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Résumé

>[ Su e SE ]88 [Z]*S}]CE - Al « JEP v]eu est &trémemgnE+ }A E
informative sur la démographie des populations ainsi que sur leur évolution. Parmi ces traits, la survie
adulte est centrale en tant que composante devideur sélective. La phénologie de la reproduction
est également un élément clef paes conséquences majeures sur la valeur sélective et sa sensibilité
aux variations environnementales, notamment dans le contexte actuel de changement climatique.
>[ $pdu lien entre ces deux traits est déterminante dans la compréhension des relatiorsex@s
VEE SE& ]S [Z]*S}]E - Al Ve UV %o} %opo S]IvU u Je Jo E <8 %o V
a explorer les variations de survie dans quatre popuratiole mésanges bleue€yanistes caerulelis
v & PJ}vu ]S EE vV vv U § £ ulv & o[ -AJ]*S v[] uS®} vIiwaki vSs oo
démographiqgues ou environnementales des populations, notamment la phénologie de la
reproduction. Gracé des moéles de type capturgnarquagerecapture, mus avons pu estimer les
$ nAE cHEA] ve 0 ¢ J(( E vS8 ¢ %}% pn0 $]}veX E}pe A}ve ujvsE «p
la phénologie de la population impactait la survie adulte au niveau populationneldipmaution de
la date de ponte médiane d® %o} %0 S]}v <3 0] pv  Ju]vpus]tv 0 *puEA] -
individuel en sens contraire (les individus les plus précoces au sein de la population sont ceux qui ont
0 *HEA] 0 %ope 0 Apu] wiseXvve }A E] 3§dans upystede]de refations
Ju% o £ <p] (183 ]vd EAV]E 0 g * E %E} u 3 pE -~o] ) S %o
la date de ponte et sur le succés reproducteur), et la densité de populatiteigsur la date de ponte,
le succésrepf p 8 HE 3§ *pE o <pEA] HOS X M 3}5 oU v}e S A pE o
processus liés a la survie adulte et ses variations spatiporelles dans les populations étudiées,
ainsi que leurs liensvac les variations environnementales.

Mots-clés: Mésange bleuet Cyanistes caeruleusd & [§« [Z]+3}]Bumwie addliet Variations
temporelles t Densité de populationt Démographie t CaptureMarquageRecapture- Phénologie



Abstract

The study of life history traits and thieicovariations iscritical to fully understand population
demographyand evolution. Among these traits, adult survival is cented a component ofitness
Reproductive phenology is also a key element througm#gor consequences diitnessandthrough

its sensitivity to environmental variations, particularly in the current context of climate change. The
study of the relationship between these two traits is crucial in understanding the complex relationships
between lifehistory traits in a populationt is however surprisinghynot often studied. This thesis aims

to explore variations in survival in four populations of blue tydnistes caeruleusin the
Mediterranean region, ad to examine the existence of kebetween survival and other demographic

or environmental components of populations, including reproductive phenology. Using capaure
recapture models, we were able to estimate survipabbabilities in the different populations. We
showed that in oneof these populations, the ienology of tle population impated adult survival at

the population level (a decrease in the median laying date of the populatEusesa decrease in
subsequent survival) as well as at the individudevel (but in the oppositalirection: the earliest
individuals in tle population are those who have the highest survipedbabilities in the following
year). These covariations are part of a complex relationship system that involves reproductive success
(related to laying date), mvironment (vhich impactslaying date andreproductive success), and
population densitywhich has negativeffects on laying date, reproductive success and adult survival).
In total, our work sheds new light on the processes related to adult survivaitsasgatial and temporal
variations in thepopulations studied, as well as their linkith environmental variations.

Keywords: Blue tit Cyanistes caeruleusLife historytraits - Adult survival- Temporal variations
Population density Demography- CaptureMark-Recaptue - Phenology
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Avertissement au lecteur

u vpae E]S §Z o s & ]P *} e hése (spfE article$ i wrgadisée
en trois chapitres, encadrés par une introductiadtes méthodet une conclusion générale

Au sein de chaque patrtie, les articles en préparation sont insérés teks gueanglais, avec leur propre
structure interne (réféences bibliographiques incluses, qui ne sont pas reprises dans la partie

« Références Bibliographiques P v E 0 X /0e* *}VvS§ %o V VS ]1(( & vSe 5 « [
selon les partiesW o[ S Z %]SE i ¢S suE 0 %}]vs [!&tBEn pefded pairs,pv } EQ
alors que les études des Chapitres 2 et 3 nécessitent encore certains approfondissements dans les

E Z & Z ¢+ <p] Vv[}VS % ¢ VvV }E %op !'SE uv e (uS S U%oe X

Chaque article emnglais est introduit par une courte présentation et cnpar une courte discussion
~e]3p % E « 0 E(EV * ] O]}PE %Z]<cu s 8§ %E » 0° VvV /£ - ol
ainsi de maintenir une continuité entre les différentes partiesndanuscrit






INTRODUCTION



1. Compromis évolutifs etSE S P] o [Z]*S}]E - Al

Les organismes composant le monde vivant actuel et pasy}® 3 [uv JA E-]8 lve] & o

notamment en termes de taillede (}&u U %0 ve [}EP v]e S]drv ehimique, Jd@%o}]5]
Ju%}ES u vSeU }o}E 3 T3itéY résuke&s de Hiférents processus évolutifs dont la

sélection naturelle (Stearns, 1992) celle ] %u IVEE] p E §§ ]JA E-]8 A] o]

différents traits,tendant souvent vers une augmentation de la valeur sélective (fitnesavent définie

comme lenombre de descendants reproducteurs produits au courdadei€) des organismes. Cette
AYopu3]}v e[ *8 % v vS (]85 e}us @ES v e+ }VSE ]Jvd U VA]JE}VV u vs

phylogénétiques.

a. d@E ]88« [Z]e3}]aEcomprodis évolutifs

La cowsidération des histoires de vieonstitue un cade théorique permettant une meilleure

compréhension de la diversité du vivant et des processus évolutifs qui y sont associés. Elle fait

Jvd EA VIE o + SE ]35° qUisbnsddsEaractéridtifjuds biologiques et démographiques qui

permettent ded E]J]E o C o A] e Jv JA] pue Ve uv % }%po $]}v }vv

(Stearns, 199)X Kv % usS 15 E }uu £ U%o0 ° SE ]S+ [Z]-S33tidEe Al o
e v vS8eU o[ P § § Joo 0 us3uE]s +« £pu oo U gie Ad kigration, E}]ee v

de dispersion, de reproductioat o[ *% E Vv A]11992)3 Eve

v }ve] E v3 + SE |3+ [izdot&isk@e faire Idipnlhaviss contraintes précédemment
u vSJtvv ¢ <u] [ %o%0]<n VS U % E]v ]JAwvaledr sdReativeSaldrs que cellei
serait maximale pour des individus sgproduisant beaucoup, tot et pendant longtemps (donc avec
HV % E Vv Al Ju%}ES vs U o[ v EP] 00} E UAE %E} eeope
pour les organimes. On arrive ainsi au concept de compromis évoltrgidé-off): « o} v aclatioon

o[ v EP] o[ uPu vS§ 8]}v [uv SE& ]JSU o] oo} S]ieduité a la&adur [ USCE
-0 3]A o[lJv]Al u <[ v SEIUA E w0} Ei<WiuW JEEoHME becdcoul de
descendants, ce qui est codteux en égiercela réduira ses probabilités de survie along termdg pus &
£ u% o0 uo u Slcu Ju% E}ule A}opus]( 3 op] vSE o § Joo §
résultart du fait que les ressources disponibles pour un organisme sont limitées. i ch
[JVA ¢8]ee u v3 ve O[uV }p o u3E e SE ]88 [Z]*3}]E - Al Ju%eo]c«
étre contraint par la phylogénieV ES Jv e % ¢ V[ S USE} $p]T®E <PU[UV i PV o (]
verront leur investissement dans la reproductitimité.

b. "§E § P] » [Z]*38}]E Al

Tenant compte de ces compromisS }ves § v3§ «u v}u GhigiofeesSdEvigSsent[corrélés
(par exemple négativement dans leax des compromis évolutifs), on peut définir les stratégies
[Z]*3}]@E « JuA] o ¢} ] 8]}ve SE ]S [Z]*S}]CE - Al & o]* ¢ %o

>[ £ U%0 0 %oethistorique E *SE S P] ¢« [Z]*S}]CE - Al estratddiés %o} 151} v



de type Ket stratégies de type (MacArthur and Wson, 1967J <u] }ve3]Su vS o0 -« HAE % €0
gradient ou peuvent étre pkées les especdRianka, 1970)Les stratégies K sont typiques des espéces
vivant dans un environnement peu variable et relativement prévisibtians ce cas la sélection
( A}E] E e *% + u /AF]u]e vi ms[hwlrvisdes deseehdants (croissance lente
avec maturité tardive, fécondité faible, grande taille, soins parentaux, longévité importante). Les
stratégies r au contraire sont E & E]*S]<p * [ *% + A]JA v8 v u]o] p&E: A E] o -
dans ce cas on observera des investissements prononcés dans une maximisation du nombre de

e« v v3« A puv Ju]vus]lv 0 HE % E} ]Jo]d [ 83 ]véeEpetid P Hos3
taille, croissance rapide, espérance de vie faible).

Cet exemple d gradient ¥K a depuis été largement critiqué et affif@eznick et al., 2002)I a été
constat <p[ v % E v v§ Vv }u%S o § Joo (quo st un saxp@&dPorviequelk les
*SE S P] ¢« [Z]*S}]CE - Al <[}EP v]s vieU e« }EE o S]}ve VSE 3
encore(Gaillard et al., 1989)Ces orrélations varient principalement selon un axe de vites® vie:
un continuum allant des especes a histoire de vie rafideissance rapide, maturité précoce,
*% E Vv Al (al esptce¥ & histoire de vie lentgRicklefsand Wikelski, 2002)Ces
covariations indépendantes de la taille des organismes sont décrites par le concepcelef-life
syndrome(syndrome de train de vie)qui est cependant luinéme parfas mis en doutgRoyauté et
al., 2018)

Il est également possb [} + EAEED v 1(( E v§ -+ stSifEs He Ri¢ a un[zijeau
intraspécifique W ¢« JA EP v * % HA v /E]*8 E ve o[ *%o vEE J(( E
méme espéecgpar exemple vivant dans différents habitaBrown, 1985) a différentes latitudes

(Morrison and Hero, 2003pu altitudes(Boyle et al., 2016)ainsi que dans le temps entre différentes

P v G S]}ve u < ]v [ppulatiohfpar@xemple des cohortes nées des années ptaature

ou phénologie différentes)voire méme v3SE 1(( & vde v JA] pe  [uv . Lés %o} %o HO

contraintes environnementales (météorologiqugdenningsand Beverton, 1991)abondances de

ressourcegDobson and Murie, 1987abondance de prédateurs) owpulationnelles (notamment la

densité de population quiJlu]s o] e UAE E ¢ }UE % E }u% S]S]}ve % E& ¢ VS
(( 8- O}vP 8§ Bu <*pE 0 ¢ *SE S P] o [Z]*S}]CE - A] eentréE}vs o

populations ou cohorteslLes différences entre individus seront également fagconnées par ces

conditions a une échelle encore plus fineais elles peuvent également étre la conséquence de

~

J(( Ev « P v 3l<pe }u A 0}%% UuVS 0 * Ve O <u]e]&Ep}v S o[usS]o]-

2. >[Ju%e}ES v 0 %Z V}O}P]

> % Z Vvio}P] u E«p luu ofuv e SE ]3° ciifipukd]®ndre eA] 0 ¢ %o
compte dans le contertactuel de changement climatiggfarmesan and Yohe, 200Bgfinie comme
o[ Su 0 § ublks &émelSents majeurs périodiques des cycles de vie des sngesi(par
/E U%O0 0+ § e JWEE u vd § (0}&E Je}vU [ VvA}o JA Ee Jve 3
[Z] &Ev ,5¢lerest en effet une des variables biotiques les plus affectéedepahangement
climatique (Parmesan, 2007; Parmesan and Yohe, 2003p %0 pH% ES ¢ *% <lduf] vd pi}p

9



%Z v}o}P] <[ Avw EV[ VvV X ve 0O E o[ 3 e «3E § Pl [Z]
o[ Su 0 %Z v}o}P] 0 & % E} U S]}v S % ES]ciestlsébvantvs Jvs &
0] O[JVA ¢8]ee u V3 E %E} n § pEX

a. Facteursmfluencant la phénologie

La phénologie de la reproduction dans une espéce donnée peut étre influencée par des signaux
environnementaux extérieurs photopériode, température et %oZ v} o} P] [ uSE - * %0
notamment proies. A un niveau individuel, différestphénologies peuvent étre le fruit de différences
individuelles (McNamara and Houston, 2008§lans le iveau de réserves énergétiques nécessaires a
o[]v]s] S]}v 0 & % E} p S]}vineoie bfeedert) ySJE }w 2]}vv vS suE o <«u]e
immédiate de ressources énergétiques, et leapital breedersqui puisent dans des réserves
accumulées arerieurement) dans la capacité a acquérir de la nourriture ou un territoire de qualité et

le défendre, dans la qualité du plumaddilsson and Svensson, 1986) ve o[ P ~ v P v (B 0 0 ¢ }]*
jeunes ont une reproduction plus tdive que les plus agég$orest and Gaston, 1996; Verhulst and

Nilsson, 2008)dans le sexe (chez les mésanges bleues les femelles semblent étre lesasidater

de la date de ponte(Caro et al., 200X [ USE % ES 0 %Z Vv}0o}P] 0 E %ol
génétiquement déterminée et partiellement héritab{®elahaie et al., 2017)

b. Synchronisation entre besoins et ressources

Unephénobgie adéquate de la reproductiorsebien souvat essentielle danselsucceés reproducteur
(Perrins, 1970)Elle est souvent discutée en lien avec la théorie flu & W] eu § Z¢laborée a

o[ Z oo * %0} % 0 S]}veU §S SZ }E] %o}malgh) de|a prase-diincyZl€Hd v]e S]}v
plus colteuse énergdtcp u v3 ~ Z 1 o « }]e uAEU Jonelirdisdge Heshjeuries) avec le

pic de disponibilité des proies augmentera le recrutem@urrant et al., 2007; Stenseth and Mysterud,
2002; Visser et al., 1998pans les cas ou le pic deunriture a lieu plus tét ou plus tard, le ddege
(mismatch entre les besoins énergétiques liés a la reproduction et les ressources disponibles aura des
conséquences négatives sur le recruteme@eci peut étre le cas dans un contexte de changement
climatique : les niveaux trophiques inférieurs répdant plus intensément au réchauffement que les
autres (Both et al., 2009; Thackeray et al., 2016¢s décalages phénologiques @éent et peuvent
parfois mener a des décling ghopulations(Both et al., 2006)

c. Effets de la phénologie de la reproduction sur la vatesélective

E}pe A v}ve A}]E A deo mighaidksphénologiques que lgphénologie de la
reproduction peut avoir des conséquences sur le recrutementve UV %o} %0 S]}vX Kv o[ §8 v
<u[ oo v ]88 pE o A o pE vidoel pAementv]A p Jv ]

- A court terme: dans la majoité des cas chez les oiseaux, le succés reproducteur diminue
<ULV O S E % E} p $]}v A v ve o[ vv X § (( §Juu 18

10



étre expliqué de deux manieres (non nécessairement mllgment exclusives, Verhulstnd
Nilsson 2008 : a) la date ellenéme peut étre la cause du déclin de succes reproducteur au
cours de la saison (diminution des ressources et donc augmentation de la compétition,
augmentation de la prédation, du parasitiejit b) la baisse de succés reproducteur aursou

de la saison est due a des différences de qualités entre indiviths oiseaux précoces sont
ceux qui sont en bonne condition, et ils auraient em haut succés reproducteur
indépendamment de la date. Ldsux hypothéses peuvent coexister et sont fiegs selon les

cas.

- A plus long terme une reproduction trop tardive peut avoir des conséquesiceir la mue
postreproductrice Z 1 0 u * VP 0o p U <u] JE}VS ipe<u[ o038 E E »« $Z E
suivantetinfine® § E & + % Z v} aslitanteet[ainsi avoir des conséquences sur
le succés reproducteur futufNilsson and Svensson, 1998ne reproduction trop précoce
peut également, via un investissement trés fort dans la reproduction, causer une baisse de
surve aucours deo[ vv  ep]A vE  Z 1 o (}u@ripkhai et} pag)

3. Pourquoi étudier la survie adulte

E}ue A}ve Ap <ug 0 %Z V}O}P] % p3 A}]JE pv Jv(op viereepldE 0 <pEA
générale, la survie est une des deux composantes de la valeur sélective (avec la reproduction) et a
donc une importan u i pE ve o[ S e ¢SE S P] - SE ]S [Z]*S}]CE -
certaines especes investissent peu dans la survi€Ep (E %o %0 } (E § 0 & %E&} 4 S]}v ~]o
stratégies de typeshortlived «a vie rapide», caractérisées entre autres pan age de premiére
reproduction précoce, un succes reproducteur élevé, une survie adulte faible et une sénescence
précoce et maguée (Bielby et al., 2007; Jeschke and Kokko, 2009; Sol et al.,, 2018) <u[ v
conséquencedans ces espécda des différences de taux de survie ne soient pas nécessairement
fortement soumises &élection (le gain dealeur sélective obtenu grace a la survie serait bien plus

(]o <yugy o % ES o] O[]VA *3]ee u v§ VEGE P&@E Jetyals 20U u]lw E]
maniére générale la survie joue mécaniguen un role crucial dans la valeur sélective des
organismes.

a. "WEA] ipA v]o & «EE § P] e [Z]*8}E + A]

La survie juvénile est une donnée cruciale dans la valeur sélective des indieitlislétermine si les

descendants produitaitteindront la matwuité et pourront devenir reproducteurs. Dans le cas contraire

O[]JVA *8]ee u VS E %E} p 8§ uE }ve vid] PE & A]Jv v § Eu - Ao p

ici encore une dichotomie entre deux stratégies opposéase maximisatio de cette survieuvénile

via un investissement important dans un nombre réduit de descendants et une maximisation du

viu E e v v3e pnu SE]Ju v§ 0 HE spEA] X 85 ] Z}8Yu]l <[} -

niveaux phylogénétiques trés larges (lapaltt des poissons pv v3 pv viu E SE « o0 A [T
}vs Joe v e[} H% VS % ¢ O}Ees <p 0 o+ }]* uAE IHA v3 0 pE- “u(s 3 v}

mammiferes les allaitent et prodiguent des soins parentaux trés longs) mais aussi plus regtneints

sein des mamméres certains groupes phylogénétiques produisent peu de descendeaintie grande

11



taille quand ils naissenen milieux non protégés de la prédation, alors que les espéces mettant bas

par exemple en terriers en produisent plSibly and Brown, 2009)voir u ¢ ]Jv ulu [LV

population (certains individus%c}v E}vS u}]ve [ %ope PE v % E}%}ES]}v 88 ]
pos 0}E* <p [ USE ¢ %o E} U]E}IVS %O e e VvV VS§e u}lve PE v

b. Survie adulte

hv (}] 3% ]vs o[ P HOS 3§ 0 & % E} p 3]}V %}ec] 0 U 0o <uEA]
stra§ P] » [Z]*3}]CE - Al X Z 1 Viu E e » % + 0o}vP A]JA «U o0 + ]v
qui contribuent le plus au taux de croissance de la populafi@ouse et al., 1987; Gailll and Yoccoz,

2003) On observeméme chez des especes au rythme de vie plus rapide (par exemple chez les

Ue VP ee < o[ ((] 15 & %%E} p $E] % PSS HPuvE E A o[ P U %
phénologie (voir 2.c.).

c. Etudier la survie adulte

Lamesure des taux de survie des organismes a été depuis longtemps un défi méthodologique et une

guestion centrale écologie. Le principe de base est tres intMitif ]o <[ P]S u E<u E o « Jv JA] |
E A VIE %ops 3 E A} E +[]oe *}u%3VPIE o AE}%B}@&S]}v []v ]A] pe
E Y% E o [PV e« o]}V [} » EA S]}v  upuv  HSE ¢35 <o | ( ]Jo E o]

résultats satisfaisanten conditions non contréléesar il ne permet pagpar exemplede prendre en

compte les individus marqués et vivants mais non observéqui}pE [Z ] viu E pA

développements méthodologiques permettent de combler cette lacune et on peut facilement réaliser

des estimations robustes de taux de sur{liebreton et al., 1992) vVSEE uAE Ve o Su o ¢S (E ¢
[Z]+S}]E - Al X

4. s E] 8]}ve 3 U%}E oo + & ]J(( & v3e VIA pu&E [ 3pu

> ¢ SE ]S [Z]*S}]E - Al § o puE+* Jvs & S8]}ve merEY8 manpiereu[] ] o[}v
(1P Ve 0 3 U%°*U A E] vS [ *%o V¢ %0 U et éntfSedndividiEl v v %o } %
Cependant ce sont des processus qui varemssitemporellement, étant notamment exposés aux

variations environnementales.

a. Variations tempaellesenvironnementales

>[ E « vd u i}E]S e oCe3 u s ]}8]<u e & ]}8]<H c %@E o vE VE « A
leurs parametresWolkovich et al., 2014nt décrit que es variationspouvaient étre de différents

ordres: des tendances a long termpal exemplediminution de la température moyenne de la Terre

*ME ¢ u]Joo] e+ duuébur [QUME% E&]} P des Lytl@Es de différentes magnitudes
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et durées (par exemple les rythmes saisomnigle tempéature et précipitations, ou bien les cycles
climatiques de plusieurs années liés au phénoméne EI Nino), et du bruit ald¢czes variationgpar
exemple des fluctuations de températujeurnaliere p }uE- o[ vv U }u ]v S u% &
edivale moyenv [ vv V VvV X > Z vP u vs o]wali}éppar les aptivEes
humainesest moteur de bien des variations temporellesvironnementales: il crée des tendances
temporelles & long terme (augmentation de la température surdésv < [é®s) change certains
Co+*U pPuvd o A E] v « AE] o+ o0]Ju 8]<cpu e+ ~o[ pupo 3]}v
AESE!u « «[]vS ve](] [ VSteffervet aly 2008)

b. Différents niveaux de complexité darla réponse aux variations

> E %}ve Vv § Eu e SE ]85 [Z]*3}]E - Al s esticombflex¢ et VA]E}
se produit adifférents niveaux

1. o[ Z oo [LV %% O \B W% %o} VS pv Z}lulP v ]S§ H e ]v [Uv %o
(tous les individus répondent de facon identigue a un forcage environnemental donné), il
existe des liens fonctionnels entre lesaliéations @&s composart o[Z]*S}]1C&E Al
individuelle (biologique ou démographique) et des propriétés de la population dans son
ensemble (comme son abondance ou sa densité). Par exemple, la disp@aientiellement
nécessaire en certaines conditis environementales)peut étre coltese en survigBonte et
al., 2012) et la phénologie peut étre corrélée au succes reproducteura la survie ainsi les
mismatchs phénologques causés par des variations environnementales peuvent avoir des
conséquences au hiveau populationri®lisser et al., 2012PDe méme, la densité de population
~ 00 Hee] % }pA vE A E] & v (}v §]}weut infupnedr] & Jsugcés vie %o
reproducteur ou la survie de la populatiqfray et al., 2015)Certains parameétres pourront
donc étre afectés directement parles variations environnementalesmais également
indirectement, a traverso[ (( $ o[ VAJE}vV u v epE .[ USE *» % E u SE -
2. o[ Z oo o JVidA] A3 o[z § E}P v ]33 ]v ]A] lations Ve 0
(Gimenez et al., 2018)ui peut résulter de variations stochastiques de contraintes subies au
cours de la vie des individus (hétérogénéité dynamique) et de différences génétiques ou
développeu v§ o« ~Z § E}P v ]88 (]A& U }u 1(( E v - Ve 0 ¢ *SE
vie. Elle est donc liée a des covariations démographiques, théorisées niu gmivue de
I(CEv « [oo0} S]}v E <}pE + ~ ]J(( & vSe Zimpamid oo} S]}v
Alopus]( VEE E % E} p 8]}v 8§ cpEA]l « & [ <ul*l8l}v  + E e}
<u] € v8 %oopue < (val NOdEIwik and de Jong, 1986)Ces différences
UIPE %oZ]<p ¢ *}vS epe %S| de facop] codHnmfexe] @ec les variations
temporelles environnementalegRobert et al., 2012)
3. Les réponsemdividuelles et populationnelles aux variations environnementales en termes de
SE 18 [Z]*3}]E - Al % pA v I1SCE oo © lau [Msstiaité v]seu o ]
phénotypique (changements individuels par exemple physiologiques, développementaux,
comportementaux en réponse a des variations ou conditions environnementales) et
o[ %S S]}v ~ Z vP u vS§e ve 0 P v Shwec fluctaatios déaréqueddds U
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alléliques, parfois ]*% E&]S]}vV § (1A S8]}ve [ oo 0 - v o]v A (
environnementales). Ces deux mécanismes ne répondent pas selon les mémes modalités
temporelles a des variations environnementales (par exemple de type tendancgotelie

W ] v Eu]SeX /oe v ¢}vS % * Jv % Vv VvSe o[Z § Evemtv ]S ]Jv ]
étre une composanteW /]S v ](( & v3e P v}8C% « Wisdmardiv %o} %o L
Nussey, 2010y A ]S v [uv Z § E&}P v ]§Porlier et abpp20123] |5

ve O S *SE S P] » [Z]*S}]ICE - A] [ dde®sdEihtionswtempoBiss
aux différents niveaux exposés est nécessaire dans bien de®cdo <[ P]S *Ce3les kées A E]
O Uv ¢ UAE USE X [0 *p((]S5-ciivariecgdnsve temps,par exemple sous influence
de variables environnementales, pour que laagtgie entiere soit potentiellement modifiée en
contexte de changement climatique, unismatd phénologique entreles mésanges eleurs proies
(voir 2b.) peut appardfre, augmenter et ainsfavoriser la sélection des individus les plus précoces
investissant potentiellement f@vantage dans la reproduction.

5. Objectifs de la thése

>[} 1 S]( %AE]V %S SZ ¢ 5 *[JvE E ¢+ ElesiSAE 0 §Z]vs} el & Al
aleure A E] 8]}veU v u 85 v o] v § et |a@héaologie@d\lh reprpdustionquels

facteurs peuvent influencer la survie @te ? Quelle peuvenétre les causes de ses variations spatio
temporelles? Seulsles deux premiers niveaux expos#gs complexité dans la réponse aux variations
environnementalesseront explorés

Pour répondre a ces questionsnous avons utilis&un jeu de donnéede trés gande taille (5499

individus sur 38 ans de suivi) issu gliivi a long terme de quatre populations de mésanges bleues
(Cyanistes caeruleus u ]88 EE v vv X /0 V}pue % Eu]e vige JvS E < E S}y
étudié entre phénologie de la reprod&]}v & <pEA] pos U o[ Z oo ads} %o S]}v

v JA] n oo Ve UV %o} %o po S]}v uevP s o0 - JEe ~ Z %]SE i
Al § vs o] - [ USE » A E] o0+ ~ VA]JE}VV u vE 0 « 3 iBhogeddigno S]}VVv 0O
en les prenant en compte dans la méme popdjatild Jve] <u[} « EA o Alousd]}v §§ &

le temps (Chapitre 2). Finalement, noagons exploré les variations spatemporelles de la survie
pos v o[ £ u]v v§ Jve]avec leschmat]et ta densité de population dans quatre
populations méditerranéennes (Chapitre 3).
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>[ ve u o e }vv ¢ pupslo]e - Ve 88 8Z ¢ % @E}A] vv v3 [pv eu]A]
populations de mésanges bleu¢8yanistes caeruleisentamé en 1976 a Pirio (Corse) par Jacques
o}v o § v }CE vV }UEe* MI}UE [ZY] o} 0 E *%}ve ]Jo]S [ vv Z @
[ }Jo}P] &}v 8]}vv oo & A}ous]A ~ & e+ D}v3% oo0] i@bon deeu]A] %o E
nombreux aticles scientifiqgues sur des thématiques tres variées comme les questionnements sur la
coloration(Charmatier et al., 2017)les personnalitégDubucMessier et al., 2017)la reproduction
et sa phénologi€Charmantieret al., 2004; Porlieet al., 2012)les taux de surviéGrasbois et al., 2006)
en maniant des concepts et outils souvent en lien avec des questions évolutigatabilité des traits
(Charmantier and Réale, 200p)asticité phénotypique, adaptation local€harmantier et al., 2016)
etc.

Ces longues années de suivi font de ce jeu de données un outil unique et une opportunité sans égale

pour éttd] E 0 * % E} 0 u S]<p * <u] vipe Jvd E ¢ v3 ] ]X o[]JVA E- U 3 u
volve A o0+ 3 ukE *UEA] [HV }H %o o(plohdeldEtal., 1992; Bupsynes S]}ve

et al., 2012; Grosbois et al., 2006) i M }vv ¢ lve] E o0 *$ v }E o}]v [ A}]E
potentiel dans ce domainec §8 SZ ¢ [ %% 0]<u P ouvs o AOo}lE]s E v o

% v VSU 0 ¢ S ¢ % ¢ ¢ § %E ¢ vS ¢ }vS pee] }JVvSE Jvs S }v
données, ce qui implique une attention particuliere dans le choix des données retenue pour les
analyses et les conclusions qui pourront en étre tirées. Nous allons dans cette partie expliciter certaines
caractéristiques de ce jeu de données, ainsi que les choix qui ont été faits en conséquence dans
o[ § 0]*e u vS§ e Z]*S}]E - A]3 apélyses exposées dang cette thése.

Si certains aspects méthodologiques sont détaillés dans les sectibietheds » notamment des
chapitres 1 et 3, la plupart sont également exposés ici pour ne pas briser la continuité de la lecture,
ainsi que dans ubut didactique (la sagesse populaire stipule en effet ve JPv BEU [ *%). E % § &

a. Organisme modéle

La mésange bleueCyanistes caeruleys ¢S pv % e+ E | A Ev] }o MHE ] vU }v
E % ES]S]Iv [ S v ipecu[ (Fgurau) RETE ES vipe <] * 0 S]Sp « S o0S8]5p -
oA U 00 Vv] Z <*}pA vd ve o A]JS e <u[ 00 SE}pA ve 0+ E &
] v E pAE ve e UPE-U * %}S pHAE Ip ]V v] Z}JE*X [ ¢S pv }]e
souvens O[Z]JA E v v * JvE E+% ]J(]<u * 0 : dicellgci@st mhajoritarémebiE | S u E
composée de graines en hiver, le régime devient exclusivement insectivore dés le retour des beaux
jours, et en particulier pour le nourrissage des jeur@smésange bleue est territoriale et socialement

u}viP u U ulu <] o[}v } » EA * % S (Ghairsantier ptak, 20Q4%0 0
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Figure 1 Aire de répartition de la mésange bleue eurasiatiqueyanistes caeruleys obtenue sur

Z53% *WIIAAAX]p VE 0]*3X}EPIX > ¢ 0} 0]e 8]}ve o 3 8]}ve o}vs % ](] - o[ ]
correspond a la station de-Rouviere, celle de droite aux trois autres stations corseai(i&, DMuro et EMuro, trop praches

lesunes des autres pour les distinguer & cette échelle, voir Figure 3 pour le détail)

>[ § 0] u vs e § EE]S}]E ¢ }luu v % E(}]e e O[] uStuv u ] Jo-

ide<u][ O o ]Je}v E % E} p S]tvU <«pu] oheorSE UES]FV: UK Vo EY U} e

de quelques centimétres de hauteurs, cetiliest recouvert de poils, plumes ou autres matiéres

eCVv3Z 8]<pu » }u e+ SEIHA « v}v 0}]v § du (%ifETable Epdun (es date%odty

tailles de pontes seloralpopuldaion). > %o}vS < % }uEe-pn]S p ECSZu [uv “p( % &
u EE P o[]Jv u 8]}v ~&]PUE 1 -«dursuTabled®). Egussihd @i pesent

VA]E}v iP o[ o}e]}v ~&]PUE T =« ¢}vsS veuls a2l oG @js tagstlg] o u&E

e« E}vS vep]s V3IIE VILEE]s % E 0 ¢ % E vSe % VvV VS < o< ¢ i}uCE-"

pendant cette période que le taux de mortalité, notamment dd a la prédation, est le plus élevé pour

les poussins~E (r vI E & X XU} (E}VE E % E} u § uE+ + o[ vv *p]A v§

ponte estpossio O} &<y 0 ¢ (E e*}uE = ¢}vS v vS ¢ § <u[]o & 8 ep((]* 1

o[ § X

17



Figure 2 Différents stades de développementde la mésange bleue eurasiatiqué. & ]

E u%o]-

“p(e }luu v ¢ 18@
incubés. B Poussin de 0 jours (@dion trés récente). CPoussin de 15 jours. :DAdulte. Photos issues du[p@Lcl:lSage }du
fieldworker 2019 interne au suivi, géré par Christophe de Franceschi.
Site Taille dg ponte Date de, ponte Temps d',incubﬁon Nombre de nichoirs en 2017
moyenne(écarttype) | moyenne (écartype) moyen (écaritype) Trou 26 mm Trou 32 mm Total
D-Rouviere 10.09(1.65) 38.89 (7.64) 14.53 (2.50) 136 92 228
EPirio 6.59 (1.20) 70.69 (6.76) 13.82(1.82) 181 22 203
D-Muro 8.59 (1.58) 37.92 (8.12) 13.13(1.58) 90 10 100
EMuro 7.08 (1.27) 47.60 (7.38) 13.62 (1.93) 67 9 76
Tablel & § E]*S]<p 0 E % E} p S]}v e u s vP ¢ veo ¢ J(( E v8e ¢]S ¢« Sp] ~|
nombre de nichoirs présents en 2017 en fonction de la taille du trfpuvS E X >
["u(-U o

pdnte en nombre de jours aprés l&#lu E<U o

S U%o-e

taPamentld mesange charbonniére.
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type Schwegler, seules lesmésanges bleues peuvent utiliser les trous de 26mngqual ceux de 32 mm peuvent étre utilisés
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b. Les sites et populations

)5$1&(

*s ORQWSHOOL

(Basa - & RU V H
! Statiométéoro!ggiqg;

“ SainMartirdeLondres Sardaigne

-

Figure 3 Localisation des sites et des sestations les composant. Cartes obtenues via googler@gpsogle2019.

Lesquatre sites de suivi se trouvent dans la région méditerranéeeidentale (Figure 3)Trois

[ VSE WA  §E}pABEPEO: Lat $ZE38; Long: 8.75:Nluro: 42.55; 8.92; Suro: 42.59;
8.96 Le dernier est sur le continent dans le sud de &née: D-Rouviere: Lat 43.66; Long 3.@%eux

[ VSE 00 * ~+S5 S]}ve }vceopanEl ») bant situées dans un paysage dominé par les
chénes verts Quercus ilex un arbre a feuilles persistanteEvergreenen anglais). Les deux autres
(stations dont le nom commence parlx ») sont situées dans des paysages dominés par les shéne
pubescents Quercus pubescena feuilles caduquedeciduousen anglais).
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Historiguement, le suivi a débuté en 19d@@Pirio, dans la vallée du Fango au nord de ls€(-igure
3). Cette population se trouve dans une forét ancienne de chénes vert&gd®tpar la réservian
and Biospherale la vallée du Fango (Figure 4 B).

O

Figure 4 Vue des quatre sites étudiés dans cette theseCGhemin forestier dans la férde La Rouviére (SiteRouviere).
B: Forét de chénes verts ancien dans la réserve du Fango (®iteofE C Chénes pubescents autour de la route
départementale 13 en dessus du village de Muro. Un nichoir du suivi estentouré en rouge (Siterd). D: Vue du champ
du site Arinelle (Site-Eluro). Les images sont issues de Google Street@&uogle2019.

La deuxiéme population a avoir été suivie est celle du bois de la Rouviére (staflonvizre) prés de

D}vs v u ve o[, B poSU tte %atim &6 Sit€e en forét a dominante de chénes

pubescents, traversée par de nombreux chemins foreséarpruntés surtout par les chasseurs et les

e« VPO] e+ <«u[]Joe SS]E vS § S]E vS ~&]PUE 0 X ES Jv e %}ES]}ve
%0 ]ee U }ulv v§ [ E Jue] EeX [/ ] %}pE A]3 E 0 % E 3]}v o0 « v] :

en métal installésad hoc § VvS}uE ¢ [uvVv P S A E+ o ]J* uvsS % E 0 ¢ U * \

les prédateurs (belettes, fouines, pic épeichie] v <p i o[ ] % Ee}vv 00 u v3 } « EA %o]

nichoir dans la cageet geai des chénes).

Les deux aues stations EMuro et EDP@E} *}vE e | % E} Z » o[puv o[ uSE& U Ve
Reginu. EMuro, suivie depuis 1993, est divisée en trois setagions: Avapessa sur les hauteurs de la

vallée dans des champs et broussailles entrecoupés de chénescpulgs Feliceto en dessous du

village éponyme, dans des paysages également assez ouverts, et Muro en dessous du village éponyme,
avec une partie @s nichoirs le long de la route départementale bordée forét de chénes pubescents

treés peu dense (Figure 4 @), HSE %o ES] ve 0 |8 (}E!'SU 8§ <pgocp e« v] Z}]E-
% ES] po] €+« Z 18 v8e 0o o}vP 0 E}ugin® pal led hatstant%eo question. o[} E]
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E-Muro, suivie depuis 1998, est également divisée en trois -stations putes situées en bas de la

vallée, juste en dessous du lac artificiel de CondMe E]Jv oo U &]Jo Pv § 'E e ~¢]Su VRY;
des deux atres), tous les nichoirs se trouvant dans des paturages a vaches trés ouverts et autres
champs moins entretars, relativement riches en chénes verts (Figure 4 D).

c. Le suivi de terrain

Le suivi de terrain a proprement parler a lieu pendant la saisorepi®duction, de Mars a Juin inclus.
La présence des nichoirs et leur état est vérifiee a chaque début denséisgont de type Schwegler

v 3S}vU A « SE}u [ VSE 70 Uu O Joe VS % e* (E pV]<p U VS 0 = U
ou 32 mm laissat nicher également les mésanges charbonniéres (voir Table 1 pour les proportions
respectives dans les difféntes stations).

Dés le début de la saison de reproduction, tous les nichoirs de toutes les stations sont visités une fois

par semaine pour noteo|[ A v u v$§ 0 & %E&} p S]tvX Ve O e V}CEuUu pnAEU

suivante W }ve3Ep 3]}v  [uw v] Uu%eEviv JHA o ~ «5]Ju §]}v o S %

]Jv o 8]}v v }UEes ~ <S]Ju S]}v MS []Jv 4 S]}veU %orEdeslavdate %o} e« ]\

[ o}e¢]}veU }ves § o[ vA}oU A] P pu v] Z}YJEX /0 %o |ids sGe@E]A E 3}
vV ivvy eU % E S U <« ES Jve “p(e V[ 0} vS %o ¢ }lH < ES |

(notamment dans les cas ou un seul parent niddes jeunes).

Lorsque les poussins ont entre 10 et 15 jours, les parents reproducteurs sont capturés dizhgile

La capture se fait de différentes manier&d +}]8 A  pv *]Ju%0 SE %% %o}e sHE O

nichoir et qui se déclenche quand|[ HoOS *3 o[]Jvd E] HEU +}]3 edninja»: & Zv]cpu ]
%o SUE pE Z Py SH[}df vEEL V] § }HES }HZ E o SE}IH [ VSE ~

un baton dans le cas des nichoirs encagésd2 uA] E U +}]§  @Mmilsphéruattachée par

Hv (Jo upv u}s pu@E Z U %o] o[ E EW )} & « §E pgieé pamtevdars) | E

o Vv] Z}]E& ~ 88 § Zv]«u S sUES}uS ps]o]e- O}Ee<yu O[HV WA L

guand il repéere la pre v [uv S E %o %o mv] Z}JEU }n [Zuu Jve % E}A]U]S

moteur, la boule est tirée etbouch o SE}u [ VSE X > poS - %oSUE * %o ¢+ VS

HV U sUE [ PE «+]A]8 ~+« }JE [ PE *+]A]S8 « o}vinauwdpturpurke} ES u v3§

O}E*<u[}V %% E} Z v }]PS 0 HE &8!S «X /oe* *}vsS vegghd en Pp « ~

aluminium a numéro unique, fournie par le Centre de Recherches sur la Biologie des Populations

[K]e UAE ~ Z WKeU %op]le P ¢ EFUE PE% EJu JE « v J<p v <[]Joe }vs§

ou non permet de discriminer entre adultes de Zsawu plus et adultes dans leur premiere année),

e /E o ~%@E Vv [UV %0 <u ]Jv p 3E] Z1 o+ (uoo0-+eU @sspE « ~0}

de la queue, du bec), pesés, des plumes colorées sont prélevées et enfin une prise de sang est réalisée

pour les analyses génétiques.

>}Ee<y O ¢ %o}pee]ve SS JPv vS iA i}pEes ~&]JPUE 1T U }v E o0]* MV
études concernantes personnalités, ils sont eux aussi bagués, puis ils sont mesurés (tarse), pesés et
remis dans leur nichoir.
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d. Construction des histoires de vie

Les analyses réalisées dans cette these se sont concentrées sur une partie des données récoltées dans
le cade de ce programme de suivi a long termme choix des histoires retenues est exposé ici.

Lesanalyses ont été faites uniqguement sur les mésanges blaes$}us « o ¢ } « EA §]}ve [ us
especes ont été retirées. Il a été également décidé de ne travagille sur les premieres pontelles

sont de loin les plus nombreuses, et permettent des co@ Je}ve of] Z oo S}US 0 %o} %o|
Les secondes pontes avérées, les secondes pontes supposées (ponte plus de 30 jours aprés la derniére
premiére ponte)et les pontes de remplacement ont toutes été enlevées, soit 8.17% des observations
gardées jusu[] 1X ES Jve }]e ukE }vs 8§ %oSUE » S }vS eplgurs e A% E
histoires ont été supprimées (n = 241 individu.9% des données). @&ins individus ont subi des

blessures voir sont morts pendant les manipulationeurs histolE ¢ Vv[}vS % ¢ § & § v X
]Jv JA] pe }vs o[ P 0 %SUE V[ A ]85 % * %op !SE +3]Ju }vs § E 3]0
3% des données).

Lagu *S]}v 0 %oOpe %]V MU ve o[ £%0}]S S]}v e }vv e s 00 .

expériences. En effet, au cours des longues années de suivi des populations, une grande partie des
individus a été affectée par des expériences de manipulatio § Joo %otvsS U [ Z vP o %o } |
VEE S S]}veU 8§ X ] v <y \issement@®e démanptritions scientifiques dans divers
domaines, ces expériences réalisées sur les mésanges ne pouvaient pas étre ignorées dans nos
analysesen (( § o[ uPu v8 8]}v ~}pu o Ju]JvusS]}ve o § ]oo %o} VS [Uv ]
diminution (ou une augmentation) de sa probabilité de survidlur, 1984) la pratique
[ £ % Efionsy invasives peut stresser énormément les oiseaux, altérant par la également leur
probabilité de survie. Etant donné que ces expériences concernaient 14#8disd sur les 5499
restants (soit 26.33% des individus), il était difficile de simplemensuggrimer du jeu de données,
[ U8 v8 <p[]Jo v[C A ]38 p pv %cEanikon éait reprédqntatit de la populationil
était tout a fait possibleque les expériences derossfostering étant difficiles a réussir, elles aient a
chaque fois ét }uu v « S€8§ ve 0 ¢ Je}vU & «<pu[ JwAdtimes» der des] pe h
manipulations aient toujours été les plus précoces.

Une solution visant a gardeotites les données a été explorée dans un premier terips]o ¢[ P]ee ]S
prendre en compte, das la construction de nos modeles, les effets des expérimentations sur les
probabilités de survie et de recapture (voir explications sur cette construction ddny & X §§
elopusS]tv v[ % ¢ }vv E ~pos S }v op vSe dati@soswr la(qursie et ta A& % E]
recapture des adultes de nos populations. Ceci est potentiellement di au fait que les différentes
expériences réalisées sur les adult v[ A ] v3 % ¢ S}Ui}uEe* 0 ulu Ju%ens epuE o |
particulier les pontes a tailleiminuée artificiellement devraient produire un effet plutdt positif sur la

cHEA] Hos U o0}E+ <u o[]VvA E- S8 35 vV U %o} UGE aogmeggys $ ]
Cependant la prise en compte de tels effets différents cause trop de complexigribs modeles par

rapport aux objectifs de recherche énoncés.

E}pe A}ve }v ] VOLE E o0 ¢« Z]*8}]E + « ]Jv JA] peendeE<p[]oe -«
0 HE Z]*3}]E & <5 ]85 A 0] ipecpu[ o[} » EA §]}v Eo[oA% E]uyu 3% ulo
%oOUe U SIUS %o E]- V }u%$S % ES]E o[ vv *u]A v3 X Jve] 0 ¢
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grandement simplifiée (voir Encadré 1). t@esolution, bien que forcant a perdre encore des
observations, nous a paru le meilleur commis entre tirer le maximum de ce jeu de données en
évitant de trop le réduire, et pouvoir faire des modéles a la structure la plus simple possible, facilitant
et accélérant a la fois les analyses et la compréhension. La prise en compte de ces expésences e
importante, car elle pourrait expliquer une partie des différences observées entre nos analyses et
celles conduites par le passé sur les mémes données (vaariculier la discussion du Chapitre 3).

Encadré 1

Matrices de construction des modéesede CaptureMarquageRecapture utilisables dans-&urge.

Les procédés méthodologiques décrits ici sont applicables dans le progras8orgeEChoquet et al.,
2009 X s}]E ¢}v u vu o (Ché&duelensl Nodle, 201apur des précisions techniques pr@pr
au programme.

A. Prenant en comptdes expériences sur adultes altérant potentiellement leurs taux de survie.

WiuE EE]A E E|E JEE S u vs <u of}v *}uz 18 J]JU o -
produisent avant les expériences) seront trasécomme une transition, par exerop [pv ]38 A E- |

MSESE X Kv % ES 0[ZC%}SZ » <u %}S v8] oo u vsS o A% E] vV -
long terme des individus qui les subissent. On doit donc considérer 7 états différ@dnt&n vienon

%SUE S V[ C vd i[uB%E] v H% E A v3 ~E ~E& U ~T¢ v A]

[ £% E] v SV[C VS iule ep] [ A% E] vV W% E A vs ~ E ~E&
VRY; % E] v S v[ C vS i iente aypdravanHCk (@-E)), (4)vee non capturé et

C vVvS ep] puv A% E] v H% E A v3 ~E ~& U ~fie v A] %o S U E
ayant déja subi une expérience auparavant (CNE (FE)), (6) en vie capturé subissant une expérience et
ayant déja subi une expérience aupvant (CE (FE)). Et trois événements possibles correspondants
(0) pas de capture, (1) capture sans expérience, (2) capture en faisant subir une expérience.

7 States: NC (NFE) Alive not captured (no former experiment
CNE (NFE) Alive captured but no experiment (no former experiment)
CE (NFE) Alice captured and experiment (no former experiment)
NC (FE) Alive not captured (former experiment)
CNE (FE) Alive captured but no experiment (former experiment)
CE (FE) Alive captured and experiment (former experiment)
D Dead

3 events: 0 not captured
1 captured, no experiment
2 captured and experiment
Au départ les individus sont tous forcément capturés, et certains vont subir une expérience

directement probdilité (1t < o0} Ee* <u [ MSE * ¥}Y.~% E} ]Jo]S
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Initial State NC (NFE) CNE (NFE) CE (NFE) NC (FE)

= < =

Kv % E Vv VvV }u%3S uv § puk *HEA] %}3 v3] oo u v3

CNE (FE)

grouper dans ESuge via GEMACO (matriceSurvival»). Matrices de transitions:

Survival NC (NFE) CNE (NFE) CE (NFE) NC (FE)
NC (NFE) "i - - -
CNE (NFE) " - -
CE (NFE) 7
NC (FE)
CNEE) - - - -
CE (FE)
D - - - -

1

1

1
ox

Capture NC (NFE) C(NFE) NC(FE) C (FE)
NC (NFE) * p - -
CNE (NFE) * p -
CE (NFE) *
NC (FE) - *
CNE (FE) *
CE (FE) - *
D - - -

1
1
' ©T T T ©

Experiment NC (NFE) CNE (NFE) CE (NFE) NC (FE)
NC (NFE) * - - -
C (NFE) * e -
NC (FE) ; ] ;
C (FE) - - - -
D - - - -

CNE (FE)

CNE (FE)

*

CE(FE) D
1(( E v %
CE(FE) D
"0
CE(FE) D
e

La probabilité de recapture était considérée constante entre les états. A cette étape les oiseaux qui

}vs § A% E]Ju vS ¢ o] vv %0 (E A

Z VP vS§

e§ &8

§

Experiment: ayant subi une expérience auparavant). Ensw&ix qui sont capturés ont une
X &]v o uvs }luu
événements sont assez simplement décrites noncapturés et morts ne pourront pas étre capturés,

%0 E } ]o]s Vv % ¢ *u |E [ £% E] v

o

%0 e

&

et selon leur statut leswres pourront éventuellement changer de classe et appartenir au monde des

« FEB».
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Events
NC (NFE) * - -
CNE (NFE) *
CE (NFE) - *
NC (FE) - -
CNE (FE) * -
CE (FE) *
D * - -

*

B t En censurant les histoires de cislividus a partir du moment ou ils subissent une

experience.

>}Ee<uftv » EE - ]ve]
états W u}ES }u AJA v3 ~ A v3p oo u v3 & }u 0 0} E-<u[Ftatgpdsr hin Ev E
compte de la phénologie et/ou du succés reproducteur, voir Chapitre 1). Et en conséquence
uniguement deux événements possibles

2 States: A Alive

D Dead
2 Events: 0 not captured

1 captured
Initial State A D
*

Survival A D

A n *

D _ *
Events 0 1

A * p

D * -
Jve] ve e Jvv ¢[]vd E e« E «u[ pv A E] o *HEA] U 3§ pv
0 u} o % E vi ~A}]JE XU A ]38 +3]u E psubsupedexpéiencesy, [Jv JA]

6 probabilités de survie ") potentiellement différentes, un taux de capture (p) et un taux
[ A% E]Ju vS S]}v ~ X Z i}us & o o Vv SuE e AE% E] V -
« 0 3]A o[]v 1A] pweE vw E B3 & leonopliqdé et lourd, et peu adapté a répondre
aux questions posées dans cette thése.

~ %o )

H % @E} o u U 3}us :ikp reste plys quedd %o o Pt
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CHAPITRE 1 :

dh S && d > W, EK>
DE LA REPRODUCTION SUR LA SURVII
ADULTE AUX ECHELLES

POPULATIONNELLES ET INDIVIDUELLE
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% E ul] & Z %]SCE %o} iCE WSE[ SE]]SE HL]*S}]E - Al v IE o]
la relation entre phénologie de la reproduction et survie adulte, deux traits particulierement
ivi (E e VS ve o S [JEP v]eu » ~A}JdEF wHVE E%pE]Jdv P v E o
pour des précisions). Nous avons étudié cette relatipardir de o[ £ u %o 0 M o]v vSE S %:
VRVAREERAVAY] § 5§ +uEA] pos o[ v@ette &nalys¢ a gté fate %o EUNEEes|
populations de mésanges bleues présente dans notre jeu de donré&drio, la plus anciennement
suivie (bagage systématique des mésanges aux nichoirs depuis 1§@Bnous a ainsi fourni un
maximum [ vv % }uE S o0o]E <« E o S]}ve VvVSE ](( & v8es SE ]S [Z]+S8}]
S}us8 [ deEonsidérer o[ Z oo 0 % }Pé oSS ipypedeer certains compromis
évolutifs, ctuu o }.§ 0 & % &} p S]}vU %ople [ £ ulv E %oO e %o E *
%}vs § espu@EA] }ve uS]A o [: oBseovet-ofpl]tAt] lgs @oonpromis évolutifs ou
] v o[Z § ®&}P v ]§ v e ?2@imutdnement, Epme dans de nombreuses espéces
[} MHAE pv S %}Ivs § E ]JA S 0] pv E % E} p SJ}v (] o U §
v[ A v % * }vS]viu ooavonsSdulw $amvoir si une date de ponte tardive pouvait étre un
trait sélectionné via la survie adultée cas échéant, celmi contrebalancerait l&ontre-sélection par
la reproduction,et /E% 0]« E ]S 0 5 o o] s % }vS 09 mésanges, auv Z 1
o] 4 [uv u oo u v3poAtedEe plus en plugrécoce.

>S[ Sp % E ¢ vs ] ] § E o]- v }oo }E 3]}v A o £ v E Z} ES
Biard, Suzanne Bonamour du Tartre et Céline Téplitsky.
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Life-history traits correlations vary between the
population and individual scales: the example of
breeding phenology and adult survival in a blue tit
population

Introduction

The phenological response of organisms twariationin their local environmentis a major issue in
evolutionary ecology and conservation research, both because the diversity of this response
reflects differencesin evolutionary potential and strategies between and within speci€khackeray
et al., 2016), and because advances in reproductive phenology is een as one of the universal
ecological responses to global warmingDurant et al., 2007; Parmesan, 2007) Although it has
been shown that phenology can respond to meteorologicalariations (noise and cycles)as well
as climatic trends in many plantBjorkman et al., 2015; Diekmann, 1996)and animal(Duursma
et al., 2018; Samplonius et al., 2018; Sheriff et al., 2015%pecies, little is known about the
mechanisms of these responses and their effects on demographf§Forrest and MillerRushing,
2010).

In particular, it is likely that phenological variations, which may involve variations in strategy within
populations, are constrained by tradeoffs (Diggle, 1999; Forrest and MillerfRushing, 2010) For
example, in birds, while early reproductiommight be beneficial in terms of reproductive success
(in the focal population:Marrot et al., 2018, and reviews in Charmantier and Gienapp, 2014,
Verhulst and Nilsson, 2008) it is also potentiallyassociated withsubsequent survival cost for the
breeders (e.g. Brinkhof et al., 2002; Nilsson, 1994) The presence of these tradeoffs could partly
explain phenological mismatches(i.e. a difference between a species phenology and its main
resource phenology frequently observed in bird populations (Visser et al., 2012) Although a
review of the literature provides multiple estimations of reproductive selection acting on avian
breeding phenology, similar links between survival and timing of breeding are too scarce to
conclude on the presence of such tradeoffs. One reasonwhy survival has not been explored
frequently in this context might be because it is often assumed that reproductive success will be
affected by breeding phenology while survival will be influenced by migration phenology (e.g.
Visser and Gienapp, 2019)

Additionally,demographic consequences of phenological variations are often influenced by other
mechanisms, for instance population density: althoughhigh density is often related tohigh
intrapopulationcompetition and therefore low survival ) D\ HW DO /H &zXU HW DO
population density can alsobe a factor maintaininga demographic stability in a changing
environment Reed and colleagues(Reed et al., 2013)showed that in a Great tit Parus majol
population,the reduced reproductive success observed in years witlgreater mismatch between

the tits and their prey was compensated by a higher overwinter survival due to relaxed
competition.

Overall, exploring these phenological responses and their associatedemographic benefits and

costs can be achievedat two distinct scales a/the population scale, by studying for example the
overall response of a population (e.g. mean or mediamphenology, reproductive success or
survival) to interannuaknvironmentalvariation, orb/ the individual level, by focusing on the relative



position of each individual in the distribution of reproductive success, survival and phenology
under particular conditions (e.g. for the same year). The first approacbkxaminesa set of common
responses (behavioural, demographic) to environmentalonditions, while the second approach
focuses on the individual heterogeneity of a population in terms tifness components Whilesome
external constraints induced by the limitation of resources for survival and reproduction asbared
by all individuak of the population, differences can arise in resource acquisition due to e.g.
genotype or developmental conditions(Lindstrom, 1999; van Noordwijk and de Jong, 1986;
Wilson and Nussey, 2010)

In the context of exploring demographic consequences of phenological changes, investigating
variation within and between individualss of primary importance as itoccurs in virtually all traits,
including demographic components such as reproduction and survivalClutton-Brock, 1988).
Between &dividual variation may be linked with phenotypic attributes that change along an
individualplife, such as age or breeding status, or with fixed attributes (such as sex or genotype,
see Gimenez et al., 2018and references thaein). A significant part of the research on individual
heterogeneity has focused onthe covariation between demographic components such as
reproduction and survival. In particular, anegative relationship between survival and reproduction
is expected in the context of a tradeoff (energetic or genetic) between these two components
(Harshman and Zera, 2007; Roff, 1993; Stearns, 1992)On the contrary, a positive relationshipis
expected within the framework ofdynamic (Tuljapurkar et al., 2009) and/or fixed (Cam et al.,
2013) variations between individualsFixed individual heterogeneity idinked, for example to
intrinsic or resource acquisition differences early in lifgHamel et al., 2009; Lescroél et al., 2009)
sometimes referred to as individual quality(Cam et al., 2002; Wilson and Nussey, 2010)
Reproductive costs and individual quality are not mutually exclusive and have been suggested to
interact with each other as well as witlenvironmental(Robert et al., 2012) and individual(Robert
et al., 2014) conditions.

Although phenological variation within populations rebeen well described in many organisms
(Elzinga et al., 2007; Forrest and MilleRushing, 2010; Laaksonen et al., 2006)the relationship
between such variation and demographic heterogeneity remains poorly understood both
empirically and theoretically Even in the wellstudied context of temperate forest passerines
where earlyseasonalbreeding has been repeatedly associated wh higherbreeding success,the
theoretical frameworksoutlined aboveon trade-offs versus resource acquisition and individual
heterogeneity can lead to two opposing predictions. Firstpne could predict that, in a given
population a given year, the earliest breeders wishow the lowest survival due toa reproduction
survival trade-off. Alternately,one could expect thatthe KLIJK qTXDOLW\r HE@.Q. @ithHVW EUH |
highest resource acquisition) will exhbitthe highest survival. Additionally, the question remains
whetherthe observed phenologysurvivalpattern is consistentacross years, in particularwhether
it is similar in years with early or lataverage breeding dates. Answering these questions requies
studying the links between reproductive phenology and survivafirst at the population level,
second at theindividualheterogeneity leve] and third the links between these two levels.

In this study, using a longterm monitoring dataset, we investigated the effect obreeding
phenology on adult survival in goopulation of atemperate passerine bird, the Blue titCyanistes
caeruleus). The data comprised1562 adultindividuals captured and ringed in Bst boxesduring
the reproduction periodacross 38 years (1979-2016). In this population, breeding phenology is
influenced by meteorological conditionsMedian laying date is earlier in warmer year€Bonamour
et al., 2019) and has an impact on breeding success earlier breeding is correlatedwith higher
number of fledglings at the individual and population scale@Marrot et al., 2018). Long-term
effects of climate onthe phenologyof the studied populationalso occurred over the period of the
study (Marrot et al., 2018), during which gring temperatures have significantly increased1©79-



2016: +0,49°C/decade; p-value < 10 and median laying dates have significantly advanced
(1979-2016: -2,97 days/decade; p-value < 1073).

Usingflexible capturemark-recapture multistate modellingLebreton et al., 2003) we addressed
four different questions: First, is there a link betweepopulation-level phenology and average
annualadult survival inthe focal Blue tit population?Since previous experimental studies in birds
(Brinkhof et al., 2002; Wiggins et al., 1998)including blue tits (Nilsson, 1994; Nilsson and
Svensson, 1996)have revealed a cost of early breeding on adult survival, we predict a low average
adult survival following early population breeding phenolog$econd, within a given year, what is
the link betweenindividual timing of breedingquantified aslaying date quartiles of the population
hereafterrelative laying dat§ and adult survival? We expect to fingither a positive association
between early breeding and survival ifqJRR G T XD O L W \areltl@se LifvaLi®/E¥dD i@ ¥arly
breeding (Robb et al., 2008) or, on the contrary, a negative association if the cost of breeding
earlieroutweighsdifferencesin individuaheterogeneity(Tarwater and Arcese, 2017) Third, does
the linkbetween the relative laying date anadultsurvival varydepending on the conditions faced
in a given year (e.g., population density)Here we expect to find a weaker link between relative
laying date and adult survival in years with low constraints on éeding (e.g. low population
density) and therefore probablerelaxedcost of breeding.Finally, since breeding early and having
a high breeding successare correlated(i.e. early broods are largerreview inKlomp, 1970, in the
focal populationDelahaie et al., 2017)but may convey distinct costs or reflect distinct facets of
individual heterogeneity, air last interrogation is about the link betweerrelative laying date,
survival and individual breeding success Specifically, are large brood sizes relative to the
population associated with high or low survival, and/hat is the magnitude othis effectrelative to
the effect of laying date?

Methods

1. PopulationMonitoring

Our data was collected over B years (1979-2016) in a natural population ofblue tits Cyanistes
caeruleusin an evergreen oak Quercus ileX forest on the Mediterranean island ofCorsica (&
Piriosite: Lat 42.38; Long: 8.75;see Blondel et al., 2006and Charmantier et al., 2016for details).
Blue tits are cavitynesting non-migratory passerine birds that readily breed in nest boxes, which
they often prefer to natural cavitiegNewton, 1994). The high density of nest boxes compared to
the rarity of natural cavities in thee-Pirio site(A.C., unpublished datg allowedusto monitoralmost
all breeding individualsin theE-Pirio study area During the whole study period, nest boxes were
checked every year at least weekly during the breeding season (March to June), allowing to
accurately assess the date of the first laid egdor allclutches (hereafter, laying date),as well as
the clutch size andthe number offledglings Breederswere capturedin the boxeswhen the chicks
were 10-15 days old, i.e. late enough to avoid the risk of nest abandonment, but early enough to
avoid early departure by the chicks.Parents were identified with a unique numbered metal ring
provided by the Centre de Recherche VXU OD %LRORJLH GHVY 3RSXODWLRQV Gp:
also provided the permits under which capture and handling of birds were conducted). Sex and
age at first capture were determined by plumage patterns for evetyreeder. As these patterns
cannot be used to age individuals older than two years, only two adult age classes were uséd
survival modelling 1 year and 2 or more yearsIndividuals whose age afirst capture had not be



assessed were removed(3.4% (n=55) of the individuals) In total, 1562 reproducing individuals
were considered in this study All data analysed concerned first broods only (second broods
represent less than2.5% of breeding events in this population).

2. Populationlevelannualcovariates

For each year of the study,we computed the median of individual laying dates in the population
(median laying date, medLD), the mean number of fledglings per attempted first brood in the
population (reproductive success, repS) and thearcsine normalized density of the population
(population density, popD).

Population density was obtained by measuring nest box occupation rates by blue tits irdafined
area of the study site where nest boxes number varied as little as possiblever the 38 years of
study (n=58 to 62 nest boxes).Only blue tit occupation was considered as the diameter of the
nest boxes entry hole (26 mm) was too small to allow regular occurrence of Great tR#érus majoj)
nesting.

The meteorological variable Temp) used to study how climate affects individual survival and
reproduction is the average daily meantemperature during the period fromMarch 31st to May
7th. This 38 day window has been identified in a previous study using a sliding window analysis
as the time window most correlated withthe average annuallaying date in the focal population
(see Table 1 in Bonamour et al., 2019) The temperature data were obtained byregressing daily
temperature measurements overd years in the E-Pirio station with temperature data from the
meteorological station of Calvi (Lat42.52; Long: 8.79, 15.9 km away from the population) and
inferring the temperature inE-Pirio over the remaining years.

3. Capture-Mark-Recapture modelling

Individual capturerecapture histories for the 1562 breeding individualsvere analysed to provide
robust estimates of survival rates and recapture probabilities€spectively ¢ and p, Lebreton et
al., 1992), using a logitlink function. Monostate CaptureMark-Recapture modelling was used for
the assessment of the link betweerannualpopulationlevelphenology and annualsurvival, while
multistate capturemark-recapture models(Lebreton et al., 2003) were necessary for asessing
the link between intrapopulation variation of phenology(i.e., relative laying date), breeding
success and adult survival. All analyses were conducted usinthe program ESURGE(Choquet
et al., 2009b). Goodnessof-fit of models to the data was ersured for each dataset usingthe
program U-CARE(Choquet etal., 20@a), based on the Cormack Jolly Seber model for monostate
models and on the Jolly Move model for multistate modgl

In several years, experiments were conducted in the population including brood size manipulations
that can highly alter adultsurvival (Dijkstra et al., 1990; Nur, 1984) Capture-recapture histories

of the corresponding irdividuals were censored right after the first time they experienced such a
fitness-changing experiment However nestlings born during these experiments and later
recaptured as adults were notremoved from the analysis. This necessary censoring resultedain
significant decrease in observation numbers-23.6% from 2955 to 2258 capture and recapture
eventsin the monostate dataset).Breeding events in experimental conditions were also removed
for reproductive success estimations.



4. Data analysis and model seletion

The SNDLNHpV ,QIRUPDWLRQ &dvertshdosioR apdBiRdll shhhplevdir €& (QARCL)
was used for model selection(Burnham and Anderson, 1998) A low QAICc was considered
revealing a good compromise between the fit to the datédikelihood of themodel) and the number
of parametersused by the model The threshold for significant difference between two models
was set at two QAICc points In case of lower diference, the model with the lowest number of
parameters was selected (see tables 3 and 4). The four main questions addressed are
summarised in Tablel and details are provided in the sections below.

a) Link between populationlevel phenology andaverage annual adult survival

Prior to assessing the effects of populatioftevel covariateson survival, a preliminary model
selection assesxed the effects of year, sex and age on recapture (p) and survival (*)
probabilities withthe monostate dataset of @pture histories (Table2A). The starting model
(Model 22) included potential effects of sex, age and yearly variationghereafter, year) on
survival and potential effects of sex and year orrecapture probabilities Only simple (first
order) interactions between variablesinfluencing survivaland recapture probabilitieswere
considered, to enable robust biological interpretation of the results and avoid overcomplexity.
All subsequent modelswere nested in this one. The model selection started with simplifying
constraints on p. As a second step, we retained the best model structure for reapture and
considered simpler survival modelsWe then used the best model to test the effects of our
three demographictemporal covariates(medLD, popD, repS) and their interactions (Table
2B) on survival.

b) Link between individual timing of breeding (reléive laying date) and adult survival

To assessthe effect ofintra-populationvariationin laying dates, a multistate dataset of capture

histories for our population was created. The different states were defined as the quartiles of

laying datedistribution of the populatiorin a given year for instance the 25% earliest breeders

LQ WKH SRSXODWLRQ IRU D JLYHQ \HDU ZHUH JLYHQ WKH VWDMW
ZHUH JLYHQ VWDWH qr 2EVHUYDWLRQV ZLMie R Wed@\ OD\LQJ
observations, 3 individualsout of 2258 observations.

The starting model used for model selection (Tabl8, Model 85) was set to have only sex
allowed as a possible constraint for recapture probabilitiep] based on the above selection
procedure on the monostate modelltincluded (1) allpossible interactions between state, sex
and age for the probability estimates of being in a given initial state (IS)2) interactions
between sex, age, departure and arrival state for between stateansition probabilities (T){(3)
interactions between state, sex and age for survivgbrobabilities( ¢). Selection was made
sequentially (i.e. by retaining the best structure at each step for the next steffiystly on initial
state distribution constraints, then on transition probabilities constraints. For survival
constraints, the possible interactive effects of sex and age with the states were teste@hen
various potential groupings of states were tested with the association of sex and age as in the
best previousmodels, including grouping of quartiles 1vs234,123vs4,1vs23vs4,12
vs34,1vs2vs34,12vs3vs4.



c) Effects of populationlevel annual covariates orthe relative laying date- adult survivallink

Based on modelselection described above, we started from a model takg into account
differencesin laying date quartile§Tables 3 and 4: model 43), andran furthermodel selection
by adding four population-level annual metrics (Temp, medLD, popD, repS and their
interactions as continuous temporatovariates (Table 4).

d) Links between hdividualbreeding success relative laying dateand adult survival

To assess the role of intra-population reproductive investment in the system another
multistate dataset of capture histories was used. The 6 state®ok into account combinations
of the individualdifferences in reproduction in three categories (Failure: clutch abandoned or
predated, O fledglings; Low reproduction: number of fleglings below the median number of
fledglings per brood in the population this year; High reproduction: number of fledglings above
this median) andindividual differences inphenology in two categories (Early breeders: first
quartile of laying date (state 1lin the previous dataset), Late breeders: second to fourth
guartiles of laying date (stats 2,3 and 4 in the previous dataset)) (see Figur®A).

The starting model for the selectiorincluded the interactive effects of age, sex and state for
its various structural componentgTable5, model 276). Recapture probabilitieswere assumed
to depend on sex only.The sequential selection procedure was the same as aboveror
survival rates, various groupings of states were tested (Tablg, Figure 5) ncluding grouping
ofstates 12vs3456,12vs34vs56,135vs246,12vs35vs46.



Populatiortlevel
analysis

Individuatlevel analysis

Additional annual populatiorlevel
covariates tested on survival

Type of models used

a) Link between populatiortlevel phenology
and average annual adult survival

Phenology 8 Survival

Demographic covariates
(median laying date, population density, mea
reproductive success)

Monostate models

b) Link between individual timing of breeding
(relative laying datg§ and adult survival

Relative Phenology8 Survival

Multistate models
(4 relative laying date states)

c) Effects of populationlevel annual covariates
on the relative laying date- adult survival link

Relative Phenology8 Survival

Demographic covariates
and spring temperature

Multistate models
(4 relative laying date states)

d) Links between individual breeding success,
relative laying dateand adult survival

Relative Laying date and
Relative Reproductive Success
8 Survival

Table 1: Summary of the four main types of questions addressed and models used in this study

Multistate models
(6 relative laying date and
reproductive success states)



Results

Goodness-of-fit

No significant violation of standard models assumptions was found while performing the
goodness-of-fit tests using program UCARE (Choquet et al., 2009a) Detailed goodnessof-fit
results are provided in Appendix 2.

a) Link between populationlevel phenology and average annual adult survival

The best model from ourpreliminary selection on the single state capture histories (without
covariates) is presented in Table2A (Model 1). This model assumesan effect of sex only on
recapture probabilities with higher recapture rates for femaleSgmaes = 0.673 [0.611; 0.729]es%ci;
Premales= 0.859 [0.805; 0.899] os%ci), and of age only on survival probabilitieswith higher survival
probabilities for first year adults than olderadults (*iyear = 0.597 [0.546; 0.645] oseeci  2+years =
0.526 [0.494; 0.558] oswc).

When addingthe three population-level annualdemographiccovariates(median laying dateof the
population (medLD), population density (popD) and mean number of fledglings per attempted
brood in the population (repS))as determinants of survivalwe observed that adding each
covariate separately to Model limproved the fit to the data (Table2B, models 35, 36 and 37).
The best model from this selectiorwas Model 23, which took into account the effects ofthe
medLD, popD and their interaction.

All models show a positiverelationship betweenthe median laying dateand adult survival and a
negative relationship betweendensity and survival which means that a late reproduction of the
population is associated with ahigh subsequent adult survival, and that a high density of the
population is associated with a low subsequent survival (Figure 1A and BThe interaction
between population density and median laying date is negative: when population density
increases, thestrength of the (positive) relationship between median laying date and adult survival
decreases and it almost becomes negative; when median laying date increases, the strength of
the (negative) relationship between population density and adult survival desases and it almost
becomes positive.
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Figure 1: Relation betweenannual survival probabilities and two demographic parameters. A: Survival is positively
correlated with median laying date of the populationin the previous spring (3=0.11; SE=0.06). The points are the
estimates of Model 3 (Table2A) for age 1 with 95% confidence intervals, the solidrie is for age 1 from Model 36 (Table
2B) which has a continuous effect of median laying date on survival, its 95% CI are represented by the dashed lines. B:
Survival is negatively correlated with population densitgturing the previous spring(3=-0.14; SE=0.07). The points are
the estimates of Model 3 (Table2A) for age 1 with 95% confidence intervals, the solid line is for age 1 from Model 35

(Table 2B) which has a continuous effect of population density on survival, its 95% CI are represented by the dasghe
lines.



TABLER A

Model Number of
Number Model Description Parameters Deviance LAICC
1 ” (age) P(sex) 5 2540.2929 0
2 " (sex + age) P(sex) 6 2540.2025 1.9193
3 " (age + year) P(sex) 41 2470.4757 3.5672
4 7 ~Xe W~e /[ 4 2545.7377 3.4367
5 " (sex.age) P(sex) 7 2540.1151 3.8431
6 " (sex + age + year) P(sex) 42 2470.3746 5.5354
7 " ~ fEe W~e Ao 5 2545.7185 5.4256
8 " (sex.age + year) P(sex) 43 2470.1824 7.4142
Y
18 "(sex.age + sex.yearagje.year) P(sex) 112 2407.8799 92.2250
Y
22 "(sex.age + sex.year + age.year) P(sex.ye 180 2305.7482 143.6878
TABLER B
Model Number of
Number Model Description Parameters Deviance
23 "(age + popD + medLD + popB&dLD) P(sex) 8 2525.3938
24 “(age + repS + popD + medLD + popD*medLD) P(sex) 9 2523.5997
25 “(age + repS + popD + repS*popD) P(sex) 8 2527.0215
26 "(age + repS + popD + medLD + repS*medLD + popD*medLD) P(sex) 10 2523.0285
27 ”(age + repS + popD + medLD + repS*popD + popD*medLD) P(sex) 10 2523.5981
28 "(age + repS + popD + medLD + repS*popD) P(sex) 9 2526.3613
29 "(age + repS + popD + LEDmed + repS*popD + repS*medLD + popD*medLD) 11 2523.0106
Y
35 ”(age + popD) P(sex) 6 2535.6175
36 "(age + medLD) P(sex) 6 2536.8621
37 "(age + repS) P(sex) 6 2537.0717
Y
1 "~ P W~ £ 5 2540.2929

4Y |/

0
0.2205
1.6277
1.6654
2.2350
2.9820
3.6654

6.1994
7.4441

7.6536

8.8652

Table 2:Monostate model selection assessing the link between populatielevel phenology and average annual survival.
Full tables are provided in Appendix 1A: Preliminary model selection assessing the effects of year, sex and age on
recapture (p) and survival () probabilties. Starting model: Model 22, best model: Model 1. QAICc(Model 1) =
2550.3171. B: Secondary model selection assessing the effect of three annual populatitevel demographic covariates
(repS= reproductive success, popD = population density, medLD = méah laying date) on survival probabilities. The
covariates and their interactions were added to preliminary selected model 1. Starting model: Model 1, best model:
Model 23. QAICc(Model 23) = 2541.45109.



b) Link between individual timing of breeding (relativaling date) and adult survival

The model selection on the stateseparated laying date quartiles capture histories dataset did not
show any model stand out in terms of QAICcSeven different modelsvere includedwithin the first
2 points of QAICc of our selection (Table3). All differ only by their constraints on survival
estimates, differences among phenological quartiles are included in 6f these modelsand the
effect of sex is includedin only one of them.A model averaging conducted on these models
provided an accurategraphic representation of the estimates they produced (Figure 2). Whilgtle
differencesoccurred for first year adults, survivafor older adultsdecreased very consistently from
the first to the last laying date quartie.
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Figure 2: Survival associated with different laying date quartile$LD quartile) of the population obtained by model
averaging of the first seven models of our selection (Tabl8). For both age classes, each bar represents a different
quartile, lines indicate the 95% confidence intervals of the estimates.



TABLB

Model Number of
Number Model Description Parameters Deviance  4AICc
41 1S(to.age)” (age) T(f.to + age) P(sex) 23 8539.8297 0
42 1S(to.age)” (f(1 2 3,4) + age) T(f.to + age) P(sex) 24 8538.5821 0.7885
43 1S(to.age)” (f(1,2 3 4) + age) T(f.to + age) P(sex) 24 8538.5896 0.7960
44 1S(to.age)” (f(1 2,3 4) + age) T(f.to + age) P(sex) 24 8539.1739 1.3803
45 1S(to.age)” (f(1,2 3 4).age) T(f.to + age) P(sex) 25 8537.5055 1.7496
46 1S(to.age)”(sex + age) T(f.to + age) P(sex) 24 8539.7733 1.9797
47 1S(to.age)”(f(1 4,2 3) + age) T(f.toage) P(sex) 24 8539.8296 2.0360
48 1S(to.age)”(f(1,2 3,4) + age) T(f.to + age) P(sex) 25 8538.015 2.2591
49 I1S(to.age)”(f(1,2 3 4) + sex + age) T(f.to + age) P( 25 8538.5418 2.7859
Y
74 IS(to.age)”(f.age.sex T(f.to + age) P(sex) 37 8528.262 17.0781
Y
84 IS(to.age)”(f.age.sex) T(f.to.age.sex) P(sex) 72 8491.6054 53.3756
85 /"~8}Xe EX P o "~(X P X £+ d~( 78 8483.6279  58.1008
Y
101 IS(to.age)”(f.age.sex) T(P(sex) 25 8666.1608 130.4050
Y

Table 3: Multistate model selection assessing the link between relative laying date and subsequent adult survival. Full
table is provided in Appendix 1. The four states represent laying date quartiles (an individual in state 1 has laid in the
earliest 25% of the mpulation). All models have sex as only constraint on recapture probabilities (P). Selection was
made sequentially (by retaining the best structure at each step for the next step), firstly on initial state distribution
constraints (IS), then on transitionprobabilities constraints (T), then on survival constraints«). Starting model: Model
85, best model: Model 41. QAICc(Model 41) = 8586.2435. For initial state distribution: to = initial state. For between
states transitions probabilities: f = departure stte, to = arrival state. For survival: f = state of the individual.

c) Effects of populationlevel annual covariates on the relative laying dateadult survival link

Performing a new model selection afterdding onemeteorological(Temp) and threedemographic
(medLD, popD and repS) continuous temporal covariateaffecting survivalto our modelsyielded
the same results as in the single state model selection (see a)): the most important temporal
covariateswere the medianlaying date, population denfty and their interaction, alincludedin the
best model(Table 4, model 104).

In all models of this selection, the survival estimates associated with laying date quartile 1 (25%
earliest breeders of the populationfor a given yeal) were higher than those associated with
grouped laying date quartiles 2, 3 and 4 (e.g. Model 43 give3age1,.01= 0.628 [0.553; 0.698]os%ci;
*age1,LD234 = 0.592 [0.541; 0.641] 95%c|).

Overall, while adult survivalwas globally positively correlated with median laying date, we
observed differences in the slope of this correlation between early breeders and the other
individuals: early breeders tendd to be almostunaffected by the median laying date (8:=0.02;
SE=0.13 for early breeders(laying date quartile 1)and 3p234=0.14; SE=0.07 for othersin model
154, Figure 3). The correlationbetween adult survival and populatiordensity remaired almost
equal for both categories of laying date (($:=-0.19; SE=0.14 and (4p234=-0.13; SE=0.07 in model
139, Table 4).
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Figure 3 Annual survival probabilities as functions of thenedian laying dateof the populationfor early breeders (laying
date quartile 1, in blue)and for other individuals (laying date quartiles 2, 3 and 4, in orange). Points are trennual
survival estimates for age 1 from Model 219 (Tabld), solid lines are the slopes for age 1 of both laying date quartile
groups (1 vs 2,3 and 4) from Model 154 (Tald 4), their 95% confidence intervals are represented by the dashed lines.

When looking at the same correldbns of annual demographic covariates with survivalbut taking
the most important covariates namelynedian laying date,populationdensity and their interaction
into account at the same time, different effects arse (Figure 4} For allrelativelaying date states
at high population density, the positive correlation between survival anithe median laying date
still occurred. At low population density, the correlation became negative. This pattern was
qualitatively similar but strongerfor early breeders than for othes.



TABLE

Model Description

Model Number of
Number [ IS | i | T | P | Parameterd Deviance| 4Y /
103 |to.age (medLD + popD + medLD*popD) + (1,2 3 4) + age) fto + age S€X 27 8523.965 0
(Figu}tg j) " (medlD+popD + medLD"pop[Lf2 3 4) +age " " 29 8520.1337 0.2548
105|" (Temp+ medLD + popD + medLD*popD).f(1,2 3 4) + age " " 31 8516.6351 0.8483
106|" (medLD + popD + repS + medLD*popD).f(1,2 3 4) + age " " 31 8518.06712.2803
107" (popD + repS + popD*repg)Lf2 3 4) + age " " 29 8522.5685 2.6895
108|" (Temp+ medLD + popD + repS + medLD*popD).f(1,2 3 4) + age " " 33 8515.5744 3.8861
Y
139" (popD).f(1,2 3 4) + age " " 25 8535.0067 6.9617
Y
154} (medLD).€1,2 3 4) + age " " 25 8536.0373 7.9923
(Figure 3)
Y
43|" f(1,2 3 4) + age " " 24 8538.5896 8.5069
Y
219" year.f(1,2 3 4) + age " " 97 8406.1028 28.899

Table 4: Multistate model selection assessing the effects of populatielevel annual covariates on the relative laying dateadult survival link. Full table is provided in Appendix 1. The effects
of 4 annual covariates (Temp = mean daily mean temperature from Mar 31 to May 7", repS = reproductive success, popD = population density, medLD = median laying date) and their
first-order interactions as continuous temporal covariates on survival probabilities are tested on one of the best models from phecedent selection (Table 3): Model 43. Starting model:
Model 43, best model: Model 103. QAICc(Model 103) = 8578.5326. For initial state distribution: to = initial state. For betwestates transitions probabilities: f = departure state, to = arrival
state. For sunival: f = state of the individual.
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Figure 4: Annual survival probabilities as functions of the median laying date of the populatiahhigh (full points, solid
lines) and low (empty points, dashed lines) population density, for early breeders (LD quartll, blue) and later breeders
(LD quartiles 2, 3 and 4, orange)High/low density years are the 15 years of monitoring with highest/lowest population
densities. Estimates are from the best Model 104 (Tabld).

d) Links between individual breedinguccess, relative laying date and adult survival

When considering combinations of breeding success and relative laying date statéSigure 5A for
a description of the states)on subsequent survival probability model selection resulted in four
models diffaing from less than two points of QAICc (Tabl&, Figure 5C), clearly indicating that
the most important survival variation within our combined statesccurred between individuals
failing to reproduce and those that succeed (regardless of their relative laying datEigure D).
The average survival estimates were respectively0.614 [0.562; 0.664]os%ci for successful
breeders and0.481 [0.387; 0.576]es%ci for faled breeders (estimates from model 220)Whileearly
breeders exhibitedslightly higher survival probabilities than late breeders fdhe two categories
of successful breeders(Figure 5C and D), our analysis indicatel that the magnitude of this
difference was small as compared with the difference in survival between failed and successful
breeders.

Our analysis also revealedhat transitionswere asymmetrical with respect to the breeding state:
both failed and successful breeders tendd to transition preferentially to successful breeding
states (model 265, comparison with null model 284 of equal transition probabilities:

N 43$,&E8.95, see Figure5B for transition estimates).



A

State Reproductive Success Relative laying date > 075
Failure Early Breedingyuartile 1)
no fledglings Late Breedingquartiles 2,3 and 4)
............. S . Low Success Early Breedinguartie 1) 0,65 1
4 less fledglings than median of tigopulation | | gte Breedingquartiles 2, 3 and 4) c_;s
............. S High Success Early Breedingyuartile 1) 2
6 more fledglings than median of the populatiot | gte Breedingyuartiles 2,3 and 4) 2 0,55 +
3
B. Transition probabilities: g
to | | % 045 +
state 1 | state 2 | state 3 . state 4 i state 5 | state 6 L&t’
from state 1 __NA | 0.085_ 0270110870 0275 NA
state2 NA | NA | 0.116/ 0.184 0.294 0.272 03T
state 3 0.079; 0.067] 0.314 0.224; 0.118
state 4 0.023] 0.123| 0.144 0.140;  0.186| 0,25 +
state 5 0.042 0035/ 0244 _ | ) 0108 Reproduction failure  Reproduction Low SuccesReproduction High Success
state 6  0.022, 0.096] 0.143] 0.288 | 0.219 " Early Breeders = Late Breeders
(mean transition probability: 0,16y
C.
I\N/Il?r(:l?:)ler l\DA::;Iiption 4Y [ Signification of grouped states for Survival Nsu::‘z‘?;‘ogﬂ;zz; :t::euil zrart\:\;al :t;?egg 1State 4 State 5 State 6
220 f(12,3456)+age 0 Reproduction Failure, Reproduction Succgsaditive age effect) 2 0.481 0.614
221 f(12,35,46)+age¢ 1.1828 Reproduction Failure, Reproduction Success and Early Breeding, Reproduction Success and Late 3 0.484 0.639 0.608
222 f(12,3456).age 1.8208 Reproduction Failure, Reproduction Succ@steractive age effect) 2 0.458 0.618
223 f(12,34,56)+age 1.8468 Reproduction Failure, Reproduction with Low Success, Reproduction with High Success 3 0.48 0.62 0.605
233 age 5.7687 No states 1 0.597
235 from+age 6.7108 No grouping 6 0.465 0.489 0.658 0.61 0.617 0.603
236 f(135,246)+age 6.7556 EarlyBreeding, Late Breeding 2 0.623 0.591

Figure 5: Links between individual breeding success, relative laying date and subsequent adult survival. A: Description of the reprdogcsuccess and laying date states used in the multistate model8:
Estimates of transition probabilities among breeding succesand relative laying date states (model 220, Table 5 and CJor example, the probability of transitioning from state 3 to state 4 is 0.198. NA
correspond to transitions that could not be estimate due to insufficient data.C: Models of significant interes from the model selection (Tableb) with the interpretation of the provided estimatesD: Estimates

of first year adult survival in the year following a given breeding success and relative laying date. The provided estimatese obtained by model averagig on the 4 best models of our selection (Tabl®),
95%Cls are represented by the gey lines.



TABLE ¢

Model Number of
Number Model Description Parameters Deviance 4Y /

220 IS(to.age)” (f(12,3456) + age) T(f.to) P(sex) 45 9508.2521 0

221 1S(to.age)”(f(12,35,46) + age) T(f.to) P(sex) 46 9507.3651 1.1828

222 1S(to.age)” (f(12,3456).age) T(f.to) P(sex) 46 9508.0031 1.8208

223 IS(to.age)” (f(12,34,56) + age) T(f.to) P(sex) 46 9508.0291 1.8468

224 |S(to.age)”(f(12,3456) + sex + age) T(f.to) P(se 46 9508.196 2.0137

225 1S(to.age)”(f(12,3456).age + sex) T(f.to) P(sex) 47 9507.9551 3.8442

226 1S(to.age)"(f(12,34,56) + sex + age) T(f.to) P(se 47 9507.976  3.8651

227 1S(to.age)”(f(12,3456).sex + age) T(f.to) P(sex) 47 9507.9806 3.8697

228 IS(to.age)"(f(12,3456) + sex.age) T(f.to) P(sex) 47 9508.1567 4.0458

229 IS(to.age)"(f(12,3456)) T(f.to) P(sex) 44 9514.2306 3.9101
Y

233 IS(to.age)” (age) T(f.to) P(sex) 44 9516.0891 5.7687
Y

235 IS(to.age)” (from + age) T(f.to) P(sex) 49 9506.6743 6.7108

236 IS(to.age)” (f(135,246) + age) T(f.to) P(sex) 45 9515.0078 6.7556
Y

265 IS(to.age)”(f.age.sex) T(f.to) P(sex) 66 9498.2507 33.7948
Y

274 1S(to.age)” (f.age.sex) T(f.to.age.sex) P(sex) 153 9414.8768 139.547
Y

276 | ~~38} X [EfXagP.sex) F(f.to.age.sex) P(sex] 163 9408.5465 155.786
Y

284 1S(to.age)” (f.age.sex) T(P(sex) 37 9697.4963 172.741
Y

Table 5: Multistate model selection assessing the links between individual breeding success, relative laying date and
adult survival. Full table is provided in Appendix 1. The 6 states represent different categories of individual breeding
success and relative layng date (see Figure 5 for details). Starting model: Model 276 included the interactive effects of
age, sex and state for its various structural components. Recapture probabilities were assumed to depend on sex only.
Sequential selection procedure was the ame as in the precedent model selection (Table 4). Best model: Model 220.
QAICc(Model 220) = 9599.8097.



Discussion

The analysis conducted onthe links between reproductive phenology and subsequent adult
survival ina Mediterraneanforest Blue tit Cyanistes caeruleu3 populationrevealedthat (a) at the
population scale, early median breeding years are followed by lower average adult survivdl) at
the individual levelrelative early breeders within the population have highesubsequentsurvival
than relative late breeders (c) population density influences the relativgphenology 8 survival
relationship, (d) individual relative reproductive success also influences subsequent adult survival
in our population, in particular a failed reproduction is linked to a lower subsequent survivahken
together, these results inform us on the individudkevel and population-level determinants of over
winter survival in this blue tit population, and they reveal a potential tradeff between early
reproduction and adult survival. As discussed below, this knowledge brings a new light to our
understanding of the evolutiomry potential of avian phenology in the context of a warming world.

a. Atthe population scale, early breeding years are followed by loaverage survival

We showed that at the populationlevel, advanced phenology is associatedwith lower overall
subsequentsurvivalin breeders (Table 2, Figure 1A) Although the link between avian breeding
phenology and survival has not been examined nearly as much as the link between phenology and
reproductive success this first result isin agreementwith previous results in bird¢Brinkhof et al.,
2002; Nilsson, 1994) and other vertebrates Such interannual, populationlevel variation in
phenology reflects the average or common response of breedersin the year tto environmental
conditions, including spring temperatures(Bonamour et al., 2019) Similarly reduced survival
between year t and t+1 reflects the average demographic responseof breeders to these
conditions, regardless of theirrelative position in the laying date distribution of year t. Reduced
average survivalmay be the consequence of a high energetic cost of early breeding itself in
addition to the cost of high reproduction associatedwith early breeding (Brinkhof et al., 2002)
These results arehighly compatible with our preliminary hypothesis of the importance of a cost of
reproduction in our population,as well as withthe general prediction that, in shorived species,
costs of reproductionmainly occur on survival (rather than on future reproductio, Hamel et al.,
2010; Le Coeur et al., 2018) However,it is important to note that the correlative nature of our
analysis prevents us from demonstratindully this hypothesis. V& could be observing for example
the consequences on adult survival of a high hydric or energetic stress in warm years; of high
predation (due tofavourable meteorological conditions fopredators) in these yearsof early avian
phenology. Another explanation for the observed pattern could be the existence of phenological
mismatches: in particularly warm years, the advare of phenology of the tit population could be
insufficient compared to the advance of their preyVisser and Gienapp, 2019) However, such
predator-prey mismatch would also result in a lower reproductiorfor blue tits which is not what
is generally observed for early yearson the contrary, in the EPirio population,the mean number
of fledglings per attempted brood increasd when the median laying date decreasd (+0.12
fledglings/earlier dayp-value< 107).

b. Atthe individual level, relative early breeders have higher survivide following year

Interestingly, when examining the relationship between survival and relative laying date (i.e., the
position ofthe focal individual within the laying date distribution in a given year), the opposite result
was obtainedcompared to the population scale Regardless of the median laying date of the



population, individuals that breed early in the population have higheubsequent survival than
others (for ages of twoyears or more) (Figure 2). This result suggests that some individual
heterogeneity(Gimenez et al., 2018)occurs within our study populationwhilebreeding early can
be seen asa strategy to improve breeding success(Marrot et al., 2018) that may convey some
survival cost (assuggested by our present populationlevel resulty, early breeders may be more
prone to survive in spite of this cost. Simdlr results have been obtained by previous studies on the
cost of reproduction: while reproduction is expected to be costly, positive covariation between
breeding success and subsequent survival is frequently observed in free ranging animal
populations(Robert et al., 2014; van Noordwijk and de Jong, 1986)In our blue tit population, the
high repeatability othe rank of laying date among yeargR = 0.406 [0.316; 0.493]oswci for females,
see Appendix 3 for detailspuggests indeed the occurrence of some intrapopulation heterogeneity
regarding the phenological stategy. This result is confirmed by the analysis of the transitions
among states of relative laying date, which are not random (comparison of modé#t and model
101, NQAICc =113.33, Table3). In particular, he earliest breeders (quartile 1 of the laying date
distribution at year t) have a very high probability52%) to remain in quartile 1 at year t+1(see
transition probabilitiesmatrix in Appendix 4). These results are in line with previous findirgin
many bird species that breeding phenology is repeatable and heritable (see e.g.ostma, 2014,
for the focal populationDelahaie et al., 2017estimate a heritability of laying datef 0.125 [0.059;
0.199]e5%c1).

When considering both the absolute (median of the population) andhe relative laying date,we
found that the strength of the correlation between survival and themedian laying date varies
between early breeders andlater breeders (Figure 3).Early breeders, on top of having higher
survival rates, are less affected by thequality rof the year (warm or cold spring resulting in early
or late median laying date). Later breeders, on the contrarjhave lowersurvival in warm yearsbut
higher survival incolder years(late median laying date).

c. Population densityinfluences the relativephenology & survival relationship

Population densitywas another important factor (negatively) correlated witannual subsequent
survival (Figure 1B), presumably reflecting the intensity of intraspecific competition for food
resources (Gamelon et al., 2016) We thus included density in the multistate individual model to
test whether population breeding density modulated theelationship between phenology and
survival probability Resultsshowthat at highbreeding populationdensity the suspected potential
trade-off between early reproduction andsubsequent survivalbecomes apparent (Figure 4) this
suggests that the unfavourable environment othigh intra-population competitionincreases the
costs of early breeding. On the contrary, atlow population densitghe constraints of the tradeoff
seem to be relaxed: no costin survival of breeding earlycan be observed and in warm years
(early median laying date), on top of having better reproductioriDelahaie et al., 2017) early
breedingindividuals have higher survival rates (Figure 4).

Two main conclusions can be drawn from these resultsFirst, the cost of breeding early is
modulated by environmentakonditions. Although to our knowledge, it has never been applied
to phenology, this finding is in agreementwith previous results showing that costs of reproduction
may be modulated by age(Rauset et al., 2015) resource availabilityLe Coeur et al., 2018)or
meteorologicalconditions (Stoelting et al., 2014) Second, while the cost of breeding earlier than
the other breeders in a given year may be hidden by demographic heterogeneityder average
conditions (Figure 2), it becomes apparentunder very harsh conditions (here, a combination of
warm spring and high population densitywhich are both correlated to low adult survivgl Under
such harsh conditions, individuals that invest in early breeding show particularly low survival



probabilites (Figure 4). Again, similar interplag between demographic heterogeneity,
reproduction cost and environmental conditions Ave been found in previous studiegRobert et
al., 2012). For example, in the Alpine ibexQapra ibex), survival probabilities were found higher
for successfully breeding females than for unsuccessful females under averagmnditions.
However, during a severe disease outbreak, survival patterns according to reproductive state
were reversed, with lower survival for successful than unsuccessful femal&Sarnier et al., 2016)

d. Both relative laying date and relative breeding success impact survival

Life-history theory predicts that, at the scale of organisms, investment in the current reproduction
may constrain the energy available for maintenance, leading to tradeffs with survival and/or
future reproduction (Roff, 1993; Stearns, 1992) referred to as the cost of reproduction. In the
context of our blue tit population, fi early breeding is a strategy for breeders to impve their
reproductive success, the survival cost associated with early reproduction can be considered a
form of reproductive cost. However, it is notoriously difficult to disentangle the cost of early
reproduction per se from the cost associated with hidp reproductive success. Previous analygs

in our study population indicate that early breeders are generally more successful than late
breeders (Porlier et al., 2012) which implies that the effets of breeding success and laying date
on survival are partially confounded. When considering combinations céproductive successand
relative laying date in the survival mods| results uncover strong differences in survival
probabilities between individuals with reproduction success (at least one fledgling) or failure
(Figure 5). All individuals of our datasets were captured in the nest boxes during reproduction:
they have all at least attempted reproductionrand reached the nestling stage, i.e. successfily
hatched at least one nestling This means that individuals with failed reproduction (0 fledglings)
encountered strong impediments during the breeding even{scarceness of resources, harsh
climatic events, predation of the brood, abandonmentbywne orthe other parent, or death).

A high proportion of these brood failuresmay be linked to the death of one or both parents: as it
occurs after the recapture and identification of the parents (otherwise they would not be in the
dataset), it will be analysed a death during the subsequent year and therefore we expected to
observe low survivafor adults with failed reproduction compared to othersHowever, the positive
effect of being an early breeder is still observed here, on top of the effects of reproductive success.
Model selection indicates that (1)models assuming survival differences between early and late
breeders are part of the set of best modelg NQAICc<2) (2) among breedersthat fledged at least
one chick, the relative laying date explains more deviance than the breeding succe@model 221
vs. 223).

e. Evolutionary perspectives in a context of climate change

Previous selection analyses using repmuctive success as fitness estimator concluded that early
breeding individuals are favoured by selectioffe.g. Klomp, 1970; Marrot et al., 2018 in the focal
population). As laying date is a heritable traif{Delahaie et al., 2017; Postma, 2014) and as it
stands under negative selectionmany studiesusing reproductive successwere surprisedby the
absence of evolution of laying date ithe context of climate change (e.g. Price et al., 1988) An
often suggested explanation to this evolutinary stasis is the potential presence of a positive
selection on laying date via survival, opposed to and compensating the negative selection via
reproductive success (Merila et al., 2001) Here, we showed that this cannot be the case in our
population, as early breeding individuals have not only higher reproductive success, but also
higher survival, which also increases the selection for early breeding.



Another explanation behind common evolutionary stasis in heritable selected traits is the spatio
temporal fluctuations of selection.In our study population, theonly case in which selection on
survival was inversed was in harsh condition years (early mexh laying date and high population
density), whereby later laying indivduals had higher survival ratesif the frequency of such years
were to increasein the context of climate change,the selection regime ofthe focal population
might face significant changes.

However, whilerecent climate change occurring in our study sitg(1) has a direct impact on adult
survival (Grosbois et al., 2006) and (2) increases selection via reproductive success on early
laying dates(Marrot et al., 2018), we could not observe the same pattern bincreasingselection
via adult survival The observed warming of spring temperatures on our study site
(+0,49°C/decade) and the correlated advancement of median laying dates4,97 days/decade)
in our population result in an increasing number of years with early median laying datdxsjt no
overallincrease in population density could be observed during the monitoring of our population.
As warmer years alone do not favour selection dater breeders via adult survival (in early median
laying date years, relative early breeders have higher survivahdn the others), it is likely that
climate change will not changethe direction ofselection on laying date via adult survival in our
population.
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Appendix 1. Full modekelection tables (Tables 25)

TABLR A
Model Number of
Number Model Description Parameters Deviance  4AICc
1 " (age) P(sex) 5 2540.2929 0
2 " (sex + age) P(sex) 6 2540.2025 1.9193
3 " (age + year) P(sex) 41 2470.4757 3.5672
4 " () P(sex) 4 2545.7377 3.4367
5 " (sex.age) P(sex) 7 2540.1151 3.8431
6 " (sex + age + year) P(sex) 42 2470.3746 5.5354
7 7 ~¢ fEe W~e [ 5 2545.7185 5.4256
8 " (sex.age + year) P(sex) 43 2470.1824 7.4142
9 " ~C &+ W~e [ 40 2476.4947 7.5185
10 ” (sex + year) P(sex) 41 2476.4745 9.560
11 ” (age.year) P(sex) 74 2440.6839 42.9688
12 " (age.year + sex) P(sex) 75 2440.6271 45.0384
13 " (sex.age + age.year) P(sex) 76 2440.6032 47.1425
14 ” (sex.year+ age) P(sex) 78 2439.6521 50.4530
15 ” (sex.age + sex.year) P(sex) 79 2439.2175 52.1518
16 " (sex.year) P(sex) 77 2444.3866 53.0558
17 " (sex.year + age.year) P(sex) 111 2408.4087 90.5606
18 ”(sex.age + sex.year + age.yp#(sex) 112 2407.8799 92.2250
19 "(sex.age + sex.year + age.year) P(sex + 147 2337.963 100.2488
20 "(sex.age + sex.year + age.year) P(.) 111 2427.1605 109.3125
21 "(sex.age + sex.year + age.year) P(year) 146 2361.0062 121.0327
22 "(sex.age + sex.year + age.year) P(sex.ye 180 2305.7482 143.6878



TABLE B

Model L Number of
Number Model Description Parameters
23 ”(age + popD + medLD + popD*medLD) P(sex) 8

24 “(age + repS + popD + medLD + popD*medLD) P(sex) 9

25 "(age + repS + popD + repS*popD) P(sex) 8

26 "(age + repS + popD + medLD + repS*medLD + popD*medLD) P(sex) 10

27 "(age + repS + popD + medLi2pS*popD + popD*medLD) P(sex) 10

28 ”(age + repS + popD + medLD + repS*popD) P(sex) 9

29 "(age + repS + popD + LEDmed + repS*popD + repS*medLD + popD*medLD) F 11

30 "(age + popD + medLBjsex) 7

31 "(age + repS + popD) P(sex) 7

32 "(age + repS + popD + medLD) P(sex) 8

33 "(age + repS + popD + medLD + repS*popD + repS*medLD) P(sex) 10

34 "(age + repS + popDmedLD + repS*medLD) P(sex) 9

35 ”(age + popD) P(sex) 6

36 ”(age + medLD) P(sex) 6

37 "(age + repS) P(sex) 6

38 "(age + repS + medLD) P(sex) 7

1 "~ P eW=~e [ 5

40 (age + repS + medLD + repS*medLD) P(sex) 8

Deviance

2525.3938
2523.5997
2527.0215
2523.0285
2523.5981
2526.3613
2523.0106
2531.0657
2531.1089
2529.7736
2526.3472
2529.5683
2535.6175
2536.8621
2537.0717
2536.0202
2540.2929
2535.4539

4Y |/

0
0.2205
1.6277
1.6654
2.2350
2.9820
3.6654
3.6590
3.7021
4.3798
4.9841
6.1891
6.1994
7.4441
7.6536
8.6135
8.8652

10.0601

Table 2:Monostate model selection assessing the link between populatielevel phenology and average annual survival.

A: Preliminary model selection assessing the effects of year, sex and age on recaptug énd survival (¢) probabilities.

Starting model: Model 22, best madel: Model 1. QAICc(Model 1) =2550.3171. B: Secondary model selection assessing
the effect of three annual populatiorlevel demographic covariates (repS= reproductive success, popD = population
density, medLD = median laying date) on survival probabiés. The covariates and their interactions were added to
preliminary selected model 1. Starting model: Model 1, best model: Model 23. QAICc(Model 23) = 2541.4519.



TABLB

Model Number of
Number Model Description Parameters Deviance LAICCc
41 1S(to.age)” (age) T(f.to + age) P(sex) 23 8539.8297 0
42 1S(to.age)” (f(1 2 3,4) + age) T(f.to + age) P(sex) 24 8538.5821 0.7885
43 1S(to.age)” (f(1,2 3 4) + age) T(f.to + age) P(sex) 24 8538.5896 0.7960
44 1S(to.age)” (f(1 2,3 4) + age) T(f.to + age) P(sex) 24 8539.1739 1.3803
45 1S(to.age)” (f(1,2 3 4).age) T(f.to + age) P(sex) 25 8537.5055 1.7496
46 1S(to.age)” (sex + age) T(f.to + age) P(sex) 24 8539.7733 1.9797
47 IS(to.age)”(f(1 4,2 3) + age) T(f.toage) P(sex) 24 8539.8296 2.0360
48 1S(to.age)”(f(1,2 3,4) + age) T(f.to + age) P(sex) 25 8538.015 2.2591
49 1S(to.age)"(f(1,2 3 4) + sex + age) T(f.to + age) P( 25 8538.5418 2.7859
50 IS(to.age)”(f(1 2,3,4) + age) T(f.to + age) P(sex) 25 8538.5476 2.7917
51 IS(to.age)”(f(1,2,3 4) + age) T(f.to + age) P(sex) 25 8538.5728 2.8169
52 IS(to.age)”(.) T(f.to + age) P(sex) 22 8545.1046 3.2403
53 IS(to.age)”(f(1,2 3 4).sex + age) T(f.to + age) P(se 26 8537.4156 3.6989
54 IS(to.age)"(f(1,2 3 4).age + sex) T(f.to + age) P(se 26 8537.439 3.7223
55 IS(to.age)”(sex.age) T(f.to + age) P(sex) 25 8539.6636 3.9078
56 IS(to.age)”(f(1 4,2,3) + age)(f.to + age) P(sex) 25 8539.7597 4.0038
57 1S(to.age)”(f + age) T(f.to + age) P(sex) 26 8537.935 4.2183
58 IS(to.age)”(f(1,2 3 4).[age + sex]) T(f.to + age) P(s 27 8536.1855 4.5096
59 IS(to.age)’(f(1,2 3 4)+ sex.aQd (f.to + age) P(sex) 26 8538.4551 4.7384
60 IS(to.age)”(f(1,2 3 4)) T(f.to + age) P(sex) 23 8544.7966 4.9669
61 IS(to.age)”(sex) T(f.to + age) P(sex) 23 8545.0674 5.2377
62 IS(to.age)”(f + sex + age) T(f.to + age) P(sex) 27 8537.8912 6.2153
63 IS(to.age)”(f(1,2 3 4) + sex) T(f.to + age) P(sex) 24 8544.7447 6.9511
64 IS(to.age)”(f.age) T(f.to + age) P(sex) 29 8534.6326 7.0427
65 IS(to.age)”(f(1,2 3 4).sex.ageT (f.to + age) P(sex) 29 8535.4482 7.8584
66 IS(to.age)”(f.sex + age) T(f.to + age) P(sex) 30 8533.7193 8.1748
67 IS(to.age)”(f + sex.age) T(f.to + age) P(sex) 28 8537.8241 8.1905
68 IS(to.age)”(f(1,2 3 4).sex) T(f.to + age) P(sex) 25 8543.9551 8.1992
69 IS(to.age)”(f) T(f.to + age) P(sex) 25 8544.41 8.6542
70 IS(to.age)”(f.age + sex) T(f.to + age) P(sex) 30 8534.5992 9.0547
71 I1S(to.age)”(f.[age + sex]) T(f.to + age) P(sex) 33 8529.7103 10.3111
72 1S(to.age)”(f + sex) T(f.to + age) P(sex) 26 8544.3494 10.6327
73 I1S(to.age)”(f.sex) T(f.to + age) P(sex) 29 8540.3676 12.7777
74 1S(to.age)” (f.age.sex T(f.to + age) P(sex) 37 8528.262 17.0781
75 I1S(to.age)”(f.age.sex) T(f.to + sex + age) P(sex) 38 8526.562 17.4357
76 1S(to.age)”(f.age.sex) T(f.to) P(sex) 36 8531.581 18.3408
77 1S(to.age)”(f.age.sex) T(f.to + sex.gde(sex) 39 8526.2699 19.2028
78 IS(to.age)”(f.age.sex) T(f.to + sex) P(sex) 37 8530.3885 19.2045
79 IS(to.age)”(f.age.sex) T(f.to.sex + age) P(sex) 49 8507.3425 20.9537
80 IS(to.age)’(f.age.sex) T(f.to.sex) P(sex) 48 8510.5964 22.1327
81 IS(to.age)’(f.age.sex) T(f.to.age) P(sex) 48 8519.7588 31.2951
82 IS(to.age)’(f.age.sex) T(f.to.age + sex) P(sex) 49 8518.1484 31.7595
97 IS(to.age)”(f.age.sex) T(age) P(sex) 26 8649.2906 115.5739
98 IS(to.age)”(f.age.sex) T(s + age) P(sex) 27 8647.8374 116.1614
99 IS(to.age)”(f.age.sex) T(s.age) P(sex) 28 8646.9144 117.2808



101 IS(to.age)’(f.age.sex) T(P(sex) 25 8666.1608 130.4050
102 IS(to.age)”(f.age.sex) T(sex) P(sex) 26 8665.6917 131.9751
83 IS(to.age + sex)(f.age.sex) T(f.to.age.sex) P(sex) 73 8488.6101 52.4934
84 IS(to.age)” (f.age.sex) T(f.to.age.sex) P(sex) 72 8491.6054 53.3756
85 /"~8}Xe EX P ¢ "~(X P Xe A d~( 78 8483.6279 58.1008
86 IS(to.sex + age)(f.age.sex) T(f.to.age.sex) P(sex) 73 8514.1425 78.0258
87 IS(to + age)'(f.age.sex) T(f.to.age.sex) P(sex) 70 8525.5063 83.0553
88 IS(age.sex + t0)(f.age.sex) T(f.to.age.sex) P(sex) 72 8522.4819 84.2522
89 IS(sex + age)(f.age.sex) T(f.to.age.sex) P(sex) 69 8529.5746 85.0153
90 IS(age)’(f.age.sex) T(f.to.age.sex) P(sex) 68 8532.5699 85.9040
91 /"~e EX P o "~(X P Xeo A+ d~(XS§} 70 8529.5455 87.0945
92 ISfo + sex)”(f.age.sex) T(f.to.age.sex) P(sex) 70 8530.1577 87.7067
93 IS(to.sex)”(f.age.sex) T(f.to.age.sex) P(sex) 72 8527.8684 89.6387
94 IS(to) "(f.age.sex) T(f.to.age.sex) P(sex) 69 8542.9053 98.3460
95 IS(sex)”(f.age.sex) Tfo.age.sex) P(sex) 68 8545.8293 99.1634
96 IS(.)"(f.age.sex) T(f.to.age.sex) P(sex) 67 8558.5769 109.8058
100 IS(to + s + age)(f.age.sex) T(f.to.age.sex) P(sex) 70 8561.7448 119.2937

Table 3: Multistate model selection assessing the link between relative laying date and subsequent adult survival. The
four states represent laying date quartiles (an individual in state 1 has laid in the earliest 25% of the population). All
models have sex as onf constraint on recapture probabilities (P). Selection was made sequentially (by retaining the
best structure at each step for the next step), firstly on initial state distribution constraints (IS), then on transition
probabilities constraints (T), then onsurvival constraints (¢). Starting model: Model 85, best model: Model 41.
QAICc(Model 41) = 8586.2435. For initial state distribution: to =initial state. For between states transitions probabilities

f = departure state, to = arrival state. For survivaf.= state of the individual.



TABLE

Model | Model Description Number of

Number | IS | i | T | P | Parameter§y Deviance| 4Y /
103| to.age (medLD + popD + medLD*popD) + f(1,2 3 4) + age) f.to + age sex 27 8523.965 0

(Figu%gj) " (medLD + popB medLD*popD).f(1,2 3 4) + age 29 8520.1337 0.2548
105|" (Temp+ medLD + popD + medLD*popD).f(1,2 3 4) + age 31 8516.6351 0.8483
106|" (medLD + popD + repS + medLD*popD).f(1,2 3 4) + age 31 8518.0671 2.2803
107" (popD + repS popD*repS).f(1,2 3 4) + age 29 8522.5685 2.6895
108|" (Temp+ medLD + popD + repS + medLD*popD).f(1,2 3 4) + age 33 8515.5744 3.8861
109|" (Temp+ medLD + popDFempmedLD + medLD*popD).f(1,2 3 4) + age 33 8515.6038 3.9155
110|" (Temp+ medLD + popDFemppopD + medLD*popD).f(1,2 3 4) + age " " 33 8515.6208 3.9324
111|" (Temp+ popD + repS FemprepS + popD*repS).f(1,2 3 4) + age " " 33 8515.8095 4.1211
112|" (Temp+ medLD + popD + repFemprepS + popD*repS)i,2 3 4) + age " " 35 8512.3527 4.7689
113|" (Temp+ medLD + popD + repS + popD*repS).f(1,2 3 4) + age " " 33 8516.4028 4.7145
114|" (Temp+ medLD + popDFempmedLD).f(1,2 3 4) + age " " 31 8520.734 4.9473
115|" (medLD + popD + repSmedLD*popD + popD*repS).f(1,2 3 4) + age 33 8516.7618 5.0735
116|" (medLD + popD + repS + medLD*popD + medLD*repS).f(1,2 3 4) + age 33 8516.9091 5.2208
117|" (Temp+ popD + repS + popD*repS).f(1,2 3 4) + age 31 8521.1416 5.3548
118" (Temp+ medLD + popD + repS + medLD*popD + popD*repS).f(1,2 3 4) + age 35 8513.2214 5.6376
119|" (Temp+ medLD + popD + repFemprepS + medLD*popD).f(1,2 3 4) + age 35 8513.5727 5.9889
120|" (Temp+ medLD + popDjf,2 3 4) + age 29 8525.6016 5.7227)
121|" (Temp+ medLD + popD + repFempmedLD + popD*repS).f(1,2 3 4) + age 35 8513.6066 6.0228
122" (Temp+ medLD + popDTRemppopD).f(1,2 3 4) + age 31 8521.6727 5.8859
123" (medLD 4popD + repS + popD*repS).f(1,2 3 4) + age 31 8521.8014 6.0147
124" (Temp+ medLD + popD + repFemppopD + medLD*popD).f(1,2 3 4) + age 35 8514.0934 6.5095
125" (popD)+f(L2 3 4) + age) 25 8534.0994 6.0544
126|" (popD +epS).f(1,2 3 4) + age 27 8530.2092 6.2441
127|" (Temp+ popD +TemppopD).f(1,2 3 4) + age " ) 29 8526.2893 6.4104
128|"  (medLD + popD).f(1,2 3 4) + age " " 27 8530.298  6.333
129|" (Temp+ medLD + popD + repS + medLD*popD + medLD*rgnSBf4) + age " " 35 8514.3368 6.753
130" (Temp+ medLD + popD + repFemprepS + medLD*repS + popD*repS).f(1,2 3 4) + age " " 37 8510.3806 6.9076
131|" (Temp+ medLD + popDFempmedLD +TemppopD + medLD*popD)i,2 3 4) + age " " 35 8514.4832 6.8994




132"
133"
134"

135
136
137
138
139

140|"
141"
142"
143"
144"
145"

146"

147"
148"
149"
150"
151"

152
153

154
(Figure 3)

155

156|"
157"
158"
159"

160|"
161"
43"

162|"

(Temp+ medLD + popD + repS + medLD*popD + medLD*repS + popD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repSemprepS + medLD*popD + popD*rep®).,R 3 4) + age
(Temp+ medLD + popD + repS + medLD*repS + popD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemprepS + medLD*popD + medLD*repS + popD*redS2.f3 4) + age
(Temp+ medLD + popD + repSempmedLD + medLD*popD).f(1,2 3 4) + age

(medLD + popD + repS + medLD*popD + medLD*repS + popD*repS).f(1,2 3 4) + age
(Temp+ medLD #empmedLD).f(1,2 3 4) + age

(popD).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemprepS + popD*repS)%,2 3 4) + age
(Temp+ medLD + popD + repFemprepS + medLD*popD + medLD*repS).f(1,2 3 4) + age
(Temp+ medLD + popDHFemp'medLD +TemppopD).f(1,2 3 4) + age

(Temp+ popD + repS FemprepS).f(1,2 3 4) + age

(Temp+ repS AemprepS).f(1,2 3 4) + age

(medLD) + (1,2 3 4) + age)

(Temp+ popD + repS FemppopD).f(1,2 3 4) + age

(Temp+ popD + repS FemppopD +TemprepS + popD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSemp popD + medLD*popD + popD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repSempmedLD + medLD*repS + popD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repSemppopD +TemprepS + medLD*popD).f(1,2 3 4) + age
(Temp+ medLD + popD + repFempmedLD + medLD*popD + popD*repS).f(1,2 3 4) + age
(Temp+ medLD).f(1,2 34) + age

(Temp+ popD + repS FemppopD + popD*repS).f(1,2 3 4) + age

(medLD).f(1,2 3 4) + age

(repS).f(1,2 3 4) + age

(Temp+ popD +epS fTemppopD +TemprepS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSempmedLD).f(1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD +TemprepS + popD*repS)1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD + medLD*popD + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD + medLD*popD + medLD*repS + popD*refB2f3 4) + age

(Temp+ medLD + popD + repSemprepS).f(1,2 3 4) + age

f(1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD +TemprepS +medLD*popD + medLD*repS + popD*repS).f(1,2 3 4) + age

37
37
35
39
35
35
29
25
37
37
33
31
29
25
31
35
37
37
37
37
27
33

25

25
33
33
37
37
39
33
24
41

8510.5333 7.0602
8510.5631 7.0901
8514.6428 7.059
8506.7718 7.4157
8514.7946 7.2108
8514.8547 7.2709
8526.898 7.0191
8535.0067 6.9617
8511.0617 7.5887
8511.2235 7.7504
8519.2298 7.5414
8523.2734 7.4867
8527.3389 7.4599
8535.5391 7.4941
8523.5916 7.8049
8515.6077 8.0239
8511.6874 8.2143
8511.7441 8.2711
8511.9347 8.4616
8511.9924 8.5194
8532.0243 8.0593
8520.0311 8.3427

8536.0373 7.9923

8536.0558 8.0108
8520.2224 8.5341
8520.2459 8.5575
8512.254 8.781
8512.4215 8.9484
8508.4286 9.0725
8520.4411 8.7527
8538.5896 8.5069
8504.677 9.444




163"
164"
165"

166
167
168
169
170

171"
172"
173"
174"
175"

176"

177"
178"
179"
180"
181"
182"

183
184
185
186
187

188"
189|"
190|"
191"

192"
193|"
194"

195"

(medLD + popD + repS + medLD*repS + popD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSempmedLD +TemprepS + medLD*repSpopD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repSemppopD +TemprepS + medLD*popD + popD*repS).f(1,2 3 4) + age
(medLD + popD + repS).f(1,2 34) + age

(Temp+ medLD + popD + repSemppopD).f(1,2 34) + age

(Temp+ popD + repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repS).f(1,2 3 4) + age

(Temp+ popD).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemppopD + popD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemppopD + medLD*popD).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemprepS + medLD*popD).f(1,2 3 4) + age

(Temp+ medLD + repSFemprepS).{1,2 3 4) + age

(Temp+ medLD + popD + repFemppopD +TemprepS + medLD*popD + medLD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repFempmedLD + medLD*popD + medLD*repfopD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repFempmedLD + medLD*popD + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSempmedLD +TemprepS + medLD*popBb popD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repFemppopD +TemprepS).f(1,2 3 4) + age

(Temp+ medLD + popD + repFemppopD +TemprepS + medLD*repS + popD*red@l,2 3 4) + age
(Temp.f(1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD + popD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD + medLD*repS + popD*repS).f(1,2 3 4) + age

[(Temp+ medLD + popD + repFemp'medLD +TemppopD + medLD*popD + popD*repS)].f(1,2 3 4) + age

(Temp+ medLD + popD + repSempmedLD +TemprepS).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemprepS + medLD*popD + medLD*repS + popD*repS).f(1,2 3 4) + age "

(Temp+ medLD + repSFempmedLD).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemppopD).f(1,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemppopD +TemprepS + popD*repS)f,2 3 4) + age
(Temp+ repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSempmedLD +TemprepS + medLD*popD + medLD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repFempmedLD +TempgpopD + medLD*popD + medLD*repS + popD*repS).f(1,2 3 4) + agt

(medLD + repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repSempmedLD +TemppopD + medLD*repS + popD*repS).f(1,2 3 4) + age
(Temp+ medLD + popD + repSemprepS + medLD*repS).f(1,2 3 4) + age

33
39
39
29
33
29
31
27
37
37
37
31
39
39
37
39
35
39
25
36
37
39
35
41
31
35
39
27
39
41
27
39
35

8520.8345 9.1461
8508.8815 9.5253
8508.9088 9.5527
8528.9099 9.0309
8520.9308 9.2425
8528.9416 9.0627
8524.9719 9.1852
8533.0555 9.0905
8513.182 9.7089
8513.2294 9.7563
8513.2389 9.7658
8525.2494 9.4627
8509.2565 9.9004
8509.2653 9.9091
8513.336 9.8629
8509.8919 10.536
8517.9218 10.338
8509.9381 10.582
8537.961 9.916
8516.0448 10.516
8514.1331 10.66
8510.1716 10.816
8518.2245 10.641
8506.2686 11.036
8526.4326 10.646
8518.6963 11.113
8510.7425 11.386
8534.7905 10.826
8510.8769 11.521
8506.9826 11.75
8534.9993 11.034
8511.0974 11.741
8519.1506 11.567
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200
201
202
203

216
217
218
219

196"
197"
198"

204"
205|"
206"
207"
208|"
209|"
210"
211"
212"
213|"
214"
215("

(Temp+ medLD + repSFempmedLD +TemprepS).{1,2 3 4) + age

(Temp+ medLD + popD + repFempgmedLD +TemgpopD + medLD*popD + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + repS).f(1,2 34) + age

(Temp+ medLD + popD + repFempmedLD +TemppopD +TemprepS + medLD*popD).f(1,2 3 4) + age "
(Temp+ medLD + repSFemprepS + medLD*repS).f(1,2 3 4) + age "
(Temp+medLD + popD + repSTempmedLD + medLD*repS).f(1,2 3 4) + age "
(Temp+ medLD + popD + repSempmedLD +TemppopD +TemprepS + medLD*popD + medLD*repS + popD*repS).f(1,2 3 4) + age "
(Temp+ medLD + popD + repFempmedLD +TemppopD +TemprepS + medLD*popD + popD*repS).f(1,23 4) + age "
(Temp+ medLD + popD + repFempmedLD +TemppopD +TemprepS + medLD*repS + popD*repS).f(1,2 3 4pge '
(Temp+ medLD + popD + repFemppopD + medLD*popD + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repFemppopD +TemprepS + medLD*repSji,2 3 4) + age

(Temp+ medLD + popD + repFempmedLD +TemprepS + medLD*repS).f(1,2 3 4) + age

(medLD + popD + repS + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repS + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSemppopD + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSemp'medLD TemppopD +TemprepS).f(1,2 3 4) + age

(Temp+ medLD + popD + repSempmedLD +TemppopD +TemprepS + medLD*popD + medLD*repS).f(1,2 3 4) + age "
(Temp+ medLD + repSFemp'medLD +TempgrepS + medLD*repS).f(1,2 3 4) + age "
(Temp+ medLD + popD + repSempmedLD +TemppopD + medLD*repS).f(1,2 3 4) + age

(Temp+ medLD + repSFemp'medLD + medLD&pS).f(1,2 3 4) + age

(medLD + repS + medLD*repS).f(1,2 3 4) + age "
(Temp+ medLD + popD + repSempmedLD +TemppopD +TemprepS + medLD*repS{i,2 3 4) + age "
(Temp+ medLD + repS + medLD*repS).f(1,2 3 4) + age "
year.f(1,2 3 4) + age "

33
39
29
39
33
35
43
41
41
37
37
37
31
33
35
37
41
35
37
33
29
39
31
97

8523.3757 11.687
8511.4152 12.059
8531.4405 11.562
8511.5693 12.213
8523.8376 12.149
8519.9807 12.397
8504.0491 12.946
8508.0683 12.835
8508.2979 13.065
8516.3075 12.834
8516.3075 12.834
8516.6136 13.141
8528.6562 12.869
8524.7168 13.028
8520.7317 13.148
8516.7999 13.327
8508.9408 13.708
8521.607 14.023
8518.2251 14.752
8526.2584 14.57
8534.6143 14.735
8515.0512 15.695
8531.1107 15.324
8406.1028 28.899

Table 4: Multistate model selection assessing the effects of populatielevel annual covariates on the relative laying dateadult survival link. The effects of 4 annual covariates (Temp = mean daily
mean temperature from March 3% to May 7", repS = reproductive success, popD = population density, medLD = median laying date) and their firstder interactions as continuous temporal
covariates on survival probabilities are tested on one of the best models from the precedent selection (Table 3): Model 4t&arhg model: Model 43, best model: Model 103. QAICc(Model 103)

=8578.5326. For initial state distribution: to = initial state. For between states transitions probabilities: f = departstate, to = arrival state. For survival: f = state of the individual.



TABLB

Model

Number
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

Model Description

IS(to.age)” (f(12,3456) + age) T(f.to) P(sex)
IS(to.age)” (f(12,35,46) + age) T(f.to) P(sex)
IS(to.age)” (f(12,3456).age) T(f.to) P(sex)
IS(to.age)” (f(12,34,56) + age) T(f.to) P(sex)
IS(to.age)”(f(12,3456) + sex + age) T(f.to) P(se
IS(to.age)”(f(12,3456).age + sex) T(f.to) P(sex)
IS(to.age)”(f(12,34,56) + sex + age) T(f.to) P(s¢
IS(to.age)”(f(12,3456).sex + age) T(f.to) P(sex)
IS(to.age)”(f(12,3456) + sex.age) T(f.to) P(sex)
IS(to.age)”(f(12,3456)) T(f.to) P(sex)
IS(to.age)"(f(12,34,56).age) T(f.to) P(sex)
IS(to.age)"(f(12,34,56)) T(f.to) P(sex)
IS(to.age)”(f(12,34,56) + sex.age) T(f.to) P(sex
IS(to.age)” (age) T(f.to) P(sex)
IS(to.age)”(f(12,3456) + sex) T(f.to) P(sex)
IS(to.age)” (from + age) T(f.to) P(sex)
IS(to.age)” (f(135,246) + age) T(f.to) P(sex)
IS(to.age)”(f(12,34,56).sex + age) T(f.to) P(sex
IS(to.age)”(f(12,34,56).age + sex) T(f.to) P(sex
IS(to.age)”(f(12,34,56) + sex) T(f.to) P(sex)
IS(to.age)’(sex + age) T(f.td)(sex)

IS(to.age)” (f(12,3456).sex) T(f.to) P(sex)
IS(to.age)”(from + sex + age) T(f.to) P(sex)
IS(to.age)”(f(12,3456).sex.age) T(f.to) P(sex)
IS{o.age) " (f(135,246).age) T(f.to) P(sex)
IS(to.age)” (f(135,246) + sex + age) T(f.to) P(se
IS(to.age)” (i) T(f.to) P(sex)
IS(to.age)”(sex.age) T(f.to) P(sex)

IS(to.age)” (f(135,246).sex + age) T(f.to) P(sex)
IS(to.age)” (from + sex.age) T(f.to) P(sex)
IS(to.age)” (f(135,246).age + sex) T(f.to) P(sex)
IS(to.age)” (f(135,246) + sex.age) T(f.to) P(sex)
IS(to.age)” (from) T(f.to) P(sex)

IS(to.age)” (f(135,246)) T(f.to) P(sex)
IS(to.age)” (f(12,34,56).sex) T(f.to) P(sex)
IS(to.age)”(sex) T(f.to) P(sex)

IS(to.age)” (from + sex) T(f.to) P(sex)
IS(to.age)” (f(135,246) + sex) T(f.to) P(sex)
IS(to.age)” (from.age) T(f.to) P(sex)

IS(to.age)” (f(135,246).sex) T(f.to) P(sex)
IS(to.age)” (from.age+ sex) T(f.to) P(sex)
IS(to.age)”(f(123,456).sex.age) T(f.to) P(sex)
IS(to.age)”(f(12,34,56).sex.age) T(f.to) P(sex)
IS(to.age)” (from.sex+ age) T(f.to) P(sex)
IS(to.age)” (from.sex) T(f.to) P(sex)

Number of

Parameters Deviance

45
46
46
46
46
a7
a7
a7
a7
44
48
45
48
44
45
49
45
49
49
46
45
46
50
50
46
46
43
46
a7
51
a7
47
48
44
48
44
49
45
54
46
55
50
54
55
54

9508.2521
9507.3651
9508.0031
9508.0291
9508.196

9507.9551
9507.976

9507.9806
9508.1567
9514.2306
9507.7921
9513.8136
9507.9342
9516.0891
9514.1778
9506.6743
9515.0078
9507.4503
9507.7465
9513.7615
9515.9987
9514.043

9506.6294
9506.7437
9514.8384
9514.9274
9521.5337
9515.911

9514.4167
9506.5928
9514.7505
9514.8592
9513.2343
9521.3105
9513.377

9521.5145
9513.1681
9521.2824
9503.6213
9520.9741
9503.5912
9513.7747
9505.8775
9505.1502
9512.0547

4Y |/
0
1.1828
1.8208
1.8468
2.0137
3.8442
3.8651
3.8697
4.0458
3.9101
5.7542
5.5615
5.8962
5.7687
5.9256
6.7108
6.7556
7.4869
7.783
7.5792
7.7465
7.8607
8.7421
8.8563
8.6561
8.7451
9.1466
9.7287
10.3058
10.7831
10.6396
10.7483
11.1963
10.9901

11.339
11.1941
13.2047
13.0303

14.054
14.7918
16.1078
15.8874
16.3101
17.6668

22.4874



265 1S(to.age)” (f.age.sex) T(f.to) P(sex) 66 9498.2507 33.7948

266 1S(to.age)”(f.age.sex T(f.to + sex) P(sex) 67 9497.1115 34.7585
267 1S(to.age)”(f.age.sex) T(f.to + age) P(sex) 67 9498.1474 35.7945
268 IS(to.age)”(f.age.sex) T(f.to + sex + age) P(sex 68 9496.8917 36.6433
269 1S(to.age)”(f.age.sex) T(f.to + sex.gde(sex) 69 9495.9065 37.7642
270 1S(to.age)” (f.age.sex) T(f.to.age) P(sex) 96 9465.5578 64.892
271 1S(to.age)” (f.age.sex) T(f.to.age + sex) P(sex) 97 9464.0037 65.4894
272 1S(to.age)” (f.age.sex) T(f.to.sex) P(sex) 96 9475.3581 74.6923
273 1S(to.age)” (f.age.sex) T(f.to.sex + age) P(sex) 97 9475.1296 76.6154
284 1S(to.age)” (f.age.sex) T(P(sex) 37 9697.4963 172.741
285 1S(to.age)” (f.age.sex) T(sex) P(sex) 38 9696.7668 174.069
286 IS(to.age)”(f.age.sex T(age) P(sex) 38 9696.8966 174.199
287 1S(to.age)” (f.age.sex) T(sex + age) P(sex) 39 9695.9724 175.334
288 IS(to.age)”(f.age.sex) T(sex.age) P(sex) 40 9695.3651 176.787
274 1S(to.age)” (f.age.sex) T(f.to.age.sex) P(sex) 153 9414.8768 139.547
275 1S(to.age + sex)(f.age.sex) T(f.to.age.sex) P(se 154 9414.4983 141.418
276 /"~8}Xe EX P o "~(X P X+ /- d 163 9408.5465 155.786
277 1S(to.sex + ag€)(f.age.sex) T(f.to.age.seR(sex) 154 9445.4892 172.408
278 I1S(to + age)'(f.age.sex) T(f.to.age.sex) P(sex) 149 9455.9498 171.642
279 IS(to) "(f.age.sex) T(f.to.age.sex) P(sex) 147 9461.2166  172.43
IS(to + sex + agé)(f.age.sex) T{o.age.sex)
280 P(sex) 150 9455.5713 173.505
281 IS(to.sex)"(f.age.sex) T(f.to.age.sex) P(sex) 153 9451.1234 175.794
282 I1S(age.sex + to)(f.age.sex) T(f.to.age.sex) P(se 151 9455.5588 175.737
283 IS(to + sex)'(f.age.sex) T{o.age.sex) P(sex) 149 9461.2055 176.898
289 IS(age)”(f.age.sex) T(f.to.age.sex) P(sex) 145 10238.6248 945.367
290 IS(sex + age)(f.age.sex) T(f.to.age.sex) P(sex) 146 10238.2464 947.224
291 1S(.) "(f.age.sex) Tto.age.sex) P(sex) 144 10243.8916 948.401
292 [N~e EX P o "~(X P X £+ d~(X 147 10238.234 949.448
293 IS(sex)”(f.age.sex) T(f.to.age.sex) P(sex) 145 10243.8806 950.623

Table 5: Multistate model selection assessing the links between individual breeding success, relative laying date and
adult survival. The 6 states represent different categories of individual breeding success and relative laying date (see
Figure 5 for details). Sarting model: Model 276 included the interactive effects of age, sex and state for its various
structural components. Recapture probabilities were assumed to depend on sex only. Sequential selection procedure
was the same as in the precedent model selectio (Table 4). Best model: Model 220. QAICc(Model 220) = 9599.8097.



Appendix 2. Goodnessof-fit

No significant violation of standard models assumptions was found while performing the
goodness-of-fit tests using program UCARE (Choquet et al., 2009a) for the monostate dataset
€(df=184)=85.34, P-level=1; for the multistate dataset with relative laying date states:
€(df=98)=21.289 for group 1, €(df=131)=26.885 for group 2, €(df=57)=14.276 for group 3,
€(df=36)=2.808 for group 4, pvalue=1 for all groups; for the multistate datset with breeding
success and relative laying date states:€(df=83)=21.318 for group 1, €(df=132)=36.779 for
group 2, €(df=51)=13.323 for group 3, €(df=30)=4.530 for group 4, pvalue=1 for all groups.

Appendix 3: Repeatability of laying date perceiie in the EPirio
population

A significant repeatability was found for maleand females using package rptR (Stoffel et al.,
2018) on the Rsoftware v3.5.1(R Core Team, 2018)

For males: 712 observations, 382 individuals,R =0.124 [0.027; 0.220]esw%ci, likelihood ratio test:
D=8.51, df=1, P=0.02

For females: 818 observations410 individuals,R = 0.406 [0.316; 0.493]es%ci, likelihood ratio test:
D=95.1, df=1, P=0

Appendix 4: Transition probabilities matrix between the different
relative laying date states as described in Table 3 and Rige 2.

to quartile 1 to quartile 2 to quartile 3 to quartile 4

from laying date quartile 1 0.5186 0.2495 0.1103 0.1215
from laying date quartile 2 0.4582 0.2705 0.1861 0.0852
from laying date quartile 3 0.3151 0.2722 0.2103 0.2025
from layingdate quartile 4 0.1843 0.2610 0.3560 0.1986

mean transition probability: 0.25

Quatrtile 1 corresponds to the 25% earliest breeders of the population, quartile 4 to the latest.
From all starting laying date quartiles, the probability of transitioning to the same or an earlier
quartile are higher than transitioning to a later quartile.



Nous avonglonc vu dans ce chapitreug la phénologie de la reproduction influencait la survie adulte

dans la population de-BNV]J]E]} X o] Z 00 %o}%po S]}vv oo U:plus3a dhtg dau v S 9
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population, avec des individus qui pondent plus tét (donc avec un succes reproducteur plus élevé) et
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particulierement difficiles, lorsquela date de ponte médiane est précoce et la densité de population

importante : dans ces cala, les individus qui pondent plus tot que les autres ont une survie

inférieure.
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( A}E]* E 0 ¢ %}vs » 8§ & JA «U o[ Z oque lséladtion va la supyie adjkes E

fera dans la direction inverse, vers un avancement des pontes. Ces relations étant modulables par la

densité de population, nous sommes amenés a nous poser le méme type de question pour des
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corrélations au niveau populationneloutre la date de ponte médiane, nous avons en effet vu que la
densité de population pendant la reproductiaitait fortement, négativement corrélée avéa survie
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ponte et succeés reproducteur. Deés lors, il semble important,r @ugmenter notre compréhension
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survie adulte, de prendre en compte toutes ces covariables et leurs interactions en méme YWmpg « S
cet objectif qui sera parsuivi dans le chapitre 2 de cette thése.
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CHAPITRE:2

INTEGRATION DU LIEN ENTRE
PHENOLOGIE DE LA REPRODUCTION
ET SURVIE ADULTE DANS

>[ ES/ZKEE D Ed d >
DEMOGRAPHIE DE LA POPULATION
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Le Chapitre 1 a révélé un lien fort entre phénologie de la reproduction et survie adulte dans la
population de EPirio. A o[ Z 00 %o}%p0o S]}vv oo U 0 ¢ vv e § %}vsS u
eu]Al e+ [vv ¢ (}JES MEA] Zpos Jv]Al] p oo U o0« Jv ]A] pe <p] %o}v
les autres ont une survie plus importante. Ces liensre phénologie dea reproduction etsurvie
adulte «[Jve E]JA v$§ Ve * (E o ShpliquantufepSAE = }u %o} fa ¥&mpérature
par exemplepeut influencer la date de ponte, qui elleéme estcorrélée au succés reproducteyon
peut supposerde méme o[ 4 ]eXenombreux autres liens du méme type, comere densité de
population etsuccés reproducteur. Mais comment savoir si ces covariations sont toutes camgales
directes? La température influerela survie a travers son effet sur la date de ponte, raaiselle un
effet direct en plus? Pour répondre a ces questions, nous avons réalisé dans ce Chapitre 2 une analyse
de pistes fath analysi} qui permet de prendre en compte fagon simultanéede nombreux modéles

E o §]}ve VEE A E] arequéls $ont leywchemins qui expliquent la majorité des
covariations observéeLette analysa été conduite dans un cadre statistique bayésien, toujours sur
la population de EPirio, et ellenous a permis §i] v §] @desElations complexesntre varidles tout
enintégrant la survie adulte.
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pontes médianes diminué au cours des 38 années de suivi, il nous a paru envisageable que les relations
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entre covariablegxplorées
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How environmental and demographic covariates
shape lifehistory traits covariations: the example of
breeding phenology and adult survival in a blue tit
population

Introduction

The links between breeding phenology and subsequent adult survival at the population and
individual scales in the EPirio population were extensively studied ithe Chapter 1 of this thesis.
While the conducted analysis took into account the potential effect of several environmental and
demographicvariables on adult survivaljt did not discriminate the effect of phenology per se on
survival from the effects of the other variables potentigicorrelated with phenology.

As a matter of fact,the covariation betweenbreeding phenology and adult survivatnay be driven
by complex interactions between various life history trait§Diggle, 1999; Forrest and Miller
Rushing, 2010) e.g. trade-offs such as the weHdocumented cost of reproduction between
reproduction investment and subsequent survivalg.g. Brinkhof et al., 2002; Nilsson, 1994)
These interactions between lifehistory traits can furthermorebe influenced by external conditions
such as meteorological or climatic variation¢Erikstad et al., 1998; Sletvold and Agren, 2015}hat
result in an environmental forcing of the wholsystem. Furthermore, even in the absence of cost
of reproduction (or any other causal relationship between reproduction and sumal),
meteorological or climatic conditions may have direct effects on both survivédRobinson et al.,
2007) and reproduction outcomes(Lehikoinen etal., 2006) which is expected to create spurious
correlations between them. The same kind of issue is expected for the phenologgproduction
and phenologysurvival relationships. The complete understanding of the link betweenour
variables of interest(i.e., laying date and survivalxan only be achieved if the causal pathways
between the others are studied and accounted for at the same timde.g., meteorological
conditions and breedng success).

Finally, in a context of global changes, longterm temporal variations and trends are other
important aspect of the study of such a system Whiletemporal variationsmay be driven by many
different factors (e.g. changes in habitats due to hman activities(Horak and Lebreton, 1998),
they can also be a consequence of theurrentlarge scaleclimate change, that is known to impact
numerous biological processegParmesan and Yohe, 2003; Williams et al., 20¥). In this context,
environmental forcingon the system is more thanlikely to change over long periods of timgwith
potential important repercussionson the covariations between phenology and demography

Here, we aimed to achieve this understandingof the breeding phenology 8 adult survival
relationship by using structural equation modelling in a Bayesian frameworkith Markov chain
Monte Carlo (MCMC) methodson the Mediterranean blue tit Cyaniges caeruleug population of
E-Pirio, taking one environmental (spring temperature) and several demographic (population
density, medianlaying date, meanreproductive success) variablesinto account and linking them
to adult survival.We also assessed the temporal variations of this systemudng 38 years from
1979 to 2016.



The structure of our system (which variables influenceach other) was determined by following
the chronological sequence of a breeding season in our populationF{gure 1). Population
parameters followed the sequence: population density laying date : reproductive success.
Spring temperatures were not expected to be affected by any blue tit demographic parameter,
and they were not considered potentially influencing population densitygs the selection of
territories begirs as early as the autumn of the previougear, meaning that spring temperature
cannot be a driver of population density in our system. The chosen structure and the expectation
for each of the tested links are presentedn Figure 2.

Methods

a. Variables of the path analysis

The different variables of our path analysis were chosen according to the effect they were
suspected to have either on breeding phenology or on adult survival in the®Erio population.In
particular, the only abiotic variable used to assess the environmental forcing on our system
(Temperature(Temp): defined as the average daily mean temperatures between March Sland
May 7" of year tin EPirio) was chosenbecause it had been found to ke the time window most
correlated to breeding phenologyin the EPirio population by a previous slidingvindow analysis
(see Table 1 in Bonamour et al., 2019).

Population density (popD:) was defined as the nestbox occupation rate in a fixed area of the
monitored site during the breeding season of year.tMedian laying date of year t (medLE) could
be estimated because every year nest boxes were checked weekly during the whole breeding
season: laying datescorrespond to the day the first egg of a brood was laid, assuming that the
usual rate of oneegg laid per day was respected.Reproductive successin year t (repS) was
defined as the number of successfully raised fledglings. For all variables, only fimbods were
considered.

b. Structural equation modelling and Bayesian fitting using MCMC methods

The structure of our model and the analysis were derived from the method established by Gimenez
and colleagues to explore causal pathways between covariates in aapture-mark-recapture
framework (Gimenez et al.,2012). Goodnessof-fit of the CormackJolly-Seber model (Lebreton

et al., 1992) to our data was ensured using program LUCARE (Choquet et al., 2009} no violation

of standard model assumptionsvas found (€(df=184)=85.34, P-level=1). Our model(see Figure

2 for the considered links between covariatesjook into account direct effects of covariates on
adult survival from year t to t+1 ¢:. 1), represented by thegreek letter 3, as well as indiret effects
between covariates, represented by the letterR (I ITHFWV R V Hre {6 GldAduHs versus
adults of 2 years or more) on survival were also consideredThe model for the recapture
parameter (P)assumed a constant value for thigparameter.



The model was constructed with three equations:

(1) Logit( et w1) = [1 + [e.sex + [3.age + R.Temp: + [5.repS: + .popD: + (3.medLD:
(2) medLD:= Rk R.Temp  R.popD:

(3) repSt= R+ R.medLD: + R.Temp + R.popD:

To estimate theparameters, MCMC methodswere usedto carry out inference (McCarthy 2007).
To specify our model, non-informative prior distributionswere provided for all parameters. A
uniform distribution on the interval [0, 100jwas usedas prior for standard deviatiorof recapture
probabilities anda normal distribution with mean 0 and variance 0.001 for regression parameters
(8 and R). Three chains of length 10000 were considered, with a burnin of 7000. Analyses were
performed using JAGS, with packages rjaggPlummer, 2018) and R2jags(Su and Yajima, 2015)
inthe software R(R Core Team, 2018)

c. Temporal variations of the system

To assess temporal variations of our system, life historiganging from 1979 to 2016 weredivided

into three parts: first (13 recapture occasions in 12 years from 1979 to 1991), middle (14
recapture occasions in 13 years from 1991 to 2004) and recent years (13 recapture occasions in
12 years from 2004 to 2016). For each part, the same model as presented before was tested and
regression parameterswere estimated to see if they had changed between the different periods.
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Figure 1:Chronological order during a breeding season of the events corresponding to the varialslused in our path analysis. Events are in red, the variables they influence are specified
in black. The observed sequence is Population Density Temperature : Laying Date : Reproductive Success: Adult survival from tto t+1. Note that population density is measured
by nestbox occupation rate during the breeding season but is determined earlier in the previous autumn and winter, when breedingiteries are established.
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Results

a. Estimation of the parameters

Estimates were considered significantly differing from 0 when both limits of the 9586nfidence
interval given by the posterior distribution of our model were of the same sigaither positive or
negative).For the global model on the entire studied period (1972016), no significant effect of
sex nor age was found by ouestimations (Table 1). Only two considered covariates (medLD and
popD) had a significant effect on subsequent adult survival, a positive and negative one,
respectively (Table 1 and Figure 3) The correlations betweenphenology (medLD;), breeding
success (repS) and their respective covariatesvere all found significantly negative.

In total, adult survivalwas impacted a) positively directly bythe median laying date, b) negatively
by the population density, directly as well as through the negative impactfaensity on median
laying date, ¢) negatively by spring temperature through the negative impact of temperature on
median laying date(Figure 3).

b. Temporal variation of the system

Three of the four studied covariates displayed a linear trendf variationduring the 38 years of
study: Spring temperatures increased (+0.49°C/decade; p-value < 10%), median laying dates
decreased (earlier breeding-2.97 days/decade; p-value < 10°®) and mean reproductive success
increased (+0.41 fledgling/decadep-value= 0.012).

Detected interactions between covariates varied a lot between the three separated periods of
study (Table 1). For direct effects of covariates on survival, spring temperatures had an important
positive impact on survival during theifst years of study (19791991) that they do not have in
most recent years. On the contrary, the negative effect of population density on survival is not
significant in any of the three time periods (likely due to a lack of statistical power), but seems to
be mostly driven by the recent years where it has become more important.

For indirect effects between covariates, the negative effect of spring temperatures on laying dates
has increased with time, as well as the negative effect of laying dates on reprodudaisuccess.
Over the same period the direct effect of temperature on reproductive success has changed from
a positive one to a strongly negative one.

Discussion

Our path-analysis ofthe potential interactions involved in the breeding phenologg adult survival
relationship suggests that several population covariates (reproductive success, population
density) and environmental forcing (through spring temperatures) have an important impach
the studied Mediterranean blue tit population of firio.

We confirmed that the important drivers of adult survival in our system are population density and
breeding phenologyand also that mere correlations betweeraying dates, breeding success and
survival are insufficient to understand the complex causal effects of phenology on fitness related
demographic variables Many observed correlations were expected based on previous works on



this population (including in Chapter 1 of this thesis, see Figut&for descriptions and references).
Some others had not beendescribed before in this population: the negative impact of spring
temperature on reproductive success, and the negative impact of population density on median
laying dates.

The impact of spring temperature on reproductive success can be direct vieesource-related or
other constraints on parents, or on eggs (Cooper et al., 2005) and fledglings. Its strong negative
value could also be the result of an unknown other cause influenced by temperature and
influencing reproductive success, for instance the presece of predatorsor parasites, for which
we have no data available on the studied population. However, this effect of temperature is still
small compared to the indirect effect it has on reproductive success via median laying date. As a
matter of fact, the indirect effect R R= 1.032 is bigger than the opposite direct R=- 0.785. In
other words, when descaling the covariates, an increase of spring temperature of 1°C at fixed
median laying date would decreasemean reproductive success by 0.944 fledglings However,
when adding the indirect, opposite effect of temperature via median laying date, an increase in
spring temperature of 1°C would result in an increasednean reproductive success of 0297
fledglings.

The negative impact of population density on median laying dates (which means that high
population density induces early breeding) could be explained by intraspecific competition
induced by increasing densities: the importance of being the first breeder to accssfirst to
resources might increase with competition for these resourcegKokko, 1999). It may also be
linked to the fact that high population density is a consequence of high overwinter survival, and
therefore might becorrelated to mild winters and springgWoodworth et al., 2017) alsofavouring
an early phenology of the populationThe effect of density on median laying da&s leads density
to have an indirectly positive impact on reproductive success. However, this effect is slightly lower
than its direct effect on reproductive success in our population, most likely through competition
for resources (Arcese and Smith, 1988) R R = 0.120 is smaller than the opposite direct effect
R =- 0.169. In other words, an increase of nest boxes occupation rates b$0% at fixed median
laying date would decreasemean reproductive success by 0.176 fledglings, and still by0.051
fledglings when accounting for the indirect path via median laying dateverall, our results
suggest that high density per se has a substardl negative impact on fledging successthat
remains present even wherthe relationships between density and phenology are considered.

In total, the observed correlations remaineduite constant throughout the years of monitoring: for
instance, the effect of median laying dates on subsequent adult survival appears to have stayed
the same @lthough they are not significant because of the reduced number of individuals and
recapture occasions when separating the data, estimates are similar in all three periods)
However, some effects have undergone important changes between the three periods of our
analysis: for instance,strengths of the effects of population densityon all covariatesincluding
survivalappear to have increased in all cases they became more strongly negativelhis may be

a consequence ofdifferent levels of saturation of the study area between théhree periods
considered. Although no significant linear density trend azurred over the whole 38 year study
period, previous analyses showed that poplation density has increased during the first 20 years
of monitoring (see Chapter 3 of this thesis for details on population density): at low densities in the
first years of study, no difference in competition occurred between years even if density varied;
since the 2 half of the monitoring period, densities were globally high enough tobserve
demographicfeedbacksin years with particularly high densities.

The positive impact of spring temperatures on survival in the first years could be explained by
more favourable breeding conditions in years with high spring temperatures. As temperatures



globally increased, even the coldest springs could have become favoable enough, explaining
why in recent years spring temperature has no effect on subsequent survival anymore.

Overall, our results suggest complex causal relationships involving the environmenthe
demographyand the phenology of our blue tit populationAlthough these relationships remaiad
relatively stable over time, the increase in temperature over the past four decades raises the
question of the limits of passerine populations' response to global warming. In particular, our
results suggest that the diect effects of spring temperature on vital rates have varied over the
three periods of our study not in absolute terms, but relative to the average for eacperiod. It
appears that high temperatures had a direct positive effect on survival in the 1980&hich was
no longer the case in more recendecades. The direction of this effect could therefore be reversed
if temperatures continue to rise. Similarly, although the overall effect of high temperatures on
reproductive success appears to be positive, thisoverall effect is essentially related to the
phenotypic response of the population. The direct effect of temperature on reproductive success
is negative, and the magnitude of this negative effect has increased significantly over time (Table
1). In a context of global warming, this result raises questions about the limits of the phenological
response and the ability of populations to maintain their reproductive success.



Entire period
(1979-2016)

Firstyears
(1979-1991)

Middle years
(1991- 2004)

Recent years
(2004- 2016)

Covariates affectingogit("tw+1) - Equation (1) | Parametel  Estimate  95% distr.

Intercept 3 0.233 -0.01 047 0.209 -0.28 0.73 0.576 0.09 1.16 0.283 -0.11 0.73
Sex 13, 0.086 -0.12 0.29 0.185 -0.27 0.61 0.029 -0.34 0.39 0.157 -0.16 0.46
Age 33 -0.066 0.32 0.18 -0.197 0.73 0.29 -0.449 -1.02 0.03 -0.378 -0.76 0.03
Temp 34 0.183 -0.06 0.42 0.782 023 1.33 0.293 -0.36 0.97 0.306 -0.21 0.86
repS 35 0.039 -0.11 0.18 -0.52 -1.28 0.11 0.176 -0.09 0.42 0.12 -0.19 0.44
popD 3s -0.16 -029 -0.03 -0.042 -0.30 0.19 0.023 -0.38 041 -0.375 -0.75 0.00
medLD 137 0.375 012 062 0.391 -0.16 0.99 0.356 -0.10 0.82 0.385 -0.18 0.95
Covariates affecting medLEEquation (2)

Intercept 1 0.077 0.06 0.09 0.007 -0.02 0.03 0.041 0.01 0.07 -0.083 -0.14 -0.03
Temp 2 -0.953 -0.97 -0.94 -0.394 -0.44 -0.35 -1.121 -1.17 -1.07 -0.827 -0.87 -0.78
popD '3 -0.111 -0.13 -0.10 0.073 0.05 0.09 0.148 0.10 0.19 -0.43 -0.47 -0.39
Covariates affecting repSEquation (3)

Intercept 4 0.178 0.16 0.192 -0.167 -0.19 -0.15 -0.004 -0.04 0.03 0.251 0.20 0.31
medLD ‘5 -1.083 -1.10 -1.06 0.049 -0.01 0.10 -0.652 -0.71 -0.60 -1.582 -1.62 -1.54
Temp 6 -0.785 0.81 -0.76 0.323 0.28 0.37 -0.467 -0.55 -0.39 -1.385 -1.44 -1.33
popD 7 -0.169 -0.19 -0.15 -0.148 -0.17 -0.12 0.076 0.03 0.12 -0.622 -0.67 -0.58

Table 1: Estimates of the parameters of our models as provided by the posterior distributions of our MCN¥écedures. Estimates significantly different from 0 (95% posterior distribution
either positive or negative) are highlighted in bold. Parameters are groupdsy equation in which they occur
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Le Chapitre 3 cherchera arépondre a ces questions en explorant les variations temporelles de la survie
adulte et leurs causes dammatre populations de mésanges bleues méditerranéennes.
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CHAPITRE 3 :

ETUDE DES VARIATIONS SRATIO
TEMPORELLES DE LA SURVIE ADULTE
ET DE LEURS CAUSES
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population) et climatiques.

>[ Sy éskat@e ici a été réalisée en collaboration avec Anne Charmantier et Alexandre Robert.
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Identifying drivers of spatietemporal variationin
survival in four blue tit populations

Introduction

Many temporal variations in ecological systems can be decomposed in cycles (e.g. daily,
seasonal, muliDQQXDO ORQJHU WHUP WUHQGV DQdyearH@iato®pLQJ oQR
(Wolkovich et al., 2014) A lot of these variations are cased by abiotic environmental changes
over time, such as climate or local weather variations, which in turn result in biotic responses to
these changes (e.g. behavioural, physiological, phenologicand demographic variations at the
population scale). Thisis also the case for climate change, which affects humerous biological
processes and biodiversity patterns(Norberg et al., 2012). In particular, the recent ecological
literature informs us that meteorological yeato-year variations can influence population
demography in plants(Chang &ang et al., 20L6) and animals(Selonen et al., 2016 Wood et al.,
2016), while climate change mostly causes temporal trends in demographic components and
changes in their temporal variance across many differenttaxa of plan{@Villiamsetal., 2017)and
animals(MassardierGalata et al., 2017) including birds (Wegge and Rolstad, 2017) However,
the demographic consequences of climate change, and the link between ecological, evolutionary
and demographic effects is still insufficiently exploredsee review by Visser and Gienapp, 2019
and Chevin et al., 2013.

Recent studies have shown that the density of a population or species can be play a major role in
the impact of climate change and clinate-induced changes in traits on population dynamics. In
particular, McLean and colleagueshave argued that species (or populations) with strong density
dependent effects on the population dynamics will have more robust demographic rates when
facing strong climate fluctuations because densitydependence processes can counteract
negative demographic consequences of climate changgMcLean et al., 2016) An elegant
demonstration of such buffering effects of density comes from a study of Dutch great tifarus
major, where warmer springs esult in a detrimental mismatch between the bird breeding
phenology and their main prey seasonal peakVisser et al., 2006) While the phenology mismatch
has fithess consequences for the birds, such that climate change translates into stronger selection
for earlier breeding, increased mismatch does not resulhidecreased population growth(Reed et
al., 2013) because of densitydependent regulation. During warm springs, great tits have a
reduced breeding success, yet their fledglings show increased survival due to relaxed competition.
Such examples highlightthe importance of considering densige pendent effects when exploring
demographic consequences of climate change.

In addition tolocal, densitydependent demographicfeedbacks, many parameters associated with
local environmentalconditions are [kely to affect the demographyof a populationand its variation
over time. Demographic parameters, including survival, can vary significantly within the same
species from one population to anther, depending on local climatic conditions andresource
availability(Senner et al., 2017; Winkler et al., 2014)predation and parasitism (Donovan et al.,
1995), interspecific competition(Gustafsson, 1987) and many factors related to human activities
(Horak and Lebreton, 1998; Porneluzi and Faaborg, 1999)In particular, in acontext of large-



scale climate change, it seems important to understand whether the meteorological and climatic
variations with which populations are (and will begonfronted are likely to have a similar impact
on their demography depending on their location The spatial synchrony of demographic
parameters and local population dynamicgRobert, 2009), or on the contrary their divergence
(Cuervo and Mgller, 2013), is a key element of species dynamics on a large spatial and temporal
scale (Siriwardena et al., 1998)

Here, using a longterm monitoring dataset on four Mediterranean populations studied across 19
to 38 years, we investigated the effects of sex, age abs, climate temporal variations and
population density on adult survival in a temperate passerine bird, the Blue tiCyanistes
caeruleus). Two of these populations are located in habitats dominated by the evergreen holm
oak (Quercus ilex) and the two others in habitats dominated by the deciduous downy oak
(Quercus humilig. This environmental heterogeneity has been linked to the phenotypic variation
of blue tits, whereby birds from the two habitats differ in their morphology, their behaviours, their
colour ornementation, their physiology and their life historie@Blondel et al., 2006) Overall, the
phenotypic divergence between the two types of habitats isonsistent with a divergence in pace
of-life syndronme (Réale et al., 2010) with individuals in the deciduous habitat displaying a faster
pace-of-life (e.g. bolder personalities and higher reproductive investment) and individuals in
evergreen populations having a slower pacef-life (Charmantier et al., 2016; DubueMessier et
al., 2017). Although survival ha never been formally compared across these four populations,
preliminary results suggest that survivaprobabilities are concordant wih a faster pace-of-life
syndrome in deciduous habitats, witHower adult survival (see Table 1 in Dubudessier et al,
2017).

A previous studyby Grosbois and colleaguesanalyzed blue tit survival in three of our four study
populations over a morelimited period of time (985-2000) (Grosbois et al., 2006) Results of this
study indicated thatadult survival differed considerably both among years and among populations
and that the pattern of interannual variation in survival was similar among populations, suggesting
that adult survival in these blue tit popultions was influenced by environmental factors, such as
climate, that operate at a relatively large spatial scale. In particulardalt survival was correlated
with both local scale weather conditions and a largescale tropical index in early summer: rainih

in the Sahel.

Based on this context of a divergence in pacef-life across habitats and on past investigations,
we expected to find a difference in adult survival between habitat types (with lower survival rates
in deciduous habitats), as well as betwer age classes(Bouwhuis et al., 2012)and sexes(Clobert

et al., 1988). We also expected yeasto-year adult survival variations to be correlated amam
populations as well as with largescale and local climatic indices(Grosbois et al., 2006) Finally,
population density during he breeding season is also expected to have a negative impact on
subsequent adult survival €.g. Frederiksen and Bregnballe, 2000and Chapter 1 of this thesis.



Methods

1. Monitored populations

Data was collected in four Mediterranearwild populations of blue titsCyanistes caeruleus a
European cavitynesting nonmigratory passerine bird,with landscapes dominated either by the
deciduous downy oak Quercus pubescens site names starting with D) or by the evergreen holm
oak (Quercus ilex site names starting with E). All sites are sitiated in the Mediterranean region,
three of them (E-Pirio: Lat 42.38; Long: 8.75;D-Muro: 42.55; 8.92; EMuro: 42.59; 8.96) on the
island of Corsica and one (BRouviere: Lat 43.66; Long 3.67) on the Mainland in southern France
(Figure 1, see Blondel et al., 2006 and Charmantier et al., 2016for details). All four populations
were monitored as part of the same longerm research program, but monitoring did not begin at
the same time in each site (EPirio: 38 years of monitoring from 1979 to 2016, ERouviere: 26
years (1991-2016), D-Muro: 24 years (19932016), E-Muro: 19 years(1998-2016)).

Populations were monitored using nest boxes, whichblue tits readily use for breeding and
generally prefer to natural cavities (Newton, 1994). The monitoring of almost all breeding
individuals in the focal populations was ensured by using a higkensity of nest boxes compared
to the abundance d natural cavities in the various sites (A.C., unpublished data). Every year, nest
boxes were checked at least weekly during théblue tit breeding season (March to June) Adult
breeders were captured in the boxes when the chicks were 105 days old. The Centre de
5HFKHUFKHYV VXU OD %LRORJLH GHV 3RSXODWLRQV Gp2LVHDX]
capture and handling of birds were conducted, as well as unique numbered metal rings that were
used to identify every bird of the four populations. Plumagpatterns were used to determine sex
and age at first capture (1 year adults vs adults of 2 or more years) for every breedéndividuals
whose age at first capture had not ben assessed were removed3% (n=170) of the individuals).
In total, 5499 reproducing individuals were considered in this studyE-Pirio: 1562 indiviudals, D
Rouviere: 1947, DMuro: 1408, EMuro: 582).

Figure 1:Localisation of the four populatios of our study system. The three Corsicarsites (E-Pirio, D-Muro and E
Muro) are located y440km away fromthe mainland site (DRouviere). EMuro is located y6km away from D-Muro and
y30km from E-Pirio. Two sites are in a deciduous oalkQuercus pubescensforest (D-Rouviere and DMuro), and two in
an evergreen oakQuercus ilexforest (E-Pirio and EMuro).
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2. Large scale climatic covariates

Two large scale climatic indices were considered in this study as potentially influencing adult blue
tit survival in our populations:

- The Mediterranean Oscillation Index (hereafter MOKefined by Palutikof et al., 1996and
Conte etal., 1989as the normalized pressure difference between Algiers (36.4°N, 3.1°E)
and Cairo (30.1°N, 31.4°E)). The MOl is a lamgscale climate index correlated to the North
Atlantic Oscillation index (NAO)Lionello et al., 2006) but more precisely linked to rainfall
and climate in the Mediterranean basin. Daily MOI data were obtained on
[https://crudata.uea.ac.uk/cru/data/moil

- The Sahel Rainfall index rfonthly data obtained on

http://research.jisao.washington.edu/data/sahe}/ a tropical climate index.

The MOI was aggregated in two separate covariates: winter MOffrom December ' year t to
February 28" year t+1) and summer MOI (from June 18 to September 15" year t). A yearly
aggregation (from March 29 year t to March 1% year t+1) was rejected as it vas strongly correlated
WR ZLQWHU 02, 3HDUVRQpV 6850 UTHOSAWIRRIGalFiRdex Wasagtt<yated
in an early summer Sahel rainfall inde¢hereafter SRF)by adding the monthly values of June and
July of each year, as has been done ¥ Groshois and colleagueson three of these blue tit
populations(Grosbois et al., 2006)

3. Population density index

Population density was obtained by measuring nest box occupation rates by blue tits in a defined
area of each study site where nest boxeswere presentover all years of study (EPirio: n=26 nest
boxes in the first 6 years of monitoring (1979.984), then 54 to 62 nest boxes, DRouviere: n=65
nest boxes, D-Muro: n=20 nest boxes the first year (1993), 32 to 38 boxes from 1997 to 1999
and 49 to 53 nest boxesin the remaining years E-Muro: n=20to 44 nest boxes during the first 3
years of monitoring (19982000), then 54 to 55 nest boxes.

4. Local meteorologicalcovariates

Four local climatic covariates were used in this study téest for meteorological conditionsas a
driver of the differences in survival ratevariabilityin each population

- Spring and summer rainfall (hereafter SpringRF: aggregated rainfall between March®2
and September 158" of year

- Autumn and winter rainfall (hereafter AutumnRF: aggregated rainfall betwa September
16" of year t to March ¥ of year t+1)

- Extreme heat events during the summer (hereafter EHE, number of extremely hot days
(average daily temperature in the 5% hottest of average daily temperatures in the studied
summers on this site) betweenJune 15" and September 15" of year t), which indicates if
extreme climatic situations have been encountered during the considered summer

- Hottest summer temperatures (hereafter HST, average mean daily temperature during the
10 hottest days betweenJune 15" and September 13" of year 1), which represents the
global harshness of the considered summer



Rainfall datawere obtained by measurements from the meteorological station &aintMartin de
Londres (Lat: 43.78 Long: 3.73, approximately14 km away from the D-Rouviere site) for the
mainland, and Calvi (Lat: 42.52; Long: 8.79 approximately 16 km away from EPirio, 11 km from
D-Muro and 16 km from EMuro) for the Corsicansites. Temperature dataat the Corsican sites
were obtained by regressing dailytemperature measurements in the different sites with
temperature data from the meteorological station of Calvbver 4 years and inferring the
temperature in the sites over the remaining year§see details in Appendix 1) At the D-Rouviere
mainlandsite, temperature data was obtained from the meteorological station aBaintMartin de
Londres.

5. Capture-Mark-Recapture modeling

Individual capturerecapture histories for the 5499 breeding individuals were analysed to provide
robust estimatesof survival rates and recapture probabilities (respectively and p, Lebreton et
al., 1992), using a logitlink function.

All analyses were conducted using the program fSURGE(Choquet et al., 2009b) Goodnessof-
fit of models to the data vas ensured for each dataset using the program WARE (Choquet et
al., 2009a), based on the Cormack Jolly Seber model for monostate models.

In several years, experiments were conducted in the population including brood size manipulations
that can highly alter adult surviva(Dijkstra et al., 1990; Nur, 1984) Capture-recapture histories
of the corresponding individuals were censored right after the first time thegxperienced such a
fitness-changing experiment. However nestlings born during these experiments and later
recaptured as adults were not removed from the analysis. This necessary censoring resulted in a
significant decrease in observation numbers-14.95% from 12 131 to 10 316 capture and
recapture events in the dataset).

6. Model selection

7KH $SNDLNHpV ,QIRUPDWLRQ &ULWHULRQ FRUUHFWHG IRU RYHUG
was used for model selection(Burnham and Anderson, 1998) A low QAICc was considered

revealing a good compromise between the fit to the data (likelihood of the model) and the number

of parameters used by the model. The threshold for significant difference between two models

was set at two QAICc points. In case of lower diérence, the model with the lowest number of

parameters was selected.

An index has been assigned to each of the different models tested. The first models (models
integrating the four populations together, without temporal covariate) are numbered from 1 #8
(Table 1). Covariate models (models integrating the four populations, with meteorological and
population yearly covariates) are numbered 74 to 79 (Fig. 3B). Finallyadditional models have
been implemented separately for each population (models 80 to 111 Table 3 and Fig. 4B).

A first model selection was conducted on the four populations together, assessing the effects of
population, year, sex and age on recaptureg) and survival () probabilities (Table 1). The starting

model (Model 72) included potental effects of population, sex, age and yearly variations

(hereafter, year) on survival and potential effects of population, sex and year on recapture
probabilities. Only simple (first order) interactions between variables influencing survival and
recapture probabilities were considered, to enable robust biological interpretation of the results
and avoid overcomplexity. All subsequent models were nested in this one. The model selection



started with simplifying constraints orp. The best model structure forrecapture (Model 56) was
then retainedand simpler survival modelswere considered removing step by step first order
interactions between variables until reaching a model with only 3 interactions (Model 12). All
models nested in this one were then tested.

To assess the potential effect oflarge-scale climatic covariates on survival inour populations
three potential large scale climatic variable{summer MOI, winter MOI, early summer Sahel
Rainfall) were tested on the four populations together. An analysis of deviance (hereafter
ANODEYV, Skalski et al., 1993 was conducted for each candidatecovariate to test for a linear or
guadratic temporal effect of this covariatgFigure 3B). It used as starting modelthe best model
from the previous selection (Model 1) includingdditive effects of age, population and yearly
variations on survival, and as constrained model the same without the temporal effect (Moded)1
The ANODEV test allows to reject the null hypothesisoHassuming that he considered temporal
covariate does ot explain a significant proportion of the deviance reduction between the
temporally free model and the constrained model. The null hypothesis was considered rejected
when p-ANODEYV < 0.05.

An analysis of deviance was also conducted to assess theffect of population density on survival
inthe different populationgFigure4B). In each population separately, the model includingdditive
effects of age and yearly variations on survival wasonsidered as the starting model, while the
constrained modd included only an effect of age on survival. The effect of density on survival was
considered significant ifp-ANODEYV < 0.05 or if the difference in QAICc between the best model
and the population density model was higher than 2. The same analysis was aurcted in each
population separately to test for the effect of local climatic covariates (Tabl®. A linear effect of
time was also tested in this selection, to assess the existence of a potential temporal trend of
survival rates in the different populatins.



Results

1. Goodness of fit

No significant violation of standard model assumptions was found while performing the goodness
of-fit tests using program UCARE (Choquet et al., 2009a) for the 4-populations monostate
dataset €(df=602)=366.499, P-level=1; for each population separately:€(df=184)=85.346, P-
level=l for E-Pirio; €(df=140)=117.024, P-level=0.922 for D-Rouviere €(df=149)=101.227, P-
level=0.999 for D-Muro; €(df=129)=62.903, P-level=1 for EMuro.

2. Effects of population, age and sex on recapture and survival probabilities

Our model selection indicatel that recapture probabilities differ across populations and sexes
(Table 1). In our best models, age and sex appea&d as having an additive impact on survival
across populations, which means that adult survival is different in each population, and that the
effect of age and sex on this survival is likely similacross populations (Table 1). In particular, ™
year adults have consistently markedly higher survival than adults aged 2 or morein all
populations. In contrast, the comparison of survival estimas for the two sexes with models not
constrained to additivity indicates that the survival differences among sexes is weak and that the
sex with the highest survival actually varies among populations (Table 2).

3. Temporal variationin adult survival

When corsidering the effectsof yearly variations on survival rates, our model selection indicated
that these variations have an important impact across populations (Table 1, Figure 2). This effect
is additive(see Table 1: Models 9, B, 27, 44 and 51 for a comparison of additive and interactive
effects of population and year on survival NQAICc(Model 9 t Model 23) = 33.59), which means
that survival probabilities covaried across time in our 4 study population§his result suggests that

a large-scale climatic covariate might bethe driver of interannual variationsin survival

4. Effects oflarge-scale climatic covariates on adult survival

The temporal variations during the study period of the three considered large scale climatic

covariates (summerMOI, winterMOI and SRF) are presented in Figure 3A. Among these
FRYDULDWHY RQO\ D VPDOO SRVLWLYH FRUUHODWLRQ ZDV IRXQC
correlation coefficientummermorsrr= 0.362; p-value = 0.03, r2 = 0.11). No other correlatio could be

found between winterMOI and the other climatic covariates (PGGnmermorwintermor = 0.094,
Pccwintermorsrr= 0.025). No significant linear nor quadratic effect of any of the tested largscale

climatic covariates could be foundon survival probability(Figure 3B).

5. Effect of population density on adult survival

Only one correlation was found between population density estimates from two distinct
populations: population density in EPirio and D-Muro were negatively correlated (9pe =-0.533,
p-value= 0.007) (Figure 4A). A linear temporal trend of population density estimates was found in
the two most recent populations: BMuro and EMuro. In both populationspopulation density has



increased during the study period.However, futher analysis indicated that in all populations,
density estimates showed a significant linear increase over the fir@0 years of the local study
program (see Fig. 4A).

In only one of the four populations (BMuro), the population density covariate significantly
decreased the deviance of the model (Figure 4Bp-ANODEV = 0.042. However, in the EPirio
population, eventhough the ANODEYV test did not yield any significant resulthe QAICc was
significantly decreasedby the population density covariate. In both cases, population density ka
a negative correlation with adult survival: in these two populations, springs with high nest box
occupation were followed by a year of low adult survivalFigure 4C).

6. Effect of lccal meteorologicalcovariates

Despite the apparent similar temporal variations among populations, the results of our model
selection suggested an important effect of yearly variations of survival only in the-Rbuviere
population: NQAICc = 47.61 between Model 80 and Model 82 (Figure 3B, see Figure 2 for the
graphical representation of these variations).

To try to account for this difference, he effect of some meteorological covariategspring and
summer rainfall, autumn and winter rair#ll, extreme heat events, hottest summer temperatures,
see Methods for details) which displayed a difference in variability between the Corsican {Eirio,
D-Muro, EMuro) and the mainland (DRouviere) populationswas tested (Table 3).The existence
of linear temporal trends in survival was also tested.

While significanteffects were found for a negative lineartrend in survival estimates in-Rouviere
and EMuro, no effect of the tested meteorological covariates could be detected in any of the
populations



D-Rouviere

26 years of monitoring
1947 individual histories

E-Pirio
38 years of monitoring
1562 individual histories

D-Muro

24 years of monitoring
1408 individual histories

EMuro

19 years of monitoring
582 individuahistories

A) Annual Survival Estimates) (

Adult survival (")
(estimates from Model 2)

0.473
[0.453 , 0.493]

0.548
[0.521 , 0.574]

0.424
[0.397 , 0.451]

0.575
[0.539 , 0.609]

" (1 year adults) 0.491 0.597 0.449 0.596
(estimates from Model 2) [0.459 , 0.522] [0.547 , 0.645] [0.400 , 0.498] [0.522 , 0.666]
" (2+ years adults) 0.458 0.526 0.412 0.567
(estimates from Model 2) [0.430 , 0.486] [0.494 , 0.558] [0.380 , 0.445] [0.525 , 0.608]

" (Males) 0.479 0.546 0.429 0.556
(estimates from Model 3) [0.450 , 0.509] [0.508 , 0.583] [0.390 , 0.467] [0.505 , 0.606]
" (Females) 0.467 0.549 0.419 0.591
(estimates from Model 3) [0.439 , 0.495] [0.513 , 0.585] [0.382 , 0.457] [0.543 , 0.638]
B) Recapture Rates Estimates (p
p (Males) 0.821 0.673 0.749 0.693
(estimates from Model 1) [0.772 , 0.861] [0.611 , 0.729] [0.672 , 0.812] [0.606 , 0.768]
p (Females) 0.866 0.857 0.701 0.740
(estimates from Model 1) [0.819 , 0.902] [0.804 , 0.898] [0.625 , 0.767] [0.664 , 0.803]

Table 2: Survival and recapture probability estimatesind the influence of age and sexn the four studied populations. 95% confidence intervals are enclosed in square brackets.
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Figure 2: Annual survival for 2+ years adults in the four studied blue tit populations since 19B8tween breeding events in year t and t+195% confidence intervals are not represented for
the sake of readability. Estimates are from Model8 (Table 1).
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1 " (age + pop + year) P (sex.pop) 49 10320.7472 0
74 |” (age + pop + q_SRF) P (sex.pop) 14 10425.4624 34.198 0.1148

75 |” (age + pop + summerMOI) P (sex.pop) 14 10427.5694 36.305 0.1797

76 " (age + pop + g_summerMOlI) P (sex.pa 14 10428.1527 36.8882| 0.2042
19 " (age + pop) P (sex.pop) 13 10433.2892 40.0183

7 " (age + pop + SRF) P (sex.pop) 14 10432.8102 41.5458| 0.7013
78 |” ~ P = %}% = <zA]vd EDEk 14 10432.9938 41.7294| 0.7633
79 " (age + pop winterMOI) P (sex.pop) 14 10433.2112 41.9467| 0.8771

Figure 3:Effect of large scale climatic covariates on blue tit aduurvival. A: Yearly variations of
the three considered covariates during the study period. B: Model selection procedure anc
significance of the effects of the considered covariates on adult survivale), Starting yearly
dependant and constrained model fothe ANODEYV are highlighted in bold. Quadratic effects are
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I D-Rouv Figure 4:Effect of population density on annual adult survival ir
r our 4 populations. A: Population density in the different
N populations during the years of monitoring. B: Model selection ir
each population separately to test for an effect of population
i density on adult survival. Models 83 (in EPirio) and 90 (in E
L Muro) are highlighted as population density either significantly
reduces the QAICc orp-ANODEV<0.05. C: Annual adult survival
J as a function of population density in Eirio (orange) and EMuro
L (red). Singe points represent yearly variating estimates from
L o L L o L Models 85 and 91 (see B) with 95% confidence intervals, lines
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Year t
Model Number of
Number | Model Description Parameters Deviance 4Y |/ p-ANODEV E-Pirio
0,95
D-Rouviere QAICC(Model 80= 3934.8929 A E-Muro
80 " (age + year) P (s) 28 3878.3727 0
81 | " (age + DPop) P (s) 5 3969.7184  44.8446 0.2844 L, 08
82 " age) P (s) 4 3974.4905 47.6103 &
o A
=075 gl
EPirio QAICc(Model 8B= 2547.6513 € | Al Tl )\
83 " (age + DPop) P (s) 6 2535.6175 0 0.1220 = oes s -3 ) L
84 |7 ~ P e W ~ee 5 2540.2929 2.6674 e i VS S TV 0
85 " (age + year) P (s) 40 2470.4757 6.1751 g A\-LA_‘\\‘
(%]
+« 0,55 A
D-Muro QAICdlodel 86 = 2461.4244 § KT -1 N
86 T~ P e W ~eo 4 2453.4049 0 Boast 111 14 0 Rt mitt T
87 " (age + DPop) P (s) 5 2453.1267 1.7316 0.6713 g '
88 " (age + year) P (s) 26 2421.5842 12.8528 <
0,35
EMuro QAICc(Model 89=1471.9337
89 T~ P e W ~eo 4 1463.8945 0 025
90 " (age + DPop) P (s) 5 1462.0949 0.2201 0.0424 ' 1 05 0 05 1 15
91 " (age + year) P (s) 21 1456.1772 27.1656

Population Density in year t



Model
Number
80
92
93
81
94
95
82
96

Model
Number
83
84
97
98
99
100
101
85

D-Rouviere
Model Description

" (age + year) P (s)

" (age H.inear_time) P (s)
" (age + SpringRF) P (s)
" (age + DPop) P (s)
T~ P = e W ~e
" (age + AutumnRF) P (s)
T~ P e W
"~ P = Ade W ~

E-Pirio
Model Description

" (age + DPop) P (s)
T~ P e W
"~ P = e W ~
" (age + SpringRF) P (s)
"~ P = ,Ade W -
" (age + AutumnRF) P (s
” (age + Linear_time) P (s
" (age + year) P (s)

QAICc(Model 80= 3934.8929

IID\I ;rr:ntgg:s Deviance 4Y |/
28 3878.3727 0
5 3965.4145 40.5407
5 3969.1937 44.3199
5 3969.7184 44.8446
5 3971.6614 46.7876
5 3972.4702 47.5964
4 3974.4905 47.6103
5 3973.0642 48.1903

QAICc(Model 83=2545.6416
Number of

Parameters Deviance 4Y |/
6 2535.6175 0
5 2540.2929 2.6658
5 2538.534 2.9166
5 2538.6945 3.0771
5 2539.6612 4.0438
5 2540.1464 4529
5 2540.2255 4.608
40 2470.4757 6.1751

p-ANODEV

0.1351
0.2587
0.2844
0.4122
0.4893

0.5619

p-ANODEV

0.1220

0.3481
0.3714
0.5755
0.7878
0.8552

Model
Number
102
86
103
104
87
105
106
88

Model
Number
89
90
107
108
109
110
111
91

D-Muro
Model Description

" (age + AutumnRF) P (s)
"~ P e W ~eo

"~ P = e W ~es
” (age + Linear_time) P (s)
" (age + DPop) P (s)

"~ P = ,Ade W ~o
" (age + SpringRF) P (s)

" (age + year) P (s)

EMuro
Model Description

"~ P e W

" (age + DPop) P (s)

" (age tLinear_time) P (s)
~ = , W ~ee
~ =, N d e W ~o

" (age + SpringRF) P (s)

” (age + AutumnRF) P (s)

" (age + year) P (s)

P
P

QAICc(Model 102= 2460.1337

y :rr;rzgg:s Deviance 4Y |
5 2450.1043 0
4 2453.4049 1.2907
5 2451.7473 1.6429
5 2452.7143 2.6099
5 2453.1267 3.0223
5 2453.2098 3.1054
5 2453.4046 3.3002
26 2421.5842 14.1435

QAICc(Model 89=1471.9337
Number of

Parameters Deviance 4y |
4 1463.8945 0
5 1462.0949  0.2201
5 1462.1533  0.2785
5 1462.9217 1.047
5 1463.0809 1.2061
5 1463.3806 1.5058
5 1463.8804 2.0056
21 1456.1772 27.1656

p-ANODEV

0.1340

0.2949
0.5024

0.7225
0.9891

p-ANODEV

0.0424
0.0464
0.1482
0.1886
0.3012
0.8663

Table 3:Effect of some local climatic covariates on adult survival in the four studied populations. Highlighted models (in bold) igpeither a covariate that explains a significant part of the tempora
variation of survival (BANODEV<0.05, models 90 and 107),or a covariate that (1) reduces the QAICc compared to the starting model«(age) P (s))and (2) has a f3estimate with both limits of its 95%
confidence interval of the same sign (either both positive or both negative, models 92 and 83).



Discussion

The present study provides estimates for adult survival and recapture probabilities in four
Mediterranean blue tit populations, and explores factors that explain variation in these
probabilities. The results show that these populations have @ifrent survival probabilities, but that
the yearto-year variation in survival rate is similar among populations. This suggests that regional
environmental conditions (e.g. climate) could drive survival fluctuations across populations.
However, we could nd find any evidence that the atmospheric pressure conditions in the
Mediterranean basin (approximated by the Mediterranean Oscillation Index MOI) nor the tropical
climate index of rainfall in the Sahel were correlated to adult survival in our populatioisstimates
of population densities were not correlated across the studied sites, but we found that in two of
them (EPirio and EMuro) breeding density had a significant negative impact on adult survival
during the following year. Two of the studied popul&ns (D-Rouviere and EMuro) displayed a
lineartemporal decrease in adult survivadbver the study period.

a. Recapture probabilities

In three of the studied populations (EPirio, D-Rouviere and EMuro), we observed an expected
effect of sex on recapture probabilities: females had higher recapturprobabilities than males
(Table 2). This may be explained by the fact that in general males are less active and present at
the nest and therefore more difficlt to recapture. Surprisingly this was not the case in BMuro,
where males had higher recapture probabilities. EMuro was also the population with the lowest
recapture probabilities. Both particularities in recapture probabilities of this population may be
linked to the known presence of a high number of natural cavities in the-Bluro area: individuals
breeding in these cavities were not recapturedwhich may reduce recapture probabilities if
breeders move several times between nestboxes and natural caviseover their breeding life.

The fact that recapture probabilities are high in the BRouviere site may indicate that the presence

of suitable cavities for breeding is a more limiting factor in this site than in the others. Moreover,

the forest of La Rouviée is surrounded by habitat that is not optimal for breeding blue tits (in

particular vineyards), while the three Corsican sites are surrounded by adequate forest patches

that most probably trigger higher dispersal around the study site and the use of céeis other than

the provided nest boxes. This is particularly true for-Ririo where the nest boxes area covers only
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status.

b. Survival probabilities

The estimatead survival probabilities in our different populations were comparable to what has been
previously found in other blue tit populations (see Table 4 for examples of blue tit adult survival
estimates).

Our results indicate that survival is higher in evergraeforest sites (EPirio and EMuro) than in
deciduous sites (DRouviere and BMuro), which was expected from previous studies focusing on



various facets of the phenotypic variation among these two habitatamorphology, behaviours,
colour ornamentation, phyiology and life histories Overall,these previous works are consistent
with a divergence in paceof-life syndrome (Réale et al., 2010)with individuals in the deciduous
habitat displayinga faster pace-of-life and individuals in evergreen populations having a slower
pace-of-life (Charmantier et al., 2016; DubueMessier et al., 2017) Our adult survivalestimates
are in good agreement with this expectation (Table 2).

Blue tit adult survival estimates

Details

Reference

Males:0.17-0.31
Females0.19-0.41

Not corrected by recapture: probably underestimateg

Nur, 1984

Males:0.23-0.419
Females0.25-0.539

Dhondt, 1987

1st year adults:
Males:0.82 +0.07
Females0.65 + 0.09

2+ year adults:
Males:0.68 + 0.05
Females0.47 + 0.05

Robust capturanark-recapture (CMR) modeling

Blondel et al., 1992

1st year adults (both sexes):
0.65+0.05

2+ year adults (both sexes):
0.56 +0.03

CMRmodeling
Estimates from the-Birio population from 1979 to 1984

Blondel et al., 1992

Males:0.35-0.62
Females0.33-0.58

CMR modeling

Culinaetal., 2015

Table 4: Examples of blue tit annual adult survival estimates in previous publications.

An important effect of age is also indicated by our results, with adults of 2 years or more having a
lower survival than ® year adults. This expected result (see Table 4) may be linked to the
importance of actuarial senescencen tits: As survival probabilities rapidly decrease with age (e.g.
Figure 1A in Bouwhuis et al 2012), aggregating survival estimates of all adults of 2 years or more
can be expected to result in an average lower survival probability than for'lyear aduls only

(Chantepie etal., 2016)

c. Temporalvariations of survival

Our results confirm previous findings based on shorter time scale$.€. 10 annual estimations in
E-Pirio inBlondel et al., 1992and 6 to 14 annual estimates in Grosbois et al2006) for D-Muro,
D-Rouviére and EPirio) that blue tit survival varies substantially across time and across
populations. Exploring the drivers of temporal fluctuations however, gave quite contrasting results
compared to previous findings.

Indeed, contrarily to Grosboiset al., our longerterm analysis did not reveal ay correlation
between parental survival and large scale climatic covariates, nor between survival and local
meteorological covariates. This major difference may be a consequence of several variations


















































































