associated with either
low (Kitaysky et al., 2007, in press; Romero and Wikelski, 2002;
Brown et al., 2005) or high return rate (Cote et al., 2006; Cabezas
et al., 2007). Moreover, it is difficult to draw a general picture on
the link between GC and fitness (Breuner et al., 2008; Bonier
et al,, 2009), since the above studies included measurements of
stress responses made in developing chicks (Blas et al., 2007),
non-breeding (Cabezas et al., 2007; Angelier et al., 2009b) and
breeding adults (Romero and Wikelski, 2001; Brown et al., 2005;
MacDougall-Shackleton et al., 2009).

Experimental manipulations of GC levels are thus needed and
should be one of the best ways to test the effects of GC on survival.
However, the link between manipulated GC levels and subsequent
survival has been rarely investigated in free-living vertebrates
(Kitaysky et al., 2001; Cote et al,, 2006). Furthermore, relating GC
levels and survival at the individual levels is rarely achieved be-
cause of the need to sample marked individuals from long-term
capture-mark-recapture (CMR) studies (Brown et al,, 2005}, The
CMR approach explicitly allows taking into account capture prob-
ability and temporary absence from the study area, and thus pro-
vides unbiased estimators of adult survival (Lebreton et al., 1992).

In 2005, we manipulated adult Black-legged kittiwakes (Rissa
tridactyla), a long-lived seabird, with corticosterone implants
(Angelier et al., 2007a, 2009a). To do so, we increased plasma cor-
ticosterone levels during the chick-rearing phase (Angelier et al.,
2007a, 2009a), and within the physiological range observed for this
species (Kitaysky et al., 1999b, 2001; Chastel et al., 2005; Angelier
et al., 2007a,b, 2009a). Following the hormonal manipulation, cor-
ticosterone (hereafter Cort) implanted birds invested poorly into
current reproduction (Angelier et al., 2007a, 2009a). The apparent
survival rates were estimated using CMR models over the follow-
ing 2 years (2006 and 2007). Therefore, this experimental manipu-
lation offers the possibility to test for the first time with CMR
models whether corticosterone administration affect subsequent
survival of a long-lived bird.

2. Materials and methods
2.1. Study area and birds

Our study was conducted during the breeding seasons 2005,
2006 and 2007 with a colony of Black-legged kittiwakes at Kongsf-
jorden, Svalbard (78°54'N, 12°13'E), 7 km east of Ny-Alesund, Nor-
way. Black-legged kittiwakes are colonial seabirds that breed on
cliffs throughout the northern parts of the Pacific and Atlantic,
including the Barents Sea region up to the Svalbard Archipelago.
Birds were individually marked with metal rings. Their sex was al-
ready known by maolecular sexing (Weimerskirch et al., 2005) car-
ried out previously at the Centre d'Etudes Biologiques de Chizé
(CEBC).

2.2. Manipulating corticosterone levels

We manipulated adult kittiwakes between 23 July and 7 August
2005, during the mid chick-rearing period (chick age 15-20 days).
In order to reduce variance related to sex differences, we focused
our study on males only. At day 0, 43 chick-rearing males were
captured at their nest with a noose at the end of a 5 m fishing
rod. Blood samples were collected immediately after capture for
baseline corticosterone (Romero and Reed, 2005) from the alar

vein with a 1-ml heparinized syringe and a 25-gauge needle. All
birds were then weighed to the nearest 2 g using a Pesola spring
balance. Their skull length (head + bill) was measured to the near-
est 0.5 mm. Immediately after taking these measurements, each
bird was subcutaneously implanted between the shoulders with
two 25 mm silastic tubes (internal diameter 1.47 mm, external
diameter 1.96 mm, Dow Corning, Michigan) either filled with crys-
tallized corticosterone (C2505, Sigma Chemical Co., St. Louis, MO,
n=22 Cort-implanted birds) or empty (n=21 sham-implanted
birds). Knowing that corticosterone cannot diffuse through silastic,
we cut both ends of the silastic tube to allow rapid release of cor-
ticosterone over a limited time period. Our aim was to increase
plasma corticosterone levels (2 days, see Angelier et al., 2007a,
2009a) within the physiological range (stress-induced levels in
male kittiwakes, Kitaysky et al., 1999a; Chastel et al., 2005). How-
ever, we did not remove the implants after this experimental in-
crease, and thus, we were not able to monitor the diffusion rate
of crystallized corticosterone (see Kitaysky et al., 2003). At day 0,
both groups (Cort-implanted birds and sham-implanted ones) did
not differ significantly with respect to body condition, baseline cor-
ticosterone levels, date of treatment, and brood size (see Angelier
et al., 2007a, 2009a for details).

2.3. Subsequent blood samples

Following implantation, kittiwakes were recaptured opportu-
nistically when they were present at the colony (Angelier et al.,
2007a, 2009a). Specifically, birds were recaptured 1, 2, 3 and 8 days
after the implantation and were sampled for blood as described
above. One part of the birds was sampled at day 1 (Cort-implanted
birds, N =9, sham-implanted birds, N = 4), another part at day 2
(Cort-implanted birds, N =5, sham-implanted birds, N = 3) to con-
firm that our corticosterone manipulation was effective. In addi-
tion, 14, then 10 Cort-implanted birds and 18, then 9 sham-
implanted birds were sampled at days 3 and 8, respectively. More-
over, baseline corticosterone levels the day after Cort-implantation
were compared to average stress-induced corticosterone levels of
chick-rearing males sampled in 2000 and 2004 (N = 75, see Chastel
et al. (2005) and Angelier et al. (2007b) for detailed methodology).
This was done to ensure that the experimental increase of cortico-
sterone was within the physiological range observed for Black-leg-
ged kittiwakes. In the sham-implanted birds, the corticosterone
level was not significantly changed in the days following implanta-
tion, whereas in the Cort-implanted birds, the corticosterone value
was significantly increased the first and second days after implan-
tation. From days 3 to 8 the corticosterone values were not differ-
ent from the baseline level in both groups of birds (see Angelier
et al. {2009a) for detailed statistical analysis, Fig. 1). The corticoste-
rone level of Cort-implanted birds one day after implantation was
not different from the acute stress-induced corticosterone level
measured in kittiwakes from the same study site after an acute
stress protocol (Chastel et al., 2005; Angelier et al., 2007b;
df=21,t=-1.72, p=0.099, Fig. 1).

2.4. Hormone assays

Within 6 h from sampling, blood samples were centrifuged and
the plasma was stored at —20 °C for later analysis. All laboratory
analyzes were performed at the Centre d'Etudes Biologiques de
Chizé (CEBC). Plasma concentrations of corticosterone were deter-
mined by radioimmuno-assay as detailed in Lormée et al. (2003).
The intra-assay variations was 7.7% and the minimal detectable
corticosterone levels was 0.5 ng. No samples fell below this limit.
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Fig. 1. (a) Effect of corticosterone and empty implants (sham) on plasma levels of corticosterone 1-8 days after implantation in male Black-legged kittiwakes during the
chick-rearing period 2005 (mean + SE). (b) Baseline and stress-induced corticosterone levels reached after an acute stress protocol in Black-legged kittiwakes in the same site
(Chastel et al., 2005; Angelier et al., 2007b). Plasma corticosterone measured one day after corticosterone administration (Fig. 1a) where similar to those measured after

30 min of handling protocol (Fig. 1b}.
2.5. Survival monitoring

All birds were marked with a plastic ring with a code of three
letters allowing identification from a distance without perturba-
tion. Information on survival and local dispersal were gathered
during the 2 following years (2006 and 2007), through intensive
and extensive field surveys of ringed birds. Field surveys were con-
ducted daily between 26th of June and 9th of August in 2006 and
from 26th of April to 4th of August in 2007, Local breeding dis-
persal was monitored by extending re-sighting effort to four other
colonies of kittiwakes (from 120 to 200 pairs), located in the imme-
diate vicinity of the study plot and up to 10 km apart. However,
long-scale breeding dispersal was not estimated because other col-
onies in the region were inaccessible and hence not surveyed. An-
nual survival rate estimated for non-manipulated males from the
same colonies between 2001 and 2007 was 75.4% (range 65.4-
83.2%), while mean annual recapture rate was 91.4% (range 76.9-
97.2%, unpublished data).

2.6. Data analysis

The re-sighting at time t + 1 of a ringed individual manipulated
at t depends on three events and their associated probabilities: the
probability of surviving from t to t + 1, called the survival rate and
written @; the probability, if alive, of being present in the studied
colonies at t, called the presence probability; and a probability, if
alive and present, of being resighted: the recapture probability
(p). We therefore estimated annual apparent survival and recap-
ture probabilities using the general methods of Lebreton et al.
(1992) and Burnham and Anderson (2002). Four models were thus
built:

(1) & (CORT); p (CORT) considers an effect of corticosterone
treatment (CORT) on survival rates from 2005 to 2006 (&)
and on recapture rates in 2006 (p).

(2) @ (CORT) considers an effect of CORT on <0 but no effect on p.

(3) p (CORT) considers an effect of CORT on p but no effect on @.

(4) Null model considers no effect of CORT on & and p.

Program MARK (White and Burnham, 1999) was used to assess
the fit of these candidates’ models to the data set, using the Akaike
Information Criterion, corrected for small sample size (AICc). The
model with the lowest AlCc is considered as the best one (Burnham
and Anderson, 2002). If AAICc (difference between the AlCc value

of one model relative to the AlCc value of the best model) is lower
than 2.0, the two models are indistinguishable, AICc weight mea-
sures a model's relative probability of being the best model for
the data among the set of candidate models.

Before comparing the fit of the candidate models, program RE-
LEASE (Burnham et al., 1987) was used to perform a goodness of fit
test for the data set (test 1, between groups test: y°=5.529,
p=0.063). Because of only three capture events, tests 2 and 3 of
the GOF could not have been performed.

3. Results

The best-fitting model is the second one (called “¢ (CORT)", Ta-
ble 1). This model postulates that the survival rate of Cort-im-
planted birds differs significantly from the survival rate of sham-
implanted ones, whereas recapture rates in 2006 are similar for
the both groups. An effect of corticosterone implantation in 2005
on the apparent survival rate from 2005 to 2006 is highly sup-
ported (91.38% of the sum of AlCc weights, Table 1) by model selec-
tion. Models including effects of the treatment on recapture rate in
2006 were not well supported (25% of the sum of AlCc weights,
Table 1).

The estimated survival rate from 2005 to 2006 derived from the
best-fitting model, i.e. @ (CORT) was 39.7% lower for Cort-im-
planted birds than for sham-implanted ones (Fig. 2). The recapture
rate of Cort and sham-implanted kittiwakes in 2006 was estimated
to 100% by MARK software,

4. Discussion
4.1. Apparent survival, dispersal and skipped breeding

In the present study, we estimated apparent survival rate. In
mark-recapture studies, the presence probability is included in

Table 1

Model selection to test the influence of hormonal manipulation (CORT) in 2005 on
survival rates (@) and recapture rates (p) in 2006. The best model was selected by
using the AAICc and AlCc weights,

#  Model AlCe AAICe AICc weights (%) No. parameters
(2) @ (CORT) 88.750 0,000 £9.07 3
(1) @ (CORT); p (CORT) 91.010 2260 2231 4
(4] Null model 93.631 4.881 6.02 2
(3] p(CORT) 95307 6.557 2,60 3
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Fig. 2. Effects of the hormonal manipulation in 2005 on estimated apparent
survival rate between 2005 and 2006 in males Black-legged kittiwakes (mean-
s £5E). Means and standard errors of survival rates were estimated using MARK
software, and are based on the best-fitting model, i.e. model (2 *@ (CORT)' (see text
for details).

survival rate or in recapture probability, if absence is permanent or
temporary, respectively (Lebreton et al., 1992; Kendall and Nichols,
1995). The observed negative effect of corticosterone administra-
tion on apparent survival could then be attributed to mortality or
to absence, The Cort-implanted kittiwakes had a lower reproduc-
tive success in 2005 (Angelier et al., 2009a), which is well-known
to reduce breeding propensity and to enhance breeding dispersal
the next year in kittiwakes (Cam et al., 1998; Naves et al., 2006;
Boulinier et al., 2008). Furthermore, corticosterone is also known
to trigger irruptive migration and dispersal (Astheimer et al.,
1992; Belthoff and Dufty, 1998; Meylan et al., 2002). One may sug-
gest that the lower apparent survival of Cort-implanted kittiwakes
may be the result of multiple skipped breeding events or perma-
nent breeding dispersal. Concerning skipped reproductions, Cort-
implanted birds observed in 2006 were all seen incubating or car-
ing for chicks. This suggests that the breeding probability of
resighted kittiwakes was not affected by our treatment. Regarding
dispersal movement, we only recorded two small scale movements
between study plots, involving one Cort-implanted bird and one
sham-implanted bird. However, we cannot exclude the possibility
that some Cort-implanted birds established permanently in other
colonies outside the study area. The apparent low survival rate
(47%) of Cort-implanted kittiwakes may therefore be a result of
mortality and possible large-scale breeding dispersal.

4,2, Possible effects of experimentally increased corticosterone levels
on survival

Our experimental setup resulted in a significant reduction of the
apparent annual survival in kittiwakes (46.9% vs 77.8%). It is
important to notice that we did not observe any mortality of
Cort-implanted birds over a 10-day period (Angelier et al.,
2009a). In a similar study, Cort- and sham-implanted kittiwakes
showed the same survival during a 3-week period after the
implantation (Kitaysky et al., 2001). Hence, mortality would have
occurred during the post-breeding period, long after the
implantation.

In our study, corticosterone implants were not removed and the
crystallized corticosterone could not be metabolized in few days. A
similar study conducted in the chicks of the same species (Kitaysky
et al., 2003) pointed out that the implants were not totally de-
pleted 4 weeks after the treatment and still contained approxi-
mately 2/3 of the initial amount of crystallized corticosterone.

Although plasma corticosterone levels only increased over a 2-
day period (Angelier et al., 2007a, 2009a), the remaining exoge-
nous corticosterone could have diffused over a long-term period.
In that context, our corticosterone manipulation could rather mi-
mic GCs effects within a chronic framework (Breuner et al.,
2008). Chronically elevated corticosterone levels are known to
compromise cognitive and learning abilities (McEwen and Sapol-
sky, 1995; Wingfield et al., 1998; McEwen, 1999 but see Prav-
osudov, 2003), immune functions and recovery capacities
(Dhabhar and McEwen, 1997, 1999; McEwen and Sapolsky, 1995;
Saino et al., 2003; Berger et al., 2005), and also provole the waste
of muscle tissue (reviewed in Sapolsky, 2000). Ultimately, long-
term exposure to high corticosterone levels had detrimental effects
on survival in long-lived vertebrates (Romero and Wikelski, 2001;
Brown et al., 2005; Kitaysky et al., 2007, in press). If our corticoste-
rone manipulation had consisted in the release of exogenous corti-
costerone over a long-term period, this would have caused the
deleterious effects described above, ultimately reducing survival.
The reason why baseline corticosterone levels decreased the 3th
and 8th days after the treatment could result from a negative
down-regulation of endogenous corticosterone release (see below),
or a high clearance rate of exogenous corticosterone from the
blood system. Moreover, we only measured total corticosterone
levels, i.e. free and bound hormone levels. The binding protein Cor-
ticosteroid Binding Globulin (CBG) binds corticosterone with high
affinity in circulation (e.g. Breuner and Orchinik, 2001; Shultz
and Kitaysky, 2008). Although the primary role of CBG is under de-
bate, the Free Hormone Hypothesis suggests that unbound, or free,
concentration of hormone in the plasma is biologically active. It is
conceivable that free corticosterone levels may have been higher in
Cort-implanted kittiwakes compared to the control ones, while to-
tal corticosterone levels were similar between groups.

Other endocrine processes may also be implied in the low
apparent survival of the Cort-implanted birds. Administration of
exogenous GC is known to inactivate the HPA axis in birds (Van-
denborne et al., 2005). Specifically a negative feedback down-reg-
ulates corticotropin-releasing factor (CRF) gene expression in the
hypothalamus (Kretz et al, 1999; Ma et al., 2001; Feldman and
Weidenfeld, 2002). This may reduce CRF receptors production in
the pituitary (Pozzoli et al., 1996; Aguilera et al., 2001) resulting
in an inhibition of the adrenocorticotropin ACTH secretion (Dall-
man et al., 1987). Recent lab and field studies in birds highlighted
a down-regulation of the HPA system following corticosterone
administration, through dermal application (Busch et al.,, 2008),
pellets (Miiller et al., 2009} or silastic implants (Romero et al.,
2005). Thus, GC administration results in a reduction of the magni-
tude of the adrenocortical response (Romero et al., 2005; Busch
et al., 2008; Miiller et al., 2009). This effect was relatively long-last-
ing since for example, acute stress response was absent 8 days
after corticosterone administration in kestrel (Falco tinninculus)
nestlings (Miiller et al., 2009). ACTH challenge confirmed that the
sensitivity of the HPA axis was down-regulated at the hypothal-
amo-pituitary level or higher (Busch et al., 2008). In the present
study, exogenous corticosterone may have down-regulated endog-
enous corticosterone secretion so that HPA axis was deactivated or
impaired. Thus, life-threatening perturbations (e.g. poor food con-
dition, predation or inclement weather) might not have induced
acute endogenous corticosterone releases in Cort-implanted kit-
tiwakes. This inability to adopt an emergency coping response
could have resulted in a high mortality (Wingfield et al., 1998;
Wingfield and Kitaysky, 2002; Angelier et al., 2009b). Because
Cort-implanted birds were not seen dead over a 10-day period
(Angelier et al., 2009a), mortality of kittiwakes might have oc-
curred during fall or winter following Cort-implantation. This
would suggest that our Cort-treatment resulted in a longer
down-regulation of endogenous stress response (more than 1 week
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after implantation). Although this glucocorticoid negative feedback
is still poorly studied in free-living individuals (Busch et al., 2008),
it has been shown to last less than 20 days by using corticosterone
pellets (Miiller et al., 2009). The possible effects of GC administra-
tion on fitness have thus to be better understood (Breuner et al.,
2008).
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Résumé

La phénologie de la reproduction a des conséquemegsures sur la valeur sélective, et
témoigne de la flexibilité des individus a répondmex conditions environnementales, en
fonction de leur état physiologique. Les mécanisnpegximaux sous-jacents restent
cependant tres peu connus. Ce doctorat vise arexpks processus hormonaux impliqués
dans I'ajustement de la date de ponte chez degawxsmarins polaires, la mouette tridactyle
et le pétrel des neiges. Dans un premier temps,congrainte nutritionnelle en période
prénuptiale nous a permis d’associer une annéevéarél une élévation des taux de
corticostérone (hormone de stress) et a une dinimdies taux de LH (hormone lutéinisante,
déclencheur principal de la reproduction). Pareait, un retard expérimental de la
reproduction provoque une sensibilité accrue asstrun déclin de la motivation parentale et
un échec reproducteur. Grace a des approches tassiet expérimentales, nous avons
ensuite pu identifier le role de la corticostérsne I'ajustement individuel des dates de ponte
et sur I'abstention de la reproduction, via I'initidn de la sécrétion de LH. Ce mode d’action
fonctionnelle est toutefois a nuancer entre méidsreelles et entre espéces étudiées. Enfin,
sachant que les trés jeunes et les trés vieux wispandent tard dans la saison, voire
s’abstiennent de se reproduire, nous avons degiteffets de I'age (7-45 ans) et de la
sénescence sur la dynamique de la corticostérode kt LH. A la lumiére de ces résultats,
nous discutons de la possible orchestration horteat®la phénologie, au carrefour entre le
stress environnemental et I'état individuel, dansddre théorique des stratégies évolutives.

Mots clés : phénologie, date de ponte, hormone, corticosténa@pmnse au stress, hormone
lutéinisante, test de réponse a la GnRH, age, suaeproducteur, manipulation
expérimentale, oiseaux marins polaires

Abstract

Breeding at the right time is a key-component tfefss, and requires flexible responses to
environmental conditions and physiological statewdver, the proximate mechanisms
underlying this pattern remain poorly understoolisTdoctoral research aims to explore the
hormonal mechanisms that mediate the onset of agge in two polar seabirds, the black-
legged kittiwake and the snow petrel. First of alfood-related stress during the pre-laying
period allowed us to associate a late-breeding wthr high levels of corticosterone (stress
hormone) and with low levels of LH (luteinizing moone that triggers reproduction).
Moreover, an experimentally delayed breeding preshan accentuated stress response, a
decline of parental effort, and a high reproductfadure. Descriptive and experimental
approaches supported the role of corticosteronmenindividual adjustment of egg-laying
dates and in the non-breeding decision, throughrthibition of LH release. However, this
functional action of corticosterone differed betwesex and between species. At last, we
investigated the effects of age (7-45 years old)l aenescence on the dynamics of
corticosterone and LH, since very young and vedyloids did not breed or bred late in the
season. We discussed the possible hormonal oratiestiof reproductive phenology, as an
interaction between environmental stress and iddadi state, in the theoretical framework of
evolutionary strategies.

Key words: phenology, egg-laying date, corticosterone, stresponse, luteinizing hormone,
GnRH challenge, age, reproductive success, expetain@anipulation, polar seabirds



