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A.l. CHANGEMENT GLOBAL ET REPONSES DES
ORGANISMES

A.l.l. Définition du changementlobal

L’histoire de la vie sur terre témoigne de cing weg d’extinctions de masse des
especes, résultats d’évenements naturels. D’agré®hbreux spécialistes, il est maintenant
admis qu’une sixieme vague d’extinction est en s@aaus I'effet du changement global qui
recouvre des changements a la fois climatiquesngtomnementaux, résultats de I'action
humaine. L'impact des changements abiotiques etigoies de I'environnement sur les
réactions et les adaptations des plantes et desaRria toujours été une question centrale en
biologie évolutive (Mgller et al. 2010), mais lentexte du changement global apporte une
dimension supplémentaire a cette question. Ainsi,das objectifs majeurs de I'écologie
actuelle est de déterminer comment le changemehgiécent affecte les populations et les
ecosystemes afin de prédire et de limiter les aprsgces de ces changements sur la
biodiversité et sur les services gu’elle rend. ®odivassocié par le grand public a des
problémes d’ordre climatique, le terme changemtaiiaj inclue également la surexploitation
des ressources naturelles et les changements gatgon des sols (Houghton 1996 :
IPCC1996).

Malgré la difficulté de distinguer les changemetlimatiques d’origine naturelle de
ceux dus a 'homme, il est aujourd’hui largemennhadque le changement climatique rapide
de ces derniéres décennies est issu principaleteeldctivité anthropique (Figure A.1 et 2;
Solomon et al. 2007 ; IPCC 2007, Hurell and Tretib@010). Les températures de surface
ont augmenté de 0.75°C depuis le début dil'20écle, 'augmentation la plus rapide ayant
lieu ces dernieres décennies (Figure A.1, Hurell Brenberth 2010). Ainsi, 12 des 14 années
les plus chaudes enregistrées depuis le débutdie slernier ont eu lieu depuis 1995 (Figure
A.1 ; Hurell and Trenberth 2010).
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Figure A.1: Anomalies des températures de surface
(continents et océans) de 1950 a 2010. Les anosnalie
sont relatives a la moyenne des températures sur la
période 1961-1990. La courbe noire représente les
moyennes décennales. Source: Australian Bureau of
Meteorology, http://www.bom.gov.au/

Cependant, le changement climatique s’effectue deiéne hétérogéne autour du
globe a différentes échelles : latitudinale, londibale, altitudinale, etc. (Figure A.2). A titre
d’exemples, le milieu terrestre, qui posséde ums fadible capacité thermique, se réchauffe
plus rapidement que les océans (réchauffement wlkolmilieu terrestre : + 0.7°C depuis
1979) et I'hémisphére Nord est davantage touchd'gagmentation des températures que
’hémisphére Sud (Figure A.2; Solomon etal. 200PCC 2007, Hurell and Trenberth
2010). De cette hétérogénéité spatiale du réchaefie climatique, découle que les systemes
biologiques seront affectés de maniere différeetislivant leur localisation géographique.
Des preuves irréfutables suggérent que ces chamgenodimatiques récents affectent
fortement les systemes biologiques terrestres (BaI@®00; McCarthy 2001; Walther et al.
2002; Parmesan and Yohe 2003; Root etal. 2003 raassi marins (Hughes 2000;
McGowan et al. 2003; Hyrenbach and Veit 2003).
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Les besoins grandissants en matiéres premieres, (@@, énergie, nourriture, etc.)
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sont & l'origine de la e composante du changement global. En effet, cassaptessions
anthropiques sont reconnues comme étant fortemmptiquées dans les modifications
rapides et profondes des écosystemes au coursOddsriieres années (Assessment 2005).
L’exploitation des ressources et la pratique deHasse remontent a I'origine de 'homme
mais aujourd’hui cette exploitation des ressoumatsirelles se traduit par un prélevement
excessif de ressources qui ne permet pas aux ¢éeo®ms de se restaurer. Cette
surexploitation peut atteindre de maniére local@lobale la biodiversité. Les modifications
d’utilisation des sols a travers l'urbanisation rglissante, la déforestation ou encore
lintensification de [I'agriculture induisent égalemt des changements profonds des
mosaiques paysageres et de leur fonctionnementgiole. Cependant, I'impact de ces



o«

o

Changement global & réponses des organismes 4l

changements sur les étres vivants est tres vamdllépend grandement de la zone étudiée et
des politiques économigues qui y sont menées.

Toutes ces modifications de I'environnement sonsceptibles dinfluencer les
organismes vivants de maniére directe ou indirekterme, les conséquences observées ou
prédites de ces changements sont principalement agdgsnentations ou diminutions
d’effectifs voire des pullulations ou des disparits locales d’espéces ou de populations, des
changements phénologiques et des changementssdiardistribution des especes (Hughes
2000). Cependant, les trois composantes du chamgeyiedal interagissent et co-varient. Les
changements climatiques et les changements d'usegesols sont en effet tres étroitement
liés : les changements climatiques peuvent entrales modifications dans la gestion des
terres, et il est probable que l'augmentation arlculture intensive et des pollutions
associées, l'urbanisation croissante et le dévelognt industriel agissent en retour sur le
climat. La surexploitation des ressources natwsaleles changements d’occupation des sols
peuvent également se confondre dans les cas deeléaation de la déforestation et de
I'intensification de I'agriculture. Il devient dordifficile aujourd’hui de les dissocier, et d’en
prédire les conséquences sur le fonctionnemerdaes/stemes et sur la biodiversité.

A.l.2. Réponseslesorganismesau changement
global

hY

Les relations de cause a effet entre le changengtolbal et les récents
bouleversements a différents niveaux d’organisabimogique sont difficiles a mettre en
evidence du fait de la rareté des données biolegigures long terme et de la complexité des
mécanismes de réponse des populations aux flumtgatie I'environnement (Parmesan and
Yohe 2003). Cependant, différents types de répoostgté rapportés chez de nombreuses
espéeces animales et végétales (Hughes 2000; Parri68&). Ces réponses peuvent étre
classées en quatre grandes catégories: les ré&popkgsiologiques, numeériques,
phénologiques et de répartition (Figure A.3). Lé&ponses physiologiques et parfois
phénologigues ou numériques sont des conséqueiteeted du changement global, plus
particulierement de sa composante climatigue, sanglie les réponses numériques,
phénologiques et de répartition sont souvent desseindirects qui se produisent au travers
des changements physiologiques ou au travers dgeirent des habitats. Dans cette patrtie,

nous aborderons donc succinctement les effetstdlides changements globaux avant de nous

-5-
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attarder davantage sur I'objet de ce manuscrg eféets indirects a travers les modifications
de I'habitat.

Changement global

Changement Utilisation d | Surexploitation des
climatique fisation des sols ressources
v
Hab@
Effet sur les organismes \
¥ v «— » ~
Physiologie Phénologie Distribution Abondance

Changement dans la structure et la
composition des communautés

Figure A.3: Principales réponses des organismes faa changement global. Les réponses

physiologiques et phénologiques (mais aussi parfeimsériques) peuvent étre des effets directs du
changement global tandis que les réponses numériguenologiques et de répartition sont des

effets indirects via des changements physiologiquesu travers de changement dans I'habitat.

A.l1.2.i. Effets directs

Le changement climatique peut agir directementesicycles de vie des organismes
de par des modifications physiologiques. En effetnombreux processus physiologiques tels
gue la croissance, le bourgeonnement et la flonates plantes mais aussi les dates de
migration et de reproduction (des oiseaux en pditi) sont dépendants des conditions
climatiqgues (Pefiuelas and Filella 2001) et sontcdemsceptibles d’étre perturbés par le
changement climatique. Par conséquent, de nomlzrediseles ont mis en évidence des
changements phénologiques en réponse au changefiraatique récent (Parmesan and
Yohe 2003). A titre d’exemple, en écosysteme méditeen, les feuilles de la plupart des
arbres a feuilles caduques émergent en moyenneut$ plus tot et tombent 13 jours plus
tard qu’il y a 50 ans (Pefiuelas and Filella 20QF).regne animal n’'est pas épargné. La
plupart des espéces britanniques de papillons aiggant plus tét dans la saison et ont des
périodes de vol plus longues (Roy and Sparks 20D8).nombreuses espéces d'oiseaux
entament leur migration pré-nuptiale (Lehikoinemle2004, Lehikoinen and Sparks 2010) et

leur reproduction plus tét dans la saison (Cricl &parks 1999, Crick 2004, Weidinger and

-6 -
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Kral 2007). La plupart des especes, qu'elles soigriinales ou végétales, répondent donc
directement au changement climatique par des aearméretards dans la phénologie de leurs
activités. En plus des changements phénologiquisjtrds parameéetres physiologiques
comme la détermination du sexe des juvéniles ¢hez la tortue peint€hrysemys picta,
Janzen 1994, chez le Carouge a épauldifesaius phoeniceudVeatherhead 2005), la mise
en place des réserves corporelles (Post etal.)1687e développement des défenses
immunitaires (Bradley et al. 2005) peuvent égaldm&ne fortement influencés par les
conditions climatiques.

La surexploitation des ressources naturelles aptcqualle, des conséquences directes
sur les effectifs de certaines espéces. La surigafpbm des ressources halieutiques est, par
exemple, la cause de I'effondrement des populatienmorue de I'Atlantiqu&adus morhua
au large de la cote Est de Terre-Neuve dans lesear®0 (Hutchings and Myers 1994). De
maniere directe, le changement d'utilisation des$s speut également engendrer, par
destruction mécanique ou chimique, une mortalitéruec de certaines espéces ou une
réduction de leur succés de reproduction ayant paséquence une diminution des effectifs.
A titre d’exemple, de nombreuses espéces d’oisaalrant au sol en milieu agricole intensif,
telle que I'Outarde Canepetiéfieetrax tetrax subissent des destructions massives de leurs
nichées mais aussi une mortalité accrue des fesnsllite aux travaux mecaniques effectués
sur les parcelles de nidification (BretagnolleleR@11).

De nombreuses espéces ont une physiologie pelbkeasi changement climatique
(i.e. les endothermes ; Kearney and Porter 20093 sant davantage affectées de maniere
indirecte par des modifications de leur habitat sda changement climatiques mais
également aux changements d'utilisation des sapuld de nombreuses décennies, I'étude
de la sélection des habitats par les especes mshleeen écologie comportementale (Cody
1985). Aujourd’hui, la sélection d’habitat et semiations temporelles et spatiales prend une
dimension supplémentaire : sa compréehension pemfegipréhender les conséquences
indirectes du changement global sur les organisMes.travaux étant largement ancrés dans
ce contexte, les parties suivantes s’attacheraldfiair I'nabitat et a établir un état des lieux

des conséquences du changement global a travet$féentes composantes de I'habitat.
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A.l1.2.ii. Effets indirects a travers I’habitat

L’habitat d’'une espéce est un maillon essentielr pmmprendre les réponses des
organismes au changement global. Cependant, ilitstigne notion complexe faisant
intervenir de nombreux facteurs biotiques et afi@s ainsi que leurs interactions, et cela a
différentes échelles spatiales et temporelles.’éhsuit qu'étudier I'effet du changement
global, lui-méme soumis a de fortes variationsiafest et temporelles, sur I'habitat représente
un challenge scientifique que nous nous proposeneelgver en partie dans ce travail Au

préalable, nous allons définir la notion d’habitat.

A.l.2.ii.a. Définition d’'un habitat

La compréhension des exigences d’'une espece pdwhitat est historiquement I'une
des questions centrales dans le domaine de larvatisa et de la gestion de la biodiversité
et elle I'est encore davantage de nos jours dansrigexte de changement global. Hall et al.
(1997) définit un habitat comme I'ensemble des @@tk et ressources présentes dans une
zone conduisant a la présence, l'occupation (paursurvie ou la reproduction) d'un
organisme donné. Malgré I'utilisation fréquenterestreinte du terme habitat au « lieu de
vie » (caractéristiques physiques d’un lieu, Hakle1997), cette définition regroupe a la fois
les caractéristiques physiques, biologiques etatexcide I'habitat (Figure A.4). L’habitat
physique regroupe les caractéristiques abiotiques thilieu, telles que la température,
'humidité, la salinité, la photopériode, la topaghie et laltitude mais aussi des
caractéristiques biotiques comme la structure deétgétation (densité, hauteur, composition
spécifique, pourcentage de sol nu, etc.) qui ctugstin milieu particulier pour les animaux
terrestres. L’habitat biologique, comme son nomdigue, concerne les caractéristiques
biotiqgues du milieu et plus particulierement leatiens entre proies et prédateurs ou entre
plantes et herbivores. Enfin, I'habitat social cegye les relations entre individus d’'une méme
espéece ou d'especes différentes a travers la viraupe (pour la recherche alimentaire, la
reproduction et le repos, Inman and Krebs 1987)fatlitation (Hurd 1996, Hahn and
Silverman 2006) ou encore le mutualisme (Memmo#tl.e2007). L’aspect social de I'habitat
prend également en compte la compétition intranter-spécifiques (Rosenzweig 1991) ou
encore les relations héte-parasite (Merino and &&010).
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4 )

Composante physique Composante biologique Composante sociale

Facteurs abiotiques Interactions proies-prédateurs Interactions (compétition,

i coopération) intra- et inter-
Température conspécifiques
Humidité
Altitude Abondance des proies & prédateurs

Abondance des congéneres et
des individus d’autres espéces
Structure de la végétation Distribution des proies & prédateurs
> - Distribution des congénéres et
Composition spécifique Qualité & disponibilité des proies des individus d’autres espéces
Densité
Hauteur
Pourcentage de sol nu

= /

Figure A.4: Description des trois composantes talbitat

La distribution des especes animales n’est donc ghkéatoire (Southwood 1977,
Martin 1998, Clark and Shutler 1999, Kolbe and &an2002) et les patrons qui en découlent
sont connus pour étre le résultat de la sélectaaralle (Southwood 1977, Clark and Shutler
1999). La sélection d’'un habitat approprié est doncprocessus crucial pour les animaux
notamment de par son influence sur la plupart desposantes de la fithess (Danchin et al.
1998, Jones 2001). Afin de sélectionner un haldgatprganismes doivent étre en mesure de
disperser dans le temps et I'espace (Morris 20&lndniére active ou passive. La sélection
d’habitat est un processus spatialement et temporeht hiérarchique par lequel un
organisme va choisir quelles composantes de I'agbititilisera (Johnson 1980, Hutto 1985,
Hall et al. 1997). Ce processus, illustré danggiaré A.5, a été fractionné par Johnson (1980)
en quatre échelles spatiales allant de la maci rai¢ro sélection. Le premier niveau de
sélection s’effectue a large échelle spatiale &#rd@éne l'aire de distribution des especes qui
dépend principalement de facteurs abiotiques. Awrsk niveau spatial (méso-échelle), les
organismes choisissent leur domaine vital (zones daguelle les organismes réalisent leurs
activités, par exemple un patch de forét). Le ieore niveau spatial de sélection concerne
I'utilisation de composantes particulieres (miciesdu domaine vital (par exemple un arbre
pour la nidification). Enfin le quatriéme et demieiveau spatial de sélection concerne
l'utilisation d’éléments spécifiques a l'intérieuméme des micro-sites choisis au niveau

spatial précédent (par exemple une certaine haptaurla position d’un nid dans un arbre).
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De plus, a méso et micro échelle spatiale, il regbortant de considérer I'aspect temporel. En
effet, les ressources disponibles a ces échellegepé varier temporellement et donc influer
sur la sélection d’habitat. Dans le cadre de ceatrae these, nous nous sommes intéressés a

la sélection de I'habitat a micro et méso-échelle.

Zone géographique

Domaine vital

Micro-site du
domaine vital

Eléments particuliers
des micro-sites

Figure A.5: lllustration du processus spatialement
hiérarchique de sélection d’habitat (source: M Blas2010)

Chaque composante (physique, biologique ou soaifile) habitat peut étre affectée
par le changement global et cela a différentes lieshapatiales. Selon la composante,
I'échelle considérée et l'intensité du changemees modifications de sélection d’habitat
peuvent étre observables et avoir par conségquentgpercussions plus ou moins importantes
sur la fitness des individus. De nombreuses étadedéja exploré la réponse des organismes
face aux modifications de leur habitat, mais sotnadies se limitent & une ou deux de ses
composantes (par exemple : Burger 1987, Stenhduwde 2005, Barbaro et al. 2008)). Dans

notre étude, nous consideéererons les trois compasairthultanément.

-10 -
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A.l.2.ii.b. Réponses des organismes au changement global a
travers I'habitat

Les changements de phénologie, de physiologie od@ddnce et de distributions des
especes, issus des effets directs du changemdrdl gitiérent inévitablement I'habitat des
organismes et donc de maniére indirecte les ongesiux-mémes. L'altération des habitats
se traduit d'une part a travers des modificatioes i@lations entre individus qu'il s’agisse de
relations proies-prédateurs (habitat biologique)deucompétitions intra ou interspécifiques
(habitat social) et d’autre part a travers des fications d’habitat physique : phénologies
végétales modifiées, disparition ou apparition pée®s végétales, modification de la
composition floristique, modifications des condisomicroclimatiques, fragmentation des
milieux. Ces maodifications elles-mémes peuvent &tferigine d’altérations supplémentaires
associées a des changements des pratiques antle®mqgmme le calendrier des travaux

agricoles (dates de semis, de moissons, etc.).

. Effets indirects a travers I'habitat physique

Le changement climatique conjointement au changeuiiesage des sols créent des
modifications de la structure et des conditionsratiimatiques des habitats physiques. Dans
les écosystemes terrestres, ces modifications e’'edist notamment au niveau de la structure
de la végétation a travers des changements devipasition floristique : les espéces les plus
compétitives et adaptées aux nouvelles conditidast ées plus aptes a survivre (McCarty
2001). La densité et la hauteur des couverts maisi $éa croissance et donc la phénologie des
plantes peuvent également étre affectées a la ffaisle changement climatique et le
changement d’'usage des sols. Ces caractéristiquda dégétation sont utilisées par de
nombreuses especes terrestres comme ressouragsglfressources alimentaires ou pour la
reproduction, la protection contre les prédateets,) ou alors comme indices pour le
déclenchement de certaines phases de leur cycleviele Leur modification aura
potentiellement un impact important pour les espeatisatrices. A titre d’exemple, le
diamant mandarinTaeniopygia guttatautilise I'éruption de pousses de graminées -
directement liee a la pluviométrie — comme un iadigour le déclenchement de la

reproduction (Zann 1999).

-11 -
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Au-dela des modifications de structure de la vég#tale changement global peut
entrainer la perte et la fragmentation des milidies espéces y étant inféodées subissent
alors des mortalités directes ou sont forcées Pedisr dans de nouveaux environnements
pour survivre (Ewers and Didham 2005). L’augmentatde la température ainsi que la
diminution des précipitations dans certaines régientrainent ainsi des changements de
distribution de nombreux groupes taxinomiques \d@s altitudes plus élevées (McCarthy
2001, Parmesan and Yohe 2003). Cependant, |la roatiiin d’'un habitat physique peut aussi
créeer des habitats favorables a de nouvelles espélest le cas notamment de la
déforestation qui peut s’avérer propice a la calaimon d’espéces inféodées a des milieux
ouverts.

De la méme maniére, les changements d'utilisatestdrres influencent la structure
des habitats physiques et donc les distributiorspces et provoquent des migrations et/ou
des extinctions (Hobbs 2000). Ces bouleversemant$abitat physique peuvent également
provoquer des diminutions d’abondance des espécéitre d’exemple, dans I'Ouest de la
France, les populations reproductrices d’Outardee@etiereTetrax tetraxont chuté de 96%
de 1978 a 2008 dans les milieux agricoles ou leaseren prairies constituant leur habitat de
reproduction a largement diminué au profit de geluintensives annuelles créant ainsi une
diminution et une fragmentation des milieux favdeaba la nidification (Bretagnolle et al.
2011). De plus, dans le cas de cette espécejdatidn du sol a également conduit & une
modification de I'habitat biologique par la dimimut de la disponibilité des proies, les
criquets (Bretagnolle et al. 2011).

. Effets indirects a travers I'habitat biologique

Les études concernant les impacts du changemendlgdar les interactions proies-
prédateurs sont relativement rares (BretagnolleGitid 2010, ce chapitre est dans sa version
complete a la fin de cette partie). Ce n’est queménent qu'’il est devenu évident d’étudier
en profondeur cette relation afin de comprendrprétlire les conséquences du changement
global sur les abondances et distributions descesp@retagnolle and Gillis 2010). D’'une
part, les especes présentes au sein d'une chaipleique peuvent réagir avec des degrés
divers au changement de l'environnement (car lexigences d’habitat ou les indices
régissant leur cycle de vie ne sont pas les mémes3e crée ainsi des décalages

phénologiques entre proies et prédateurs (Vissal 4998, Pearce-Higgins et al. 2005). A
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titre d’exemple, au Pays-Bas, un décalage d0 apdesemps plus chauds, entre le pic
d’abondance des chenilles de la phaléne brumeDgerdphtera brumatd..) et le pic des
besoins en nourriture des jeunes Mésanges chadyearfParus majoJ a ainsi été observé
(Figure A.6;Visser et al. 1998).

Les changements de distribution des espéces pelasmit des conséguences
complexes car proie et prédateur, ou seulementesnddux peuvent changer leurs aires de
distribution. Dans le cas de variations d’abondahoes au changement global, les processus
de régulation (bottom-up et top-down) peuvent égeld étre affectés. Par exemple, les
populations de CariboRangifer tarandusie sont, a l'origine, pas contrdlées par la piédat
Cependant la diminution de leurs ressources aliar&sta entrainé une diminution de la taille
des groupes lors des mises bas ce qui a favorigétiation des caribous par les loups. Le
changement global peut affecter I'abondance degegrdonc indirectement le prédateur
(Bretagnolle and Gillis 2010) ou le controle exepeé le prédateur sur la proie Stevens et al.
2002, Peach et al. 2004). Il peut ainsi affecterréponses numeériques et fonctionnelles des
prédateurs (Bretagnolle and Gillis 2010). Néanmoalimapact du changement global sur la
relation proie-prédateur et sur les communautés dépendant du caractére généraliste ou

spécialiste des prédateurs (Bretagnolle and @iliK)).
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Figure A.6 : phénomene “match-mismatch” observé Rays-Bas entre les besoins en nourriture
des jeunes mésanges charbonniéres Parus majerpic d’abondance de leur proie: les chenilles
de phaléne brumeuse Operophtera brumataugmentation des températures printaniéres et
I'avancée consécutive de I'émergence des feuikesh@ne pédonculé chene Quercus rdblia
provoqué une avanceée de lapparition des chenilles En revanche, la phénologie de
reproduction de la mésange charbonniére n'a pasega, au point de créer un décalage ente
abondance de nourriture et besoins des jeunes.¢PhoC. Both , b: M.E. Visser, c: E. Pollet),
adapté de Visser 20

Changement climatique et interactions proie-prédate
Cette thématique a fait I'objet du chapitre dedisuivant intitulé « Effects of Climate Change

on Birds », édité par Anders Pape Mgller, Wolfg&igdler et Peter Berthold et publié en
2010 par «oxford University Press.
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CHAPTER 16

Predator—prey interactions
and climate change

Vincent Bretagnolle and Hanneke Gillis

16.1 Introduction: climate change
and trophic networks

Climate change will probably affect the populations
of many species (Parmesan and Yohe, 2003; Root
etal., 2003; Meller et al., 2004: this volume). Although
the magnitude and timing of temperature increases
are debated, most predictions qualitatively agree
that global warming will cause species extinctions
and increase disease transmission (Harvell #f al.,
2002; Chapters 15, 18). Birds have been found to
advance their breeding phenology (Visser of al.,
2004; Chapter 11), while bird distribution ranges
have not changed dramatically yet (Béhning-Gaese
and Lemoine, 2004; Chapter 18). Climate change is
likely to impact all trophic levels (Chambers el al.,
2005}, although the response of communities and
ecosystems to climate change has only recently
received its deserved attention (but see Harrington
et al, 1999). Multi-species interaction networks (i.e.,
predation, parasitism, and pollination) cannot be
assumed to be linear interactions between two or
more species, and indeed species may interact with
many others, while these interactions may differ in
sign, being either positive (Le. facilitation) or nega-
tive (inhibition). Interactions include those between
species (Harrington et al., 1999), between traits (e.g.
Genner et al. (2010) for a long-term study on fish),
and between bictic (e.g. density dependence and
habitat choice) and abiotic (e.g. temperature) com-
ponents of global change (Martin, 2001 ). Interaction
strength is also functionally important with regard
to ecosystem processes because it encompasses
transfer of energy through an ecosystem, a particu-

larly important feature for community stability
(Paine, 1980). Climate change is further expected to
affect the magnitude of species interactions them-
selves (review in Tylianakis ef al., 2008). Biotic inter-
actions are known to play a major role in the
maintenance of ecosystems (Bascompte ef al., 2006).
It is currently expected that climate change will
affect species more through shifts in ecosystem
functioning (e.g. pollination, mutualism, and para-
sitism ) than by its directeffect (Rand and Tscharntke,
2007: Tylianakis ef al., 2008). Furthermore, compen-
satory mechanisms that are common in complex
networks of biotic interactions (Brown et al., 2001)
are generally involved in ecosystem resilience. The
latter may become critical under expected global
change (Suttle ¢t al., 2007), as complex interactions
may buffer the effects of climate change on species.

However, the vast majority of studies analysing
bird responses to global warming have so far con-
cerned single species. More recently; it has become
obvious that analvsing a single variable (often tem-
perature) for a single life stage of a few selected spe-
cies may not be satisfactory for understanding and
predicting the consequences of climate change on the
abundance and distribution of birds. A first caveat
was revealed by the simple fact that documented
advances in breeding phenology of predators may
not be in phase with those of their prey (Visser et al.,
2004). Examples of differences in phase among trophic
levels come from birds feeding on insects that have
typically advanced their breeding phenology less
than their prey (Visser et al, 1998; Peance-Higpins
el al, 2005), from zooplankton and phytoplankton
abundances that have changed at different rates

27
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(Winder and Schindler, 2004), and from animals and
plants that have responded heterogenecusly to cli-
mate change, resulting in increasing asynchrony
(Visser et al,, 1998; Nielsen and Maeller, 2006; Both
et al., 2009). A second caveat consists of viewing com-
munity response to climate change as the sum of the
responses of each individual species (Bohning-Gaese
and Lemoine, 2004; but see Post and Forchhammer,
2002), thus considering communities as a ‘super
organism’ with its own climate envelopes (Hole ef al.,
2009). This view has been challenged because it is too
simplistic and to a large extent unrealistic, especially
for forecasting community change due to global
warming (Wilmers et al., 2007; Chapter 18). Indeed,
{1) variation in geographic ranges in response to cli-
mate change are known to vary in magnitude between
taxa belonging to different trophic levels, or to differ-
ent taxonomic ranks (Huntley ef al., 2004); (2) species
ranges were shown to result not only from the direct
physiological effects of climate (Porter ef al., 2000) but
al=o from indirect effects (Pincebourde ef al., 2008): (3)
being a consequence of (1), it is reasonable to assume
that climate change will affect the temporal and spa-
tial association between interacting species at differ-
ent trophic levels {BShning-Gaese and Lemoine, 2004)
because spedes often show their own response to
temperature (climatic niche envelopes); and (4) range
shifts may have cascading effects on community
structure and the functioning of ecosystems (Lovejoy
and Hannah, 2005). It is thus extremely likely that the
impacts of species range shifts will go far bevond that
arising from just adding species to or subtracting spe-
cies from ecosystems. Such changes may produce
trophic cascades or lead to ecological catastrophes
such as ecosystem phase shifts, as exemplified by the
phase shift of coral reefs from coral to macro-algal
dominance (Bruno et al, 2009). How such changes
will resonate at the ecosystem level are particularly
difficult to predict and surely represents a challenge
for ecologists. Therefore, it is becoming clear that the
response at the community level can be expected to
differ from species-level responses, and the response
of one species can hardly be used to predict the
response of another, particularly if the latter belongs
to ancther trophic level.

If we are to understand and predict community
or species assemblage responses to environmental
variability, we must explicitly use a mechanistic

approach including species interactions (Voigt
et al., 2007). Any oversimplification, such as reduc-
ing climate change to single species stories, may
thus lead to inaccurate predictions at best (eg.
estimates of species loss due to climate change
vary between 3 and 78%: Thomas et al., 2004), or to
wrong predictions at worst (e.g., Bihning-Gaese
and Lemoine, 2004}, especially so at higher trophic
levels. Understanding how climate change will
influence the structure of communities and ecosys-
tems, and ecosystemn functioning and services has
thus become a major pre-occupation for both sci-
entists and managers (Mace ef al,, 1999). Howewver,
climate change effects on species interactions have
only started to be studied (Poulsen ef al., 1998).
The limited theoretical implications of climate
change on interacting species that have been inves-
tigated so far suggest that density dependence and
species interactions may play major roles in deter-
mining the magnitude of changes in population
density in response to climate change. At the pop-
ulation level, climate change may have important
consequences for population regulation, and inci-
dentally the old question of the respective roles of
biotic vs. abiotic factors in shaping the regulation
of populations and the structure of ecosystems has
been revived (Martin, 2001). The observed effects
of climate change on distributions of species has
led to the suggestion that biotic factors may be less
important than abiotic factors (e.g. temperature),
although perhaps more in plants than in animals
(Austin, 2002).

In this chapter, we first summarize why and how
climate change could affect predator—prey interac-
tions. Second, we review the literature about the
impact of climate change on predator—prey relation-
ships in birds. A final section will provide prospects
for future studies.

16.2 Why and how climate change may
affect predator prey interactions

16.2.1 Predator—prey relationships and other
species interactions

The effects of climate change on host—parasite inter-
actions have been poorly studied (Moller, 2010;
Chapter 15). Temperature effects on parasite and
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host physiology (Phoenix and Press, 2005} have
variable effects in plant—parasite interaction
(Tylianakis ef al., 2008). In general, climate change
modifies the composition of the parasite commu-
nity and may cause changes in the nature of the
interaction itself {(ie. the virulence of parasites;
Chapter 15). A rather similar pattern emerges from
the larger number of available studies on plam-
herbivore interactions: the mismatch in reproduc-
tive phenologies between plants and herbivores is
thought to reflect differences in the rate of response
to changing climatic conditions according to species
and /or trophic level. Nevertheless, climate change
effects on plant-herbivore interactions appear to be
heterogeneous (review in Tylianakis of al., 2008).
Creerall, climate change effecks on various species
interactions are quantitatively important, although
variable and heterogeneous, and poorly studied
(Tylianakis et al., 2008),

Predator—prey interactions are of paramount
importance both at population and at community
levels because predation is a major cause of mortal-
ity in animals, and it is thus a key process in animal
population dynamics (Murdoch et al., 2003) and for
the evolution of life-history traits (Doligez and
Clobert, 2003}). Climate change may affect predator—
prey interactions through (1) changes in prey and/
or predator abundances, (2) the process of preda-
tion itself (including defence against predators),
and (3) the community level through trophic cas-
cades and regime shifs. Much like plant-herbivore
relationships, predator—prey interactions can be
altered by phenological changes (Visser ¢t al., 2004).
It is also common that these two latter interactions
actually interact themselves, and often the responses
to rising temperature for plants, herbivores, and
predators have effects on phenclogy (either positive
or negative), resulting in strong effects on both her-
bivore and predator population sizes (Durant ef al.,
2007). However, predators at higher trophic levels
are usually disproportionately affected by environ-
mental perturbation compared to plant-herbivore
interactions, be it climate change, competition from
invasive species, or habitat modification in general
(Voigt et al., 2007). Climate change could affect all
species interactions in a community; however, given
the key functional role of predators, the effects of
climate change on community structure and func-

tioning may be driven by the effects of climate
change on predators.

16.2.2 Processes and mechanisms by which
global warming may affect predator—prey
interactions

Climate parameters have been shown to affect
predator—prey relationships: Examples include the
Moeran effect (synchronizing pattern of population
fluctuations in space: Ranta ot al., 1999), or large-
scale climatic fluctuations such as the El Nino
Southern Oscillation (ENSOY) or the North Atlantic
Oscillation (NACQY) (Stenseth ef ai., 2002). For exam-
ple, the interaction between snowshoe hare Lepus
americanus and lynx Lynx conedensis varies geo-
graphically with regions spatially defined by the
influence of NAQ (Stenzeth ef al., 1999). Therefore,
itis notsurprising thatif and when climate changes,
predator—prey interactions are also affected.
Climate may affect species directly through a
change in life-history parameters (such as adult
survival or fecundity), a shift in geographic range
or phenology, or indirectly through the food (prey)
of the predator (affecting its abundance: Both ef al.,
2006}, or through the control exerted by the preda-
tor on prey (Stevens et al., 2002; Peach et al., 2004).
Disentangling the relative contributions of trophic
(indirect} and direct climate effects is critical if we
are to understand and, more importantly, predict
climate driven effects at the community (or species
interaction) level.

Typically, predator—prey dynamics are described
by quantifying changes in the abundance of prey
populations as a consequence of direck consump-
tion by predators (the functional response), and the
resulting changes in predator abundance as a con-
sequence of energy transfer from prey to predator
breeding (the numerical response; Abrams and
Cinzburg, 2000). The modulating effect of climate
on this dynamic has recently received considerable
attention. In particular, climate affects consumption
rates (Stenseth ef al., 2005), and thus the dynamics
of predator—prey interactions (Post and Stenseth,
1999: Stenseth et al., 1999). Climatic effects may be
as important as top-down or bottom-up effects in
shaping predator-prey dynamics (Vocetich and
Peterson, 2004). In addition, more subtle changes
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may be expected, as predators also have non-lethal
effects on their prey (Peckarsky et al., 2008 ) that may
also be affected by climate change.

In this section, we provide an overview of the
mechanisms by which climate change may affect
predator—prey relationships, through the interact-
ing species themselves (ie. the ‘interactors’) or
through different aspects of the relationship (i.e. the
‘interaction’), such as numerical and functional
responses, or finally through its effects at the com-
munity level {e.g. trophic cascade). There are some
processes that are particular to predator-prey rela-
tionships, and other processes that are general to
any population. Here we list these processes but
particularly ernphasize those that may be restricted
to gither predators or prey. Expected changes on
prey or predators may include the following:

1) Changes in distribution. Changes in distribu-
tion may have complex consequences because both
prey and predator, or only one of these, may show a
shift in distribution range. The spatial shift may, or
may not, be associated with a temporal shift ([atitu-
dinal or altitudinal gradient). Temporal shifts are
dealt with below.

2) Changes in phenology. Depending on whether,
and to what extent, temperature is a direct cue of
processes affecting the population dynamics of the
prey and /or the predator, climate change may result
in either a temporal mismatch or a closer match
between predation and prey. Possibly as a conse-
quence of differential changes in species geographic
distribution, or through a change in environmental
conditicns, several processes could alter the timing
of predation events (e.g. prey and predator encoun-
ters), which could have strong direct ecological
implications or indirect behavioural consequences
{through non-lethal effects). Because temporal and
spatial shifts, although caused by different climate
proxies, will result in patterns of predator—prey inter-
action that are similar, they will be dealt with simul-
tanecusly. The major expected outcome of these
spatic-temporal shifts would be stronger or weaker
trophic interactions resulting in lower/higher prey
and predator abundances.

3) Changes in population density. Population
sizes and densities of both predator and/or prey
may change as a consequence of the direct effects of

environmental gradual change (temperature rising)
or extreme environments (catastrophic events).
These changes will occur through climate impacts
on vital rates (i.e. survival, breeding success, and
dispersal rates). In response, population sizes may
change as predicted by classical deterministic mod-
els (Murdoch e al., 2003). The direction and magni-
tude of these changes may differ depending on the
shapes of functional and numerical responses
(Abrams and Ginzburg, 2000), thus varying with
the degree of specialization by the predator and the
efficiency of energetic transfer. Therefore, this will
affect the ratio between numbers of predators and
prey. Yet, this ratio is of considerable interest here,
as a ratic-dependent functional response has been
sugpested to be more sensitive to the interaction
than the Holling functional response (Abrams and
Ginzburg, 2000).

4} Changes in behaviour, morphology, or physiol-
ogy. These are more subtle changes that are never-
theless expected to be induced by climate change,
either through phenotypic plasticity or through
micro-evolution. For instance, diurnal activity pat-
terns of predation behaviour may be affected by cli-
mate change, with predators or prey having to cool
themselves in particular habitats, or through ener-
getic consequences for individuals. As environmen-
tal conditions change, populations may respond by
progressively changing their morphological charac-
ters {eg. body size), due to either energetic con-
straints or physiclogy.

Below we detail these mechanisms.

16.2.3 Spatio-temporal etfects of climate
change on predator—prey interactions

Climatic warming has the potential to affect the
spatial and temporal coincidence of organisms,
both potentially leading to disrupted synchrony
between predators and prey. Overall, there has been
a rapidly growing body of literature exploring how
disrupted synchrony affect plant-herbivore interac-
tions (e.g. Bale ef al., 2002 ) and predator—prey inter-
actions (e.g. Logan et al., 2006). While changes in
prey reproduction could potentially change preda-
tor reproduction, recent studies have indicated that
predators mainly those preyving on insects become
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increasingly mistimed in terms of their reproduc-
tion relative to the timing of reproduction of their
prey (Nielsen and Meller, 2006; Both &t al., 2009;
Chapter 11).

It is also knmown, although the evidence remains
scarce, that climate change affects, more or less rap-
idly, plants, insects, and birds because of their dif-
ferential reaction to photoperiod and temperature
{reviews in Both et al., 2009; Chapter 11). Both et al.
{2009 found in a three-trophic-level study (cater-
pillar, four species of passerines that prey on cater-
pillars, and a raptor that preys on the four
passerines) that caterpillar phenclogical response
to temperature rising through budburst was on
average a delay of only 0.25 days, while passerines
lagged 0.5 days after the peak in caterpillar abun-
dance. The sparrowhawk Accipiter nisus had the
largest mismatch of all species considered, which
doubled over the 20-year study period. For all three
interactions between phenological responses of
predators and their prey, evidence was found for a
decrease in synchrony over time, probably due to
climate change.

Despite many studies having investigated how
climate change has and will affect species distribu-
tion ranges, none has specifically investigated how
differential shifts in range may affect predator—prey
interactions. It remains unknown whether distribu-
tion shifts are more pronounced in predators than
in prey, although this is unlikely since many birds
{such as passerines in temperate communities) are
both predators (of insects) and prey (of raptor eat-
ing birds). However, it has often been suggested
that body size may affect the shift in range because
larger-bodied species may be more resistant to
adverse climate and thus less prone to move
{Brommer, 2008), although some studies maintained
that larger species may have a poorer ability to
respond to environmental changes than smaller
species (Stevenson and Bryant, 2000). Raptors eat-
ing birds, reptiles, and small mammals are, on aver-
age, much larger than their prey, so one may expect
that raptors are less susceptible than passerines to
be affected by climate change. While most studies
on birds have focused on small-bodied species (see
section 16.3), recent evidence from raptors suggests
that large-bodied species are as affected by climate
change as smaller ones, with delays in breeding

events or movement shifts towards north similar to
those found for passerines {Lehikoinen ef al., 2000).
In the Montagu's harrier Circns pygargus, a raptor
specialist of the common vole Microlus arpalis,
breeding dates were shown to have advanced over
the last 15 years when accounting for vole abun-
dance effect on harrier laying date (Figure 16.1).

Although the number of studies available still
remains scarce, a general finding is a mismatch
between prey and predator phenologies due to cli-
mate change.

16.2.4 Climate change effects on population
dynamics of prey and predator

16.24.1 Effects on numbers

Predators have long been identified as being lim-
ited or regulated by their food supply (e.g. Sinclair
and Krebs, 2002). Climate change is likely to impact
directly on the abundance of key invertebrate prey
for bird predators (Bale et al., 2002). Food availabil-
ity is a classical limiting factor for the productivity
of insectivorous birds (Marshall et al., 2002), and
thus its shortage due to global warming may have
significant impacts on bird populations, although
this has seldom been studied (Pearce-Higgins et al.,
2010). Not only mean but also between-years vari-
ance in climate variables such as temperature and
precipitation are predicted to change. However,
the potential impact of changing climatic variabil-
ity on the fate of populations has remained largely
unexamined. In an analysis of 36 plant and animal
species spanning a broad range of life histories
and environments, Morris et al. (2008} examined
how sensitive long-term stochastic population
growth rates were likely to be affected by changes
in means and standard deviations of vital rates in
response to changing climate. They found that
short-lived species {insects, annual plants, and
algae} were predicted to be more strongly nega-
tively affected by increasing variability in vital rate
relative to longer-lived species (perennial plants,
birds, and ungulates), and there was no additional
effect among taxa. However, only two species
examined out of 36 could be considered to be pred-
ators (@ waterbird, the whooping crane Grus ameri-
cand and the tiger salamander Ambystoma tigrinum),
and, therefore, no conclusion could be established
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about whether population dynamics of predators
should be more or less impacted by climate change
through direct effects on vital rates than prey
{Morris et al., 2008).

16.2.4.2  The complex interplay between density
dependence and climate change

It is becoming increasingly evident that predator
population growth is not purely determined by the
rate of prey consumption as usually considered in
classic models of predator—prey interactions (Lotka—
Volterra or logistic models), but that other factors,
including social interaction, interference, and terri-
toriality, also come into play. More recently, models
incorporating ratio-dependent functional responses
have been proposed (Berryman, 1992). A key factor
in modelling the dynamics of predators and their
prey is density-dependent regulation, which may
occur both in the prey and in the predator. For
instance, predation rates decrease when predator
densities reach their carrying capacity (e.g. Lande
efal. 2003). For prey, inverse density dependence, or
Allee effect, is apparently not rare (Stephens and
Sutherland, 1999). Climate change may affect pred-
ator numbers, prey numbers, density dependence
in predator numbers, density dependence in prey
numbers, and density dependence in the prey—
predator interaction itself, or, of course, any combi-
nation thereof. In addition, non-linearity (Henden
et al., 20097 and the interaction between intrinsic
density dependence and extrinsic environmental
variation remain a major challenge in predator—
prey interactions {Turchin, 1995).

The interplay between density-dependent proc-
esses (both acting at the prey and the predator
levels) and external factors, such as climate, is a
classical problem in population ecology, being
further complicated by the contrasting effects of
different types of predator—prey interactions (i.e.
specialist or generalist predators, see below) and
atypical dynamics (such as cycles). Also, the
directional trend of climate change (both in aver-
age and in variance) adds additional complexity
in analyses. When these factors and their interac-
tions are not taken into account, they can produce
misleading conclusions for the processes at work.
A good example is provided by elk Cervus virgin-
ignus population trends in Yellowstone Mational

Park, where a decline concomitant to wolf Canis
luipus reintroduction led to the idea that wolf pre-
dation was the key driver of elk decline. Howevwver,
a more careful analysis (by modelling) concluded
that elk decline was influenced by other factors
(human hunting harvest and lower than average
annual rainfall) rather than wolf predation, which
appeared to primarily be compensatory (Vucetich
et al,, 2005).

Although models and theoretical predictions
have been used repeatedly, empirical data (not to
mention experimental evidence) are scarce
(Wright et al., 2009), While many authors have
analysed predator—prey interactions incorporat-
ing density dependence (Sutherland, 2006), pre-
dation (Jackson and Green, 2000; Evans, 2004}, or
climate {Asbjernsen ef al., 2005), fewer have ana-
lysed them all together (but see Vucetich ef al,,
2005). Theoretical models of predator—prey inter-
actions have been tested with observational data
mainly using organisms with short generation
times and rapid dynamics, especially inverte-
brates from aguatic ecosystems, while terrestrial
studies come mainly from cyclic dynamics (e.g.
Capuccino and Price, 1995).

Cyclic predator—prey dynamics has been the
focus of much research in ecology over the last 50
years. Cyclic population dynamics can be described
using simple time-series models, the properties of
which can provide some insights into biological
processes involved. For instance, an autoregressive
model performed on time series (Rovama, 1992)
allows identifying whether under-compensation,
perfect compensation, or over-compensation are
involved (see Clutton-Brock et al., 1997 for more
details). Climate change is known to be able to drive
population dynamics from stable to cyclic dynam-
ics (Coulson et al., 2001) and is also suspected to be
the cause of the recent dampening of cycles of small
mammals or moths, as well as their predators
(review in Ims et al., 2008). Precise quantification of
links between climate and cycles (both prey and
predator) often rely on limited empirical data.
Kausrud et al. (2008) found that winter snow,
together with density dependence in the net popu-
lation growth rate, accounted for the observed pop-
ulation dynamics of lemmings Lennrus lemmus
betwean 1970 and 1997, and correctly predicted the
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observed absence of rodent peak years after 1994,
Furthermore, analysing population models of
consumer-resource systems suggested that direct
density dependence is primarily related to intra-
trophic interactions, whereas delayed density
dependence in time series may be related to biologi-
cal interactions. Therefore, numerical changes in
delayed density dependence (i.e. the second-crder
autoregressive coefficient) of a predator—prey inter-
action due to climate change may reflect changes
in the strength of the predator-prey interaction
(Stenseth et al., 2002).

Using large-scale indices of climatic variability
as proxies of climate has allowed much progress in
understanding the role of environmental factors
on population dynamics (review in Stenseth ef al,
2002). The use of such proxies along with long
demographic time series has also allowed detailed
investigation of environmental variability and its
effects on density-dependent regulation. In partic-
ular, the variation in the NAQ was found to inter-
ferer with density dependence and predation
{Vucetich and Peterson, 2004: Wilmers ¢ef al., 2006)
on the population dynamics of mammalian her-
bivores. In addition, the same factors acted on
driving synchrony (Post and Forchhammer, 2004,
2006). Although density dependence, climate, and
predation together determine population dynam-
ics, it is clear that mechanistic models are required
to understand more thoroughly how these factors
interact (Stenseth ef al., 2002). Wilmers et al. (2007)
have developed a modelling framework to explore
the effects of different predation strategies on the
response of age-structured prey populations under
climate change. They showed that predation acts
in opposition to temporal correlation in climatic
conditions to suppress prey population fluctua-
tions. Ambush predators (e.g. lion Panthern leo)
were shown to be more effective at suppressing
fluctuations in their prey than cursorial predators
{e.g. wolf) because the latter are more effective on
prime-aged adults (wolves are able to chase prey
over long distances, which lions cannot). Therefore,
while this may appear counterintuitive, the pres-
ence of predator populations may be able to
dampen prey population fluctuations, provided
that temporal correlation in climatic conditions
increases in the future (Wilmers et 2., 2007).

16.2.5 Climate change and the nature
of predator—prey interaction

16.2.5.1 Top-down vs. bottom-up control

A general and still debated issue concerns whether
predators control prey populations (review in
Murdoch et al., 2003). In particular, the question of
whether density dependent or density independent
iin other words, biotic versus abiotic) factors con-
trol prey or predator populations has been revived
(Lande et al., 2003} Whether predators control, or
even dampen, prey population fluctuations have
been mostly evaluated with medels, and to a lesser
extent with experiments. Limited empirical evi-
dence is based on introductions of carnivores and
suggested that predators led to prey declines in
about half the cases (Ebenhard, 1988). More gener-
ally, prey populations exist at lower densities when
exposed to predators (Mech and Peterson, 2002). A
meta-analysis of experimental studies suggested
that predation usually results in trophic cascades
(Schmitz et al., 2000; see section 16.2.5.4). However,
the issue of top-down vs. bottom-up control of prey
populations is still hotly debated, and evidence so
far sugpests that prey control the system more often
than the reverse (Vucetich ot al., 2005),

Regulating processes (either top-down or bottom-
up) may change due to climate warming (i.e. preda-
tors are not regulating prey currently but could
become a regulating factor due to climate change).
A nice example is provided by mammalian preda-
tor—prey interactions. Although the abundance of
migratory caribou Rangifer farmindus is not control-
led by predation (Vors and Boyce, 2009), wolves can
negatively affect prey abundance when caribou are
feeding on resources that are insufficient to main-
tain high densities. This is because under this cir-
cumstance behavioural changes of caribou are such
that they are unable to swamp predators on the
calving grounds. As climate warming induces loss
of lichen as a winter-food resource (Cornelissen
et al., 2001), migratory caribou may face increased
predation pressure in the futare. A more complex
scenario appears when elk is added to the caribou-
wolf interaction because one of the prey is preferred
by wolf, but supports higher predation pressure
than the other (Vors and Boyee, 2009). A similar sce-
nario is suggested by Millon et al. (2009) with regard
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to blackbird Thirdus merula and song thrush T, pli-
lonielos, both prey of sparrowhawk, possibly lead-
ing to reduced thrush populations. In the case of
mismatch phenology between prey and predator, it
is further conceivable that prey is more prone to
respond to temperature increases than the predator
because this gives the prey a new way to escape
from predation and hence a higher selective pres-
sure on early breeding for prey (Both ef al,, 2009).

16252 Specialist vs. generalist predafors

While specialist predators are mainly dependent
on a specific prey species, generalist predators are
theoretically able to switch among alternative
prey according to their current abundance and/
or profitability (Andersson and Erlinge, 1977).
Generalist predation in particular may either sta-
bilize (Erlinge et al., 1988) or destabilize the com-
munity (Holt, 1977: Bonsall and Hassell, 1997),
depending on ecological conditions. Generalist
predators are theoretically expected to maintain
relatively constant vital rates because they can
shift to alternative prey (i.e. they respond mainly
functionally to variation in the abundance of their
preferred prey) and therefore should display more
stable populations than specialist predators
(Redpath and Thirgood, 1999). Thus, they are
expected to cope better with global changes than
with specialists predators, which are generally
believed to be mere sensitive to environmental
change than generalists (Rand and Tscharntke,
2007). However, there are very few studies that
have shown that specialist predators are more
affected by climate change than generalist preda-
tors (but see Rand and Tscharntke, 2007).

Mpst studies on predator-prey interactions
involved specialist predators and one or some-
times a few prey species {Korpimiki and Norrdahl,
19971: Nielsen, 1999). In addition, most studies
involved cyclic predator—prey dynamics and came
from Fennoscandia (Korpimaki ef a2, 2003;
Lehikoinen ef al., 2009). The guestion thus arises
whether the findings can be generalized to more
complex food webs (Millon ef al., 2008). In particu-
lar, how generalist predators will respond to
changes in their prey community is not predicted
by current theoretical models, despite generalist
predators probably constituting the majority of

avian predators {review in Valkama ef al, 2005).
However, a generalist predator may be partly sen-
sitive to changes in diversity or composition of
prey communities. In addition, if generalist preda-
tors shift from one prey to another in the commu-
nity, this may affect interacions among species,
both at the level of competing prey or at the level
of other predators of the trophic network (Millon
ef al., 2008). Very few empirical studies are, how-
ever, currently available, mainly because it is far
less easy to deal with a generalist predator that
prevs on dozens of prey species and have to be
monitored over years in order to analyse func-
tional responses (but see Redpath and Thirgood,
1999: Rutz and Bijlsma, 2006; Millon ef al., 2008).

16.25.3 Functional vs. numerical responses

The functional response of a predator largely deter-
mines the effect of a predator on the prey popula-
tion {Abrams and Ginzburg, 2000). In addition,
shapes of both numerical and functional responses
of predators have strong effects for prey community
stability and composition (Jaksic ef al, 1992).
Predation plays a major role in shaping the struc-
ture and dynamics of ecological communities, and
the functional response of a predator is of crucial
importance to the dynamics of any predator-prey
system by linking the trophic levels. However,
quantitative and precise studies of functional
response are scarce, in particular in the ornithologi-
cal literature (review in Valkama et al, 2003). In
addition, there is a great deal of debate on the way
we measure functional response and how to “scale
up’ from local (individual) measurements to a pop-
ulation-level function (Englund and Leonardsson,
2008), and a major difficulty remains to measure
functional response in the field at {very) low prey
density. Finally, both for mammal and bird preda-
tors very few studies have attempted to document
variation in the functional response according to
season, social status, or sex. Whether climate modu-
lates the functional response is therefore virtually
unknown. Cne exception is an analysis of kill rate
of radio-tagged lynx Lynx lynx preying on roe deer
Capreolus capreolis in Norway (Nilsen ef al., 2009).
The latber found a clear effect of abiotic climatic fac-
tors (NAO in this case) on functional response,
related to snow cover.
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16.254 Trophic cascades and regime shifis

If climate change impacts upon several trophic lev-
els simultanecusly (which is very likely), then
wholesale community changes may become evident
and constitute a ‘regime shift’ (Rodionov, 2004).
Climate change, while affecting predator-prey inter-
actions, may also affect community structure
through a trophic cascade. In terrestrial ecosystems,
trophic cascades are expected and result, forinstance,
from the indirect effect of predators on plants medi-
ated by herbivores (Paine, 1980; Polis et al., 2000).
Trophic cascades partly also result from the non-
linear (and thus non-trivial}) nature of species inter-
actions (McCann, 2007). They provide examples of
how indirect effects propagate in communities via
consumption of prey by predators. Trophic cascades
have, however, been more documented in aguatic
ecosystems than in terrestrial ecosystems, the reason
being unclear, but perhaps related to simplified
interactions within each trophic level in the former.
A terrestrial example comes from a long-term study
of a three-trophic-level system including grey wolf,
moose Alces gloes, and their winter food resource,
balsam fir Abies halsamen (Wilmers ef o, 2006). The
balsam fir increases in abundance with winter snow
{in relation to NAO) and influences wolf kill rates of
moose, with cascading effects on balsam fir growth
(Post and Stenseth, 1999). A vimus outbreak in the
wolf population allowed testing the transient effects
of reduction of predation pressure and climatic vari-
ation on the dynamics of this three-level food chain.
When wolf numbers dampened, there was a switch
from top-down to bottom-up regulation of the
moose population, with a stronger influence of cli-
mate on mooese population growth rate, underlining
synergistic interactions between predators (medi-
ated by pathogens) and climate in trophic control.
Similarly, a controlled experiment tested how cas-
cading trophic interactions initiated by arthropod
predators were affected by changes in rainfall {mim-
icking climate change) and resulted in leaf litter
decomposition changes {Lensing and Wise, 2006).

16.2.6 Adaptation and selection

While most birds apparently have responded to cli-
mate change through phenotypic plasticity (eg.
Charmantier et al., 2008), evolutionary responses

have also been documented (Parmesan and Yohe,
2003; Root et al., 2003; Maller etal., 2004; Chapter 12).
For example, changes in body size of birds during a
period of only 50 years have been detected (Yom-
Towv, 2001). Such morphological changes probably
reflect the impact of abiotic conditions on natural
selection on body size and parallel Bergman's rule of
latitudinal trends in body size resulting from con-
sistent latitudinal patterns of natural selection (Yom-
Tov, 2001). However, predators are often long lived,
or at least longer lived than their prey, and therefore
their biclogical responses to environmental change
may be lagged by one or more generations with
respect to their prey (Seether et al., 2005). Predators
are also on average larger than their prey, particu-
larly in aquatic ecosystems as well as in birds (but
this is not necessarily true for mammalian preda-
tors). Stevenson and Bryant (2000) have suggested
with a simple energetic model that small-bodied
species will be able to advance breeding dates more
easily than large-bodied ones as a response to
increasing temperature. These two factors may sug-
gest that larger predators (or longer lived, which to
a large extent is correlated) may take more time to
respond evolutionarily to their changing environ-
ment than their prey and therefore may be more vul-
nerable to climate change in the long term. These
differential responses across trophic levels may
impact on ecosystem functioning because predators
at higher trophic levels may decline more strongly
because of the asynchrony with the phenology of
their prey (Both of al., 2009). This process may even
accelerate, as early-breeding individuals have higher
fitness than late-breeding individuals, and therefore
selection for early breeding should increase with
increasing temperature (Visser of al., 1998, 2004},

Predatory behaviour may also be altered by cli-
mate change. For example, the effects of climate
change may be on the ability of predators to capture
prey: Even more complex scenarios that involve two
trophic interactions have been documented. For
instance, prey species with a high prevalence of
blood parasites have higher risks of predation than
species with a low prevalence {Meller and Nielsen,
2007 ). Predation therefore appears as a factor affect-
ing host—parasite interactions, by depredating hosts
that are more likely to be infected, thus reducing
parasite transmission.
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Finally, it should be borne in mind that predators
can also have direct non-consumptive effects
{NCEs) on prey populations by causing changes in
prey traits such as behaviour, growth, and develop-
ment (Schmitz et al., 2004 ). NCE may be equally or
more important than consumption for predator—
prey population and community dynamics (review
in Peckarsky el al., 2008}, having indirect effects on
other organisms in the community (e.g. Werner and
Peacor, 2003} and on ecosystem functions (Schmitz
et al, 2008). Notably, NCE also includes changes in
local prey abundance as a consequence of predator-
induced prey dispersal or aggregation behaviour
(5ih and Wooster, 1994}, The recognized contribu-
tion of NCE of predators for prey population
dynamics, although acknowledged (Peckarsky
el al., 2008}, may also be easily affected by climate
change (typically, snow or vegetation cover), but
the latter remains to be studied.

Climate change effects on predator-prey interac-
tion can be very complex because it may affect prey,
predator, or both, as well as the interaction itself.
Clearly more studies are needed in order to suggest
any general pattern.

16.3 Climate change and predator—prey
relationships in birds: the evidence so far

16.2.1 Taxonomic bias

Unfortunately, much more work on the effects of
climate change on predator-prey interactions is
available for mammals than for birds, and in the
previous section we have repeatedly referred to
predator-large herbivore relationships, involving
wolf, Canadian lynx, and, to a lesser extent,
European lynx or other smaller predators. In addi-
tion, although there is a large literature on small
mammal cycles, sometimes involving avian preda-
tors (raptors, owls, and skuas), most often mamma-
lian predators are thought to play the key role and
have therefore been more studied than their avian
counterparts. This is unfortunate because there are
fundamental differences between bird and mam-
malian predators:

1) Raptors are central place foragers, while mammals
are not necessarily or only rarely so. Central place for-
aging leads to differences in the predator-prey

relationship, in particular the spatial aspects of pred-
ator-prey encounters (Orians and Pearson, 1979),
energetic constraints (Orians and Pearson, 1979), or
travel costs.

2} Raptors, like most birds, are socially monoga-
mous, while mammals are mainly polygynous
(Caizergues and Lambrechts, 1999). As the breeding
system may affect population dynamics and, more
generally, other life-history traits (Bennett and
Owens, 2002}, it is likely that climate change would
affect predator—prey interactions in different ways
for mammalian and avian predators. In addition,
despite the growing evidence that climate change
will affect species interactions, most studies in birds
have dealt with small-sized passerines (Maller,
2002; Peach ef al., 2004; Tylianakis ef al., 2008), usu-
ally cavity nesters. In particular, many fewer stud-
ies have addressed bird predators (Rutz and Bijlsma,
2006; Millon et al, 2008). Although Meller et al
(2004) previcusly identified that there was a lack of
studies on predators and predator—prey interac-
tions, not much progress has been made since then.
In this section, we choose to separate studies on ter-
restrial and marine ecosystems because of differ-
ences in the availability of data. Indeed, in marine
ecosystems data on prey are difficult to collect and
are thus scarce, when climate effects are well docu-
mented, in contrast to terrestrial ecosystems.

16.3.2 Trophic interactions in marine
ecosystems

Several studies have focused on the impact of dimate
change on seabirds, which are often top predators in
marine pelagic ecosystems (Wanless ef al, 2007).
Because of this trophic position, they have repeatedly
been used as indicators of the state of marine ecosys-
temis (Wanless ef al., 2007 ). Most seabird studies on the
effects of cdimate change have concentrated on
Antarctic seabirds. During recent decades, because of
climate change, there have been more El Nind than La
Nind events, leading to a generally lower than aver-
age Southern Oscillation Index (SOI; Murphy et al,
2007; Chapter 2), and, consequently, the Antarctic
peninsula is experiencing some of the most rapid
warming in the world (Ducklow et al., 2007; Cresswell
et al., 2008). The more positive SOI (Trathan ¢t al., 2007)
acts through an increase in sea surface temperature
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and sea ice season duration and a decreased sea ice
extent (Jenouvrier ef al., 2003; Ducklow et af,, 2007).
This may have important consequences for the entire
food web in the southern ooeans (Trathan ef al., 2007)
because these phenomena affect primary production
and micro- and macro-biology and cause a decline in
the abundance and a change in distribution of kel
Enplausiaces sp., the major food resource for many
Antarctic seabird species (Ainley, 2009). The abun-
dance and accessibility of krill are related to sea ice
{Loeb ¢f al., 1997), and thus variation in krill supply
may have cascading effects through the food web. If
these seabirds are not able to switch to other prey spe-
cies, population declines would be expected.

16.3.2.1 Spatio-temporal effecis of changes in prey

abundance and distribufion on fop marine predators

Barbraud and Weimerskirch (2006} studied a long-
term data set (55 years) of dates of first arrival and
laying for the entire community of Antarctic sea-
birds in East Antarctica. Apparently, in contrast to
the Morthern Hemisphere, arrival and laying dates
of Antarctic birds are delayed as a consequence of
the reduced krill abundance and the delayed access
tocolonies because of late sea ice break-up (Barbraud
et al., 2008). King penguins Aptenodyfes patagonicus
forage over the polar front and dive to the thermo-
cline to feed on myctophid fish (Charrassin and
Bost, 2001 ). Climate change affects the position of
both the polar front and the thermocline. This exam-
ple shows that climate change in marine ecosystems
through modifications of sea temperature and sea
ice extent in polar regions impacts not only horizon-
tal but also vertical prey distribution. In both stud-
ies, the distance to the foraging places is affected
and, if increased, may have a negative impact on
breeding success (Durant el al, 2007) because of
longer foraging trips during the breeding season
and thus reduced parent and chick body conditions
{Trathan ¢f al., 2007). In the Northern Hemisphere,
Atlantic puffins Fratercula arctica have been affected
by climate change along the Norwegian coast
{Durant et al,, 2007). This species mainly feeds on
herring Clupea harengus for which the distribution
of larvae is determined by currents. Climate change
has already increased water temperature in the
Morwegian Sea and thus modified currents and
shifted the herring stock to the north far away from

breeding grounds of puffin, thus creating spatial
mismatch between prey and predator (Durant ef al.,
2007). This spatial mismatch might again lead to
longer foraging trips and, as a consequence, lower
breeding success (Trathan et al., 2007).

16.3.2.2 Effect of climate change on top marine
predator life-hisfory trails and predator density

In the Southern Ocean, some marine predator popu-
lations show periodicity in population and breeding
performance, driven by physical forcing from, for
example, the ENSO (Jenouvrier of al., 2005, 2009
Ducklow et al., 2007). During the late 1970s, change
of population periodicity and sudden population
decrease/ increase have been recorded, indicating a
regime shift in the Southern Ocean (Jenowvrier of al.,
2005; Chapter 2). Such changes to ecosystem struc-
ture and functioning observed during ENSO events
or regime shifts sugpest the potential for long-term
changes due to climate change. In several penguin
and petrel species (ie. Adélie penguin MPypescelis ade-
line, emperor penguin, and southern fulmar Fulmarus
glacialoides), changes in winter conditions (warmer
sea surface temperature and lower sea ice concentra-
tion} led to a decrease in krill abundance in their for-
aging areas, causing declines in adult survival and
the proportion of birds attempting to breed
{Jenouvrier et al., 2003, 2005). Furthermore, ‘during
warm anomalies, birds skip breeding probably
because the food availability is low and limiting for
the highly energy demanding reproductive activi-
ties” (Jenouvrier ef al., 2003). Cresswell ef al. (2008)
showed that rapid changes in the mean supply and
the patchiness of krill, the main prey of macaroni
penguins Endyptes chryselophus in South Georgia,
could have an effect on female and chick condition
and thus on breeding success. Furthermore, Hahn ef
al. (2007) have predicted that climate change will not
affect Antarctic skuas skua sp. directly due to increas-
ing temperature but due to changes in the food web,
since their diet consists of meals stolen from other
seabirds and chicks of other colonial seabirds. To our
knowledge, only one study reported a decline in
avian prey quality due to global warming in marine
ecosystems. In the UK, Wanless f al. (2007) reported
that climate change impacted seabirds by affecting
the guality of prey. The breeding success of black-
legged kittiwakes Rissa tridactyln was strongly nega-
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tively affected by the low condition of their main
prey, the sandlance Ammodyles marinus. Here climate
change must have acted at lower trophic levels
(Wanless et al., 2007).

Hilton et al, (2006) studied the effects of climate
change on the rockhopper penguin Endyples chriso-
come, a close relative of macaroni penguins, which
have experienced a marked population decline
throughout most of its circumpolar breeding distri-
bution. They used stable isotope analyses of carbon
in time series of rockhopper penguin feather sam-
ples dating back to 1861 and examined whether
penguin decline has been associated with a shift
towards lower primary productivity in the ecosys-
tem., They found evidence for a decreased signature
in primary productivity, related to changes in iso-
tope ratios associated with annual variations in sea
surface temperature, which has therefore affected
the carrying capacity of penguin populations.

Changes in prey abundance, distribution, and
quality due to climate change have already been
shown to affect seabird life-history traits, and there
is generally a spatial mismatch between prey distri-
bution and seabird distribution, leading to increased
duration of foraging trips.

16.3.3 Bird-predator—prey interactions
in terrestrial ecosystems

16.3.31 Changes in phenology and its consequences
an predators

Most studies of the impact of climate change on ter-
restrial birds revealed a mismatch between the
advanced food abundance peak and the food needs of
offspring (Both of al, 2009 Chapter 11). However,
some studies reported a match between prey abun-
dance and predator reproduction: For instance, Fayt
{2006) studied the breeding success of the insect spe-
cialist threetoed woodpecker Picoides tridactylus in
relation to spring temperature and food abundance.
Warmer spring temperature induced an earlier beetle
abundance peak, with earlier laying dates and higher
productivity of woodpeckers. Nevertheless, these
apparent benefits of global warming are thwarted by
a weak juvenile dispersal (Fayt, 2006). Eurasian golden
plovers Pluvinlis apricaria breeding in the UK feed
mainly on synchronized emergence of craneflies
iTipulidae), a key food resource for both adults and

chicks, The phenologies of both golden plover and
craneflies are related to temperature, and these rela-
tionships predict that future climate change may
reduce golden plover productivity (Pearce-Higgins
et al., 2005) because craneflies are cold-adapted inver-
tebrates that make them more vulnerable to increases
in summer temperature (Bale of al., 2002). In addition,
there is a lag between craneflies and plover response
to summer temperature because abundance of adult
craneflies is correlated with Aupust temperature the
previous year, and thus golden plover population
growth rate is negatively correlated with August tem-
perature 2 years earlier. Modelled variation in annual
productivity for a future scenario of increasing August
temperatures predicted a significant risk of extinction
of the golden plover population over the next 100
years (Pearce-Higgins ef al., 2010).

When early spring temperatures are high,
Eurcpean insectivorous passerines tend to lay their
first egg earlier to match peak food abundance
(Cresswell and McCleery, 2003). However, during
the incubation period, temperature could decrease
and lead to a delayed food peak abundance.
Consequently, birds have to synchronize their
hatching date to match the food peak abundance.
Therefore, great tits Parus major modified synchro-
nization strategically by varying clutch size and
the onset of incubation after clutch completion
(Cresswell and McCleery, 2003).

Climate change has also an effect on the timing
of migration (Chapter 9). In North America, south-
ward migration of sandpipers and falcons was
expected to be strongly related to timing of snow-
melt (Michaus and Ydenberg, 2006). However,
sandpipers seem to respond less strongly than their
falcon predators to variation in timing of snow-
melt, leading sandpipers (adults and juveniles) to
encounter more predators on their stopover sites.
These different effects of earlier snowmelt indicate
that climate change could alter the ecological
dynamics of a predator—prey system (Niehaus and
Ydenberg, 2006).

16.3.3.2 Changes in prey accessibility and arailability,
and effects on predator foraging success

Birds feeding on scil-dwelling invertebrate prey
have to forage in dry surface soil as climate change
generates high temperature and low rainfall.
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Indeed, dry surface soil makes it more difficult for
birds to probe, and scil invertebrates tend to bury
themselves deeper in the ground and thus become
inaccessible to predators (Peach et al, 2004). The
induced food shortage has consequences for bird
conditicn and thus for breeding success (see Peach
ef ql. (2004) for song thrush and Green (1988) for
snipe Gallinago gallinage). In these cases, climate
change is making prey inaccessible, or at least less
accessible, to avian predators. However, some
authors reported cases of probable benefits of glo-
bal warming on the availability of prey to their bird
predator in aquatic ecosystems. Stevens ef al. (2002)
described the case of a possible improvement of the
snail kite's Rostriamus sociabilis foraging success in
an increasing temperature scenario in Florida wet-
lands. The snail kite is a specialist predator of apple
snails Pomacen paludoza. Apple snail availability
depends on water temperature: at low water tem-
perature, it becomes inactive and tends to bury
itself, while at higher temperature apple snails
are active and consequently become - accessible.
Mevertheless, severe drying events render apple
snails unavailable for kites (Stevens ef al., 2002). If
water temperature increases due to global warm-
ing, it is easy to imagine a shift in snail kite distribu-
tion to the north, advancement in laying, and /or an
increase in breeding success due to an improvement
in apple snail availability and so in foraging success
of snail kites. In crag martins Plyonoprogne rupestris,
high temperatures during brood care lower breed-
ing success because drought decreases availability
of aquatic insects for offspring (Acquarone et al.,
2003). Frederick and Loftus (1993) conducted a
study about nest failure in herons in relation to cli-
matic conditions and prey availability in estuarine
marshes of the Everglades (Florida). Cold tempera-
tures and high wind speeds were found to be most
closely associated with nest failure of great egrets
Ardea alba. Field observations completed by labora-
tory experiments showed that these weather condi-
tions strongly spoil marsh fish densities by reducing
fish activity and increasing their hiding behaviour.
As a result, foraging success of egrets is reduced. In
the context of global warming (temperature
increase), it is conceivable that foraging success,
and accordingly breeding success, may be improved.
On the other hand, given the fact that climate

change is not expected to act in the same way every-
where (not necessarily through an increase of tem-
perature), it is difficult to test this hypothesis,

16.3.3.3 Generalist vs. specialist bird predators
Generalist predators are expected to cope with cli-
mate change better than specialists (see above).
However, the few studies available so far indicate
that generalist avian predators are not necessarily
able to shift to other prey species (e.g. sparrowhawks
in Mielsen and Meller, 2006). Furthermore, in a cli-
mate change perspective, some specialist predators,
such as snail kites, will have more available prey
i(Stevens ef al., 2002). Two studies involved raptor
generalist predators. In Denmark, a long-term study
on the European sparrowhawk (Millon et al., 2009),
one of the most common predators of the Palearctic,
preyving on a broad spectrum of small-sized birds
was monitored along with its prey showing impor-
tant changes in composition of the prey community
during the last 40 years. Population trends of species
constituting the prey community of sparrowhawks
for over 20 years were available. Contrary to expec-
tations for a generalist predator, sparrowhawks
seemed to be predominantly sensitive to changes in
the abundance of their two main prey species only
iskylark Alande aroenis and blackbird Turdius merula).
In demographic terms, changes in composition of
the prey community, resulting from climate change,
impacted the population dynamics of the predator.
In turn, for the prey, high blackbird abundance
maintained sparrowhawks at a relatively high den-
sity, which pushed song thrushes into a predator pit.
In another generalist predator, the commeon buzzard
Buteo buteo, Lehikoinen ef al. (2009) found that cli-
mate had a much stronger effect (10 times, using
normalized coefficients in generalized linear models)
than vole abundance on timing of breeding in the
raptor. The buzzard, although breeding at its north-
ernmost range in Finland, should have benefited
from climate warming: interestingly that is not the
case, as the Finish breeding population has crashed,
possibly partly due to a mismatch between winter
global warming on one hand (leading to earlier
breeding), but no such warming in summer temper-
ature on the other (leading to poor meteorological
conditions during chick rearing and ultimately
lower productivity).

-28-



£

Changement global & réponses des organismes Al

PREDATOR-PREY INTERACTIONS AND CLIMATE CHANGE 241

Gilg et al. (2009) reported a study about the impact
of climate change on a cyclic predator—prey popula-
tion dynamics in the high Arctic. The predators
involved are both mammals and birds. The two bird
predators are the long-tailed skua Stercorarius longi-
candus and the snowy owl Nyctea scandinca, which
feed almost exclusively on lemmings Dicrostomyx
groenlandicus and could be classed as specialist
predators. Until 2000, lemmings displayed regular
4-year cyclic dynamics, but afterwards the density
of lemming has remained at a low level (Gilg et al.,
2009). As a consequence, the snowy owl has been
absent since 2000. Climate change has been sus-
pected to produce such patterns through a decline
towards the north of the duration of the snow-free
period and the occurrence of frost-melt events
(Cappelen et al., 2001). Gilg ef al. (2009), by running
models with different climate change scenarios,
showed that in all cases climate change will lead to
an increase in the duration of the lemming popula-
tion cycle and a decrease in the maximum popula-
tion densities, which may ultimately lead to local
extinction of the predator species.

Owverall, therefore, contrary to predictions, stud-
ies showed that generalist predators do not cope
better with climate change than specialists. In addi-
tion, shifts in bird phenclogy generated by global
warming through changes in prey ecology may lead
to an imbalance in the prey—predator interaction or
adaptation by the predator.

16.3.4 Concluding remarks on the impact
of climate change on bird—predator—prey
interactions

Studies of the effects of global warming on preda-
tor—-prey interactions in marine ecosystems have
investigated almost exclusively bottom-up proc-
esses; Through effect on prey, global warming has
been shown to indirectly affect many life-history
traits and demographic parameters of seabird pred-
ators. However, despite many studies conducted on
Antarctic top predators (seabirds and marine
mammals), the way the predator—prey interaction
has been affected by climate change generally
remains unknown. In terrestrial ecosystems, studies
mainly focused on match-mismatch processes in
insectivorous birds of Europe or North America,

although recently several studies involved raptors.
Both in marine and terrestrial ecosystems, climate
change has started to affect bird predators: our
review suggests that climate warming has already
had significant effects on several aspects of avian
predator—prey  interactions, apparently mainly
through strong bottom-up effects (ie. through
prey ). However, very few studies have detailed the
effects of climate change on both prey and their
avian predator, with the exception of tits and cater-
pillars (Both ef al., 2009; see also Nielsen and Maller,
2006), and even fewer have identified by which
mechanisms such efferts have occurred. Compared
to theoretical predictions, as well as to the diversity
of studies that have been conducted on predator—
prey interactions that involve mammalian preda-
tors, studies on birds (either passerines or more
rarely raptors) are still in their infancy. Virtually no
study on bird predators has attempted to analyse
processes that are typical of predator—prey interac-
tions (specialist vs. generalist predator, trophic cas-
cade, and numerical and functional responses).
While birds represent the most well-known verte-
brates (Boucher and Diamond, 2001}, it is somewhat
surprising that so few comparative and meta-analy-
ses have been carried out because data sets are
already available, even for avian predators.

16.4 Future prospects

Despite the recognized and acknowledged impor-
tance of the effects of climate change on trophic
interactions, there are too few studies currently
available to suggest any clear general trend. In addi-
tion, given that the detected effects are sometimes
in opposite directions, and that a change in a spe-
cies may indirectly affect other parts of the commu-
nity through competition, it is currently almost
impossible to predict the future effects of global
change at the community level using species inter-
actions, and particularly predator—prey interac-
tions. This is surely a major challenge for the future
because most predictive studies have so far consid-
ered single species, or, when avian communities
were concerned, interactions between species were
ignored (inter-specific competition and predation).
Below we list areas we believe should be tackled in
the near future and/or would shed light on the
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predicted impacts of climate change on prey, preda-
tors, or the community.

16.4.1 Long-term studies

We mzed more field studies on the long term: there isa
clear need for empirical studies investigating the rela-
tionships in complex, natural systems (Abrams and
Ginzburg, 2000). Seemingly minor changes to indi-
vidual interactions can combine to exert important
effects on the structure of entire communities.
Although there are several models and theoretical
approaches that encompass these predicted effects,
very few (if any) empirical data support these models,
therefore it is important o emphasize the need for
maintenance of long-term biclogical data sets to vali-
date predictions. In addition, new studies should be
started and carried out in poorly studied, although
important, ecosystems (see Meller et al. (2004) for a
similar plea): predator—prey relationships in the trop-
ics have not been studied, and actually very few long-
term data sets are available from the tropics, where
climate change is nevertheless acting (e.g. Chamaille-
Jammees et al., 2008), although possibly less strongly
than in polar/temperate regions. Another important
issue is the relationship between climate and popula-
tion cycles: there is growing evidence of a causal rela-
tionship between climate change and cycle dampening
for small mammals and their predators, but also for
insects (Jepsen cf al., 2008). Again, long-term studies
may reveal unexpected pattemns: since the mid-1990s,
small mammal cycles have been shown to dampen in
Fennoscandia (Ims et al., 2008), but most recent data
sugpest that cycles may restart again, at least in the
boreal zone (Brommer ef al, 2009). Finally, we need a
better integration between observational, experimen-
tal, and modelling studies on mechanisms of spedies
interactions along environmental gradients. There are
shared limitations of simplified models, and therefore
both experimental studies and empirical long-term
time series are needed. Above all, the use of mechanis-
tic approaches, only capable of progressive enhance-
ment, are definitely required (Sutherst et al., 2007).

16.4.2 Modelling and experimental studies

There have been few modelling attempts to predict
the effects of climate change on predator—prey rela-

tionships. Such models may help to address complex
issues such as trophic cascades, hyper-predation
processes, and compensation, so far poorly studied
in the context of global warming (but see Emmerson
et al. (2005) for a model with a simple food chain).
While the relative importance of deterministic and
stochastic factors has been a central tenet in popula-
tion ecology for at least five decades (see Coulson
el al. (2004) for a recent summary), the theoretical
debate in predator—prey ecology seems so far to be
deminated by deterministic models (but see van der
Meer and Smallegange, 2009). In particular, there is a
complete lack of modelling work using individual-
or behaviour-bazsed models (IBM and BEM}) on bird-
predator—prey interactions. However, we suggest
that simple |BMs with simple trophic relationships,
involving one prey and its predator, may help under-
standing how changes in breeding phenology of
prey may have population consequences. Behavioural
changes in the predator—prey system, such as func-
ticnal response, NCEs, or the probability of spatial
encounter between prey and predator, should cer-
tainly be tackled more efficiently by using IBM or
BBM. In addition, modelling studies would help
answer guestions with regards to the climate warm-
ing effects on synchronization of breeding phenolo-
gies, and how it will affect population dynamics
when individual heterogeneity (and variance in fit-
ness) is taken into account. There is currently a debate
on the selective pressures that are involved in the
mismatch between prev and thelr passerine preda-
tors (Both ef al., 2009}, and we suggest that evolution-
ary models may help disentangling whether prey
respond more to climate change than predators in
order to escape predators or because the predator
shows insufficient response to climate warming.

16.4.3 Evolutionary questions

Given that predator-prey interactions are often
viewed as an evolutionary arms race, the effects of
global warming on predator—prey interactions beg
for evaluating its longer-term, evolutionary impli-
cations. For instance, the mismatch in phenology
between prey and predator (the most commonly
observed effect of climate change on predator—prey
interactions in birds) may lead to counterintuitive
selective pressures. Although it is largely admitted
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that early breeders are individuals of higher quality,
late breeders (lower-quality individuals) may, how-
ever, be favoured by natural selection under these
new regimes. Therefore, this is going beyond the
classical question of whether micro-evolution is at
waork, or if only phenotypic plasticity accounts for
the observed variation. For example, it remains to
be studied whether predators are phenotypically
plastic with regards to prey choice, whether prey is
able to cope rapidly with a changing predator com-
munity, and at which rate micro-evolutionary
change could allow either prey or predator to cope
with its changing environment. Thus, we need bet-
ter analyses of the effects of temporal and spatial
climatic variation and quantification of species traits
in species interactions. With regards to the interac-
tion itself, apart from being specialist or generalist
predators, another gradient of predator strategies
has been acknowledged, the income vs. capital
breeders dichotomy, which has strong effects on
life-history traits of predators. To our knowledge,
very few studies have studied whether they may
show differential responses to climate change in
birds, although this is likely.

16.4.4 Conservation issues

The dynamics of small rodent species, such as voles
and lemmings that were previously characterized
by large-amplitude regular cycles, has changed
more or less simultaneously across Europe recently
({Ims et al., 2008). The life histories of diurnal raptors
and owls are very much dependent on voles (e.g.
Salamolard et al., 2000). Thus, climate change could
affect these predators indirectly through modifica-
tions in population dynamics of voles (Solonen,
2006). As a consequence, specialist predators of
cyclic rodents have already declined (Millon and
Bretagnolle, 2008). Changes in small herbivore
dynamics have the potential to lead to a regime
shift, thus representing a new challenge for the con-
servation of biodiversity. Moreover, the impact of
the rodent cycle is transmitted in the food web by
several indirect interactions, such as prey switching
by facultative generalist predators to alternative
prey. The life histories of predators are seemingly
adapted to these interactions (Ims and Fuglei, 2005),
but it is unknown to what extent their populations

can be sustained under different dynamics. Models
in Gilg et al. (2009} showed that prey—predator com-
munities will be severely impacted by dimate
change.

Predators, because they are at the top of the food
chain, occur at lower densities, are often larger-bod-
ied than their prey (at least in birds), and are sup-
posed to be more affected by the adverse effects of
climate warming than the rest of the ecosystems.
Yet predators are very often emblematic species, for
many of them, such as raptors, are already of con-
servation concern (see eg. Bennett and Owens
{2002) for a comparative analysis on birds).
Therefore, there are reasons to pay attention to cur-
rent change in predator numbers as a consequence
of climate change, a new challenge for conservation
in the near future.

16.5 Acknowledgements

Thanks to Pablo Inchausti for helpful discussions, and
for having improved a first draft, as well as Frédeéric
Barraguand, Stéphanie Jenouvrier, Alexandre Millon,
Anders Maller, Aleksi Lehikoinen, and an anonymous
reviewer for their careful reading and comments on
successive drafts.

16.6 References

Abrams, F. and Ginzburg, L. (2000} The nature of preda-
tion: prey dependent, ratio dependent or neither? Trends
in Ecology & Evoliution 15, 337-341.

Acquarone, C, Cucco, M., and Malacarne, G. (2003)
Reproduction of the crag martin { Plyonoprogne rupesiris)
in relation to weather and colony size. Crnis Fenmroa 80,
TO-RG.

Ainley, I} (2009) Sea ice: an introduction to its physics,
chemistry, biology and geolegy In DN, Thomas and
G.5. Diekmann, eds, Sea lce: An Introduction ko Ifs Plysics,
Chemistry, Biology and Geology. Blackwell, Oxford, UK.

Andersson, M. and Erlinge, 5 (1977) Influence of preda-
tion on rodent populations. Oikes 29, 591-557.

Ashjermnsen, E., Saether, B-E., Linnell, [, etal. (2005) Predicting
the growth of a small introduced muskox population
using population predicticn intervals. fowrmal of Animal
Ecology 74, 612-618.

Austin, M. (2002) Spatial prediction of species distribu-
tion: an interface between ecological theory and statisti-
cal modelling: Ecological Modetling 157, 101-118.

-31-



£

Changement global & réponses des organismes Al

244 EFFECTS OF CLIMATE CHANGE ON BIRDS

Bale, ]., Masters, ., Hodkinson, L, ef al. {2002) Herbivory
in global climate change research: Direct effects of rising
temperature on insect herbivores. Clobal Change Biology
B, 1-1&.

Barbraud, C. and Weimerskirch, H. (2006} Antarctic birds
breed later in response to climate change. Procesdings of
the Naotiona! Acndemy of Sciences of the LUSA 103,
G245-6201.

Barbraud, C., Marteau, ., Ridoux, V., & al. {2008) Demo-
graphic response of a population of white-chinned pet-
rels Procellaria sequinoctanits to cimate and longline fishery
byeatch. foumal of Applied Ecology 45, 1460-1467.

Bascompte, [, Jordano, I', and Olesen, | (2006) Asymmetric
coevoluticnary networks facilitate biodiversity mainte-
nance. Scence 312431433,

Bennett, F. and Owens, 1 (2002} Evolutionary Ecology of
Birds: Life Histories, Mating Systems agnd Extmction.
Oeford University Press, Oncford, UEL

Berryman, A. (1992) The origins and evolution of preda-
tor-prey theory. Ecology 73, 15301535,

Bohning-Gaese, K. and Lemoine, M. (2004} Importance of
climate change for the ranges, communities and conserva-
tion of birds. Adpances i Ecologroal Reseqrch 35, 711-236.

Bonsall, M. and Hassell, M. (1997} Apparent competition
structures ecolegical assemblages. Nature 388, 371-373.

Both, C., Bouwhnis, 5., Lessells, C_, and Visser, M. (2006)
Climate change and population declines in a long-dis-
tance migratory bird. Naoture 441, 81-83.

Both, C., van Asch, M., Bilsma, B, & al 2009) Climate
change and unequal phenclogical changes across four
trophic levels: constraints or adaptations? Journal of
Amimal Ecology 78, 7385

Boucher, J. and Diamond, A. (2001) The Effects of Climiate
Change on Migmtory Birds: An Annoted Bibitogmphy.
Afantic Cooperative Wildlife Ecology Research
MNetwork University of New Brunswick, Fredericton,
Canada.

Brommer, J. (2008) Extent of recent polewards range mar-
gin shifts in Finnish birds depends on their body mass
and feeding ecology. O'mis Femmioa 85, 109-117.

Brommer, |., Fietidinen, H., Ahola, K., £t al. (2009) The
return of the vele cycle in southern Finland refutes the
generality of the loss of cycles through ‘climatic forcing .
Grlobal Change Buology 15 16, 577-586.

Brown, [., Whitham, T,, Morgan Ernest, 5., and Gehring, C.
(2001 Complex species interactions and the dynamics
of ecological systems: long-term experiments. Science
293, (43650,

Bruno, [., Sweatman, H., Precht, W., et al. {200%] Assessing
evidence of phase shifts from coral to macroalgal domi-
nance on coral reefs. Ecology 90, 14751484,

Caizergues, A. and Lambrechts, M. (1999} Male “macho™
mammals exploiting females versus male “don juan”
birds exploited by females: the opposite-sex exploita-
tion {osex) theory. Ecology Letfers 2, 204-206.

Cappelen, ]., Jergensen, B., Laursen, E., et al. (2001) The
Observed Climate of Greenland, 195899 -with Climatological
Stamdard Normals, 1961-%). Danish Meteormological
[nstitute, Copenhagen, Denmark.

Capuccing, M. and Price, . (1995) Population Dhyrarmics:
New Approaches ma Synbhesis. Academic Press, London,
UK.

Chamaille-Jammes, 5., Fritz, H., Valeix, M., ef al. {2008)
Reéspurce wvariability, aggregation and direct density
dependence in an open context: the local regulation of
anAfrican elephant population. [ournal of Aneme! Ecology
77135144,

Chambers, L, Hughes, L., and Weston, M. (2005) Climate
change and its impact on Australia's avifauna: Emu 105,
120

Charmantier, A., McCleery, B, Cole, L., et al. { 2008) Adaptive
phenctypic plasticity in adaptative phenotypic plasticity
in response to climate change in a wild bird population.
Saence 320, BO0-803.

Charrassin, |. and Bost, C. {2001) Utilisation of the oceanic
habitat by king penguins over the annual cycle. Marime
Ecology — Progress Series 221, 285208,

Clutton-Brock, T, ius, A., Wilson, K., et al. (1997) Stability
and instability in ungulate populations: an empirical
aralysis. American Naturalist 149, 195-219.

Cornelissen, |, Callaghan, T, Alatalo, J., et al. (2001) Global
change and arctic ecosystems: [s lichen decline a func-
tion of increases in vascular plant biomass? Journal of
Ecology B9, 584994,

Coulson, T., Catchpole, E., Albon, 5.0, et al. (2001) Age,
sex, density, winter weather, and population crashes in
Soay sheep. Sctemce 292, 1528-1531.

Coulson, T, Rohani, P, and Pascual, M. (2004) Skeletons,
noise and population growth: The end of an old debate?
Tremds i Ecology and Evolution 19, 3559-364.

Cresswell, W. and McCleery, B (2003) How great tits
maintain synchronization of their hatch date with food
supply in response to long-term variability in tempera-
ture. Jourrial of Antnmal Ecology 72, 356-366.

Cresswell, KA, Wiedenmann, J., and Mangel, M. {20{5)
Can macaroni penguins keep up with climate- and fish-
ing-induced changes in krill? Polar Biology 31, 641-649.

Diofiges, B. and Clobert, ]. (2003) Clutch size reduction as a
response to increased nest predation rate in the collared
flycatcher. Ecology 84, 2582-2588.

Ducklow, H., Baker, K., Martinson, DL, ef ol (2007) Marine
pelagic ecosysterns: The west Antarctic peninsula.

-32-



£

Changement global & réponses des organismes Al

PREDATOR-PREY INTERACTICNS AND CLIMATE CHANGE

Philpsopliical Tramsactions of the Royal Society Serfes B —
Biological Sciemces 362, 6794,

Durant, [M., Hjermann, v, Cttersen, G., and Stenseth,
MN.C(2007) Climate and the match or mismatch between
predator requirements and resource availability, Climte
Research 33, 271-283,

Ebenhard, T. (1988} Introduced birds and mammals and their
ecological effects. Swedish Wildlife Research 13, 1-107.

Emmerson, M., Bezemer, M., Hunter, M., and Jones; T.
(2005} Global change alters the smability of food webs:
Global Change Biology 11, 4%0-501.

Englund, G. and Leonardsson, K. (2008} Scaling up the
functional response for spatially heterogeneous sys-
tems. Erology Letters 11, 440449,

Erlinge, 5., Goransson, ., Hogstedt, ., f al. (1988) More
thoughts on vertebrate predator regulation of preyw
American Naturalist 132, 148154,

Evans, K. (2004) The potential for interactions between
predation and habitat change to cause population
declines of farmiand birds. Ibis 146, 1-13.

Fayt, P ( 2006) Reproductive decisions of boreal three-toed
wood peckers | Picoides tridactylus) in a warming world:
from local responses to global population dynamics.
Anmales Zoologice Fenmici 43, 118-130.

Frederick, P.C. and Loftus, W, E (1993) Responses of marsh
fishes and breeding wading birds to low temperatures:
A possible behavioral link between predator and prey.
Estuaries 16, 216-232.

Cenner, M., Sims, D, Southward, A., e al. (20010) Body
sige-dependent responses of a marine fish assemblage
to climate change and fishing over a century-long-scale.
Global Change Biology 16, 517-527.

Gilg, O, Sittler, B., and Hanski, L (2008} Climate change
and cyclic predator-prey population dynamics in the
high-arctic. Global Clange Biodogy 15, 2634-2052.

Green, BE. {1988) Effects of environmental factors on the
timing and success of breeding of common snipe
Callinage - gallinagoe (Awves, Scolopacidae). Jowrmal of
Applied Ecology 25, 79-93.

Hahn, 5., Reinhardt, kK., Rite, M., ef al. (2007} Oceanographic
and climatic factors differentially affect reproduction per-
formance of Antarctic skuas. Marime Ecology-Progress Series
a3, 787297,

Harrington, B., Woiwod, L, and Sparks, T. (1999) Climate
change and trophic interactions. Trends i Ecology and
Evolution 14, 146-150.

Harvell, C., Mitchell, C., Ward, ., ef al. (2002) Climate
warming and disease risks for terrestrial and marine
biota. Science 296, 2158-2162.

Henden, |., Ims, B, and Yoccox, M. (2009) Nonstationary
spatin-temporal small rodent dynamics: evidence from

245

long-term Morwegian fox bounty data. ferrmal of Animnal
Ecology 78, 636645,

Hilton, ., Thompson, I, Sagar, B, ef al. (2006] A stable
isotopic investigation into the causes of decline in a sub-
Antarctic predator, the rockhopper penguin Euduptes
cirrysocomie. Global Change Biodogy 12, 611-625.

Hole, D., Willis, 5., Pain, D, et al. (2009) Projected impacts
of dimate change on a continent-wide protected area
network. Ecology Letfers 12, 420431,

Holt, B. (1977} Predation, apparent competition, and the
structure of prey communities. Theoretical Population
Brology 12, 197-229,

Huntley, B., Green, B, Collingham, Y., et al. {2004) The per-
formance of models relating species gengraphical distri-
butions to climate is independent of trophic level.
Ecology Letters 7, 417426,

Ims, B. and Fuglei, E. (2005) Trophic interaction cycles in
tundra ecosystemns and the impact of climate change.
BioScience 55, 311-322,

Ims, ., Henden, |., and Killengreen, 5. (2008) Collapsing
population cycles. Trends tn Ecofogy amd Evelution 23,
To-84,

Jackson, I and Green, R. (2000} The importance of the
introduced hedgehog (Erinaceus swropaeus) as a preda-
tor of the eggs of waders (Charadrii) on machair in
South Uist, Scotland. Biologron! Comservation 93,
333348,

Jaksic, F, Jimenee, ., Castro, 5., and Feinsinger, % (1992)
MNumerical and functional response of predators © a
long-term decline in mammalian prey at a semiarid
neotropical site. Oecologan 82, 90-101.

Jenouvrier, 5., Barbraud, C., and Weimerskirch, H. (2003)
Effects of climate variability on the temporal population
dynamics of southern fulmars, fouwrmal of Applied Ecology
72, 576587,

Jencuvrier, 5., Weimerskirch, H., Barbraud, C., et al. {2005)
Evidence of a shift in the cyclicity of Antarctic seabird
dynamics linked to climate. Proceedings of the Foyal
Soctety of Lomdon Series B - Biological Soemces 272,
BE7-895.

Jenouvrier, 5, Thibault, ]., Viallefont, A., et al. (2009} Clobal
climate patterns explain range-wide synchronicity in
survival of a migratory seabird. Global Chimge Biology
15, 268-279,

Jepsen, ., Hagen, 5., Ims, B, and Yoocoz, M. (2008) Climate
change and outbreaks of the geometrids Operoplitera
brumata and Epérrita autwmmnata in subarctic birch forest:
evidence of a recent outhreak range expansion. Journal
of Antmal Ecology 77, 257-264.

Kausrud, K., Mysterud, A., Steen, H., et al. (2008) Linking
climate change to lemming cycles. Natur: 456, 93-58.

-33-



£

Changement global & réponses des organismes Al

246 EFFECTS OF CLIMATE CHANGE ON BIRDS

Korpimaki, E. and Nomdahl, K (1991} Numerical and
functional responses of kestrels, short-eared owls, and
long-eared owls to vole densities. Ecology 72, 814826,

Korpimaki, E, Klemola, T., Norrdahl, K., f al. {2003) Vole
cycles and predation. Trends in Ecology and Evolution 18,
494455,

Lande, R., Engen, 5. and Sether, B-E (2003) Stochastic
population dynamics in ecology and conservation.
Oeford University Press, Ohford.

Lehikoinen, A., Byholm, I, Ranta, E, et al. {2009)
Eeproduction of the common buzzard at its northern
range margin under climatic change. Chkos 118,
B20-836.

Lensing, ]. and Wise, . (2006) Predicted climate change
alters the indirect effect of predators on an ecosystem
process. Proceadimgs of the National Academy of Sciences of
the USA 103, 15502-15505.

Loeb, V., Siegel, V., Holm-Hansen, O, et al. (1997} Effects of
sea-ice extend and krill or salp dominance on the
Antarctic food web. Nature 387, 8979

Logan, J., Wolesensky, W., and Joem, A. (2006) Tempera ture-
dependent phenclogy and predation in arthropod sys-
tems. Ecodogioa! Modelling 196, 471482

Lovejoy, T. and Hannah, L (2005) Climute Change and
Biodiversity. Yale University Press, Mew Haven

Mace, G., Balmford, A., and Ginsberg, I, eds. (1999}
Comnservation m a Changmmg World. Cambridge University
Press, Cambridge.

Marshall, M., Cooper, B, DeCecco, [, et al. (2002) Effects of
experimentally reduced prey abundance on the breed-
ing ecology of the red-eved vireo. Ecological Applications
12, 261-280.

Martin, T. {(2001) Abiotic v=. biotic influences on habitat
selection of coexisting species: climate change impacts?
Ecology 82, 175188

McCann, K. (2007} Protecting biostructure. Nature 446, 29,

Mech, L. and Peterson, B. (2002} Wolf-prey relationships.
In L. Mech and L. Boitani, eds, Wolves: Belwmior, Ecology,
Conserpation. University of Chicago Press, Chicago.

Millon, 4. and Bretagnolle, V. (2008) Predator population
dynamics under a cyclic prey regime: numerical
responses, demographic parameters and growth rates.
Chikos 117, 15001510,

Millon, A., Arroyo, B, and Bretagnolle, V. {2008) Variable
but predictable prey availability affects predator breed-
ing success: natural versus experimental evidence.
Journal of Zoology 275, 349-358,

Millon, A, Nielsen, |, Bretagnolle, ¥, and Maller, AT
(2009} Predator-prey relationships in a changing envi-
ronment: the case of the sparrowhawk on its avian prey
community in a rural area. Jourmal of Animal Ecology 78,

10861095,

Morris, W., Plister, C., Tuljapurkar, 5., et al. (2008) Longevity
can buffer plant and animal populations against chang-
ing climatic variability. Ecology 89, 19-25.

Murdoch, W., Briggs, C., and Nisbet, B. (2003) Consumer-
Resource
Princeton.

Murphy, E., Trathan, F., Watkins, J., et al. (2007} Climatically
driven Auctuations in Scuthern Ocean  ecosystems.
Proceedings of the Rowal Secety of London Series B —
Biolagical Screreces 274, MOGT-3067.

Maller, A.F. (2002} MNorth Atlantic Oscillation (NAQ)
effects of climate on the relative importance of first and
second clutches in a migratory passerine bird. Journal of
Anitrmral Ecology 71, 200-210.

Maller, A (2010) Host-parasite interactions and vectors
in the barn swallow in relation to climate change. Global
Change Biofogy 16, 1158-1170.

Maller, AP and Nielsen, | T. (2007) Malaria and risk of
predation: a comparative study of birds. Ecology 88,
871881,

Maller, AR, Fiedler, W, and Berthold, P. (2004} Birds and
Climate Change. Academic Press, London,

Miehaus, A. and Ydenberg, K. (2006) Ecological factors
associated with the breeding and migratory phenology
of high-latitude breeding western sandpipers. Polar
Biology 30, 11-17.

Mielsen, Q. (1999) Gyrfaleon predation on ptarmigan:
numerical and functional responses. Jeurmal of Amiral
Erology 68, 1034-1050.

Mielsen, |.T. and Maller, A (2006) Effects of food abun-
dance, density and climate change on reprodudtion in
the sparrowhawk accipiter nisus. Cecologia 149,
S05-518.

Milsen, E.; Linnell, ]., Odden, J., and Andersen, R.
(2009} Climate, season, and social status modulate
the functional response of an efficient stalking preda-

Dymannes.  Princeton University  Press,

tor: the Eurasian lynx. Journal of Animal Ecology 78,
741-751.

Cirians, G. and Pearson, M. (1979} On the theory of central
place foraging. In D). Hormn, G.K. Stars, and RED.
Michell, eds, Analysis of Ecologioal Systems, pp. 153-177.
Ohic State University Press, Columbus,

Paine, B (1980) Food webs: linkage, interaction strength
and community infrastructure. Jowernal of Anmral Ecology
49, 67685,

Parmesan, C. and Yohe, G. (2003) A globally coherent fin-
gerprint of climate change impacts across natural sys
termns, Nafure 421, 3742,

Peach, W. Robinson, R, and Murray, E. (2004)
Demographic and environmental causes of the decline
of rural song thrushes Turdus philomeles in lowland
Britain. fkis 146, 50559,

-34-



£

Changement global & réponses des organismes Al

PREDATOR-PREY INTERACTIONS AND CLIMATE CHANGE 247

Pearce-Higgins, |, Yalden, [, and Whittingham, M. (2005)
Warmer springs advance the breeding phenclogy of
golden plovers Plurialis apricarin and  their prey
(Tipulidae). Cecologia 143, 470476,

Pearce-Higgins, |, Dennis, F,, Whittingham, M., and
Yalden, D {2010) Impacts of climate on prey abundance
account for fluctuations in a population of a northern
wader at the southermn edge of its range. Global Chinge
Biology 16, 12-23.

Peckarsky, B, Abrams, 2, Balnick, I, et al. (2008 Revisiting,
the classics: Considering nonconsumptive effects in
textbook examples of predator-prey interactions. Ecelogy
B9, 24162435

Phoenix, G. and Press, M. (2005) Linking physiclogical
traits to impacts on community structure and function:
the role of root hemiparasitic Crobanchaceae (ex-5cro-
phulariacese). Journal of Ecology 93, 67-78.

Pincebourde, 5., Sanford, E., and Helmuth, B. {2008) Body
temperature during low tide alters the feeding per-
formance of a top intertidal predator. Livorology and
Creeamography 53, 1562-1573.

Polis, G., Sears, A., Huxel, G., ef al. (2000} When is a trophic
cascade a trophic cascade? Trends in Ecology and Evelution
15, 473475,

Porter, W., Budaraju, 5., Stewart, W., and Ramankutty, N.
(2001) Calculating climate effects on birds and mam-
mals: Impacts on biodiversity, conservation, population
parameters, and global commumity structure. Infegratioe
and Comparative Biology 40, 597-630.

Post, E. and Forchhammer, M. (302} Synchronization of
animal population dynamics by large-scale climate.
Nature 420, 168-171.

Post, E. and Forchhammer, M. (2004} Spatial synchrony
of local populations has increased in association with
the recent northern hemisphere climate trend
Proceedimgs of the Notional Academy of Sciemces of the
LU5A 101, 9286-929(0.

Post, E. and Forchhammer, M. {2006) Spatialiy synchro-
nous population dynamics an indicator of pleistocene
faunal response to large-scale environmental change in
the Holocene. Chuaternary Infernational 151, 99-105.

Post, E. and Stenseth, N.C. {1999) Climatic variability,
plant phenology, and northern ungulates. Ecofogy 80,
13221335,

Poulsen, |.G., Sotherton, W.W., and Aebischer, M.J. (1998)
Comparative nesting and feeding ecology of skylarks
Alauds arvensts on arable farmland in southern England
with special reference to setaside. Jowrmal of Applisd
Ecology 35, 131-147.

Rand, T and Tscharntke, T. {2007) Contrasting effects of
natural habitat loss on generalist and specialist aphid
natural enemies. Okos 116, 1353-1362

Ranta, M., Kaitala, ¥, and Lindstrém, J. {1599) Spatially
autocorrelated disturbances and patterns in population
synchrony. Froceedings of the Royal Socety of London Seres
B — Biological Sciences 266, 18511856,

Redpath, 5. and Thirgood, 5. (1999 Numerical and func-
tional responses in generalist predators: hen harriers
and peregrines on Scottish grouse moors. [ourmal of
Anzmal Ecology 68, BF9—852,

Rodionov, 5. (2004) A sequential algorithm for testing cli-
mate regime shifts. Ceoplysical Resenrch Letfers 31,
La2nd.

Root, T, Price, ., Hall, K., et al. (2003) Fingerprints of glo-
bal warming on wild animals and plants. Nature 421,
&7-40,

Royama, T. (1992) Analytical Population Dynamics. Springer,
Mew York, NY.

Rutz, C: and Bijlsma, B. (2006) Food-limitation in a gener-
alist predator. Proceedings of the Royal Society of London
Sernes B — Brological Sciences 273, 2069-2076.

Sather, B-E., Engen, &, Moller, AP, et al (2005) Time to
extinction of bird populations. Ecolegy 86, 693700

Salamalard, M., Butet, A., Leroux, A., and Bretagnolle, V.
{2000} Responses of an avian predator to variations in
prey density at a temperate latitude. Ecology 81,
24752441,

Schmitz, O, Hamback, P, Beckerman, A and Leibold, M.
{2000 Trophic cascades in terrestrial systems: a review
of the effects of carnivare removals on plants. American
Maturalist 155, 141-153.

Schmitz, 0., Krivan, ¥, and Ovadia, O. (20(4} Trophic cas-
cades: the primacy of trait-mediated indirect interac-
tions. Ecology Letters 7, 153-163.

Schmita, 0., Grabowski, |, Peckarsky, B., et al. (2008} From
individuals to ecosystem function: toward an integra-
tion of evolutionary and ecosystem ecology. Ecelogy 89,
2435-7445

Sih, A. and Wooster, D. (1994) Prey behavior, prey disper-
sal, and predator impacts on stream prey. Ecology 75,
1200-1207.

Sinclair, A. and Krebs, T (2002} Complex numerical
responses o top-down and bottom-up processes in ver-
tebrate populations. Phalosophical Transactions of the Koyal
Society Series B — Biological Sciences 357, 1221-1232.

Solonen, T, (2006) Overwinter population change of small
mammals in southern Finland. Annales Zoologici Fermict
43, 295302,

Stenseth, M.C,, Chan, K., Tong, H., ef al. (1999} Common
dvnamic structure of Canada lynx populations within
three climatic regions. Science 285, 1071-1073.

Stenseth, N.C., Mysterud, A, Ottersen, G., ef al. (3002}
Ecological effects of climate fluctuations. Science 297,
125921296,

-35-



£

Changement global & réponses des organismes Al

248 EFFECTS OF CLIMATE CHANGE ON BIRDS

Stenseth, N.C., Ottersen; ., Hurrell, ., and Belgrano, A,
eds. (2005} Marme Ecosystems and Climate Varialtion: The
North  Atlantic: A Comparatroe Perspective. Owdford
University Press, Cheford, UK.

Stephens, ! and Sutherfand, W], {1999} Consequences of
the Allee effect for behaviour, ecology and conservation.
Trends in Ecology and Evolution 14, 401-405.

Stewvens, A., Welch, Z., Darby, P, and Parcival, H. (2002}
Temperature effects on Florida applesnail activity:
implications for snail kite foraging success and distribu-
tion. Wildlife Society Bulletm 30, 75-81.

Stevenson, L. and Bryant, D (2000} Avian phenology: cli-
mate change and constraints on breeding. Nature 406,
36367,

Sutherland, W.J. (2006) Ecological Census Techrigues.
Cambridge University Press, Cambridge, UK.

Sutherst, B, Maywald, ., and Bourne, A, {2007) Including
species interactions in risk assessments for global
change. Global Change Biology 13, 18431859,

Suttle, K., Thomsen, M., and Power, M. (2007} Species
interactions reverse grassiand responses to changing
climate. Scierce 315, 640547,

Thomas, C., Williams, 5, Cameron, A, e al (2004)
Biodiversity conservation uncertainty in predictions of
extinction risk feffects of changes in climate and land use/
climate change and extinction risk (reply). Nature 430,

Trathan, P, Forcada, ], and Murphy, E (2007)
Environmental forcing and southern ocean marine
predator populations: effects of climate change and var-
iability. Plulosophical Transactions of e Royal Soctety of
London Series B — Biologioal Sciences 362, 23512365,

Turchin, Pt (1995) Population regulation: old arguments
and a new synthesis. In M. Cappucino and T'W. Price,
eds, Population Dhymarics: Newe Approaches and Synthesss,
pp. 1940, Academic Press, New York, NY.

Tylianakis, |., Didham, B, Bascompte, |., and Wardle, [%.
(2008} Global change and species interactions in terres-
trial ecosystems. Ecological Letters 11, 1351-1363.

Valkama, [., Korpimiki, E, Arroye, B, ebal. (2005) Birds of
prey as limiting factors of gamebird populations in
Europe: a review. Biologren! Revrenrs 80, 171-203.

¥isser, M., Van Noordwijk, A., Timbergen, |., and Lessells,
. (1998) Warmer springs lead to mistimed reproduction
in great tits {Parus nmjor). Proceedings of the Royal Society
of London Serfes B — Biological Sciences 265, 18671871,

Visser, M., Both, C., and Lambrechts, M. (2004} Global cli-
mate change leads to mistimed avian reproduction.
Adwvareces i Ecologroal Research 35, 89-110.

Voigt, W., Pemner, J., and Jones, TH. (2007) Using func-
tional groups to investigate community response to
environmental changes: two grassland case studies.
Clobal Change Biology 13, 1710-1721.

Vors, L. and Boyee, M. (2009) Global declines of caribou
and reindeer. Global Change Biology 15, 13652486,

WVucetich, |. and Peterson, E. {2004) The influence of top-
down, bottom-up and abiofic factors on the moose
{Alces alces} population of [sle Rovale. Proceedings of Hhe
Roval Society of Lowdor, Series B — Biologieal Sciences 271,
183-189.

Vucetich, ]., Smith, [}, and Stahler, D). (2005) Influence of
harvest, climate and wolf predation on Yellowstone elk,
1961-2004. Cukos 111, 269270,

Wanless 5., Frederiksen, M., Daunt, E, et al. (2007) Black-
legged kittiwakes as indicators of environmental change
in the Morth Sea: evidence from long-term studies.
Progress in Qeamograplhy 72, 30-38.

Werner, E. and Peacor, 5. {2003) A review of trait-mediated
indirect interactions in ecological commumities. Ecology
B4, 1083-1100.

Wilmers, C., Post, E., Peterson, R., and Vucetich, ]. (2006)
Predator disease out-break modulates top-down, bot-
tom-up and climatic effects on herbivore population
dynamics. Ecoleqy Letfers 9, 383-3859,

Wilmers, C., Post, E., and Hastings, A. {3007} The anatomy
of predator-prey dynamicsin a changing climate. Joural
of Antmal Ecology 76, 1037-1044,

Winder, M. and Schindler, D. (2004} Climate change
uncouples trophic interactions in an aquatic ecosysterm.
Ecology B5, 2100-2106.

Wright, L., Hoblyn, ., Green, R, ¢ al. (2009) Importance
of climatic and environmental change in the demogra-
phy of a multi-brooded passerine, the woodlark Lulfula
arborea. Josrnal of Aninal Ecology 78 1191-1202,

Yom-Tow, Y. (2001) Global warming and body mass decline
in Israeli passerine birds. Procesdings of the Royal Socety
of London Series B — Biologioal Scences 268, 047952

van der Meer, ]. and Smallegange, L (2009) A stochastic

the Beddington-Deangelis  functional

response: modelling interference for a finite number of

predators. foumal of Anieal Ecology 78, 134-142

version of

-36 -



Changement global & réponses des organismes 4l

. Effets indirects a travers I’habitat social

Le changement global peut affecter a la fois leteractions sociales intra et
interspécifiques. L'assemblage d’especes en commés&cologiques reflete les interactions
entre les organismes mais aussi entre les orgasismkenvironnement abiotique (Walther
et al. 2002).

Tylianakis et al. (2008) ont listé I'ensemble deteractions interspécifiques pouvant
étre affectées par le changement climatique. Gelpeut provoquer une diminution de la
force des interactions mutualistes impliquant lésnges (pollinisation et dispersion des
graines ;Memmott et al. 2007). En effet, en pedatde chevauchement temporel entre la
production de fleurs et l'activité de vol des pulateurs, il altére I'opportunité des
interactions entre les plantes et ces insectesl| (g/all. 2003). Il provoque également des
effets multi-trophiques en cascade. Il est en digjement établi que I'intensification de
I'agriculture a des effets néfastes sur de nomleeasmposantes de la chaine trophique des
organismes du sol (Hendrix et al. 1986; Wardle }98&ux-ci les répercutant sur divers taxa
des niveaux trophiques supérieurs. De plus, desgements d’aires de distributions de
certaines espéces peuvent venir perturber la catigppndes communautés en augmentant la
compétition entre espéces arrivantes et espéeciggeimas ou en altérant la dominance relative
d’especes co-existantes (Davis 2003). Des changentams |'équilibre compétitif entre
especes végétales peuvent en effet étre provoguétep changements de pressions exercées
par des herbivores introduits (Callaway 2006).

D’autre part, les interactions héte-parasite dépahdlie I'abondance respective des
hotes et des parasites, du taux de transmissidieffdd du parasite sur son héte et du niveau
de défense de I'hote vis-a-vis du parasite (Meramal Mgller 2010). Les changements
environnementaux sont susceptibles d’affecterroes étapes. Toutefois, les conséquences de
ces changements dépendent a la fois du parasie €h6te. En effet, selon I'espéce de
parasite, le changement climatique peut réduiraummenter 'abondance des parasites et par
conséquent affecter les défenses immunitaires @es KMerino and Mgller 2010).

Les études concernant I'effet du changement glebelles organismes a travers les
interactions intra-spécifiques sont rares voirigtantes. Cependant, la fragmentation et la
dégradation des habitats physiques et biologiguesrébles a une espece peuvent
potentiellement provoquer une agrégation des iddwiet ainsi augmenter la compétition

intra-spécifique chez les espéces territorialesawicontraire favoriser la coopération entre
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individus chez les espéces coloniales. A l'invel8splement de certaines populations ou

individus pourraient également étre observé suiteeafragmentation des habitats.

Le changement global peut donc affecter les orgassa travers les différentes
composantes de I'habitat. Cependant, celles-cragtesent fortement car I'une influence
toujours ou presque l'autre. De ce fait, pour candre la sélection de I'habitat et les
conséquences de ses modifications (dues au changegiwbal), il est nécessaire de

considérer non seulement ses trois composantesanssleurs interactions.

Certains écosystéemes sont davantage affectés phatggement global que d’autres,
soit du fait qu’ils sont plus exposés a I'un owti® de ses piliers, soit du fait qu’ils sont
exposes simultanément a plusieurs d’entre eux.ages-systemes regroupent a ce titre des
milieux particulierement concernés par le changdrgkbal: d’'une part, ils sont soumis a la
fois au changement climatique et au changementagdaisles sols (a travers les pratiques de
agriculture intensive) ; d’autre part, ils occupeune surface importante de la planete; et
enfin du fait d'un déséquilibre des conflits d’'usaan faveur de la production, ils ne font pas

(ou peu) I'objet de mesures de protection vis-adeis habitats qu’ils hébergent.
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A.ll. DES MILIEUX PARTICULIEREMENT SOUMIS AU
CHANGEMENT GLOBAL :LES ESPACES AGRICOLES

A.ll.1. Geénéralités

Les espaces agricoles représentent 18% de la suriaadiale, plus de 45% de la

surface européenne (Food and Agriculture Orgaoisalittp://faostat.fac.orgDonald et al.
2006) et 54% du territoire francais. lls sont akéscsimultanément par les trois composantes
du changement global : changement climatique, plogation des ressources naturelles et
modification de l'utilisation des sols, les deuxrderes étant régies par I'intensification de
'agriculture. Dans I'Union Européenne, lintensdiion de l'agriculture (définie comme
laugmentation de la production de matiéres preesiepar unité de surface) issue de
linstauration de la PAC (Politique Agricole Comma)na conduit & des bouleversements
considérables de ces milieux. Ces bouleversemdfastent tous les aspects du paysage
agricole. La gestion, le type et 'abondance retaties différentes cultures ont drastiquement
changé (Chamberlain et al. 2000). Ainsi, les miigérennes ont fait peu a peu place aux
cultures intensives annuelles. Les systémes agscebnt passés d’'un mode extensif de
polyculture/élevage a la monoculture intensive #éibsant ainsi a une simplification de la
mosaique paysagere (Figure A.7). Cette dernierpasstée d'un systeme bocager avec des
petites parcelles séparées par des haies a daslaiiformes avec des grandes parcelles et
des linéaires de haies réduits. L'intensificatientsduit également par I'utilisation massive
de la fertilisation et de produits phytosanitaitels que les herbicides et les insecticides. Les
systemes de rotation des cultures ont égalemertirédifies. La phénologie des cultures a
aussi été modifiée par les pratigues agricoles némjalement par les changements
climatiques. A titre d’exemple, le semis des cé&galst progressivement passé du printemps a
'automne. Tous ces changements ont été grandeimemtisés par le développement de la
technologie agricole en termes de machinerie agricke sélection et création variétale et de

développement de pesticides et d’engrais (Chambextal. 2000).
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Figure A.7: Evolution de la mosaique paysagere €8881a 1982 sur la Zone
Atelier Plaine & Val de Sevres (montage A. Thomag.&retagnolle), a partir
des photographies aériennes de I'lGN. Noter la $ifinption du paysage et
I'agrandissement progressif des parcelles et laidiriion du linéaire de haie.

La conversion des terres de systéemes naturels esswlen écosystemes agricoles
simplifiés est une cause majeure de la perte d#ivarsité actuellement observée a I'échelle
mondiale (Matson et al. 1997, Tscharntke et al.52@ynn et al. 2009). A des échelles
nationales ou paysagéres, des déclins de la di&ersi especes dus a l'intensification de
I'agriculture ont été rapportés chez de nombrexa tdes mammiferes (Sotherton 1998), les
insectes (Benton et al. 2002), les plantes (Robiremad Sutherland 2002) et les oiseaux
(Donald etal. 2001). A titre d’exemple, 43% depéees européennes d'oiseaux étant
associées aux écosystemes agricoles ont un statatndervation défavorable (Tucker 1999).
Dans la plupart des pays européens, les oiseaupld@i@es agricoles ont décliné davantage
que les especes inféodées a d'autres types d'tafftoate et al. 2003, Figure A.8). En effet,
l'intensification de I'agriculture semble coincidavec le déclin des espéces hivernant ou se
reproduisant dans ces milieux (Fuller etal. 19@hamberlain et al. 2000). Les causes
avancées sont multiples. L'utilisation massive diigdes et d’'insecticides peut avoir réduit
la disponibilité alimentaire pour les oiseaux iris@res et granivores de maniére directe ou
indirecte (Potts 1986, Campbell etal. 1997, Evatsal. 1997, Brickle etal. 2000,
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Chamberlain et al. 2000, Henderson etal. 2000% travaux agricoles plus nombreux,
effectués plus tét et avec des machines de plygusnpuissantes peuvent également induire
plus de mortalité directe des oiseaux adultes tdstructions de nichées (Chamberlain et al.
2000), Henderson et al. 2000). L'augmentation d@gdlication d’engrais, la production
d'ensilage et le réensemencement généralisé aupnen conséquence un couvert vegeétal
dense, défavorable a la nidification de certainspéees d’oiseaux nichant au sol et
conduiraient donc a une diminution des habitatsegpeoduction favorables (O’Connor and
Shrubb 1986, Wilson et al. 1997, Chamberlain e2@00, Henderson et al. 2000).

125

Figure A.8: Evolution de [lindice
100 d’abondance des oiseaux communs
/\\//\-—\_,._ ~~—~—  d’Europe ces 30 derniéres années. 100
e correspond a I'abondance en 1980. La
diminution la plus drastique est
= observée chez les oiseaux inféodés aux
milieux agricoles. Source: EBCC,;
55 = Bapivmein, RSPB;_Bir_dLife; Statistics Netherlands
Common forest birds (29) ) SEBI indicator O1.
0 . : .
1980 1985 1990 1995 2000 2005

Les systemes d’agriculture intensive offrent ayxéess des habitats particuliers ou la
structure de la végétation est soumise aux vangitites conditions climatiques et d'usage des
sols qui peuvent donc a travers des modificatianghabitat, influencer les composantes de
la fitness des animaux qui y sont inféodés. Leg@spdans ces systémes sont soumises a un
environnement fragmenté et changeant d’année efegmhangement du type de culture, de
la variété et de la phénologie) et au cours d’'ur@anm année (croissance des cultures).
L’intensification de [lagriculture a conduit a unsimplification mais aussi a une
homogénéisation de la structure intra-parcellaieelal végétation tout en maintenant des
différences inter-parcellaires (différences de ty® culture, de densité, de hauteur de
végetation dues a des itinéraires techniques etcdexctéristiques du sol différents). De
maniere simplifiée, les organismes vivant dang/pe tle milieu ont le choix entre différentes
parcelles pour accomplir leurs activités (alimantatnidifications, etc.).

L'intérét de ce type de milieu réside dans l'infige simultanée des trois composantes
du changement global. Nous avons donc choisi ds mdéresser a ces milieux particuliers.
Le site d’étude dans lequel I'ensemble des trawmigette thése s’inscrit est donc une plaine

agricole intensive, décrite ci-dessous.
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A.ll.2.  Zonedétude: ZoneAtelier Plaine et Val de
Sevre

La Zone « Atelier Plaine & Val de Seévre » est utang céréaliére située au sud de
Niort dans le département des Deux-Sévres en rdgmitou-Charentes (France, 46°11'N,
0°28'W; Figure A.9). Pour moitié de sa superfi@e bénéficie aussi du statut de Zone de
Protection Spéciale (ZPS, site NATURA 2000 désigaér la biodiversité remarquable des
espéeces de la Directive Oiseaux). La superficieatte zone d'étude s’est progressivement
agrandie, passant de 200 km2 en 1995 a 350 km3®n €t enfin a prés de 460 km2 en 2007.
Elle comprend environ 650 exploitations agricol&9.000 parcelles agricoles de taille
moyenne (3 ha), dont l'occupation exhaustive dés ast inventoriée depuis 1994 et est
disponible dans une base de données spatialisé&t® [laine est située sur un plateau
calcaire drainant qui suite a d'importants remenmnets et a l'intensification des pratiques
culturales, se compose essentiellement de cér@ateet orge, 40% de la superficie totale,
Figure A.9) mais aussi de mais, tournesol, poizacet quelques prairies (15% des parcelles
contre 60% en 1970, Figure A.9). Cependant, demtots bocagers dominés par des prairies
et des mais subsistent encore (Figure A.9). Lailiaéle haies est considérablement réduit et
fragmenté et se limite essentiellement aux deuxl@®@ bocagers et aux périphéries des
villages. Quelques bosquets et bois de superficdeste persistent encore (3% de la surface
totale). L'élevage (bovins, caprins) est encorsgrémais en forte diminution. L'intérét de ce
site d'étude réside dans sa taille et son histerapidonnées sur I'occupation des sols et la
faune de plaine suivie et étudiée par le CNRS dedQloutardes, busards, passereaux, micro-
mammiféres, insectes, plantes). Ainsi, doté d'uase e données spatialisée, cela en fait un

dispositif quasi—expérimental ou les parcelles patiétre considérées comme des réplicats.
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Principaux types de culure
(2009}

[ Ceréales a paille (hlé, arge)

B Colza

I ais

@ Tournesal

B Cultures pérennes (uzemes, prairies)
[ Rav-grass

Figure A.9: localisation et structure paysagerela@eone d'étude : la Zone atelier Plaine et Val
de Seévre.
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A.lll. UN TAXON PARTICULIER : LES OISEAUX

Cette partie traite de la pertinence et des caratities du modele biologique pour
l'étude de la sélection d’habitat dans le contedte changement global dans un agro-

écosysteme.

A.lll.1. Lesoiseaux: un taxonlargementetudiémais
approprié

Les oiseaux sont extrémement mobiles mais facilerabservables et identifiables
(Mgller et al. 2010). Leur occurrence et leurs cortgments font depuis longtemps I'objet
d’'une attention particuliere par les ornithologwesnaturalistes (Mgller et al. 2010). Les
connaissances accumulées sur la biologie des @issant sans aucun doute les plus
appronfondies, comparées a n’'importe quelle auttese du régne animal (Mgller et al.
2010). Les oiseaux sont certainement le taxon ptaseégalement le plus de données a long
terme. Les oiseaux ont largement contribué auxestportant sur la sélection d’habitat (Cody
1985). En effet, de par leur mode de déplacemeant, morphologie, leur physiologie et la
large gamme d’habitats qu’ils parcourent, les aigeaélectionnent uniquement certains
habitats pour leur reproduction, leur alimentatonleur hivernage (Cody 1985). Les sites de
reproduction des oiseaux sont généralement défimisme des localisations fixes dans un
environnement dans lequel les ceufs peuvent subsistBabsence des parents (Hansell and
Deeming 2002). Cette définition est adaptée auraspnidicoles telles que la plupart des
oiseaux chanteurs car a la fois les ceufs et lesspmine peuvent survivre a la naissance sans
la protection de leurs parents d'ou la nécessité did. En revanche chez les especes
nidifuges telles que les anatigdésuls les ceufs nécessitent la construction d’'unGtiéz ces
especes, la formation des nouveau-nés est relaivemmen achevée, d'ou une certaine
autonomie des jeunes dés la naissance. D’autrésessgncore sont des exceptions a cette
définition car ni les ceufs ni les poussins ne retm la construction d’'un nid fixe. C’est le
cas notamment du manchot royAbtenodytes patagonicust du manchot empereur
Aptenodytes forster(Cody 1985). La construction et la localisation did sont donc
primordiales chez la plupart des oiseaux et endavantage chez les espéces nidicoles. Afin

de procurer un milieu optimal aux ceufs et aux pogs$a sélection du site de nidification, la
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forme du nid et les matériaux utilisés sont déteemis (Hansell 2000, Hansell and Deeming
2002). La sélection du site de nidification estrame a différentes pressions de sélection : la
proximité des ressources alimentaires, la displigibdes matériaux de construction, et
surtout I'optimisation des conditions environnenadéed et la limitation du risque de prédation
(Cody 1985, Hansell and Deeming 2002). La locabsaet la construction du nid peuvent
jouer le rdle de protection contre les prédatetird’@de aux parents pour le contréle de
I'environnement (Hansell and Deeming 2002).

Chez les espéeces nichant au sol dans des nidsrdagudénentaires, la sélection d’'un
site de nidification approprié est d’'une importarngale (Limifiana et al. 2006). La structure
de la végétation apparait alors comme détermindates le choix d’'un site approprié au
positionnement du nid. En effet, le taux de recemant végétal, la composition spécifique,
la densité et la hauteur de la végétation sont@esicomme facteurs primordiaux dans la
sélection du site de nidification des espéeces nicha sol en milieu prairial (Bollinger 1995,
Helzer and Jelinski 1999). Face aux deux princgplessions de sélection, la prédation et la
thermorégulation, les especes nichant au sol adbgt#férentes stratégies. La plupart vont
pondre des ceufs mimétiques sur sol nu favorisast ane stratégie anti-prédation (visibilité
autour du nid) au détriment d’'une exposition aweisgtas de I'Oedicneme criaf8urhinus
oedicnemusdans Solis and De Lope 1995) alors que dautresrigent davantage une
stratégie anti-insolation en pondant des ceufs blénés détectables par les prédateurs mais
réfléchissant davantage les rayons du soleil ([asti al. 2007). Certaines especes utilisent
des matériaux particuliers comme des cailloux ddewo claire permettant de réfléchir les
rayons du soleil au détriment d’'une détectabilitérae des ceufs par les prédateurs (cas du
Pluvier siffleur Charadrius Melodusdans Mayer etal. 2009). Enfin d'autres espeéces
choisissent de pondre des ceufs mimétiques toutaprouflant le nid dans la végétation
favorisant ainsi les deux stratégies. La stratégieptée dépend donc des caractéristiques et
besoins de I'espéece et de la sélection d’habitaedeoduction qui en découle.

De nombreuses espéces d'oiseaux nichant au selpseduisent en milieu agricole.
Leur habitat de reproduction est susceptible dé slébfortes variations environnementales
lies aux modifications d’'usage des sols mais égatenau changement climatique. Ces
especes présentent donc de forts enjeux de cotisaerMdour cette raison, nous avons choisi

le Busard cendr€ircus pygarguzomme modeéle biologique.
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A.lll.2. Modelebiologiqued’'étude: Le Busard
CendréCircus pygargus

Le Busard cendr&ircus pygargusest un rapace diurne semi-nidicole (ordre des
Accipitriformes) de taille moyenne (43-47 cm dedoet 105-120 cm d’envergure; Arroyo
et al. 2004). Il existe un dimorphisme sexuel deration (femelle brune roussatre et male
gris cendré avec des bandes alaires noires, Figd® mais aussi de taille. La femelle est
légerement plus grande que le méle de par songumeeet de par son poids (masse moyenne
* écart-type: 273g £ 20y = 79 males ; 335g + 29,= 119 femelles ; Millon 2006).

Figure A.10: Busard cendré male (a) et femellepfioto © Jean Charennpt

La distribution du Busard cendré est centrée $turbpe et I'Ouest de I'Asie (Figure
A.11; Cramp and Simmons 1980). L'effectif totat estimé a moins de 100 000 couples
mais cette espece n’est pas considérée comme neeadd@&ehelle mondiale (Ferguson-Lees
and D.A. 2001, International 2004). Cependant, erope de I'Ouest, les effectifs paraissent
en diminution bien qu’ils soient relativement sesbdans les deux plus grandes populations
européennes (Espagne et France) depuis les amhéles Busard cendré est ainsi classé dans
la liste des especes « A surveiller » (Tucker amethl 1994) et intégré au livre rouge des
especes menacées en France (Rocamora and Ber898). L'une des hypothéses
expliqguant le déclin de I'espéce en Europe de I¥Dwerait la disparition de son milieu
originel de nidification (marais et landes) maissid'intensification de la gestion des cultures
qui constitueraient leur habitat de reproductionsdestitution (Arroyo et al. 1995, Clarke
1996). En effet, aujourd’hui, 70% des couples nicheen France sélectionnent les plaines
cultivées (Salamolard et al. 2000) ou ils nichamtsal principalement dans le blé et I'orge
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(70-80%). Son succes de reproduction est donc @émiemt lié aux pratiques agricoles (la
moisson étant une cause importante de mortalitg lelsgeunes non volants). On estime que,
sans mesures de conservation, 60% des nids plaoésdés parcelles cultivées en France et
en Espagne peuvent étre détruits, rendant ainpojfailation non viable en I'absence de

protection (Arroyo et al. 2002).

0 Kilometers 3000
=] -

Cirous pygargus
digitised by GROMS, after
breeding [l feeding, wintering B cesident dal Hoyo et al 16511660
e b, oo
Copynght GROMSEIN - www groms de

Figure A.11 : distribution mondiale du busard ceédLes sites de reproduction (en jaune)
sont centrés sur I'Asie de I'ouest et surtout sEufope. Les sites d’hivernage (en bleu) sont
localisés en Afrique centrale et de I'Ouest maissaen Inde.

Migrateur trans-saharien, le Busard cendré ne &éiguses sites de reproduction
d’Europe de I'Ouest que cing mois par an, entrel atr ao(t, période correspondant
également a de nombreux travaux agricoles (Figut@)AEn France, les individus reviennent
de leurs sites d’hivernage africain entre débuil avrjuin mais la majorité est déja présente
sur les sites de reproduction dés la fin du moimee Les dates de ponte présentent de fortes
variations latitudinales, en partie dues a desifices dans les dates d’arrivées des oiseaux
(Arroyo et al. 2004) mais elles dépendent des d¢mmdi climatiques et des abondances de
nourriture entre les sites (Salamolard et al. 2080pyo et al. 2004). Dans notre zone
d’étude, les dates de ponte s’étalent de fin @adEbut juillet (moyenne + SD : 14 mai + 11
jours, N = 953 de 1995 a 2011) avec 95% des ceufdusoentre la fin Avril et la mi-Juin
(extrémes : 21 avril — 2 juillet). La taille de germoyenne (+ SD) des individus nichant dans
notre zone d’étude est de 4.1 + 0.99 ceufs (maxim8roeufs) mais elle présente de fortes

variations inter-annuelles et diminue avec la sai@royo et al. 2004). Les ceufs sont d’un
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ovale arrondi, lisse mais non brillant de coulelanbhe (bleuatre si juste pondu), rarement
marqué avec de fines taches ou des stries rougetArtoyo et al. 2004). La taille des ceufs
est constante entre les années : 41.5 + 1.96 > 3322 mm (Arroyo et al. 2004). Les ceufs
sont pondus avec un intervalle moyen de 2 jours paoint uniquement incubés par la femelle
durant 28-29 jours, a partir d§' beuf ou du dernier ceuf pondu (Arroyo et al. 2004)male
est chargé de I'approvisionnement en nourriturdadémelle lors de lincubation et des
poussins lors de I'élevage des jeunes (Arroyo.e2@04). Les jeunes s’envolent aprés 32 + 4
jours d’élevage (moyenne = SD). La productivitéiedortement entre sites et années en
relation avec I'abondance de la nourriture (Arragtcal. 2004). Sur notre zone d’étude, la
productivitt moyenne est de 3.2 + 1.1 jeunes avberit SD). Cependant, le succes de
reproduction en milieu agricole est fortement iafiaé par les dates respectives d’envol des

jeunes et des activités de récolte des culturamyAret al. 2004).

KPériode d’envol des jeunes (1] J]] A
Période de nourrissage des jeunes I N
Période d'incubation Hm ol
Période de ponte ool 100
Arrivée des sites d’hivernage [ \ad -

Mars Avril - Mai Juin | Juillet | AoQt _

Application d’herbicides | |00 i
Application d'insecticides 0 0 o o
Application de fongicides Ol |00
Application de régulateurs de croissafifl I H
Moisson

U ([ ] )

Figure A.12: Cycle de reproduction du busard cenelr@lanning des interventions agricoles dans
les blés. Les aires discontinues indiquent uneugége moindre du phénomeéne durant la période
considérée.

Lors de la reproduction, I'espéce est considéréenoe semi-coloniale : certains nids
sont isolés mais la plupart (80-85% en France ésgragne) forme de petites colonies de 2 a
30 couples (Arroyo et al. 2002, Arroyo et al. 20043 distance moyenne (£ SD) entre nids
d’'une méme colonie (définie comme une agrégationide dont la distance minimale entre
plus proches voisins n’excéde pas 750 m, voir da@ier 2005) est de 155 + 137 m et le
nombre moyen (x SD) de nids situé dans une mémenieolest de 5.8 + 5.4 avec un
maximum de 21 couples (Arroyo et al. 2004). Globmat, les positions des colonies d’'une

année a lautre sont maintenues (Arroyo etal. 200igure A.13) mais les individus
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composant ces colonies different. Néanmoins, lailligion des colonies peut varier de facon
inter-annuelle suivant I'abondance de nourriturkeetucces de reproduction des colonies lors
des années précédentes (Arroyo etal. 2004). Aiesi, colonies avec des succes de
reproduction forts a l'année «n » auront davantdgechance d’accueillir des couples a
l'année « n + 1 ». De plus, Arroyo et al. (2004ygere que le patron temporel d’installation
des couples dans une colonie serait influencé gparésence de congéneres : les couples
tardifs tendraient a s'installer dans des zone& dégupées et a devenir ainsi coloniaux et non

solitaires.
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Le régime alimentaire du Busard cendré sur les sleereproduction varie de facon
annuelle et régionale. Sur notre zone d'étudepées est spécialisée sur le Campagnol des
champsMicrotus arvalis qui constitue 60 a 90% de son régime alimentairebiemasse
(Salamolard et al. 2000, Arroyo et al. 2004). Ceromammifere présente sur la zone d’étude
des variations cycliques d’abondance de 3 ansdunée « pic » suivie d’'une année « crash »
puis d’'une année « intermédiaire », Figure A.14nbhm et al. 2006). Cependant I'amplitude
de ces cycles a tendance a s’atténuer depuis Zgzré A.14). De nombreuses études ont
d’ores et déja démontré l'influence de ces vanmatio’abondance de campagnols sur de
multiples parametres de la biologie du Busard Ge&nda date et la taille de ponte (Millon
et al. 2008), le succes de reproduction (Milloralet2008), le sex ratio de la progéniture
(Millon and Bretagnolle 2005), le nombre de coup(ddillon and Bretagnolle 2008),
'agrégation des nids (de Cornulier 2005), le reament des femelles immatures dans la
population reproductrice (Millon and BretagnolleO8) ainsi que la durée de la période post-
envol des jeunes (Arroyo et al. 2004) sont en éfiftiences par 'abondance de campagnols.
Ainsi, lors d’'une année de forte abondance en cgngda : le nombre de couples nicheurs est
important et le taux d’agrégation fort, les femgltle £° année participent a la reproduction,
les dates de ponte sont plus précoces et enfiaillss de pontes et le succes de reproduction

sont plus importants.
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Figure A.14: Evolution des abondances
(au printemps e et en été o) de
campagnols des champs de 1995 a 2011
sur la zone Atelier Plaine et Val de Sévre

Indice d’'abondance de campagnols
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La localisation du site de nidification a I'échellecale semble étre fortement
influencée par la hauteur du couvert végétal (CRBBOO, Arroyo et al. 2003, Arroyo et al.
2004, Limifana et al. 2006) avec une sélectionameur des hauteurs importantes. Le nid,
d’environ 40 cm de diametre, est relativement ruitaire (Figure A.15). Il consiste en un

monticule aplati de végétations disponibles tailes des brins de roseaux ou de bruyére, des
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brindilles, etc. (Arroyo et al. 2004). Le nid esingipalement construit par la femelle. Le

premier ceuf peut étre pondu directement sur sobunisur la végétation cassée du nid.
Cependant, la femelle peut ajouter des matériawandl’incubation et I'élevage des jeunes

(Arroyo etal. 2004). De par la localisation deslsnidans les cultures et les exigences
apparentes de I'espéce vis-a-vis de la hauteurédétation, il est possible, qu’'en plus de
'abondance des campagnols, la disponibilité deseuas de végétation des cultures influence
la phénologie de reproduction et le succes de deptmn du Busard cendré (a travers des
taux de prédation et d'insolation plus importantard les hauteurs sont faibles). Le Busard
cendré et sa fitness pourraient donc étre fortetiéné I’habitat de reproduction.

Figure A.15: Nids de Busard cendré localisé
| dans le ble au stade ceuf (a) et au stade

En termes de conservation, il apparait primorda&lcdmprendre le choix du site de
nidification du Busard cendré et de I'ensemble egséces agricoles nichant au sol car la
structure de la végétation dans laquelle ils nithest déterminée par les activités
anthropiques et les variations climatiques. La cd@le de I'habitat par ces especes est

fortement soumise a l'influence des variations igfet et temporelles dues au changement
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global de I'habitat au sens large (physique, biojog et social). L’étude de la sélection
d’habitat de reproduction du Busard cendré peutsnmermettre de mieux comprendre la
réponse de I'espéce face aux variations de sonabadtid’appréhender son avenir en milieu

agricole dans le contexte du changement global.
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A.IV. OBJECTIFS ET STRUCTURE DE LA THESE

Au cours de cette introduction générale, nous aveusque les organismes
sélectionnent leur habitat a différentes échellestiales selon [l'utilisation particuliere de
celui-ci (pour la reproduction, I'alimentation, gtet vis-a-vis de trois composantes qui
interagissent : les caractéristiques physiquedpdiiques et sociales de I'habitat. Ces trois
composantes sont toutes susceptibles d'étre adfeqtar le changement global actuel. Ce
dernier est d’autant plus intense dans les milieatement anthropisés, tels que les milieux
agricoles qui subissent a la fois les changememntslichat, de I'utilisation des sols et une
surexploitation des ressources. Les especes irdéodé milieu agricole, comme certains
oiseaux nichant au sol, sont particulierement ede®s des modifications ponctuelles ou a
long terme de leur habitat pouvant avoir des camséces sur leur fitness. Au vu de ces
éléments, I'étude de la sélection d’habitat deadpction des espéces agricoles nichant au sol
apparait comme primordiale pour comprendre I'effes changements environnementaux en
cours et a venir et a en prédire les effets sypdgsilations.

Les objectifs globaux de cette thése sont de camdpeeles facteurs principaux qui
dirigent le choix du site de nidification et pluarpculierement le choix de la hauteur de
végétation au nid du Busard cendré en milieu algricaensif par une approche multi-échelle.
La sélection d’habitat est en effet étudiée a kdehdu nid, de la colonie et du paysage de
maniere intra- et inter-annuelle. Les causes dechesx mais également les effets sur la
fitness des individus sont également abordées. IDg, fes conséquences des variations
temporelles et/ou spatiales (potentiellement dueshangement global) de la disponibilité
des hauteurs de végétation, des ressources aliresnéd des densités de conspecifics sur la
sélection du site de nidification sont investiguéasla lumiére des mécanismes et des
premieres tendances a long terme de la sélectioabdat mis en évidence dans le volet
« principaux résultats » de cette thése, une riéflesur I'avenir et la conservation du Busard
cendré en milieu agricole intensif dans le contekteehangement global est développée dans
le dernier volet du manuscrit.

Plusieurs champs théoriques, depuis I'écologieudiv@ jusqu’a I'écologie du paysage, ainsi
gue l'écologie comportementale, ont été explorés,optant le plus souvent pour une
approche mécaniste. Les résultats obtenus au deuls thése s’articulent autour de quatre

parties (chapitres | a IV du volet « principauxulésts ») Ces parties sont constituées de
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guatre articles soumis ou en préparation accomgadaegésumes introductifs replacant les
études dans le cadre plus général de la thése.

La premiére partie vise a comprendre le role, @xchkt 'utilisation de la hauteur de
végetation par les oiseaux nichant au sol. Il $’allis précisément d’évaluer I'importance
relative des processus sous-jacents a la sélattitrauteur de végétation au nid, la prédation
et I'insolation des ceufs et des poussins, au abiure saison de reproduction. L'importance
de ces deux pressions de sélection est en effe¢sildle d’'étre modifiée par le changement
global : la communauté de prédateurs peut évolukr esque d’insolation peut augmenter.
Cette étude se base sur une expérimentationatura effectuée durant deux saisons de
reproduction. La stratégie de reproduction du Blissendré a été utilisée comme guide
conceptuel pour la mise en place du design expétahe

Apres avoir identifié I'importance relative des pessus clés déterminant la sélection
d’'une hauteur de végétation au nid, une deuxienrdepaborde les patrons globaux de
sélection de hauteur au nid du Busard cendré gusiles variations temporelles (intra et
inter-annuelles) de cette sélection et leurs camsdees sur la fitness. L'influence des
variations des trois composantes de I'habitat &etsa la phénologie de la végétation,
'abondance de proies et la densité de congénétgwise en compte. L’étude se base sur 15
ans de données permettant ainsi une exploration tdedances dans la sélection
potentiellement imputables au changement global. cBapitre fait appel a différents
domaines scientifigues notamment aux sciences agrouies de par la modélisation de la
croissance des cultures.

La prise en compte de I'aspect social d’'une espend-coloniale telle que le Busard
cendré étant primordial pour les études de séledaibabitat et pour la mise en place de
mesures de conservation adéquates, nous nous sam@éressés dans une troisieme partie
aux patrons temporels d’installation des individussein d’'une colonie. L'impact de I'aspect
social (présence de congéneéres) sur le choix diamgeur de végétation (sur la qualité d’'un
patch) est mis en avant. Le choix par l'utilisatid® I'information personnelle (basé sur la
gualité intrinséque des patchs) ou publique (basédéa présence de congénéres) est donc ici
contrasté. L’étude s’appuie sur trois années dalteéde données a l'intérieur des principales
colonies de Busard cendré situées sur la plaineagisud-niortaise.

Enfin, dans une quatrieme et derniére partie, soubaitions, dans la continuité des
seconde et troisieme parties, aborder les dimessiemporelle et surtout spatiale de la

distribution des habitats potentiellement favorakdela nidification du Busard cendré. Nous
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avons donc étudié la position des nids (et donccaémnies) a plusieurs échelles spatiales
selon la répartition dans I'espace d’'un indice décpcité du blé (proxy de la hauteur de
végétation en début de saison). Une approche nowatombinant données satellites et

données sur le terrain, récoltées sur 10 ansé&daitilisée.
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Les résultats seront abordés sous formes d’arfidasant étre soit soumis (Articles 1
& 2), soit en préparation (Articles 3 et 4). llsnsocomposés de quatre chapitres qui
correspondent aux articles cités précédemment. Ughabapitre est composé d’'un résumeé

détaillé de l'article (en francais) et de l'artida lui-méme (en anglais).

Les articles sont listés ci-dessous :

- Article 1: Vegetation height and egg coloration differenyiadiffect predation rate and

overheating risk: an experimental test mimickingr@aund-nesting bird

- Article 2: Where and when to breed do matter: temporal vanati selection of vegetation
height at the nest for a ground-nesting raptoarming habitats

- Article 3: Is there a balance between physical and social faenesting habitat choice in a
facultative colonial breeder?

- Article 4: Breeding habitat selection of a farmland grounsting bird: an approach at
multiple spatio-temporal scales using remote sensin
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B.l. PROCESSUS SOUSJACENTS A LA SELECTION D 'UN
SITE DE NIDIFICATION CHEZ LE BUSARD CENDRE

B.I.1. Résumedu chapitre

Dans cette étude, nous souhaitions comprendre fesegsus sous-jacents a la
sélection d’'une certaine hauteur de végétation dbeBusard cendré et plus généralement
chez les oiseaux nichant au sol. La littératuraele met en avant deux principales pressions
de sélection : le risque d’insolation et surtoutisglue de prédation des ceufs et des poussins.
La couleur des ceufs interagit avec les deux risquas de maniére souvent oppose : un ceuf
blanc réfléchit la lumiére (diminuant ainsi le tiggd’insolation) mais est plus détectable par
les prédateurs et I'inverse est attendu pour undewfouleur sombre. En outre, le role de la
structure de la végeétation (hauteur, densité, caitipn spécifique) dans la protection des
nichées face a ces deux risques est largement mavant, notamment chez les especes
prairiales. Cependant, jusqu’ici, la plupart desdés traitaient seulement d’'une des deux
pressions en ne faisant que mentionner l'autreeftat, la hauteur de la végétation jouant un
double réle, il est difficile de distinguer les ¢es respectives de ces pressions dans la
sélection, par les oiseaux, de parametres deuatste de végétation tels que la hauteur du
couvert.

L’objectif final de notre étude était donc d’abewiune formalisation conceptuelle de
limportance relative des deux principales presside sélection au cours d’'une saison de
reproduction. Nous avons donc utilisé, de maniggeementale, la hauteur de végétation,
laugmentation de la radiation solaire (augmenti@ntrisque d’insolation) mais aussi la
couleur des ceufs afin de manipuler différentielletrles deux risques. Il est important de
préciser gue notre étude ne visait pas a mimerdeditions réelles rencontrées par des ceufs
mais a estimer globalement I'importance relative deux pressions suivant la hauteur de la
végetation et la période de la saison de reprasluciies méthodes et les résultats sont
présentés et discutés en détail dans la partigéédn anglais. Nous nous attacherons donc
ici a faire un résumé succinct de ceux-ci.

Une approche expérimentafenaturabasée sur la stratégie de nidification du Busard
cendré (nichant principalement dans le bl€) a #liéae durant deux saisons de reproduction.
D’une part, nous avons exposé des ceufs facticggame de couleur blanche dans une large
gamme de hauteurs de blé (35 - 115 cm) afin d’@vdturisque de prédation selon la hauteur
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du couvert (Figure B.1.a). Afin d'estimer la détdutité des ceufs par les prédateurs selon
leur coloration et selon la hauteur du couvert, aegs de couleur verte (mimétique dans le
blé) ont également été exposées dans une gammeimestie hauteurs (qui maximise le risque
de prédation : 35-65 cm). D’autre part, nous ayalasé des capteurs de température (Figure
B.1.b) dans la large gamme de hauteur afin de raedas conditions microclimatiques
induites par différentes hauteurs de blé. Un risdjiiesolation a été calculé selon la durée
d’exposition (15min) au-dessus d'une certaine teatpée (41°C, température létale des
ceufs). Les deux expériences ont été répétées ddmet chaque saison de reproduction afin
d’évaluer I'évolution temporelle des risques.

Figure B.1: Photographies illustrant un faux nidemvun ceuf blanc factice (a), un faux nid avec
un enregistreur de température (ThermoctréButton) (b), un faux nid dans lequel I'ceuf a
dispart (c) et les traces de prédation d’un corvidé suroeaf en platre (i

Les résultats obtenus montrent que le risque éeagion diminue avec la hauteur de
végétation et ce d’autant plus rapidement que lefs @ont mimétiques. La forte relation
négative entre le risque de prédation et la haudaurouvert suggére que la communauté de
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prédateurs sur notre zone d’étude est dominéeepaniseaux (figure B.1.c & d). Ce risque est
constant, pour une hauteur de couvert donnéenlg déune saison de reproduction quelque
soit la couleur de I'ceuf, suggérant que la commiéati le comportement alimentaire des

prédateurs ne varient pas durant une méme saisonsdue d’insolation diminue également

avec la hauteur de végétation mais augmente, poerhauteur de couvert donnée, avec
'avancement de la saison de reproduction. L’augatem de ce risque le long de la saison
est due a l'augmentation de la radiation solairecaurs du printemps a nos latitudes. Les
conditions microclimatiques sont donc davantageraves dans des hauteurs de couvert
importants et en début de saison.

Le risque de prédation étant constant et le risdumsolation augmentant avec
'avancement de la saison, il est concevable qoer pne hauteur donnée, l'importance
relative de ces risques s’inverse a un moment ddang la saison de reproduction. En milieu
tempére, les oiseaux nichant au sol sont donc soandgieux contraintes, dont I'importance
relative change au cours d'une saison de repramtuctCes changements doivent étre
susceptibles d’'affecter les patrons de sélectiositdade nidification observés mais également
I'effort de protection du nid par les parents (eéisrét fréquences de I'absence des parents). Le
choix final d’une hauteur de végétation dépend dideda date de ponte de I'espéce et de
individu mais aussi des potentiels comportemaitsrnatifs aidant a la protection de leur
nichée.

Notre modele d’étude, le Busard cendré, fait facdea hauteurs de céréales qui
augmentent considérablement le long de la saisoepteduction (en moyenne de 30-40 cm
début avril a 80-90 cm fin juin). Pourtant, nottad® suggere que le Busard doit pondre dans
des hauteurs de végétation importantes tout au dentp saison afin de protéger ses ceufs
blancs du risque de prédation (mais aussi du rigtjinsolation en fin de saison). Par
conséquent, en début de saison, les individus pescgeraient soumis a une forte pression les
obligeant a étre trés sélectifs sur la hauteurteGaession se relache ensuite au cours de la
saison, grace a la croissance des céréales. @ adse donc les bases du chapitre suivant
en nous permettant de conceptualiser le patroréléet®on du busard cendré vis-a-vis de la
hauteur de végétation au nid au cours d’'une saisaeproduction.

Des variations inter-annuelles des risques deapigd et d’insolation mais aussi des
hauteurs disponibles ont également été mises @ere. Ces observations suggerent que,
dans le contexte du changement global, I'importaceg deux pressions de sélection soit

susceptible d’étre bouleversée. En effet, le chawege global pourrait affecter la composition
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des communautés de prédateurs, ainsi que leursoctaments, tandis que le changement
climatiqgue pourrait augmenter les températures amies et donc le risque d’insolation.
D’autre part, la hauteur et la précocité des btést&ortement dépendantes des conditions
climatiques et des pratiques agricoles, les hasitdigponibles pourraient étre altérées suite au
changement global. En réponse ces potentiels chaegs, les Busards cendrés devraient
adapter leur stratégie de nidification. Dans le aa#raire, la persistance des populations en
milieu agricole pourrait étre menacée.
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B.l.2. Article 1

Vegetation height and egg coloration differentiallyaffect predation rate and

overheating risk: an experimental test mimicking aground-nesting bird.

H. GILLIS", B. GAUFFRE, R. HUOT and V. BRETAGNOLLE

Centre d'Etudes Biologiques de Chizé, CNRS-UPR MAliérs-en-Bois, France
* Corresponding author: Hanneke Gillis:

Email addressgillis@cebc.cnrs.frhanneke.qillis@yahoo.fr

Soumis aThe Canadian Journal of Zoology
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Abstract

Avian eggs need to be laid in protected environsi¢otdevelop and survive. Nest
predation is known as the main cause of breedihgréabut nest microclimate conditions are
also important for embryo development. These twkecs®e pressures are particularly
marked in ground-nesting birds. Vegetation heigig heen showed to be a critical factor in
ground-nesting birds since it can counteract predaand overheating simultaneously. It is
therefore difficult to disentangle the respectimduences of these risks on selection of a
particular nest vegetation height. To develop aceptual framework for understanding and
predicting their relative effects during a breedisgason, we used vegetation height to
manipulate differentially these two risks. We tHere exposed artificial nests to a wide range
of vegetation heights, replicated the experimetdats during spring, and manipulated egg
color to estimate predation risk. We confirmed thalt vegetation is relevant to protect
unattended eggs against both risks. While predaisin is stable for a given vegetation
height, overheating risk presents inter- and isgasonal variations. Therefore, over a
breeding season, for a given vegetation heightreéspective strengths of the two risks are
unbalanced and depends on egg coloration. The ibhgeatrategy of ground nesting birds
should thus have been shaped by both selectiveye=s but the ultimate choice may depend
on the species-specific laying dates and alterediehavioral strategies helping to protect the

clutch.
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Introduction

Terrestrial vertebrates have developed two maimtesjies to ensure embryo
development: embryos of viviparous species devealupde the body of the mother,
guaranteeing protection from hostile environmenisile in oviparous species, females lay
eggs. In that latter case, while females avoidctists of embryonic development inside their
body, in return eggs must be laid in environmeats svith regard to their development. Two
main environmental constraints have been identifimd eggs: abiotic (mainly related to
physical factors such as temperature, salinity lamehidity) and biotic selective pressures
(predation, parasitism; Holway 1991, Martin 2000hough predation is considered the most
important cause of breeding failure in birds (Ret&l and Institution 1969), birds are
endotherm organisms and therefore their eggs aéspire an appropriate physical
environment that ensures optimal temperature comgdit (\Walsberg 1985, Webb 1987,
Ghalambor and Martin 2002, Lusk et al. 2003). Eggadthermia may lead to developmental
abnormalities of the embryo, whereas hyperthermiay nbe responsible for embryo
malformations or even death (Bakken et al. 1978wy and Martin 2000).

Birds have therefore evolved nesting strategies tieapond to these selective
pressures: to protect eggs from predation, thelinegeas which restrain nest accessibility to
predators (Martin and Roper 1988, Martin 1995, Devml. 2000), decrease (Tinbergen et al.
1967, Dion et al. 2000) or increase (i.e. colonieshspecific nest densities, reduce nest
detection by using cryptic nests (i.e. nest comueat by vegetation structure : Schieck and
Hannon 1993, Dion et al. 2000), lay mimetic eggsli§Sand De Lope 1995, Avilés et al.
2006), use active nest defense or mobbing (Crek4@@¥, Arroyo et al. 2001), reduce clutch
size (Perrins 1977, Lundberg 1985, Gregoire e2@03), or maintain constant presence at
nest (Kilner 2006). To avoid extreme temperaturéfiecting their eggs, birds have also
developed various strategies, including selectiegt rsites that reduce heat stress (e.g.
structural vegetation cover; Colwell 1992, Luskakt2003, Wells and Fuhlendorf 2005),
building nests that reduce temperature variatiatierethrough particular shapes (Ar and
Sidis 2002, Deeming 2002) or nest materials (eayvéy et al. 1984, Mayer et al. 2009) and
keeping permanent presence at nest (Kilner 200&¢lit®wnally, the white ancestral color of
eggs (Kilner 2006) could reduce overheating byertihg solar radiation (Castilla et al.
2007). However, while concealment and parent psseat nest protect eggs from both
predation and overheating, egg coloration interadgth both risks but in opposite ways
(Bakken et al. 1978): mimetic colored eggs redussation risk (e.g. Weidinger 2001) but
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may increase overheating risk in comparison to evhéiggs for which the reverse
consequences are expected.

Compared to the more commonly observed tree-nestmdy cavity-nesting birds,
ground-nesting species face higher risks of predafRicklefs and Institution 1969) and
overheating (Deeming 2002) because they usuall budimentary nests at exposed sites
which makes unattended eggs more vulnerable (Bakkah 1978): Vegetation height has
been identified as a critical determinant in thstimg strategy of ground-nesting birds (Helzer
and Jelinski 1999), e.g. those breeding in steppmyocultural landscapes. Since nesting in
tall vegetation (thus increasing nest concealmémat3 the potential to counteract both
predation and overheating risks (Colwell 1992, Leslal. 2003), it is therefore difficult to
disentangle the respective influences of these tisks on micro-habitat selection, and
ultimately, the evolutionary forces that have shiparticular breeding strategies. As most
ground-nesting birds lay mimetic eggs (Magige e2@D8), one may conclude that predation
is the most important evolutionary pressure that slaaped ground-bird nesting strategy.
However, some ground-nesting bird species lay wéigs (e.g. many Anatidae), suggesting
that, in some cases, overheating risk may have ibg@ortant in shaping breeding strategies.

Many studies have attempted to estimate eithempicdrisk or overheating risk using
artificial nests and eggs. In contrast, here we arseexperimental design to identify the
respective strength of the two selective pressymesiation and overheating, on egg survival
over time in order to propose a conceptual schdraeembodies the relative importance of
these pressures across a breeding season. Thereéoused vegetation growth during spring
as a way to manipulate differentially the two riskstemperate ecosystems, vegetation height
and solar azimuth both gradually increase with@e#ise. spring). Eggs on the ground should
thus experience different durations of sun expodepmending on vegetation height relatively
to calendar date. By replicating along the breediegson an experiment in which vegetation
height was controlled and almost identical in rabgeveen replicates, we exposed artificial
nests to a constant gradient of predation risk yiaeying only with vegetation height) while
the overheating risk increased (i.e. with incregssgolar azimuths). In addition, we
manipulated egg color to estimate predation rislke Uéed the breeding strategy of the
Montagu’s harrielCircus pygargusas a conceptual guide for our experimental desitis
species lays white eggs mainly in wheat crops (faret al. 2004) and performs only female
brooding. Along a gradient of vegetation heightrotlee course of two complete breeding

seasons, predation rate of artificial nests wasrdsd with white or mimetic dummy eggs
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while temperature of artificial nests was recordetth data loggers. We first checked that (1)
egg predation and overheating risk decrease witjetedion height, and then predicted that
(2) mimetic eggs will be less predated than whitesp and that (3) predation risk at a given

vegetation height will be constant over a breediegson while overheating risk will increase.

Material & Methods

Experimental design

Experiments were undertaken in an intensively maddgrmland landscape located
in the region of Deux-Sévres (46°11'N, 0°28'W), trafrwestern France, during the springs
of 2009 and 2010 (see Millon and Bretagnolle 20884 full description of study site). In
both years, we performed three sessions (for egoérienent, i.e. overheating and predation)
from end of April to end of June to encompass tramete breeding season and a complete
range of solar azimuth angles and crop heightsefxental plots were chosen according to
their vegetation height and their crop type (onlyter cereals). Vegetation heights were
classed in 10 cm categories and ranged from 30crdtd 120 - 130 cm. For each session, we
tried to maximize the range of vegetation heightsegerimental nests, depending on
seasonal growth of wheat which affected height lalkdity. Predation and overheating
experiments were performed on different dummy néststal of 123 and 108 nests were set
for the predation and the overheating experimeagpectively (see Appendix A).

Artificial nests

Artificial nests were standardized: they were madxe trampling vegetation and
creating a 50 cm-diameter “hole” in the crop, weettled at least 20 m away from the border
of the field, 2 m from tractor trails to avoid marmlan predators that favor tracks, at least
200 m away from any building (village, farm), artdesst 100 m from woods and hedgerows
to limit variations in predator community and mimm@ tree shadow on recorded

temperatures.

Predation experiment
In each artificial nest, we placed one white plastgy (plaster eggs were obtained by
using an infertile harrier egg to shape the mokgs were marked with a small symbol

(applied with pencil) facing towards the soil totetd whether the dummy egg was
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manipulated by a predator. Eggs were exposed ttays and checked 24 h after installation
and subsequently every 48 h. Regular nest visite werformed to avoid several predation
events on the same nest. Installation and visitee vperformed at dusk to avoid visual
detection by bird predators and boots were worrprevent spread of human odors for
mammalian predators. Nests were considered predfated egg had disappeared, showed
predation marks made by teeth, beaks or clawsadrieen manipulated (as assessed by the
mark on the egg), and the trial was stopped far plairticular nest. If “predated’ eggs were
still in the nest, we tried to identify the predatgpe (birdversusmammal) using predation
marks left on the plaster egg.

In 2009, a single nest with a white egg was placedach selected plot (N=51). In
2010, to assess differences in egg detectabilidypmadation in relation to egg coloration, we
also placed 29 second artificial nests with one aticnplaster egg (painted in khaki green to
mimic wheat color) among the 72 experimental plkdtesen for white dummy eggs. The
color of mimetic eggs was chosen in relation tosegf the little bustardetrax tetrax a
ground nesting species also breeding on the strglyahich lay eggs of approximately the
same size as our plaster eggs. These additiontd nese set at least 50m away from the
“white egg” nests and were only placed in low vageh categories (from 30-40 to 60-70

cm) in order to maximize predation risk (see ApperAdl).

Overheating test

To obtain a proxy of microclimate conditions (temperatures) in different vegetation
heights, we used disc-shape temperature data BJ@8$1921G Thermochr8niButton,
Sunnyvale, CA, U.S.) programmed to record tempesatvery 3 minutes with 0.5 °C
precision. For each session, loggers were mounted pail and stuck in the ground of an
empty artificial nest (same plots but different tiseshan the ones used in predation
experiment) during four days. Loggers were notireal contact with soil but on a small layer
of trampled wheat. Tests were performed when weatlas sunny (and weather forecast
were such for the next four days), i.e. when ovatihg risk is maximal (Appendix A2). To
evaluate the effect of extreme microclimate coondsi we only used data of the warmest 24
hours among the four days recording. We chooseetergiine a temperature and exposure
duration value to estimate a threshold over whielst rmicroclimate conditions became
unfavorable for nesting and thus when overheatisk) could be considered. Therefore, we

considered that a logger recording temperatere$l°C for > 15 minutes (5 successive

- 68 -



«

-

Processus sous-jacents 3 la sélection d'un site de nidification chez le Busard cendré ™

records) would reach this threshold. These valuestémperature and duration) were chosen
because in most species, egg exposition to 41°@eferminutes is lethal (see Conway and
Martin 2000 for examples of off-bout durations everal species, Webb 1987 and Magige
et al. 2008 for lethal egg temperature). Additibnab improve robustness of the analysis, we
also tested other threshold temperatures and dosatHence, we explored exposure time
(daily cumulative number of records) at temperautaresholds from 30 to 55°C on the
session involving the widest range of vegetatiaghtecategories (second session in 2010).
For each session, we replaced julian date by sathation because we assumed that
the latter should better explain differences inrbeating probability and unveil potential
intra-seasonal variations. We recovered a solaatiad index to account for the increase of
solar azimuth with season and therefore radiafidre global solar radiation at ground level
(in kwWh/m2/day) of Poitiers (i.e. the closest laoatavailable, c.50 km away from study
plots) was thus calculated with the software Ca(8¢%ES, Le Bourget du Lac, France) for the

warmest day of each session.

Statistical analyses

Statistical analyses were performed with R (verskoh2.1, R Development Core
Team, 2010). We used Generalized Linear Models (tdvanalyze the effect of vegetation
height on white egg predation and overheating itias. A Generalized Linear Mixed
Model (GLMM) was used to test the effect of eggocan predation probability. We indeed
accounted for the fact that the two nests (witliedéint egg colors) were in the same field.
Therefore field identity was treated as a randofacefin that latter case. We testagriori
hypotheses and therefore ran complete models witierforming model selection.

In the first analysis, “White egg predation”, thepeéndent variable, was coded as a binomial
variable (predation was considered after 7 dayosxe). Independent variables considered
in the model (with logit link function) were vegéta height (in cm) and session date (in
julian days, i.e. 1 = January’)las continuous variables, and year as a two-léabr
(2009/2010). In the second analysis, differencgar@dation rate according to egg color was
investigated by including only plots with both eggiors in the model (N = 29). Apart from
egg coloration (a two-level factor: white/greenixetl effects included in the model were
those found to have significant effects in thetfiemalysis (i.e. “white egg predation”

analysis).
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Finally, to analyze overheating data, the tempeeatialues were converted into a
binomial variable, “overheating”, coded as 1 if thgger recorded temperaturegl1°C for>
15 minutes, 0 otherwise. Vegetation height anditidex of solar radiation, as continuous
variables and year as a two-level factor werertdependent variables.

In each analysis, we included all simple effectsvadi as second order interaction

terms involving vegetation height to test our hyjases.

Results

Predation rate

Of the 123 artificial nests with white eggs, 67 evpredated (54.5 %): 45.1% (n = 23)
in 2009 and 61.1% (n = 44) in 2010. Among thesen@&ds (56.7 %; 16 in 2009, 22 in 2010)
were retrieved empty and causes of predation vikerefore not identifiable. In the remaining
29 “predated” nests, the eggs were still presedtpgadator could be identified in 21 of these:
18 (85.7 %, 4 in 2009 and 14 in 2010) were predbtedorvids and 3 by mammals (14.3 %,
none in 2009 and 3 in only tall vegetation in 201@G)ven the high number of unknown

predators, predated nests were pooled for subsegtetistical analyses regardless of the

predator.

14 . - Figure 1: Predation rates as a function

- x:::z zgg: gg?g of vegetation height. Hatcheql bars

% 0.8 B Green eggs 2010 | ePresent predation rates of white eggs
= in 2009, black bars, predation rates of
g 0.6 white eggs in 2010 and grey bars,
b= 04l predation rates of green mimetic eggs
o (2010). For white eggs in 2009,
E 02 predation rates in very high vegetation
' categories (from 105 to 125 cm) were

0 3 null. Otherwise, absence of bars

"35 45 55 65 75 85 95 105 115 125 traduces absence of sampling in

Vegetation height (cm) corresponding vegetation height.

White egg predation rate was affected by vegetdigight, year and their interaction
(Tab. 1). It decreased significantly with vegetatiwight in both years but in a weaker way in
2010, as exemplified by the significant interactimetween these two factors (Tab. 1, Fig. 1).
However, this year difference might be due to dd#fees in tested vegetation heights
between years. We thus performed a GLM (with amtitle link) to investigate temporal

differences in tested heights by examining thectff@f year, session and their interaction.
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Tested vegetation heights were indeed higher in92@n in 2010 (mean * standard
deviation: 87 £ 19 cm in 2009 and 71 + 19 cm in@0/& 121= 12.9, p < 0.001), and they
logically increase with session (i.e. with seasbn,;2;1= 18.36, p < 0.001; no significant

interaction was found).

Table 1. GLM investigating predation rate of whitggs (N =123). Estimated coefficients (Estimate),
standard error around estimation (SE), statistiarml P-values are presented. “2009” is considered
as the reference year.

variable Estimate SE z P
Intercept (2009) 0.2 0.36 0.56 0.57
Vegetation height -1.64 0.46 -3.59 <0.001***
Year (2010) 0.07 0.44 0.13 0.90
Session -0.05 0.21 -0.22 0.82
Vegetation height x Year (2010) 1.24 0.55 2.27 0.02*
Vegetation height x session 0.36 0.26 1.35 0.18

Egg color also affected the probability of a nesiny predated at low vegetation (30-
70 cm). 22 of 29 nests with white eggs (76%) weredated compared to only 15 of 29
mimetic eggs (46.7%). Since, “egg color’ experimeas only performed in 2010, year was
not included in the model. Only vegetation heigtgg coloration and their interaction were
therefore tested. At low vegetation, green eggewhaus less predated than white ones (Tab.
2). Predation probability of white eggs remaineghhivhile predation probability decreased
with vegetation height for mimetic green eggs, la®s by a significant interaction between
egg color and vegetation height (Tab 2, Fig. 1 &R)r instance, at vegetation height of 60-

70 cm, predation risk of mimetic eggs was below 20Bie it was over 80% for white eggs
(Fig. 3).

Table 2: Generalized linear mixed model investiggithe effect of egg color on predation rate in low
vegetation categories (N = 58). Estimated coeffitigEstimate), standard error around estimation
(SE), statistic z and P-values are presented. Tdtagentity was treated as a random effect.“White”
is considered as the reference color.

variable Estimate SE z P
Intercept (white) 5.89 2.09 2.81 0.005**
Vegetation height 0.02 2.23 0.01 0.99
Color (green) -5.13 2.12 -2.42 0.01*
Vegetation height x Color (green) -5.30 2.562 -2.10 0.03*
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Overheating risk

As expected, there were differences in temperatoeéseen low and tall vegetation
(Fig. 2a). Temperatures higher than 50°C were oszbin 30-40 cm vegetation whereas at
100-110 cm vegetation, the maximal recorded tenperawas only 35°C (Fig. 2a).
Overheating risk (i.e. unfavorable nest microclienabnditions) appeared much stronger in
2010 than in 2009, as revealed statistically bydifference in intercept in the year effect
(Tab. 3). But for both years, the risk obviouslcrieased with solar radiation (Tab. 3).
However, in 2009, vegetation height did not affdatecorded temperatures, while in contrast,
in 2010, overheating risk decreased significantithwegetation height (Tab. 3). Here again,
we suspect differences in tested vegetation heigétween years to be the main reason of
difference of overheating risk between years (setian “predation rate” in results).
Table 3: GLMM investigating overheating risk (N 88). Estimated coefficients (Estimate), standard

error around estimation (SE), statistic z and Pues (P) are presented. “2009” is considered as the
reference year.

variable Estimate SE z P
Intercept (2009) -2.87 0.78 -3.67 <0.001**=*
Vegetation height 0.35 0.75 0.47 0.64
Solar radiation 1.94 0.52 3.68 <0.001***
Year (2010) 3.02 0.90 3.34 <0.001***
Vegetation height x Year (2010) -2.89 1.07 -2.69 0.008**
Vegetation height x Solar radiation -0.53 0.46 -1.14 0.25

We used the data from the second session of 20illustrate graphically exposure
time above a given threshold temperature (from 363&G5°C) for any given vegetation
height in the range 35-105 cm (Fig. 2b). As expctexposure time decreases with
vegetation heights but does so more rapidly asdimperature threshold increases (Fig. 2b).
At 41°C (i.e. the lethal egg temperature), exposime was low except for very low

vegetation height (below 60 cm).
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Figure 2: Temperature raw data of the
intermediate session in 2010 (May 21p5
(@) recorded temperatures of 2 loggers
placed in low vegetation (30-40 cm, black
dotse) and in tall vegetation (100-110 cm,
grey dots e); (b) Daily exposure time
(cumulative number of records) as a
function of different threshold temperatures
(30-55°C) and vegetation height. For
information, the grey vertical plan in (b)
represents the critical temperature (41°C)
of most real eggs.

Contrasting predation and overheating risks acspsag

Using model predictions obtained from the two ekpents, we explored graphically
predation and overheating model outputs (GLMs abhMf) according to vegetation height,
egg color and season, as a way to build a condegimeesentation of the relative importance
of predation and overheating pressures over a imgexason (Fig. 3). 2010 was used to
model both risks. Under temperate latitudes, figBreuggests that early in the breeding

season (i.e. at low solar radiation), predatioksrifor both white and mimetic eggs could be

more important than overheating risk (Fig. 3a). Wthie advance of spring, overheating risk

increases with solar radiation, and at some unahted stage in the season, overheating may
exceed predation risk (Fig. 3b & 3c). Late in tleason therefore, only very tall vegetation

may reduce overheating risk (Fig. 3c).
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Figure 3: Conceptual representation of the relatimgortance of predation and overheating
pressures over a breeding season using modelsigti@as for 2010. a), b) and c) respectively
represent first, second and third sessions (gradansolar radiation). Black and grey solid

lines represent predation risk for white eggs aninetic eggs respectively. Dashed lines
represent overheating risk. The modelled predatate for mimetic eggs was extrapolated to
all the range of vegetation."Risk” on the Y-axigpresents predation rate or overheating risk
predictions from the best fitted models.
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Discussion

In this study, we demonstrated that for groundsg)gstedation and overheating risks
decrease with vegetation height. We validated dkthat egg coloration influences predation
rate. Predation risk is constant over a breedirga@® while overheating risk presents inter-
and intra-seasonal variations. As a consequencdiigidighted that the relative importance
of the two selective pressures is unbalanced oviereading season at least in temperate

environment.

Possible experimental bias

The use of artificial nests and dummy eggs to nreaptedation rates has long been
disputed (Major and Kendal 1996, Moore and Robin2004), because of both positive
(adults could defend nests, Davison and Bolling®(2 and negative biases (adults could
unveil nest location through their activity (Zurgd al. 2007, Moore and Robinson 2004).
Other biases have been identified, e.g. difference®cal predator species preying upon
artificial vs. natural nests (Martin 1987, Mezquida and Maron@320differences in nest and
egg realism, egg type (plaster, plasticine, redilgeggs), and egg size (Bayne et al. 1997,
Davison and Bollinger 2000, Dion et al. 2000). Ehex no consensus on how to conduct this
type of experiment. However, as our aim was namntmic real predation rates but only to
detect the influence of nest characteristics if.@bsence of parents, Gregoire et al. 2003), we
chose to use artificial nests and eggs to measedagon rates relative to nest concealment
levels regardless of adult behavior (see also Hosta}. 1984, Davison and Bollinger 2000,
Dion et al. 2000).

Similarly, temperatures measured by nest loggersnalocorrespond to core egg
temperatures (Webb 1987). Real temperature expedehy the embryo may differ because
heat transfer characteristics of egg is not takéo account in our experiment nor are egg
coloration and adult incubation behavior. Howeverst microclimate measured here must
influence egg temperature. We modeled overheatslgusing a temperature threshold of
41°C (15 minutes duration), as this temperaturesisally lethal for bird embryos (Webb
1987). However, using different temperature thrédhdead to similar results (Fig. 2b):
exposure time decreased monotonically with increpggmperature threshold and increasing
vegetation height further reduced exposure timalithazhally, we did not measure differences

in overheating between white and mimetic (greerdank) eggs. However, there is some
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evidence that pigmented eggs get warmer than mgmeoited ones (Montevecchi 1976,
Underwood and Sealy 2002, Magige et al. 2008; batgestmoreland et al. 2007).

Obviously, as mentioned earlier, parental inculmabehaviour (i.e. off- and on-bout
durations and frequencies) play an important rolenest protection against both risks
(Conway and Martin 2000). However, in this study ¥ezused on the efficiency of
concealment offered by vegetation to protect neshfpredation and overheating regardless
of parental behaviour. We believed that parentllation behaviour could be influenced by
the degree of nest concealment, a hypothesis #glrsaggested by Conway and Martin
(2000).

Therefore, we are confident that our experimentsigh provided a conceptual
representation of the relative importance of priedatind overheating pressures over a
breeding season and along a vegetation height egrador a ground nesting bird in a

temperate environment.

Predation risk

Our study indicates that predation rate did noy\aong a breeding season (no intra-
seasonal variations) but did so between years.fGimeer result is consistent with previous
studies (Bayne et al. 1997, Burhans and Thomp$at©®8), suggesting that the predator
community does not change over a breeding seasaynet al. 1997). However, between-
year variations suggest that some differences edgior community or behavior could have
occurred between our two years of experimentathmtually this year effect could result
from differences in tested vegetation heights betwgears but also from three particular
cases of mammalian predation in tall vegetatior2@i0. However, the strong negative
relationship between observed predation rate agdtagon height suggests that the predator
community involved is mainly composed of avian pteds because vegetation height should
have less or no effect on nest detectability by mata. These results are consistent with the
predator marks on eggs. Moreover, our experimaptallts agree with previous studies that
suggested that concealment is relevant where gwiedators are dominant (Sugden and
Beyersbergen 1986, Sugden and Beyersbergen 198k &id Nudds 1991, Colwell 1992).
In particular, Sugden and Beyersbergen (1987) studredation on duck nests by American
Crow Corvus brachyrhynchoaccording to concealment (vegetation density, Hteagd type).
They found a negative effect of vegetation heightpoedation rate. However, in their study
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different vegetation heights were associated witfer@nt vegetation densities and types, a
possible bias we avoided by using a single vegetdyipe and density.

We also found a significant difference in egg ptestaaccording to egg color. White
eggs (i.e. the supposed ancestral egg color, KEOE6) may be less costly to produce than
pigmented ones (Moreno and Osorno 2003). Howevest ground-nesters choose to pay the
energetic cost of egg pigmentation (Kilner 2006)educe predation risk (especially by avian
predators, Castilla etal. 2007). Our experimenth&r revealed an interaction between
vegetation height and egg coloration (a result &amd by Castilla et al. 2007). At low
vegetation height (< 50 cm), predation risk is hfgh both colors suggesting that neither
color nor height are sufficient to avoid nest pteda However, above 60 cm, predation rate
of mimetic eggs falls under 0.5; this particulareghold is reached for white eggs at 85 cm.
Hence, nest concealment appears to be more effii@gorovide protection against predation
for mimetic eggs than for white eggs. This matghevious studies that also showed a lower
detectability of mimetic eggs by predators (Solsl &e Lope 1995, Castilla et al. 2007,
Avilés et al. 2006) especially by avian ones (Qlasét al. 2007). Our results validate that egg
coloration is less efficient than nest concealntenprotect unattended eggs from predators
(Underwood and Sealy 2002, Kilner 2006), since atyvlow vegetation (low nest

concealment), mimetic and white eggs have very prghdation rates (close to 1).

Overheating risk

Our results support the hypothesis that strucwoaér (in our case, vegetation height)
could influence nest microclimate conditions, intgalar reduces temperature by shading
eggs, and therefore ultimately may affect breedingcess (Lusk et al. 2003). When parent
brooding behavior is interrupted, eggs are expdaseslinlight: in such situation, vegetation
cover could help maintaining temperatures at neset than those on bare ground and thus
may provide a more stable thermal environment faretbping embryos (Lusk et al. 2003).
As expected, we found that overheating risk inadasith season (i.e. solar radiation) and
decreased with vegetation height. However, in 2088y few nest temperatures41°C were
recorded in any session, hence no effect of sa@dration or vegetation height could be
statistically detected. This may be as a resuttool and wet spring (soil moisture might have
reduced the nest temperature) but also because vaetation plots were sampled in 2009
than in 2010, where a drier and warmer spring tetbwer vegetation. Thus, in contrast to

predation risk, overheating risk exhibited botremand intra-seasonal variations. In 2010, if
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overheating risk was minimal early in the breedsaason, keeping overheating risk low
required very tall vegetation at the end of thessaa On the other hand, in temperate
environments (where this experiment was carriedl, ameeding very early in the season (i.e.
when solar azimuth angle is low) appears to beoa gtrategy to avoid overheating.

The between-year variation in overheating risk gstg that overheating may highly
depend on climate conditions and wheat growthrynathd warm years, overheating risk may
be high because of high temperatures but also becafishort vegetation. In the global
warming context (higher temperatures and unpredlietarecipitations), the importance of

overheating risk for vegetation height selectioawti therefore be enhanced.

Relative roles of predation and overheating risks

We believe our work shed light on behavioral arfd-history traits evolution in
ground-nesting birds. Overall, in any system, sipation risk may often be constant and
overheating risk may change over a breeding sedbentelative importance of these two
risks are prone to change over a breeding seasbeseTchanges may have different
consequences on birds’ incubation effort (i.e.lmftst durations), nest defense (i.e. mobbing
or lure-predator) and nest site selection behawaorording to their egg color and breeding
timing. By laying mimetic eggs, detection by premtatis reduced, but the risk of overheating
could be enhanced (at least at temperate latitudiag) majority of ground-nesting birds lays
mimetic eggs (Magige et al. 2008), and thus coate fhigher overheating risk (depending on
egg shell pigments, see Bakken et al. 1978) thatiep that lay white eggs. Our study
underlines two possible strategies to counterastribk: conceal nest in tall vegetation, or
breed as early as possible in the season to avgiddolar radiation. Most ground-nesting
birds actually conceal their nests in dense anligih vegetation cover (Colwell 1992). A
third and complementary strategy, unexplored hmyeld be maintaining constant presence at
nest or reducing off-bout durations. While birdgihg white eggs are mainly cavity nesters
(Blanco and Bertellotti 2002), which can be regdrde an extreme case of nest concealment,
a few cryptic species also lay white eggs. Thesecisp could protect their eggs from
predators by maintaining constant presence at(mdsth necessitates bi-parental brooding)
or reducing off-bout durations and/or frequenciedyconcealing eggs in tall vegetation (the
situation we explored in this study). Actually, gnal-nesting birds laying white eggs could
also protect their eggs against predators by defgrttie brood. This probably explains why
OstrichStruthio camelugay white eggs on bare ground (Magige et al. 2008)
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Montagu’s harrier, by laying white eggs, does ret fhe energetic cost for producing
colored eggs. The present study however suggesttaghng white eggs implies to select tall
vegetation for nesting. This may represent a storgstraint early in breeding season, when
females must establish their nests in crops thataaound 80 cm high (to limit the main
predation risk). Consequently, this pronounced taalselection reduces suitable habitat
availability. Later in season, they must selectitaéb at least 95 cm height (to limit both risks
but especially overheating) but since wheat haswvgrothey may seem less selective
according to vegetation height. This selection grattaccording to vegetation height is
actually observed in this species (unpublished )ddtderestingly, this species does not
perform bi-parental brooding to protect their eggsn predators: only female attends the nest
and male brings her food which she eats most oftithe out of the nest. However, this
species further reduces this risk by its abilitgledend the brood against predators, even using
social defence since the species is colonial (seeyA et al. 2001 for an experimental
demonstration of colonial defence). Apart from dewacting overheating risk, white eggs
have another advantage: parents may benefit fraatiig the nest more easily and thus be
able to nest in such a uniform farmland landscapeeét crop; see Underwood and Sealy
2002, Avilés et al. 2006).
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Patrons de sélection de hauteur au nid & influence des composantes de I'habitat W

B.ll. VARIATION TEMPORELLE DES PATRONS DE
SELECTION DU SITE DE NIDIFICATION DU BUSARD
CENDRE : INFLUENCE DES COMPOSANTES DE
L' HABITAT

B.Il.1. Résumédu chapitre

Dans le chapitre précédent, nous avons comparériggrgalement les pressions
sélectives s’exercant sur le choix d’'une hauteuvélgtation au nid par les oiseaux nichant
au sol. Nous nous sommes intéressés pour celav@lutidbn saisonniere des importances
relatives de ces pressions en zone tempéree. [Rdrgartie, nous souhaitions :

(i) valider le schéma conceptuel mis en évidencesda chapitre précédent en
dégageant les patrons de sélection de hauteuédrubiid du Busard cendré ;

(ii) évaluer l'effet des variations des composarbgsique, biologique et sociale de
I’habitat sur ce patron de sélection ;

(i) examiner les conséquences de ce patron dects@h en terme de succes
reproducteur ;

(iv) explorer et discuter les tendances a long ¢éephservées dans le contexte du
changement global.

Les méthodes et les résultats sont présentés aitéksen détail dans la partie en
anglais de ce chapitre. Nous nous attachons doacré@&sumer succinctement les méthodes et
les résultats tout en apportant des informatiomsptémentaires pour expliquer les difficultés

rencontrées et faciliter la compréhension globale.

Afin de mener a bien ce travail, nous disposonbafes de données a long terme sur
notre zone d’étude : 18 ans de suivi exhaustifiddeproduction du Busard cendré et de suivi
d’abondance de sa proie favorite, le campagnotbamps, et 16 ans de mesures de hauteurs
de blé, milieu de nidification privilégié du Busarendré.

Nous disposons des hauteurs de blé au nid adaddgbremiere visite (variant suivant
la date de découverte du nid). Il a d’abord fakealculer la hauteur au nid a une date
permettant de comparer les hauteurs entre les Nmlss nous sommes pour cela placés a la
date de ponte (voir section en anglais pour samasbn) plutét qu’a la date d’installation

des individus, cette derniére n’étant pas connufin e procéder aux estimations des
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hauteurs de blé a la date de ponte de chaque auid, avons modélisé la croissance du blé a

I'aide d’'un modéle mécaniste utilisé en agronomie gous avons appliqué aux données de

hauteurs de chaque année (figure B.2).

80
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100 120

Figure B.2: Représentation graphique des
estimations de hauteurs aux nids a la date de
ponte pour I'année 2001. La courbe pointillée
représente la croissance moyenne du blé
estimée par le modéle grace aux hauteurs de

Gg blé mesuréeso|. Afin de faciliter la lecture,
des segments relient les hauteurs mesurées aux
nids aux dates de visites)(aux hauteurs aux
nids estimées aux dates de pon#sgface au
modele.
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Somme des températures (°C, a partir du ler octobi,

Une seconde difficulté résidait dans la grande atih intra- et inter-annuelles des
données de hauteurs de blé et dans la définitierhdeteurs de blé disponibles pour chaque
nid. En effet, les dates de ponte s’étalent toubag de la saison de reproduction et chaque
couple fait donc face a une disponibilité de hawgele blé différente (due a la croissance du
blé). N'ayant pas a notre disposition plusieursunes de hauteurs disponibles & chaque date
de ponte, nous avons choisi de travailler en hasitealatives par rapport a la valeur estimée
par les modeéles de croissance annuelles (résidusodele ; figure B.3). Une valeur positive
de hauteur relative au nid indique que le couplestille dans une végétation plus haute que
la hauteur moyenne disponible. Plus cette valduélesée, plus le couple s’installe dans des

hauteurs importantes.

Figure B.3 : Représentation graphique des

hauteurs relativese() aux nids a la date de

ponte en 2001. La courbe pointillée

o représente la croissance moyenne du blé

........ § estimée par le modéle grace aux hauteurs
8 relatives de blé mesurées)(
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@
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Somme des températures (°C, & partir du 1er octobre)
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Nous avons ensuite examiné les patrons de séldtt@rteur relative au nid a la date
de ponte) et linfluence de la phénologie annuelle blé (composante physique), de
'abondance de campagnols (composante biologiqie)la densité de nids (composante
sociale) et de la date de ponte (afin de vérif@renschéma conceptuel) sur ces patrons.

Afin d’explorer les effets des trois composantesl’tabitat sur la fitness, il nous
fallait choisir au préalable le paramétre de laragdpction a considérer. Le succes de
reproduction étant fortement biaisé par les praiest(grillages) installées au stade poussin
autour des nids afin d'éviter la destruction pas hoissons puis la prédation par les
mammiféres, nous avons choisi d'utiliser le sucgd&®closion et le taux de prédation au
stade ceuf comme paramétres de la fitness. Le sada&dosion prend en compte toutes les
causes d’échecs possibles dont celles liées aitalradu couvert : insolation et prédation des
ceufs. Cependant, certains échecs avant I'éclosiongnt étre liés a des causes anthropiques
comme la destruction ou I'abandon du nid par laeignsuite aux travaux agricoles, nous
avons eégalement examiné le taux de prédation de staf.

Enfin nous avons exploré les tendances a long tetesehauteurs disponibles, des
hauteurs absolues choisies, de la sélectivitéesepdmmeétres de la reproduction.

Les résultats obtenus pour la sélection de haateurid d’'une part et les parameétres
de la reproduction d’autre part sont résumés dartalleau B.1. Les busards sélectionnent
globalement des hauteurs de blé plus importantedajmoyenne des hauteurs disponibles.
La hauteur moyenne choisie est de 78 cm (x 12,992=nids ; figure B.4). Ceci leur permet
de limiter le risque de prédation au stade ceuf.ttads composantes de I'habitat influencent
cependant a des degrés divers les patrons deiggldet hauteur de végétation au nid et les
parameétres de la reproduction chez le Busard céndiédétails dans l'article).

150

Figure B.4 : Distribution des hauteurs de blé
(en cm) au nid au moment de la ponte (1996-
2011, N = 552)
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Tableau B.1: Récapitulatif des résultats des nmesl@hixtes investiguant la sélectivité, le succeés a

I'éclosion et le taux de prédation au stade .ceuf

) o Sélectivité (hauteur ) Taux de prédation
Composante (variable explicative) Succeés a I'éclosion
relative au nid) (stade ceuf)

Biologique ++H* . .
Physiqué (-~ (+)"™ (-) =
Socialé . . (+)™
Intra-annuell& (-) ¥ ()* (+) **

Biologique x physique
Biologique x sociale .
Biologique x intra-annuelle () *

! Abondance de campagnols au printempmdice de phénologie du blé pour la sélectivitBatteur de blé au nid pour le
succés a I'éclosion et le taux de prédation awestadf ;> Nombre de voisins ayant déja pondu pour la séie&tiet nombre
total pour le succés a I'éclosion et le taux dedatién au stade ceuf Date de ponte pour la sélectivité, et date de ponte
relative (qualité du couple) pour le succes a ¢igidn et le taux de prédation au stade ceuf.

Les symboles - ou + représentent le signe du aieffi estimé, et leurs nombres (de 1 a 3), l'ingouee relative des valeurs
des coefficients estimés. Le niveau de signifidatiest indiqué & I'aide d’astérisqué$ (0.1 < p,.: 0.05 < p< 0.1, *: 0.01
<p<0.05,*:0.001 < px 0.01, ***: p<0.001).

La sélection présente de fortes variations irdtanter-annuelles en lien avec les trois
composantes de I'habitat. Le lieu et le momentsiBg@our se reproduire affectent également
lissue de la reproduction. Notre étude soulign@cdbimportance de considérer les trois
composantes de I'habitat afin de comprendre lexctinin site de nidification et son impact
sur les performances reproductrices. Ce travaifimoa également qu’il est nécessaire de
considérer I'hétérogénéité temporelle en utilisalgs données a long-terme afin de
comprendre l'influence de processus fluctuants aehplexes mais aussi pour éviter toute

interprétation erronée issue d’études a court terme

Nous avons mis en évidence des tendances a lomg faetéressantes suggérant que
les effets du changement global (combinaison dagément climatique et de l'utilisation des
sols) pourraient déja étre visibles sur notre zdigtude sur une période de 16 ans: Les
hauteurs moyennes de blé et 'abondance de camigadiminuent poussant les busards a
nicher dans une végétation plus basse. Ce phénoemineertainement amplifié par le
caractére colonial de I'espéce (un couple s’instdldans une hauteur basse est susceptible
d'en attirer d'autres). Par conséquent le succe$édosion diminue en raison de

'augmentation du taux de prédation au stade ceuf.
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Summary

Organisms select their breeding sites based onremaental cues that gather physical,
biological and social components of habitat scoam&ximise their fithess. When choosing a
nest site, birds have to account for the two maledive pressures: predation risk and
microclimatic conditions at nest. For ground-nestinirds, the physical characteristic of
habitat (i.e. vegetation structure) has been ifledtas the most important factor determining
nest site selection and in turn nest success. Wkate collected over 16 years on a ground-
nesting raptor nesting in wheat crops within aenstve farmland, we investigated the pattern
of selection of vegetation height at the nest seasonally variable environment. We found
that among years, Montagu’s harriers select talégyetation at their nest than available in
average when wheat growth were delayed but alsonwirey abundance was higher,
suggesting higher investment in reproduction inryeehere offspring prospects were good.
However, they tend to be less selective on vegetdteight when breeding in large colonies.
Within a year, early breeders faced shorter wheaght and consequently were more
selective towards taller cereal than available verage. In terms of breeding success, we
found that isolated nests built in taller wheathligh quality pairs are less prone to predation
at egg stage. Our study underlines the importaf@@unting for all habitat features (i.e.
physical, biological and social) in order to undansl breeding habitat selection. Finally,
temporal trends revealed a decrease in availalWlechaosen wheat heights associated to an
increase in egg predation rate. If current trerelsipt, long-term persistence of the breeding

harrier population is thus questioned in such fagriabitat.
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Introduction

Animals select their breeding habitat based onreetyaof environmental features that
encompass i) physical features defining the abitaracteristics of the habitat (e.g., altitude,
temperature, humidity) and its vegetation struc{i@ellinger 1995, Lusk et al. 2003, Kerns
et al. 2010); ii) biological features including fb@esources but also abundance of natural
enemies (predators and parasites; Davis 2005);iignsbcial features, or the presence of
conspecifics or heterospecifics potentially in ratgion (competition Bollinger(1995) or
facilitation; Hurd 1996, Hahn and Silverman 20(8jeeding habitat selection is expected to
rely on these three habitat components (i.e., phydbiological and social) so as to maximise
fithess (Danchin et al. 1998, Jones 2001).

In oviparous species like birds, selection of biegdhabitat is particularly important
to ensure embryo development and protection as eggslop externally (Hansell and
Deeming 2002). Bird nest sites are generally fixechtions where eggs and chicks can
survive, at least short time periods, in the absesfcparents (Hansell and Deeming 2002).
Vegetation structure (e.g. height, density, bamugd percentage, species composition) is
regarded as the most important feature determimiest site selection (Bollinger 1995),
particularly for ground-nesting species which ugu&hce higher direct lethal costs of ill
selection compared to cliff-, tree- or cavity-nest@Limifiana et al. 2006). Indeed, nests built
on the ground generally suffer high risks of premgtthe main source of nest failure in birds
(Ricklefs and Institution 1969), as well as ovetirep(Deeming 2002, Walsberg 1985, Lusk
et al. 2003, Wilson et al. 2005). Grassland birdgarticular have received much attention,
and most studies pointed out the key role of vamgetastructure (Bollinger 1995, Helzer and
Jelinski 1999). Grassland and steppe birds havptada wide set of behavioural strategies
that range between two extremes. Some speciesiméslv and sparse vegetation and so
doing, favour visibility around the nest to detpotdators. Such species have highly mimetic
eggs and chicks (adults are usually inconspicuon} tand maintain constant presence at
nest, like waders (e.g., Stone-curl®urhinus oedicnemusVilson et al. 2005). At the other
extreme, some species promote nest concealmenediing in tall and dense vegetation to
protect their nest against predators and extremath&e conditions (e.g. sage grouse
Centrocercus urophasianuBelLong et al. 1995).

Ground-nesters may achieve nest concealment bytiegetall vegetation so as to

reduce nest predation and egg overheating (Gilled. da]. in review, Fig. 1). Alternatively,
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they may select intermediate or low vegetationvalg adults to safely escape nest in case of
a predator attack (Low et al. 2010) and to avoattfer abrasion (Cresswell 1997), indicating
that nest accessibility constraints also exist.(Ajg In addition, ground-nesting birds are
further constrained by vegetation height availéilwhich varies seasonally, at least under
temperate latitudes where vegetation grows over lreeding season and overheating
constraint increases with solar azimuth (Fig. 1¢cdxding to vegetation growth and the
relative importance of the three constraints (igst predation, overheating and accessibility),
we expect individuals to be highly selective towagethtively taller vegetation early in the
season, but less selective later in the seasonX}ig

Nest vegetation height

Bird breeding season

Figure 1. Schematic representation of the constsinvolved in selection for vegetation heightred t
nest in a ground nesting bird over a breeding saasbere vegetation is growing. The dotted and
solid lines respectively represent the requiredyheto avoid nest predation and to avoid directsol
exposition thus egg or chick overheating. The dadine represents the height threshold above which
accessibility and probability of escaping predatéos adults are reduced. The grey area represents
the suitable (dark grey) and unsuitable (light greyegetation heights among those available.
According to constraints and date in the seasoa,d#irk grey area represents the vegetation heights
ground nesting bird should select for. All the syst(constraints and available heights) or only some
component(s) of the system could change accordirgtual vegetation phenology, food abundance
and presence of conspecifics. For instance, eagetation phenology could offer taller vegetation i
early season. High prey abundance should lead iddals to be more selective. Finally, conspecific
presence could alter any selection pattern if ceiffr attraction occurs.

Additionally, among-year variation in vegetation eplology or food resource
abundance may alter the pattern of selection. Rstance, fluctuations in food abundance
affect predator breeding investment (Whittinghanad &obertson 1994, Korpiméaki 1992):
when food abundance is high, individuals genenralfylarger clutches (Millon et al. 2008).

Since larger clutches are more detectable by presigMartin 1995, Eggers et al. 2006,
Travers et al. 2010), individuals should breedaiilet vegetation to minimize nest predation
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probability. Finally, the third component of habiselection, i.e. the presence of conspecifics,
may also affect nest site selection, leading tavekenest distribution (Danchin and Wagner
1997) in comparison to expected distribution bagsedeal vegetation structure quality. If
intra-specific attraction occurs because of groefeice reducing predation risk (Doligez
et al. 2003), then birds will aggregate and be $e$sctive on vegetation structure.

To date, very few studies have simultaneously itigated the relative influences of
physical, biological and social features of habaatsmall-scale nest-site selection. Here we
used a ground-nesting raptor, the Montagu’s ha@isrus pygargusas a case study, to infer
on the processes leading to nest-site selectioWéstern Europe, this species breeds in
intensively managed agricultural crops (mainly winicereals). Several studies already
revealed the importance of vegetation height iremheining nest location in this species
(Claro 2000, Arroyo et al. 2004, Limifiana et al0gP Our study population breeds mostly in
a single crop type (80 % of nests in wheat) inranfand landscape. Wheat height is highly
variable among fields, years and season. Montabaisier is further specialised on the
Common voleMicrotus arvalis which is a cyclic prey in our study area, withbay among-
year variations in abundance (Lambin et al. 2086)ally Montagu’s harrier is a facultative
colonial breeder, with solitary pairs as well akoo@l pairs simultaneously. Since vegetation
height, food abundance and local density are highljable within and between years, and
are uncorrelated to each other, we were able tesiipate their effects (including their
interactive effects) on a proxy of micro-habitato®, i.e. vegetation height. We then
guantified the consequences of selected vegethgaiht at nest as well as vole abundance,
pair quality and number of neighbours on two fisbeemponents: hatching success and egg
predation rate). Finally, since our study coverédygars we explored potential long-term
trends in vegetation height selection and fithesemonents.

More specifically, we predicted that harriers selgelds with tall vegetation for
nesting to reduce predation and overheating risksther, we predicted that the strength of
selection for tall nest vegetation should decreask i) season (because of wheat growth
and/or accessibility constraint), ii) wheat grovgtlecocity, and iii) number of neighbours in

the colony, while it should iv) increase with valeundance.
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Materials and methods

Study area
This study was carried out in an intensively madafgming landscape located in

central-western France (Deux-Sevres: 46°11'N, 0A98'The study area covers nearly 500
kmz, and crops are dominated by cereals (>40%taf sorface), colza and spring-sown crops
(mainly maize and sunflower). Though cereal crapscharacterised by highly homogeneous
within field vegetation structure (height, densagpd species composition), at a landscape
scale however, there is a wide between-field vdiigbin vegetation height, due to
differences in agricultural practices in additionsbil characteristics.

Since 1994 and every year, land use has been meshifor each of the ca. 19,000
fields of the study site. From 1996 to 2011, we soeed wheat heights over the entire study
area and at different times during crop growthrfrépril 1% to June 38). A total of 4550
measurements to the nearest 5-centimetres wererped on 1438 different fields using a
rigid ruler. Each wheat field was measured frono 11 times (mean = 3.2 measurements) in
a single location at 15 m meters from the edge.yQmle measurement per field was
performed, since agricultural practices resultxireame homogeneity in vegetation structure

within a field.

Study species
The Montagu’s harrie€Circus pygarguds a trans-saharan migratory raptor, breeding

in Europe and Central Asia. In Western Europe,snast found in farmland (mainly in winter
cereals; Cramp and Simmons 1980, Arroyo et al. 280@yo et al. 2004). Nowadays, cereal
crops seem to be the most frequent breeding halfithts species in France (>70 % of nests;
Arroyo et al. 2002). While some breed solitarilypshpairs breed in loose colonies gathering
2 to 30 pairs ( Arroyo et al. 2002, Arroyo et a002). In French farmland particularly,
breeding density and breeding success of this fyedee strongly affected by the abundance
of its main prey, the common voldicrotus arvalis a microtine rodent which constitutes 60—
90% of its diet in biomass (Butet and Leroux 1988&,0yo 1998; Salamolard et al. 2000;
Millon et al. 2002). To account for the effect ¢¢ imain prey on breeding parameters, an
index of vole abundance in spring (April of eaclajewas estimated annually using line-
trapping (see Salamolard et al. 2000 for more #@tai
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From 1996 to 2011, all nests were located (N = 88/~104 nests/year) through an
intensive searching effort (see Millon and Bretdign@008 for details). Among these, 701
nests (79 %) were located in wheat fields. Theefand to avoid confounding effects of
vegetation density and type, we focused our armlysi nests located in wheat only. Nests
were visited as early as possible and vegetatiaghhat the nest was measured at the first
visit using a rigid ruler to the nearest centimelests were then regularly checked to collect
data on laying date, clutch size, hatching andgilegl success and predation events. Laying
date was directly estimated for some nests visltethg laying or back-calculated from chick
and/or egg measurements (see Millon et al. 2002)mAch as possible, causes of nest failure
before hatching were identified by signs left aé thest. Predation events were clearly
identified as shell fragments were found on thet.n¥s partial clutch predation was ever
recorded during our study. Nests destroyed by Istingeactivities at egg stage were excluded
from the analysis of the effect of nest vegetatiogight on egg predation. Breeding
parameters and nest vegetation heights in whe#dsfizvere available for 552 nests.
Additionally, we recorded the number of neighbaunstalled in the surroundings of each nest
(i.e. within a 750m radius see Cornulier and Bretdig 2006 for radius choice explanation)

to assess the effect of conspecific presencesp@al habitat feature).

Estimating wheat height at the date of laying

Nest could be discovered (and therefore visitedgrst time of the season although
most nests were found early in the breeding phgyo(e 75% before hatching). Vegetation
height at the date of laying was thus estimatedguaimechanistic model (Debouche 1979):

H = H max
@L+expEVpix (ST-Spi)"

Egn. 1

with H, the height at a given timémax the maximum height reachédpi, growth rate at
inflexion point; ST, the sum of temperature (sinc& October the previous year$pi the
inflexion point andn, a shape parameter. We used the sum of tempetnagisad of day
because wheat development is closely linked to éeatpre (which differs between same
days of different years) and to photoperiod (whici,a given latitude, is equal for the same
day of different years; Geslin 1944). Wheat growibdel parameters were established using
all wheat fields except the ones occupied by harte ensure data independence when
calculating vegetation height availability. As wepected inter-annual variation in wheat

growth and maximum height reached, we ran modelsdoh year separately. Annual model
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parameters were estimated by the least-squaresothefor five years (2000, 2003, 2005,
2006 and 2007), model did not converge, presumadtause of insufficient data. Fixinpi,
the least variable parameter across the ten ogmmsyextremes: 0.005-0.025, coefficient of
variation = 0.47) to its mean value (0.011), allowtbe model to converge. Year-specific
growth models were then used to recalcutdtteax given first visit date (expressed as sum of
temperature for replacement®T in Eqn. 1) and wheat height at first visit. We seduently
estimated wheat height at the date of laying. Bimale obtained relative wheat height at the
nest at laying date by subtracting estimated whemgghts from modelled ones. This final step
allows us to compare the patterns of wheat heigldécion by harriers, both within and
among years.

Additionally, an index of wheat phenology was c#&ted for each year from the
growth model, as the date at which wheat reachexhv(orresponding to the first quartile of

wheat height at the nest).

Statistical analysis

We first performed an analysis of variance to chieckthe existence of within- and
among-year variations in absolute and relative mdstat height, hatching success and egg
predation rate. Laying date and its quadratic técontinuous) were used as explanatory
variables addressing within-year variation, whileay (a 16 level-factor) was used for
addressing among-year variations. We then usedr@leresl Linear Mixed Models (GLMM)
to investigate the sources of variation in relathast wheat height selection, in hatching
success and in egg predation rate. Adequate eigtiibdtions were identified: Gaussian for
wheat height, binomial for hatching success and pgmglation. Years were treated as a
random factor to account for all sources of hetenegty associated with years besides
variation in vegetation phenology and vole abundaisee appendix A1 and A2 respectively
for year-to-year variation). Laying date, yearly eah phenology index, vole abundance
(logl0-transformed) and neighbours already indakl¢ laying date of target nest (since
forthcoming pairs will not influence target nestcation) were included in the model
investigating variation in selection of relative eat height at the nest. Vole abundance,
absolute wheat height at the nest, relative layiatg (as a proxy of the quality of the pair:
(Salamolard et al. 2000, Arroyo et al. 2007) artdltoumber of neighbours were included in
model performed on hatching success and predaditen Dates were expressed in Julian days

with April 1st = 1. For each model, we tested &it@nd order interactions involving spring
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vole abundance because vole abundance is knowredplyd influence many Montagu’s
harrier breeding parameters (Salamolard et al. 280@yo et al. 2004, Millon et al. 2002,
Millon and Bretagnolle 2005, Millon et al. 2008).e/¢hecked for correlations (i.e. Spearman
correlations between annual variables, Pearsorelations otherwise) between variables. If
the correlation between two variables was strorgg (i> |0.5]), one of the two variables was
suppressed, keeping the variable explaining the ofdle variance. We then standardized all
continuous explanatory variables to facilitate cangon of effects through coefficients.
Sincea priori hypotheses were tested, we did not perform maslecgon. Only significant
relationships are graphically represented by partégression plots. We further explored
potential long-term trends in available and choskeat heights, in hatching success and egg
predation rate by using Spearman correlations onamean values.

Descriptive statistics are expressed as mean zdatdndeviation. Statistical
procedures were performed using R (version 2.1R.Development Core Team, 2010). The

“glmer” function (“Ime4” package) was used to penfoGLMMSs.

Results

At the date of laying, mean wheat height chosehdayiers for nesting was 78 cm (+
12, N = 552 nests). This mean value however vasteshgly among years from 70 £ 8 in
2008 to 89 * 11 in 2000 (Fs36= 16.8, P < 0.001, Fig 2a). Additionally, wheatgme at the
nest increased initially then stabilised by theyvend of the season (quadratic term:skp =
59.42, P < 0.001, linear termy k49 = 75.06, P < 0.001; Fig. 2b). On average, Montagu’
Harriers selected wheat fields that were about Stalter than available ones (as shown by
intercept value in Tab. 1). Once more however ngframong-year variations occurred in the
pattern of selection ¢k s3s= 17.9, P < 0.001, Fig. 2c). Indeed, if harriersvgbd positive
selection (i.e., for taller than average wheadBglin most years (9 out of 16), no significant
selection was detected for 6 years, and negatikexts®En occurred in one year (Fig. 2c).
Additionally, selection for taller than average whdéelds decreased with season (quadratic
term: R, s550= 27.1, P < 0.001, linear termj Bso= 30.9, P < 0.001; Fig. 2d). In other words,
harrier selected for taller than average wheathtegrly in the breeding season and showed
no selection in the middle and late breeding seésoen some cases of negative selection in
late season). There was less than 20 cm in magn{&& 75% quantiles = 70-87 cm, N = 552
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nests) in wheat height at the nest between eadylae breeders, while in the same time,

wheat height increased by about 60 cm over the tmfaying period.
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Figure 2: Among- and within-year variations of ahge (a & b) and relative wheat heights (c & d.
Grey solid lines represent mean values of availatiieat heights (+ SD: dashed grey lines) while
black dots represent mean values of chosen whégliteg+ SD: black error bars). Week-axis is
expressed in “julian weeks” (1 =*1week of April).

Wheat phenology index was positively related towble abundance index (Spearman
correlation: r = -0.44), suggesting that late year®rms of vegetation growth were also poor
years in terms of vole abundance. Other correlatioefficients did not exceed 0.35. We
found that harriers significantly selected talleneat fields in years when wheat growth was
delayed (i.e., negative values of wheat phenolaggx; see Tab. 1 and Fig. 4a). Additionally,
when vole abundance was low, no selection or eeércison for lower fields was observed,
whereas when vole peaked in abundance, harriensgbyrselected taller wheat fields (Tab. 1,
Fig. 4b). Early breeders significantly selected titer than average available wheat height,
conversely to late breeders (Tab. 1, Fig. 4c), hey ttypically face shorter vegetation.
Additionally, when vole peaked in abundance, theen® pair had neighbours the less it
tended to select tall wheat among those availd@be.(1, Fig. 4d).
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Table 1: Generalized linear mixed model investiggtirelative wheat height at the nest in
Montagu’s harrier. Estimated coefficients (Estimatstandard errors (SE), t statistic and P-
values are presented. Before running the modelyaitlables were standardized. Spring vole
abundance was log-transformed and Wheat phenologgxi was multiplied by -1 afterward (to
facilitate interpretation, i.e. low values = delayephenology & high value = advanced
phenology). Years were treated as a random faddamber of neighbours was counted within a
75C-m radius at the date of laying for each ni

variable Estimate SE t P
Intercept 5.48 1.53 3.56 <0.001
Spring vole abundance (log) 4.44 1.77 2.27 0.03
Wheat phenology -6.34 2.27 -2.79 0.01
Laying date -1.74 0.43 -4.06 <0.001
Number of neighbours -0.12 0.44 -0.27 0.78
Spring vole abundanceWheat phenology -0.75 1.33 -0.56 0.58
Spring vole abundancelLaying date 0.21 0.39 0.53 0.60
Spring vole abundance x Number of neighbours -0.81 0.42 -1.95 0.05
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Figure 4: Partial regression plots of selectionrefative wheat heights at the nest to significagpehdent
variables: (a) wheat phenology index, (b) log-trlnmsed spring vole abundance, (c) laying date, éhd
the interaction between spring vole abundance amel mumber of neighbours already installed. All
variables were standardized. Spring vole abundamas previously log-transformed and wheat phenology
index was multiplied by -1 after standardization {acilitate interpretation, i.e. low values = dgkd
phenology & high value = advanced phenology). Fackeplot: Y-axis represents the residuals of a GLMM
performed with the independent variable and alletaent variables except the one on the X-axis;iX-ax
represents the residuals of a GLMM performed whk target variable against all other dependent
variables. Dashed lines represent 95% confidentarvals.
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Overall, 38.2% (N = 211) of the 552 monitored ndsited. From these 211 nests,
37.9% (N = 80) failed at egg stage, 55.9% (N = Hi&)hick stage, 2.8% (N = 6) at hatching
stage and 3.3% (N = 7) at an unknown stage. Haichirccess did not significantly differ
among yearsyfis= 13.2, P = 0.59, Fig. 3a) and within year (Quadrtrm:y* = 0.88, P =
0.38, linear termy®, = 0.38, P = 0.54).
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Figure 3: Annual variations in (a) mean hatchingceess (number of hatchling/clutch size) +
standard deviations and in (b) egg predation rggeportion of nests depredated at the egg stage).

Hatching success was found to decrease with reldéilying date that is to say, to
increase with pair quality. It also tended to irmse with absolute height at the nest (Tab. 2a).
From the 80 nests that failed at egg stage, 53 werdated (66%), the remaining failures
being mostly induced by harvesting activities. lgsomly the 53 predated nests that failed at
egg stage, as well as all nests that were suct¢eddkast until hatching, the total number of
remaining nests for our predation rate modelling Wa8 nests. We detected strong among-
year variation in the proportion of nests predatethe egg stage¥s= 35.9, P = 0.002, Fig.
3b), but no within-year variation (quadratic terffi= 0.34, P = 0.56, linear terng’,= 0.49, P
= 0.48). Predation rate significantly decreasedhwibheat height at the nest (Tab. 2b, Fig. 5a),
suggesting that tall vegetation effectively protexggs against predators. Additionally,
predation rate also increased with relative layilage and thus decreased with pair quality
(Tab. 2b, Fig. 5b), and tended to increase withnilmaber of neighbours settled in the colony
(Tab. 2b, Fig. 5c¢), revealing the more a nest heighbours (regardless of their reproductive
stage) the more it was prone to predation.
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Table 2: Generalized linear mixed model investiggtiatching success (a) and egg predation rate (b)
in Montagu’s harrier population. Estimated coeffiots (Estimate), standard errors (SE), z statistic
and P-values are presented. Years were treatedras@om factor. Each variable was standardized

and all neighbours were counted within a 750-m uadiround each nest.

a) Hatching success

variable Estimate SE z P
Intercept -0.29 0.04 -7.98 <0.001
Spring vole abundance (Ipp 0.04 0.04 1.06 0.29
Absolute nest height at the date of laying 0.07 0.04 1.79 0.07
Relative laying date -0.10 0.04 -2.53 0.01
Number of Neighbours in 750-m radius -0.04 0.04 -0.94 0.35
Spring vole abundanceabsolute nest height 0.003 0.03 0.09 0.93
Spring vole abundance x Relative laying date -0.002 0.04 -0.07 0.94
Spring vole abundance x Number of Neighbours inmb@dius 0.02 0.03 0.76 0.44
b) egg predation rate
variable Estimate SE z P
Intercept -2.27 0.20 -11.03 <0.001
Spring vole abundance (Ipp -0.16 0.23 -0.68 0.49
Absolute nest height at the date of laying -0.63 0.19 -3.33 <0.001
Relative laying date 0.40 0.16 2.59 0.009
Number of Neighbours in 750-m radius 0.30 0.16 1.81 0.07
Spring vole abundanceabsolute nest height -0.32 0.22 -1.464 0.14
Spring vole abundance x Relative laying date -0.04 0.16 0.28 0.78
Spring vole abundance x Number of Neighbours inmb@dius -0.23 0.17 -1.33 0.18
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Interestingly over the course of our 16-year-stuohean available wheat heights
tended to decreasp € -0.42, P = 0.1), mean chosen absolute heigtiagty decreaseg (=
-0.74, P = 0.001) while mean relative heights dt exhibit long-term changes € -0.25, P
= 0.34). It suggests that even if wheat becamerolgriers did not adapt their selection by
nesting in relatively taller wheat fields among sboavailable as might be expected. They
actually tended to select the reverse. Additionaiyan hatching success decreaged ¢
0.49, P = 0.05) and egg predation rate incregsed)5, P = 0.05).
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Discussion

Selection pattern for vegetation height at the medicated that Montagu’s harriers
selected relatively taller heights compared to labdity. Selected heights remained within a
relatively narrow window along the season (70-90,afespite strong changes in availability
with season. Selection was therefore not staticeswe detected marked within- and among-
year variations in wheat height selection, parttled variation being directly linked to
vegetation phenology, food availability and soc@dntext. Our study highlights the
importance of accounting for the three habitat congmts (i.e. physical, biological and social
features) to understand nest-site selection andmfsact on the breeding performance
(Bollinger 1995). Finally, while the choice of arpeular vegetation height only slightly
influenced hatching success, it strongly affectggd jeredation rate. Where and when to breed

therefore affect the outcome of reproduction iis gpecies.

Temporal variations in nest-site selection

The selection of a particular wheat height at tbst iy harriers appears to be mainly
driven by physical (i.e. vegetation phenology) ahwblogical (i.e. prey abundance)
components. Wheat phenology strongly varies acyesss, certainly as a consequence of
variations in agricultural practices, precipitasoand temperature (Chamberlain et al. 2000).
When wheat phenology is early, availability of tatheat fields is increased, and more wheat
fields reach the threshold value (i.e. about 80 @wn)nesting harriers. As a consequence,
harriers appear less selective in those years.tidddily, harriers can be exposed to strong
annual variation in food availability, and partiady in Western France where common vole
populations show cyclic dynamics (Lambin et al. @0@ur results demonstrate that when
vole abundance is low, harriers are less seleutitreregard to wheat height. On the contrary
when vole abundance is high, harriers nest invita#at and are highly selective in favour of
taller wheat than available in average. This pati®as expected under the hypothesis of
differential breeding investment according to valindance. Indeed, when vole abundance
is high, offspring prospects are good leading kesrito lay larger clutches (Millon et al.
2008), which are potentially more detectable bydpters (Martin 1995, Eggers et al. 2006,
Travers et al. 2010). An other but not mutually legsive hypothesis could result from
differential spatial distribution of voles accordino cycle phase: when vole abundance is

low, vole distribution may be heterogeneous overdtudy area, constraining harriers to nest
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in available wheat fields (not necessary tall) elds the prey resources. On the contrary,
when vole abundance is high, voles may be unifochdtributed over the study area allowing
harriers to be selective to the benefit of tall ateelds. Under this scenario, habitat selection
in harriers would be hierarchical and acting at tipld scales (Johnson 1980): the first
harriers select an area according to vole abundamzkin a second time they select a field
according to vegetation structure.

In addition to inter-annual variations, selectioarigd within a breeding season.
Actually, the pattern of selection found in thisidf is consistent with differential roles of
predation risk, overheating and nest accessikal#ydepicted in Figure 1. When harriers are
late breeders, they find taller vegetation heightl aherefore can be less selective.
Interestingly, in this species as in many otheraget al. 1988, Meijer et al. 1990), laying
date correlates negatively with pair quality (Sadéard et al. 2000, Arroyo et al. 2007). Early
breeders (i.e. high quality pairs) lay larger dhgs (Arroyo et al. 2007), that may require
higher levels of concealment (i.e. tall vegetat@nnest) to counteract superior risk of
detection by predators (Perrins and Moss 1975olntrast, late breeders (i.e. poor quality
pairs) lay less detectable small clutches, whiduire less concealment (Perrins and Moss
1975). Additionally, high-quality pairs should bel@to better assess patch quality (i.e. field
wheat height) than late poor-quality ones (Valor@7). Finally, when vole peak in
abundance, harriers having many neighbours weseskdsctive on wheat height. This pattern
suggests that attraction occurs and that birdsdbrgen colonies may rely on group defence
rather than wheat height at the nest to reduceagicadrisk.

Fitness conseguences of nest vegetation heightehoi

The choice of nest site often affects reproducpeeformance, although it does not
always indicate optimal choice in terms of nestcess (Clark and Shutler 1999). Indeed, we
only detected a small effect (in terms of statétimagnitude) of nest site selection on
hatching success. A much stronger effect was dstegith regard to egg predation rate,
perhaps because hatching success also dependarge a&xtent on anthropogenic factors in
this species (e.g., crop harvesting). Our studyficoad that nest vegetation height could be
efficient to protect harrier eggs against predat@entrary to Arroyo et al. 2001 who found
that nest predation was lower in colonies than olitasy pairs because of conspecific
cooperation for mobbing predators, we found thategasing number of neighbours increased

predation rate. This discrepancy certainly resiutisn differences in the way nest predation
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was measured, since Arroyo et al. 2001 measuratpgmdation rate (i.e. both egg and chick
stages). Additionally, cooperative defence is neffieient for predators like raptors or foxes
than for crows, the main predator of eggs (Arroyale2001, Arroyo et al. 2004). Besides,

high parental activity in colonies may unveil npesitions to crows (Martin et al. 2000).

Management implications of observed long-term tsend

In certain areas of France and Spain, ca. 60% mwichanests would be destroyed by
harvesting activities in absence of direct protatimeasures. Such a level of destruction is
not sustainable by the population without immigrat(Arroyo et al. 2002). The Montagu’s
harrier is thus particularly dependent on changesiwing in its habitat, due to agricultural
practices and climate change. Improving our knogdedbout nest site selection is therefore
of paramount importance for the conservation of dgn’s harrier in intensive farming areas.
Both agricultural practices (e.g. use of straw shmrs, changes in sowing dates, varieties
and fertilization, etc.) and climate change (loweecipitations and higher temperatures in
temperate environment) may affect wheat heightrowth as well as prey abundance, and
therefore affecting Montagu’s harrier fitness. Owbe course of our study (16 years),
available wheat heights have decreased overall farduations of vole density have
dampened (see Bretagnolle and Gillis 2010). Thésenges have apparently resulted in a
relatively strong decrease of chosen wheat heightshe nest, suggesting that harriers
currently do not nest in wheat fields of optimaights. As a potential consequence, egg
predation rate has been multiplied by 2.8 durirgygtudy period, and long-term persistence

of the breeding harrier population is thus questibim such farming habitat.
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(from April ) necessary to wheat to reach the first quartileab$olute nest wheat heights (i.e. 70

cm). Spring vole abundance was estimated annuallyguine-trapping (see Salamolard et al. 2000

for more details).
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B.lll. PATRONS TEMPORELS D’ INSTALLATION DANS
UNE COLONIE : L'IMPORTANCE DES VOISINS

B.IlIl.1. Résumédu chapitre

Nous avons ici voulu approfondir I'étude de I'effaicial détecté et exposé dans le
chapitre précédent. Chez une espéce coloniale cdeBigsard cendré, la compréhension des
patrons temporels d'installation des individus est effet cruciale afin d’appréhender la
sélection d’habitat et pour promouvoir la mise &ce de mesures de conservation adéquates.
Certains auteurs (par exemple de Cornulier 2008n@ier and Bretagnolle 2006, Limifiana
etal. 2011) vont méme jusqu’'a avancer que la séted’habitat basée sur la qualité
intrinseque de I'habitat physique jouerait un rédneur dans la distribution des espéces
coloniales ou semi-coloniales, au profit du rolejeua de [lattraction conspécifique.
L’objectif principal de cette étude était donc demprendre quels types d’information
utilisent les couples de Busard cendré lors deitetallation selon leur rang d’arrivée dans la
colonie. Notamment, utilisent-ils davantage uneorimfation personnelle basée sur leur
capacité a distinguer la qualité des patchs d’mabiu plutdét une information sociale,
publique basée sur la présence de congéneregifatiraonspécifique) ?

Devant la complexité de cette problématique, ilapaimportant de préciser nos
hypothéses de travail. Ces derniéres étaient learges :

- Le premier couple s’installant dans une futurowie utilise exclusivement
sa propre perception de la qualité de I'habitabtimation personnelle) pour choisir le
meilleur site

- L'utilisation de l'information sociale augmenteegt le rang d’arrivée des
couples suivants dans la colonie, au détrimentmferdmation personnelle

- Cette utilisation croissante de l'information sbe se traduiin fine par la
sélection du méme patch par tous les couples od'yidisation par les nouveaux
arrivants de patchs adjacents (de qualité) a céjx atcupés. Ces deux options sont
modulées par la taille des patchs. En effet, gidieh est assez grand pour accueillir
plusieurs couples tout en maintenant une distaaisernable entre les couples (afin
d’éviter la compétition inter-couple), le méme paourra étre utilisé. Dans le cas

contraire, les derniers couples devront s’instadi@ens les patchs adjacents a celui ou
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ceux occupés par les premiers couples afin de io@réfdes avantages de la
colonialité.

Tout d’abord, précisons qu’un patch constituaifngdaotre étude, une parcelle. Une

fois la « future » colonie choisie (zone constitdéeplusieurs parcelles), un couple arrivant a,
en effet, le choix entre différentes parcelles dalitg variable (superficie, type de culture et
surtout hauteur de végétation). Afin de testerhgsothéses énoncées, il nous fallait donc
considérer seulement les individus coloniaux ewagtilonner la qualité de chaque parcelle
potentiellement favorable présente dans la colddaur ce faire, nous devions définir une
colonie. De facon basique, nous avons considérépdesitions des colonies les années
précédant notre étude pour délimiter nos zoness Raflies-ci, la hauteur de végétation de
chaque parcelle, favorable a la nidification du &dscendré (céréales, luzerne ou ray-grass),
a été mesurée chaque semaine entre fin avril et gién (figure B.5), période d’installation
des couples. L'ensemble de ces mesures a néaessiteestissement logistique considérable
pour obtenir une taille d’échantillon acceptableaignrelativement faible). Le détail du
protocole concernant le nombre de colonies étudi@iesi que le nombre de parcelles par

anneée et par colonie, et enfin le nombre et laligmi#on des nids est précisé dans la section
en anglais de ce chapitre.

0 15 3 6 Kilomstres
[ S|

Figure B.5: localisations des parcelles
mesurées ) et des nids de Busard
cendré #) en 2009, 2010 et 2011 sur
la zone d’étude. Les disques gris
indiquent les colonies supprimées des
analyses car non occupées par les
busards.
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Les résultats obtenus (détaillés dans la sectioanglais) sont globalement en accord
avec les hypothéses émises. Les premiers coupleg @olonie choisissent globalement les
parcelles de qualité supérieure (en termes de inadéecouvert). Les suivants, selon leur rang
d’arrivée, semblent privilégier la proximité de gémeres a la qualité relative des patchs.
Cependant, une grande variabilité intra-rang dangidation de I'information a été mise en
évidence. En effet, les individus d’'un méme rangldent tantét se baser sur leur information
personnelle tantoét sur la présence des conspéesfiguour la sélection de leur patch de
nidification. Ce patron répond au concept d'utiisa de I'information publique basée sur la
présence de conspécifiques (« habitat copying #néa2007). Les couples d’'un méme rang
s’installant dans des colonies différentes peuesneffet avoir des capacités différentes de
discernement de la qualité de I'habitat. Dans a&tide, cette capacité a discriminer la qualité
d’'un patch n’est que partiellement expliquée patdte de ponte relative des individus (proxy
de la qualité). Cependant, elle doit également nid@ede I'expérience et I'age des individus
(non connus dans cette étude).

Cette étude nous apporte des éléments essentialst qu rbéle de ['attraction
conspeécifique dans la sélection d’habitat chez espgce semi-coloniale telle que le Busard
cendré. La connaissance et la prise en comptesiéléments est indispensable dans la mise
en place de mesures de conservation de I'espéea® dtautant plus dans un contexte de
changement global ou la qualité des patchs (hautewouvert) est en diminution (mis en
évidence dans le chapitre précédent). Aprés ataili€les patrons d’installation des couples
au sein d’'une méme colonie, nous pouvons, a préseas poser la question du choix méme
des colonies. En effet 'emplacement des colongsrelativement stable d’une année sur
'autre et semble étre influencé par le choix degptes précoces. Mais le choix fait par les
couples de retourner dans la méme zone d’une anhaatre est-il influencé par le succes de
cette colonie au cours des années précédentaséhae du a une qualité globale supérieure
de cette zone par rapport aux autres secteursniidps? C’est la question a lagquelle nous
tentons de répondre dans le chapitre suivant.
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B.lIll.2. article 3

Is there a balance between physical and social cues nesting habitat

choice in a facultative colonial breeder?
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Summary

Most species face a heterogeneous environment ave kherefore to collect
information about the relative quality of habitatghes before selecting one for breeding.
When selecting a breeding site, individuals cantwgemain sources of information to assess
breeding patch quality: personal information or lmubmformation. Personal information is
often favoured when individuals are able to disanate patch quality. Public information is
used to reduce costs associated with patch quedggssment or when individuals are not able
to assess this quality. It is based on presensaaess of conspecifics. Here, we investigated
field (i.e. patch) selection in nesting colonies Mbntagu’s harrier in a farmland area
according to field quality, to conspecifics preseaad to pair arrival rank in the colonies. We
found that first pairs in each colony overall sedecfor the best quality patches (i.e. based on
personal information) but this selection overaltrd@sed with pair rank in the colony at the
same time that the importance of conspecific presé¢ne. public information) increased. For
pairs of a same rank, we found some variationselative selection and in the kind of
information used. This underlined that personadrimfation could enter in conflict with public
information and that individuals have to deal wathrade-off between costs and benefits of
coloniality leading to different decisions accoglito pair harrier quality and ability (i.e. pair
experience, age, etc.) to discriminate patch qual@onflicts of public and personal
information and potential trade-off between cogtsl denefits of coloniality were further

discussed to explain the observed semi-coloniadithis species.
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Introduction

Animals have to make many choices to maximize th@ess among which selecting
foraging or breeding habitats (Danchin et al. 200d)e selection of a particular habitat,
shaped by natural selection (Southwood 1977, Glack Shutler 1999), leads to non-random
distributions of animals among habitats (Southwd8d7, Burger 1987, Clark and Shutler
1999, Kolbe and Janzen 2002). Most species fagmtially and temporally heterogeneous
environment (Danchin et al. 1998) and thus haveditect information about the relative
quality of habitat patches before selecting onebfeeding or foraging (Wiens 1976, Danchin
and Wagner 1997, Danchin et al. 1998, Danchin.e2@04). In an Ideal Free Distribution
situation, individuals should distribute themsehagsong patches according to their quality
and to conspecific density (Fretwell and Lucas }98®&wever, some kind of social cues ould
lead to skewed distributions (Wagner and Danchid32@vith more or less individuals in a
patch than expected according to its quality (Daneind Wagner 1997), leading for instance
to ldeal Despotic Distribution (review in Sutherdiai996). These social cues are likely
leading to animal aggregations and are therefayarded as potential hypotheses that could
explain colony formation (Danchin and Wagner 1997).

When selecting a breeding site, individuals cantwsemain sources of information to
assess breeding patch quality (Valone 2007). On hared, an individual could directly
sample information by estimating a variety of paetens that relate to physical (altitude,
temperature, humidity and vegetation structurebiotogical (prey, predator and parasite
abundances) habitat features (Valone 2007). Howews personal mean of acquiring
information requires time and energy, hence inengasdividual costs (Valone 2007). To
limit these costs, an individual could alternatwébr additionally) use social information
(Danchin et al. 2004, Valone 2007). In habitat ci&b@, this social information involves two
main kinds of cues: the presence and behaviouas$idas of conspecifics, and the breeding
success of conspecifics (“Public Information”, PRnchin and Wagner 1997, Danchin et al.
2004). These cues are often provided inadvertgfithadvertent social information”, 1SI,
Danchin et al. 2004). Many studies, performed amoug animal taxa, have demonstrated the
influence of ISI on breeding habitat selection (BX@in and Wagner 1997, Parejo et al. 2007,
Valone 2007).

Agricultural landscapes are interesting since laags changes from year to year

(because of crop rotation), therefore reducing tmapautocorrelation in habitat quality.
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Therefore, public information based on breedingfggerance previous year may not be
reliable one year to another at least at a smallesdnformation based on presence and
behavioural decisions of conspecifics, commonlylechl'habitat copying” (Danchin et al.
1998), should therefore be involved in small sdabitat selection. This copying behaviour
implies conspecific attraction leading an indiviltasettle near others (Danchin et al. 1998,
Wagner and Danchin 2003, Valone 2007). This behamwould be explained by i) reduced
search costs of the imitator (i.e. “local enhancatnkiester 1979, Stamps 1988, Greene and
Stamps 2001, Valone 2007), ii) providing benefitge.(reduced predation risk, increased
ability to deter intruders and increase accessdtes) to the imitator (Stamps 1988, Valone
2007) and/or iii) providing information on habiality (Wagner and Danchin 2003, Valone
2007). The distinction between these three explamstis not obvious since they are non
exclusive (Valone 2007). It is further unclear thabitat copying is a source of Pl to assess
habitat patch quality (Valone 2007). Actually, @mbnds on relative habitat quality of patches
and on the ability of an individual to discrimingiatches according to their quality (Nordell
and Valone 1998, Valone 2007). Individuals abldifterentiate the quality of patches should
exhibit habitat copying only if the best patch iseady occupied, otherwise they should
occupied the best patch and thus not copy (Noedall Valone 1998, Valone 2007). On the
other hand, an individual unable to assess theeotisp quality of patches (i.e. often young
and poor quality individuals, Valone 2007) shouttest randomly or perform habitat copying
to enhance its chance to breed in a high qualitghp@\ordell and Valone 1998, Valone
2007). The presence of conspecifics may howeveralways be a good proxy of patch
quality: if previously settled individuals are nable to discriminate patch quality, habitat
copying could lead to a misleading selection.

Here we studied the temporal pattern of instalfatioa colony (i.e. small scale habitat
selection) of a semi-colonial ground-nesting bitlte Montagu’s harrieCircus pygargus,
breeding in a high changing environment both temlporand spatially, i.e. an intensive
agricultural landscape. Ground-nesters breedirsgiah a landscape will thus have the choice
among fields to breed. The study species breeltsose colonies and nests mainly in winter
cereal crops in Western Europe (but also in alfaifd ray-grass; Cramp and Simmons 1980).
Several studies already mentioned the importanceegétation height for determining nest
location (Limifiana et al. 2006, Limifiana et al. 2D1Fields with tall vegetation could
therefore be considered of higher quality. Thistipalar study species and its breeding
habitat appear ideal to test empirically the hypsit of Nordell and Valone (1998) that
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Montagu’s harrier use habitat copying in a Pl seosselect a field to breed. To do so, we
investigated the intra-colony choice of a field snccessive breeders according to crop type,
crop height, field size, laying date and the pa&nnodulation of choice by conspecifics
presence. We predict that first pairs of each oplaill chose the best quality field (i.e.
highest vegetation) based on their personal infaomawhile the followings will be based
more and more on PI (i.e. habitat copying) to sdleeir nesting field according to their rank

of arrival on the colony.

Materials and methods

Study area and species

Montagu’s harriersCircus pygargushave been monitored since 1995 in thene
Atelier Plaine et Val de Sévrdhis intensively managed farmland landscape é¢atkd in
central-western France (Deux-Sévres: 46°11’'N, 0AB8’It covers 450 kmz2, and crops are
dominated by cereals (40% of total surface), calad spring-sown crops (maize, sunflower
and pea). Since 1994, land-use has been monitogkatlassified in the field each year and
incorporated in a Geographical Information Systéthis particular landscape consists in
many fields that could be regarded as differenatiéd small habitat patches of different
qualities according to their crop type, vegetatiensity and height.

The Montagu’s harrier is a trans-saharan migrataptor, breeding in Europe and
Asia. In Western Europe, nests are found withirpsranainly in winter cereal fields (wheat
and barley) and rye-grass or alfalfa (Cramp andn®ns 1980). Nowadays, cereal crops
seem to be the most frequent breeding habitati®kgiecies in France (70 % of nests; Arroyo
et al. 2002). Nest vegetation height is criticaldetermining its nest location (Arroyo et al.
2004, Limifana et al. 2006, Limifiana et al. 2011llisGet al.[b] in review). Indeed, among
cereals fields of a large scale region (e.g. auslysairea), harriers overall choose higher cereal
fields to breed (Gillis et al.[b] in review) becaukigh vegetation has the potential to provide
nest protection against predation and overhea@illj et al. [a] in review). Fields with high
vegetation height seems thus to be of better gualitteast in cereals.

In addition, this species breeds semi-colonialii(itative coloniality): some nests are
isolated, but most (80-85% in France and Spain)f@ad in small colonies of 2-30 pairs
(Arroyo et al. 2002, Arroyo et al. 2004). In ouudy site, distance between nests within

colonies is on average 155 + 137 m (n = 461) amdtame number of neighbours was 5.8 +
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5.4 pairs with a maximum of 21 pairs (Arroyo et2004). In western France, aggregation
seems to be food depend in this species, with raggeegation (i.e. more nests in colonies
and thus less isolated nests) in years of high@dmnee of Common vol®licrotus arvalis its
main prey over our study area (Arroyo et al. 2004 )successive years, colony positions are
globally maintained though individuals may shiftaflony from year to year (Arroyo et al.
2004). In our area, colony distributions seem todependent on food abundance and
breeding success in previous years (i.e. colonids mgher success one year are more likely
to welcome breeders next years) suggesting thalicPmformation based on conspecifics
success may be used. Additionally, Arroyo et al02G&uggested that temporal settling
patterns appear to be influenced by presence apemifics, since late breeders tend to install

in occupied areas.

Data collection

Data were collected during the springs of 2009,028dd 2011. Over the study area,
we restricted our data collection to particularaareorresponding to high harrier nest densities
(i.e. colonies) in previous years. We thus defi@ddareas (8 per year). Their positions were
in most cases the same every year, but one colasyr@moved and replaced by another one
in 2011. In each area, from end April (i.e. befbegrier laying) to beginning June (i.e. at the
end of wheat growth), we weekly measured vegetatieights of each field witla priori
favourable crop type for harrier nesting (i.e. wihéarley, alfalfa and rye-grass). At total of
393 fields were measured to the nearest 5-cenetrer the 3 years (n = 106 in 2009, 139
in 2010 and 148 in 2011). Number of fields per araaed from 10 to 24 (mean * standard
deviation: 15.6 + 3.9). Additionally, over the sdimg period, some alfalfa or rye-grass fields
were progressively excluded of the measured sabmgatause of mowing events (i.e., fields
became unavailable for breeding harriers). Obvigubkecause of crop rotation, sampled
fields partly differ year to year even if area lthea was the same. Since agricultural
landscape facilitates vegetation structure mefiiitsa-field vegetation height homogeneity)
compared to a natural environment, only one measemeper field was performed each time.

Over the entire study area, nests were located geah according to standardized
effort. Nests were visited as early as possibleatetward regularly checked to collect data
on laying date, clutch size, hatching success,gitegl success, predation events and nest
vegetation height at visit date. Laying date wa®dlly estimated for some nests visited

during laying or by backdating from hatching date.( incubation duration, 29 days, was
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subtracted from hatching date). Hatching was diyetated from visits at hatching time or
assessed from chick and/or egg measurements (Mitlah 2002). Only nests present in our
areas (i.e. in the measured fields) or in the dipsriphery of them (i.e. in an unmeasured
field near a measured one) were conserved for toglys Some nests however came from
unmeasured fields: in those cases we were ablaltwlate vegetation height at any date
based on nest vegetation height measured at atatahd crop growth modelling (see Gillis
et al. [b] in review for method). For each nestgetation height of chosen field and of all

available fields were measured or assessed at @fdaking.

Statistical analysis

We investigated field selection of first, second &@mird pairs installed in each colony
by using generalized linear mixed-effects modelsarY(three levels) and colony identity (9
levels) were included as random effects since sdifferences in selection among years
could occur according to food abundance and cragm@logy variations (Gillis et al. [b] in
review) and since uncontrolled among-colony diffexes apart from differences in range of
vegetation heights were expected. The responsabkamf all models was the probability of a
field to be selected by a harrier (binomial err@stribution with a logit link). For all models
performed, we limited explanatory variables to thasvestigatinga priori hypotheses. We
then performed a backward procedure based on pvatukeep and present only significant
effects.

We first investigated field selection for each rank. &, 2 and &) according to
“field quality”. We assumed that field quality deyls on 3 variables: field surface (a
continuous variable expressed in ha), crop typsvfalevel factor: grassland, i.e. alfalfa and
rye-grass; and cereals, i.e. wheat or barley) ataktive vegetation height (a continuous
variable expressed in cm) and the interaction ebéhtwo last variables. We used relative
field height (field height — mean of heights of &#lds per crop of a colony) instead of
absolute field height to blur potential differencesange of available heights among colonies
and years. As a second step, for second and third, pve kept only significant effects of
previous model (i.e. “field quality” model) and att social variables: presence of
conspecifics (a two level factor: presence or abseand its interactions with field surface
and relative field vegetation height. We then coradaIC values of the “field quality” and
the “social” models to examine if adding socialoimhation improved the model. Once
patterns were highlighted, we tried to explain tHeyrexploring the effect of pair quality (i.e.
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relative laying date). Additionally, we investigdtevhenever pair rank influenced the
selection for a particular vegetation height anel tinimal distance between target pair and
the nearest neighbour. We therefore performeddimealels (identity link).

Statistical procedures were performed using R (@erg.12.1, R Development Core

Team, 2010). Descriptive statistics are expressadean * standard deviation.

Results
Over the three years, 3 of the 24riori defined areas (one per year) were not selected
by breeding harriers, and were thus excluded froatyais. The remaining areas supported a
total of 90 nests (N = 31 in 2009, 28 in 2010 ahdr82010). 73 nests (80 %) were located in
wheat, 12 in alfalfa (13.3 %) and 6 in barley (8. Colony size varied from 2 to 10 nests
with an average of 5.3 nests within each colonyldrareas (57 %), at least one occupied (by
breeding harrier) but unmeasured field was addedally a field at the periphery of tlee

priori defined area.

First settled pair

Laying date of the first pair in each area*yeargesh from April 28 to May 26"
(mean: 34.2 £ 7.9 Julian days). In six colonies 4294 in 2009 and 2 in 2010), the first pair
chose to nest in alfalfa. In all other colonies,(1L6. 71%), they selected cereal fields (i.e.
wheat for 14 colonies but barley for 1 colony inl2D The first pairs chose to nest in the
highest cereal field available among those avalabl4 colonies, and in the highest alfalfa
field in two further colonies; therefore, in twarthof the colonies, the first pair did not settle
in the tallest field. Selection for height in cdsewas significant, which was not the case for
alfalfa (Table 1, Fig. 1b). Interestingly, relatileying date of first pairs breeding in alfalfa
was -14.3 + 5.1 days, compared to -7.2 + 8.23lios¢ breeding in cereals. The difference
was significant, (Fig. 1c, t-test: t = 2.37, p ©3%), possibly suggesting that pairs setting in
alfalfa, which were less selective relative to wagjen height than those setting in cereals,
were likely of better quality (i.e. breeding vergrly in a season). The first pair also chose
preferentially larger fields (Table 1, Fig.1a), bban wheat and alfalfa (Table 1).
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Table 1: Mixed model investigating nest field sébecof first pair installed in each colony. Yeandh
colony identity were treated as random factors. Nidfrand Den df represent the numerator and
denominator degrees of freedom, respectively

Num df Dem df Chi P
Intercept 1 338 58.10 <0.001***
Relative field height 1 338 7.16 0.007**
Crop type 1 2 12.23 <0.001***
Field surface 1 338 4.06 0.04*
Relative field height x crop type 1 338 3.16 0.07.
N=6 N=15 N=6 N =15 N =322 N=21
— [¢) (¢} =) o
..5’ Qi a o 9 b . 9 C
(] © —
S [— 5 €8 ¢
Ne) : c o _— Q g
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8-,0 -------------------- R © o ‘g g o o
(G = o - n ;
o © ‘ ‘ D
=N x - — o
= : =
‘ a|fé|fa ceréals alfélfa ceréals absent presént
Crop type Crop type 18t pair

Figure 1. Field selection by first pair installed ithe colony: (a) difference in relative vegetation
height of alfalfa and cereal chosen by first pdis) relative laying date (i.e. pair quality) diffemce
between first pairs that chose alfalfa or cerealsnest; (c) Field surface difference between fields
chosen or not by first pairs.

Second settled pair

Second pairs settled in colonies laid eggs fromil&%" to June B (average 41 + 10
Julian days), laying on average 6.73 £ 6.07 daiey difst pairs. In two colonies, two pairs
laid at the same date leading to a total of 23 rs@qairs for 21 colonies. Only two pairs laid
in alfalfa (8.7 %) while all others laid in cered®l.3 %). In sharp contrast to first settled
pairs, second pairs did not prefer alfalfa (no effef crop type, Table 2a). They selected
larger fields (Table 2a, fig. 2a), and showed nwsitive selection to vegetation height than
first pairs, in each colony whatever crop type (€2h, Fig. 2b). Five and one second pairs
respectively nested in the highest wheat and alfadfds.

In addition, the presence of the first pair enhdnte probability of a field to be
occupied (i.e. AIC was improved between models abl& 2a & 2b:AAIC = 4.9, Fig. 2¢).
Indeed, 6 second pairs were in the same fieldrasdairs (26.1%). Fields selected by both

the first and the second pair were larger thandlsetected by the first pair only (t = -2.15, df
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=21, p-value = 0.04; Fig. 2d). Seven second paidsin a field with lower vegetation height
than first pairs (30.4%, Fig 3a & b) suggestingytiveere less selective with regard to
vegetation height while in the same time they wawe chosing to nest in the same field as
first pairs. Furthermore, among them, 4 laid in dovplots than the average of each colony
(hatched area in Fig. 3a) suggesting they werd&eredble to discriminate field quality nor to
perform habitat copying. The 3 others pairs nesitnpwer plot than first pair chose higher
fields than available on average (dark grey arekign 3a) suggesting they still selected a
field of suitable quality. Ten pairs chose to layaitaller field (43.5%) than the first pair (light
grey and white areas in Fig. 3a) suggesting thesedbaheir choice rather on personal
information. At the laying date of second pair)di@eight difference betweeri'® 2" pair
actually decreased with absolute field height of pair (Pearson correlation: r = -0.48, p-
value = 0.02, Fig. 3b) suggesting that wh&rpair chose low vegetation height (i.e. alfalfa or
low wheat), the %' pair tended to select in favour of very high vegen fields (Fig. 3b). Pair
quality (i.e. measured by the proxy of relativeitay date) did not explain field height
difference between*1& 2" pair (r = -0.24, p = 0.28).

Table 2: Mixed model investigating nest field stdecof second pair installed in each colony. Year
and colony identity were treated as random factbhgm df and Den df represent the numerator and
denominator degrees of freedom, respectively. ajldlibased on habitat quality alone, b) model
based on habitat quality and social information

a)
Num Df Dem Df Chi P AIC
Intercept 1 362 66.60  <0.001*** 154.6
Relative field height 1 362 23.64  <0.001***
Field surface 1 362 6.40 0.01*
b)
Num Df Dem Df Chi P AlC
Intercept 1 362 65.60  <0.001*** 149.7
Relative field height 1 362 22.04  <0.001***
1% pair presence 1 2 8.11 0.004**
Field surface 1 362 4.75 0.03*
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Figure 3: Comparison of chosen fields by first aedond pairs: (a) Relative height of field chosgn b
second pair as a function of height difference ketwfields chosen by first and second pair and (b)
Field vegetation height difference between firsl a@cond pair as a function of vegetation height of
field chosen by first pair at the date of laying sgfcond pair. Grey dotse) and black dots «)
represent colonies in which first pair chose akiadind cereals respectively. In (a), pairs placed\ab
the horizontal line selected higher fields than ikakde (light and dark grey areas). Those placed
under this line (hatched and white areas) seletb@cer fields than available on average (i.e. poor-
quality pairs). Pairs placed at the left of the tieal line (hatched and dark grey areas) select for
lower fields than first pairs and the reverse igerfor those placed at the right of the line (liginey
and white areas). Pairs on the vertical line warehe same field than first pairs.

Third settled pairs

Three colonies had only two pairs leading to al witd8 colonies that had a third pair,
but in one colony, two pairs laid at the same deaeling to a total of 19 third pairs. Third
pairs laid from April 27 to June ¥ (mean: 47 + 10 Julian days). They laid on avege?
days later than second pairs and 14 + 9 days tlader first pairs. Two of these pairs laid in
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alfalfa while all others chose cereals. The prolighof a field to be occupied by the third
pair was not affected by field quality, i.e. relativegetation height, crop type and field
surface (see table 3). Three third pairs choseest im a field already occupied by the first
pair installed and for two of them it was also tieéd chosen by the second pair (Fig. 4). Four
third pairs laid in higher fields than first pai@at the date of laying of third pair, light grey
area in Fig. 4a) and three in higher fields thacosd pairs (light grey area in Fig. 4b)
suggesting they based their choice on personatmébon. 8 and 11 third pairs respectively
installed in lower than first and second pairs Kdgrey and hatched areas in Fig. 4a & b). In
contrast with second pairs, more pairs laid botlower fields than the two first pairs and in
lower fields than the average of each colony (redcareas in Fig. 4a & b) suggesting that
more third pairs than second ones were unablederidiinate field quality and nest in the
same field than the first or second pair. Thesespaight be attracted by first or second pair
but were unable to nest in the same plot becausendl field surfaces. Indeed, the
probability of a field to be occupied is enhancetew the field already welcomed a pair and
was large enough to welcome another one (Tab.d3,5i At the laying date of third pair,
field height differences betweeri' & 3™ pair or 2¢ & 3" pair actually decreased with
absolute field height ofSipair and 2 pair respectively €ipair, r = -0.61, p-value = 0.01 ;
2" pair, r = -0.69, p-value = 0.003 ; Fig. 4c & d)ggesting that pairs selecting high
vegetation did it when previous pairs nested in l@getation. We found a slight effect of
pair quality (i.e. relative laying date) on fiel@ight difference betweer?'%& 3rd pair (r = -
0.47, p-value= 0.04): the later third pairs in camgon with first pair, the less they are

selective according to vegetation height.

Table 3: Mixed model investigating nest field sibecof third pair installed in each colony. Yeanch
colony identity were treated as random factors. Ndfrand Den df represent the numerator and
denominator degrees of freedom, respectively. &iraffects involved in the interesting interaction
were kept in the model even if not significant.

Num Df Dem Df Chi P
Intercept 1 284 28.55  <0.001***
1%t or 2" pair presence 1 2 1.03 0.31
Field surface 1 284 0.41 0.52
1%t or 2" pair presence x Field surface 1 284 3.07 0.07
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Figure 4: Comparison of chosen fields by first,s&tand third pairs: Relative height of field chose
by third pair as a function of height differenceaween fields chosen by first and third pair (a) dnd
second and third pair (b) Field vegetation heigtitedtence between first and third pair (c) and seto
and third pair (d) as a function of vegetation Hsigf field chosen by first pair (c) and secondr ge)
at the date of laying of first (c) and second pa). In (a) & (b), pairs placed above the horizdnta
line selected higher fields than available (lightdadark grey areas). Those placed under this line
(hatched and white areas) selected lower fields) thaailable on average (i.e. poor-quality pairs).
Pairs placed at the left of the vertical line (Hagéd and dark grey areas) select for lower fieldanth
first pairs (a) or second pairs (b)and the reveirsérue for those placed at the right of the litight
grey and white areas). Pairs on the vertical linergvin the same field than first pairs (a) or seton
pairs (b).

. Figure 5: Differences of field surface between diel
] T welcoming the first pair and/or the second one #muke
welcoming the three first pairs.
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Overall, relative vegetation height at nest (iedestion according to vegetation height)
tended to decrease with pair rank in the colongffcment estimate = -0.95, p-value = 0.08;

Fig. 6a) suggesting that last breeders arriving@onies were less selective than first ones.
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Furthermore, the distance of nearest neighbouredsed with pair rank (coefficient estimate
=-0.17, p-value = 0.006; Fig. 6b). Attraction thiere occurred.

30

Figure 6: Relative height of chosen field (a) and
log-transformed distance of first neighbour (b) as
a function of pair rank in the color
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’ Pair rank in the colony ’ *
Discussion
In this study, we analysed how individuals maketlemtent decisions according to
neighbourhood and patch quality. We showed th&amtagu’s harriers, patch selection for
nesting is a conditional strategy that depends atthpquality but also on conspecifics
presence, the relative balance between the twodrpnding on pair rank within the colony.
First pairs selection was indeed based only onhpatrlity (i.e. personal information), but
this selection decreased with pair rank in the mplat the same time that the importance of
conspecific presence (i.e. Pl) increased. As aemmence, pairs arriving last in a colony tend
to be less selective on patch quality and nesteclés a neighbour than previous pairs.
Imitating the choice of conspecifics is for laseéders a way to make better decisions when
they lack personal information (Nordell and Valdri#8, Wagner and Danchin 2003). This
pattern must be the result of the decrease of giality to assess patch quality with their
relative arrival date in the colony. Additionallgte breeders (i.e. poor-quality breeders) may
acquire some advantages to nest close to earlgéneéi.e. high-quality breeders) including
the opportunity for extra-pair copulation (Velandod Freire 2001). Montagu’s harrier is a
migratory species and is therefore prone to uskeRause they are limited in time to assess
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patch quality (Parejo etal. 2007). Global pattears thus consistent with our initial
hypotheses. However, strong variations in infororatise and thus selection were observed
for individuals of a same arrival rank.

First pairs installed in colonies could only baseilt field selection on personal information or
on experience. However, they were not always foundest in tallest vegetation. Earliest
pairs known as of better quality even settled in bifalfa suggesting that due to their high
guality they are able to face higher predation.r&slkernatively, alfalfa in early season could
provide a high concealment level compared to cerbatause of denser cover. First pairs,
interestingly, selected for large fields. Two noutoally exclusive hypotheses could be
formulated to explain this pattern. On one handsting in a large uniform patch may
decrease predator search efficiency. On the othed,Hirst pairs may favour large fields to
enhance the probability of welcoming neighbours #ng increase conspecific cooperation
for mobbing predators (Arroyo et al. 2001). Thistlaypothesis would imply that first pairs
produce a sort of intentional information to attreenspecifics.

Second pairs setting in colonies were still of higlality and thus partly based their nest site
selection on personal information but this pati®as attenuated with rank increase (i.e. third
pairs). Actually, pairs did so when previous paaidg in low wheat or in alfalfa. This reflects
a rapidly changing environment where the use optiesence of conspecifics is not favoured
(Danchin and Wagner 1997): Alfalfa is suitable yar season but its relative quality
(compared with cereals) deteriorates with timethis species, Pl is thus not always reliable
since environment is changing rapidly (Parejo e2@0D7). However, Pl might be used by
some pairs laying in the same field or in loweldgethan previous pairs and than available on
average. If pairs nested in the same field thamipue ones but that these previous pairs laid
in lower fields than available, “blind” habitat oppg should have occurred (Valone and
Templeton 2002, Wagner and Danchin 2003). It waslyahe case in our study (only one
third pair exhibit such a choice). Therefore, walldanot absolutely discriminate personal or
Pl use. On another hand, individuals selecting tofiedds than previous pairs and than
available (a proportion that increased with pankjamay not be able to assess patch quality
and we believed they did not perform habitat cogyire. nest in the same field as first pair)
because of the existence of intraspecific competith space. Indeed, they might be attracted
by previous pairs but the occupied field might be small to welcome a second pair. They
therefore tend to lay closer to conspecifics (nean adjacent field whatever its height) to deal
with the trade-off between the benefits (i.e. remtupredation risk, Arroyo et al. 2001) and the
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costs of coloniality (i.e. competition for food, taa; Arroyo etal. 1995, Arroyo 1999,
Mougeot et al. 2001, Arroyo et al. 2001). We founodconsensus in strategy used by pairs of
a same rank: some used personal information whiler® seemed to relate to PIl. However,
public information based on conspecifics decisifms for habitat copying) predicts this kind
of pattern when individuals differ in their abilitg discriminate patch quality (Valone 2007)
or differ in their quality. Pairs arriving in an @gied area can obtained both Pl and personal
information and seemed to rely on public informatwhen many pairs are already installed.
In this framework, individuals prefer relying on Pécause they are late breeders (i.e. often
young and of poor quality, Valone 2007) with analiable personal information (Coolen
et al. 2003, Van Bergen et al. 2004, Valone 200n).the other hand, harriers arriving in an
area with few conspecifics already installed (i@ge or two) could often rely on their
personal private information because of their redagood quality. This personal information
could enter in conflict with public information (VidBergen et al. 2004, Valone 2007) leading
different decisions (based on PI or personal infdrom) according to harrier relative
assessment ability (Valone 2007). In our studydwienot really succeed in relying decisions
to pair quality (i.e. relative laying date). We wegertainly missing some information about
relative pair quality such experience and age obpd a same rank.

Montagu’s harrier is a semi-colonial species thayreed both solitarily and in colonies of
different sizes. At a large spatial scale, corsgliof Pl and personal information leading to
difference in information individuals lay on to sel their nest site, may be a hypothesis to
explain the observed semi-coloniality in such acsse Additionally, depending on their
phenotype, individuals must balance the trade-effvieen costs and benefits of coloniality
leading to solitary and colonial individuals. Henes highlighted the importance of social (i.e.
presence of conspecifics) and physical (i.e. fapéhlity) components of habitat on nest site
selection at the small scale that constitutes angolColonies placement seems thus to be
dependant on first pair installed. A further stepl We to investigate colonies position
according to large patch quality or public inforiroat based on breeding success previous
year.
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B.IV. ETUDE DE LA SELECTION D 'HABITAT A
DIFFERENTES ECHELLES SPATIO -TEMPORELLES

B.IV.1. résumeédu chapitre

Les chapitres précédents soulignent que la séredtiosite de nidification du Busard
cendré est largement dépendante de la hauteuruertoCependant, il s'agit d’'un processus
complexe influencé par I'ensemble des composanteshdbitat (physique, biologique et
sociale) et pouvant impliquer diverses échelledialpa et temporelles. Dans cette patrtie,
nous abordons l'effet de la répartition des habigaltysiques favorables (au regard de le
structure de la végétation) sur la localisation mies a plusieurs échelles spatio-temporelles.
Pour cela, nous nous sommes posé deux grandegogsest

- Existe-t-il une structure spatio-temporelle desbitats physiques favorables a
I'échelle de la zone d’étude ?

- Cette structure spatiale explique-t-elle la positdes nids a I'échelle de la zone
d’étude et a des échelles plus locales ?

Pour répondre a ces questions, des données degiiabbitat sur I'ensemble de la
zone d’étude et sur plusieurs années sont nécessadis logistiquement difficiles a récolter
sur le terrain. Pour remédier a ce probleme : mows sommes focalisé sur les nids localisés
dans le blé uniquement (pres de 80% du nombre tiahids) et nous avons utilisé des
indicateurs phénologiques du blé provenant de l&dééection afin d’acquérir des données
d’habitat couvrant une proportion maximale de l#ae de la zone d’étude sur une large
échelle de temps. L'obtention de ces données ddiatnit possible grace a une collaboration
étroite avec des chercheurs et ingénieurs de pegeMMAH de 'INRA d’Avignon. Leur
expertise en termes de mise au point de méthodesirdetérisation du milieu, notamment
grace a la télédetection, nous a en effet pernaigod’ des données de qualité de blé (indice
de précocité, utilisé comme proxy de la hauteurbt®) a I'échelle de pixels de 250m
(résolution des images MODIS utilisées) sur uneiopér de 10 ans (2001-2010). Les
meéthodes utilisées pour I'estimation de cet indiee précocité du blé sont étayées dans
I'article issu de ce chapitre.

Pour I'étude de la sélection d’habitat a largeefieh(échelle de la zone d’étude,

460km2), nous avons examiné la densité de nidpigal en fonction de la précocité estimée
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du blé. Afin de tester la sélection d'un pixel, pda nidification, a des échelles plus
restreintes, différentes tailles de quadrats (ebkznie pixels) centrés sur un pixel occupé ont
été considérées comme étant les habitats disperdlpéus fine échelle.

Les précocités de blé présentent une structuretiaipafine (portée de
'autocorrélation : 1200 m mais forte autocorr@atijusqu’a 600m seulement). Des zones
sont donc plus précoces que d’autres. En outregrindes variations annuelles des précocités
moyennes observées sur I'ensemble de la zone d'dfiglre B.6), cette structure semble
étre conservée d’'une année sur l'autre (voir lfecaoyenne dans la section en anglais). Elle
dépend en partie de facteurs abiotiques tels quietepératures et les caractéristiques du type
de sol. Cependant, la faible portée de I'autocati@h spatiale suggere que d’autres facteurs
tels que les pratiques agricoles conduites padikéérents agriculteurs sur leurs parcelles

(sous I'hypothése que ces parcelles sont agréegdssl’dspace) pourraient intervenir.

Figure B.6 : Distribution spatiale des précocités llé (gradient du jaune : blé précoce au verté bl
tardif) et des nids de Busard cendré (points ngica)r 4 années de la période d’étude
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La localisation des nids de Busards cendrés dan®ld est influencée par la
distribution spatiale des précocités de blés &kdéle de la zone d’étude: les individus tendent
a s'agréger dans les zones ou le blé est globatgphehprécoce (figure B.6). La localisation
de ces zones précoces est relativement stable @uonée sur l'autre et I'autocorrélation
spatiale des précocités de blé jusqu'a 1200 m resthp de la taille d’'une colonie, ce qui
suggere que ces zones précoces pourraient corgespiia position des colonies et expliquer
la relative stabilité de leurs localisations d’'warnée a l'autre. Cependant, certaines zones de
blés précoces ne sont pas toujours choisies fuidard cendré car d’autres facteurs tels que
'abondance des proies (campagnols des champs)édtement des bois et villages
interviennent dans la sélection d’'une zone (de dan 2005, Cornulier and Bretagnolle
2006). A fine échelle (de 250 a 1000 m autour di),a précocité des blés du pixel choisi
par un couple difféere peu de celle des pixels weisEn revanche, les individus les plus
précoces, en termes de date de ponte, tendentértaigra choisir les pixels ou le blé est plus
précoce parmi ceux disponibles dans un rayon dérh00

Ces résultats appuient ceux obtenus dans le chagécédent : les individus précoces
sont capables de distinguer la qualité relative pitshs a plusieurs échelles spatiales et
choisissent les patchs ou le blé est plus précandigd que les individus plus tardifs
choisissent des patchs de blé plus précoces adalgdle mais pas localement. Par définition,
les individus tardifs (de moins bonne qualité) sproduisent plus tard quand la précocité
relative des blés n’est plus un proxy de leur hautt donc de leur qualité. Cependant, la
structure des précocités de blés (autocorrelatiatisde des précocités jusqu’a 1200m : les
pixels considérés aux fines échelles ont des pit@sode blé proches) et le pattern de
sélection obtenu suggére que, par attraction caifgpée, ces individus auraient tendance a
s’installer a proximité des individus précocestitle 3) et présentent ainsi une sélection a
large échelle. En revanche a plus fine échelle, agreaine compétition entre les couples
pourrait contraindre les individus tardifs a niceune certaine distance de leurs congéneres
précoces (dans un autre pixel) d’ou I'absence etén a cette échelle.

La sélection de I'habitat physique de reproductionBusard cendré est un processus
s’effectuant a plusieurs échelles spatio-tempasel@ette étude souligne l'importance de
considérer différentes échelles spatiales dansd&tle la sélection d’habitat. Notre approche
multi-échelle révéle en effet des patrons de déleceét des processus différents selon
I'échelle considérée. Elle attire I'attention slimportance de considérer I'aspect social dans
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la sélection d'un site de nidification chez uneesgpcoloniale ou semi-coloniale comme le
Busard cendré.

Les facteurs influengant fortement et négativeneefitness des individus sont le plus
souvent évités a large échelle spatio-temporelégtigkand Messier 2000). Dans notre étude,
ce sont les zones de blé a phénologie tardiveaquigiobalement évitées, la conservation du
Busard cendré devrait donc davantage se concesureles zones a blés précoces afin de
maximiser la fitness des individus.

Dans le contexte du changement global, nous n’apassmis en évidence d’avancée
des phénologies de blé sur 10 ans d’étude. Cetimdpeéest cependant relativement courte et
des interactions entre changement climatique enhgdraent d’'usage des sols effacent
vraisemblablement toute tendance. Nous avons mstdégagé des variations temporelles de
phénologie non négligeables qui annuellement infteat la sélectiorafticle 2) et qui, a plus
long terme, pourraient présenter une tendancevari@e et ainsi potentiellement favoriser la

colonisation de nouvelles zones par le Busard éndr
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Abstract

Habitat selection is a crucial process by whiclaaimal chooses which resources and
conditions to use in order to maximize its survigald breeding success. Interpretations of
habitat selection patterns and processes are hagggndant on the chosen scales. By using
an approach at multiple spatio-temporal scalesimwestigated breeding habitat selection of
Montagu’s harrierCircus pygarguswhich is a semi-colonial ground-nesting raptorstho
breeding in tall wheat crops. We first exploredtgptemporal structure of a proxy of habitat
quality (i.e. wheat precocity), provided by remstnsing technology, and then compared it
with nest densities and positions over 10 years.fdMad that wheat precocity was spatially
structured and that this spatial structure wasallvtre same between years. Abiotic factors,
i.e temperature and pedology were partly respoasidl this structure but the small
autocorrelation range suggested that farmers’ jgecimay also play a key role in observed
patterns. This spatial structure overall influenklstagu’s harrier nest positions in farmland
landscapes. Both early and late breeders seemstamareas with precocious wheat at the
broader scale (i.e. 460 km?2). However, we foundedihces in the strength of selection in
favour of high habitat quality at small spatial lecaccording to individual laying date. Only
early breeders tended to select precocious whettissascale (i.e. 1 km around nests). Pattern
found at broad scale may highlight a conspecificaation of late breeders (low-quality) in
areas chosen by early (and high-quality) breeddmtewpattern found at finer scales may
underline some competition between individuals préwg late breeders to nest in the same
patch than early ones. We thus detected differattéms and mechanisms of habitat selection

depending on the spatio-temporal scale considered.
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Introduction

Habitat selection is commonly viewed as a procesislwoperates at multiple spatial
and temporal scales (Johnson 1980, Hutto 1985 n®red Wittenberger 1991, Hall et al.
1997). Through this process, an animal chooseshmesources and conditions to use to
maximize survival or breeding success (Hall etl@R7). Breeding habitat selection plays a
key role in the fitness of individuals. Therefoiedividuals are under strong selective
pressures to perform optimal breeding habitat eh¢izoligez et al. 2003). However, some
individuals often failed in their breeding attemptiich underlines the complexity of habitat
selection process. At individual point of view, tbieoice to install or not in a patch may be
based on integrative information about patch gualitparticular spatial and temporal scales.

The definition of the spatial and temporal scagethus a crucial issue to underline the
process under study (Johnson 1980, Wiens 1989, $888, Rettie and Messier 2000).
Studying individual decisions at relatively brogmhgal and temporal scales should have the
potential to reveal habitat features more importanfitness than those made at finer scales
(Rettie and Messier 2000). Broad scales are indeect likely to provide generalizations
than fine scales (Wiens 1989). However, interpiatat of ecological patterns and processes
at one scale may not apply at other scales (Wie989)1 Some authors suggest that
performing spatial multi-scale analyses is capitahabitat selection studies (Orians and
Wittenberger 1991). However, studies using thisdkih approach for habitat selection are
still scarce (Martinez et al. 2003). For temporalls, it is essential to consider the temporal
heterogeneity by acquiring long-term data (Wieng7lBlock and Brennan 1993), especially
in habitat selection studies. This permits to ustérd the influences of highly fluctuating and
complex processes but also to avoid misleadingprgéation with short-term studies.

Scale choices further depend on the studied sp@aiesns 1989, Allen and Hoekstra
1993, Forman 1995, Saab 1999) and so do habitairésachoice. Here, we wanted to study
breeding habitat selection in a long-living and ratgry ground-nesting bird, the Montagu’s
Harrier Circus pygargusThe species breeds in loose colonies (relatifiegd in space, year
to year, Arroyo et al. 2002, Arroyo et al. 2004)ainty in wheat crops in Western Europe
(Cramp and Simmons 1980) and nest location higepedds on vegetation height (Limifiana
et al. 2006, Limiflana et al. 2011, Gillis et al.jbJreview). We expected that nest choice may
therefore operate at multiple spatial and tempscales. First, year to year, early individuals

arriving on their breeding sites may choice in viahfuture) colony they will install according
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to breeding success in previous years and/or velatiacro-patch quality. Second, once the
first choice made, individuals may select at arfsale (i.e. intra-colony and seasonal scales)
in which micro-patch to nest according to conspegipresence and micro-patch quality. We
therefore had to account for species strategyfinalscales.

The choice of spatial and temporal scales is sonestidefined according to the
process under study, but more often it is condtrdim human perceptual abilities,
technological or logistical limits (Levin 1992). Agiring habitat data at relatively broad
spatial and temporal scales is not evident. Howetrex emergence of the use of remote
sensing in the 1980s has considerably facilitatsoitht data collection at broad spatial and
temporal scales. This method could provide inforomatabout plant species, plant
productivity, and vegetation dynamics, i.e. pheggl@yneni et al. 1997, Zhang et al. 2003).
The trade-off between observation frequency, ggagcal coverage and spatial resolution
has for long hampered the use of remote sensingh@aracterizing vegetation at more local
scales. The availability of medium spatial resaintsensors (250 m) like Modis offers new
possibilities of vegetation monitoring (Boschettiak 2009, Jenerette et al. 2010, Sakamoto
et al. 2010, Hwang et al. 2011) with an historaabth of a decade.

Our objectives were thus multiple. We first useshoée sensing data over ten years to
determine the spatial structure of a proxy of rebiegetation height and thus quality (i.e.
wheat precocity). Then, we linked this spatio-temapcstructure of patch quality to nest
positions of Montagu’s harrier, accounting for eértd information about spatial distribution
of soils and climate over the region. Both macrad amicro-patch selections were
investigated: macro-patch refers to the entire ystaigta (i.e. about 500 km2) while micro-

patch refers to small quadrats centred on each(lbesteen 0.5 km2 and 5 km?2).

Materials and methods

Study area and species

This study was carried out in an intensively madatgming landscape located in
central-western France (Deux-Sévres: 46°11°'N, 0AB8'Since 1994 and every year, land use
has been monitored for each field (about 19,00ddién total). This area covers nearly 500
kmz, and crops are dominated by wheat (45% of toted), colza (9%) and spring-sown crops
(24%, i.e. maize, sunflower). Hedges are greatlijuced and fragmented and are confined to

the vicinity of villages and farms. Some woodlasthl remain but in modest sizes (3% of the
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total area). This area faced high agriculture isifesation that has resulted in an increase in
field size (in 2010, mean + standard error: 3 #08.@a). Crops are characterised by highly
homogeneous within-field vegetation structure (heiglensity and species composition).
However, there is a wide between-field variabilityvegetation dynamics both between and
within crop types, as a consequence of differemtegricultural practices in addition to soil
characteristics.

On this study area, the Montagu’s harrier, which maigratory raptor, arrived in early
April for breeding. In this species, observed raggregation is partly explained by landscape
structure (i.e. avoidance of built-up areas and dleneds, de Cornulier 2005, Cornulier and
Bretagnolle 2006) but also by benefits provided dojoniality (i.e. cooperative defence
against predators, Arroyo et al. 2001). In Freramfand particularly, breeding density and
breeding success of this raptor are also stronifigted by the abundance of its main prey,
the common voleMicrotus arvalis (Millon et al. 2002). From 2001 to 2010, nests aver
systematically searched through an intensive segy@ifort. Note that it is relatively easy to
locate them by observing the adults during the lgyexg (aerial displays by males),
incubating and chick rearing stages (food provisigy the male; Cornulier and Bretagnolle
2006). Nest geographical coordinates were preciselled. Additionally, nests were
monitored to collect data on breeding parametepanticular the date of laying. Laying date
was directly estimated from nest visit during laywr indirectly estimated by back-calculated
from chick and/or egg measurements (see the methgased by Millon et al. 2002). 603
nests were found over the study period (from 33 to@sts/year). Among them, 470 were
located in wheat (78%, from 27 to 60 nests per)yé€aver the study period, average laying
date (+ SD) of Montagu’s harriers nesting in whiegltls was May 11 (+ 16 days) with some
among-year variations (minimal: Mayl' # 20 days and maximal: May #2+ 14 days in 2003
and 2009 respectively). Salamolard et al. (2000nhatestrated that annual variations in
number of nests and laying dates were partly duat@tions of the abundance of common

voles.

Remote sensing habitat and environmental data

From Modis data, we were interested in obtainirspatio-temporal description across
our study area of two characteristics: (i) cropsogy growth, that is attainable from surface
reflectance data and adequate inversion algoritlams (i) the climatic variability expressed

through surface temperature.
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We acquired, from 2001 to 2010, daily Modis surfag#ectance at 250m and 500/1000 m
resolution (MOD09GQ and MODO09GA) and the daily sod temperature at 1000 m
resolution (MOD11A1) over our region of interesbrfr the Land Processes Active Archive

Center website (https://Ipdaac.usgs.gov/lpdaac/

Wheat Leaf Area Index and wheat precocity indemfsarface reflectance data
Using the quality information contained in the MCIIRA product, we excluded in the
MODO09GQ product the pixels concerned by cloud cmintation as well as the pixels with a
view zenith angle higher than 694N values for red and infrared reflectance valueke T
map was converted from Sinusoidal projection tonEhe Conical Lambert 1l étendu
projection thanks to the Modis Reprojection Toanie website as above). The series of
images were superimposed to the land use map mewdarly by ground surveys, and an
area-ratio of 85% (i.e. at minimum 85% of a 250iRels area had to be occupied by wheat)
was applied to select Modis pixels across the redgimr each selected pixel, NDVI values
were calculated and the yearly NDVI time evolutjomofiles were smoothed (thanks to an
algorithm limiting the variation range over a figate interval); the objective was to eliminate
the non-coherent values — and corresponding datkse-to remaining atmospherical and
directional effects. Leaf Area Index (LAI) valueem therefore calculated from the red and
near infrared reflectance values thanks to therdhgo proposed by Baret et al. 2007, based
on neural networks trained on radiative transfedet®into the canopy.
The yearly time evolution profile (Fig. 1) was tafre described by a logistic-exponential

function of the cumulated growing degree-days fache pixel (Lauvernet 2005):

LAIt = LAlX[ ( 1 _ exp—B(GDDt—TO_(Ti‘FdTS))] qu

— —T0O-Ti) \C
1+exp A(GDDt-TO Tl))

With :

LAIt, the leaf area index of the crop at date

t, the cumulated days froni'bf October of the year previous wheat harvest,

GDDt, the cumulated growing degree-days (with a basé©f fom the origin up to date
and the parameters:

LAIX, the asymptotic maximum value bAl, TOthe GDD value at wheat emergence,

Ti, the GDD value at the inflexion point of the grogipart of LA,

dTs,the differential GDD value betwedn and the time when senescence is completed,
A, theLAI growth rate at inflexion poinB the LAl growth rate at senescence

¢, representing the more or less symmetrical asgebeayrowing part.
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2 ] Fig.1: LAI time evolution for a Modis wheat pixel:
o (o) estimated LAl from red and near infrared
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A was calculated from the constraint of havirdj=0 at TO. The parameters were estimated
through a Bayesian method of Importance Samplingg(i® et al. 2006) allowing proposing
an adjusted_Al time evolution profile for each wheat pixel (Fij) and mapping yearly
parameters values across the region. Among thasenpsers, we were particularly interested
in the Ti parameter which expresses the precocitylefat growth in spring (Fig. 2). This Ti,
expressed in degree-days was back-transformedian joays (from January’Land was used
as a proxy of habitat quality.

Fig. 2: Map of Ti values (translated in
calendar dates) for year 2006

[ |03/26/2006 - 03/3112006
|| 04/01/2006 - 04/1412006
[ 04/15/2008 - 04/30/2006
[ 05/01/2008 - 05/13/2006
I 05/15/2006 - 05/29/2006
I 05/02/2006 - 06/1 072006

The Modis Land Surface Temperature product (MOD12d3 projected like the reflectance
data into Lambert Il étendu and resized to a 25@rmaesolution; we used their included
quality control information to select only pixelsaing a good data quality, i.e. free from
cloud contamination, and acquired on the same .o8ims of surface temperature were
calculated for each pixel by summing all the daifyues over 3 months periods (January to
March) in order to provide maps (Fig. 3).
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Fig. 3: Sums of surface temperature from
January £'to March 3%'in 2003.

Analysis
Spatio-temporal structure of wheat precocity over ¢éntire study area

Habitat data provided by remote sensing consisted spatio-temporal partial grid
(pixel size: 250 x 250m) where estimations of whwatocity were only available for some
locations and some years. As detailed in previeesian, wheat precocity estimations only
concerned pixels covered by at least 85% of whéatvever, Montagu’s Harriers were prone
to nest in all available wheat fields. Interpolatiausing a geostatistical methodology, was
therefore required in order to estimate wheat priggof each pixel. We chose the method of
Kriging with External Drift (KED, Hengl etal. 2003%ince it allows using external
information improving the estimates through a Imeaodel with spatially structured
residuals. We included year, surface temperaturevigied by remote sensing, positively
related with wheat growth and therefore precocitgyl two variables of pedology (source:
Poitou-Charentes IGCS Program run by the Regiohahtber of Agriculture, the IAAT and
INRA): five soil categories and the available watentent of soil (that may exert limitation
on wheat growth, i.e. winter waterlodging for sosods in humid conditions, water stress for
others in particularly dry years,...). The wheat po#iyomodel (Eg.2) used for KED was the

following spatio-temporal model:

E[Ti] = u+ SurfTempr Year+ SWC+ Pedo+ SurfTempx Year Eq.2

Ti, wheat precocity index (E[] is the Esperance,the.predicted mean)
i, a constant parameter also known as “Intercept”

SurfTempthe land Surface Temperature

Year a 10 level-factor (from 2001 to 2010)

SWC the soil water content

Pedo,soil type (a 6 level-factor)
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Kriging was performed for each year between 2004 2010 by considering the
previous spatio-temporal linear model and by adjgsan exponential family variogram on
model residuals accounting for spatial structuravireat precocity. Interpolated grids were
then used to explain nest positions at two differgmatial scales: the macro-patch scale
representing the entire study area and the micichpscale representing local nest position.
For micro-patch scale selection, we defined quadrahntred on each nest. We tested several

different quadrat sizes: from 0.5 km? to 5 kmz2.

Nest position at macro-patch scale

Here, we investigated the effect of wheat pregomit harrier nests position at macro-
patch scale (i.e. the scale of the entire studg)afdests position at macro-patch scale was a
point process determinated by many covariates aedepting, in our case, spatial and
temporal dimensions (Diggle and Gabriel 2010). Ppincesses could be analysed by several
methods (see Gatrell et al. 1996 for a descriptibthe main point process analyses). We
used the most popular point process model: thesBoisnodel, which is useful to explore
covariate influences (Lawless 1987). Therefore,umtdata (i.e. number of points per unit of
surface) was constructed by extracting the numberests per pixel of the wheat precocity
grid. A generalized linear model was then builtest the effect of wheat precocity on nest
density. The proportion of wheat in each pixel wagduias an offset in order to correct
linearly the number of nest in wheat in each plxelits amount of wheat. These count data
presented a spatio-temporal structure and a higtbeuof zero values (i.e. pixel without any
nest). Because of their proximity, pixels may netdpatially and temporally independent of
each others. We thus checked the existence ofasgatil/or temporal autocorrelation in the
model residuals. On the other hand the high prapodf zero (about 99%) also called Zero-
Inflated count data was a form of overdispersioathBspatio-temporal autocorrelation and
overdispersion lead to underestimation of the stech@rror of model parameters i.e. biased
statistical tests (Haining et al. 2009). To avoigleading interpretations, we used a bootstrap
methodology to estimate an unbiased standard domwheat precocity parameter by
generating subsets of data including only resigualiependent kriging estimations in space
and time. Variograms built from spatial and tempsrales were thus examined in order to
guaranty independence of residuals. We chose ahiblc distance equal to the range of

variograms and generate randomly subsets respetiiagthreshold between all kriging

-134 -



&

sélection d'habitat 3 différentes échelles spatio-temporelles Ml

estimations. A Zero-Inflated Poisson model (ZIP, bam 1992) was also preferred to a
Poisson model to account for the high proportiomesb. It consisted in a mixture distribution
between a probability of nest presence (includinly @ constant parameter, see Eq. 3) and a
Poisson distribution, i.e. number of nest (inclgden constant parameter, an offset and our
regression coefficient of interest for the wheagocity, see Eq. 4). The expected number of
nests (see Eq. 5) was then the multiplication betwbe probability of presence and the
number of nests from the Poisson distribution. Thiuprobability of presence is low (near
zero), the model tends to predict a higher occemeof zero than expected by a simple
Poisson distribution. 10 000 bootstraps were gee@rand the parameter estimate for the
wheat precocity was each time stored in order toreme the full parameter distribution. we
could then calculate an unbiased confidence inkefwathe parameter of interest. The

following Zero-Inflated Poisson ZIP model was thossidered:

logit[E[Zero_nest]) =u1 Eq. 3
In(E[Count_nest]) =u, + %Wheat +fTi Eq. 4
E[Nb_nest] = E[Zero_nest] * E[Count_nest] Eq. 5

E[], Esperance, i.e. the predicted mean

Zero_nestProbability of presence of nest per pixel frora finst part of the ZIP model (Binomial distributip
11, Constant parameter for the first part of the Ziédel

Count_nestNumber of nest per pixel from the second pathefZIP model (Poisson distribution)

12, Constant parameter for the second part of thenzdBel

%Wheat Offset for the second part of the ZIP model (patage of wheat in the pixel)

Ti, Wheat precocity index

B, Parameter of interest (associated with the whesttocity index)

Nb_nestNumber of nest per pixel from the full ZIP model

Nest position at micro-patch scale

Micro-patch was realized on four quadrat classisrohg in size: 0.5625 km?, 1.5625
kmz2, 3.0625 kmz2, and 5.0625 km? (fig. 4). The fgaadrat class included a central pixel and
the pixels directly adjacent to it (i.e. first ring pixels around the target one, leading to d tota
of 9 pixels). On the same principle, the seconddoataclass included an additional ring of
neighboring pixels (25 pixels) and so on for theeéhlarger quadrat classes. Nest was always
located in the centre of the quadrat, which leaa sgmmetric spatial configuration.
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B Occupied pixel

[] First ring of available pixels (0.5 km?)

|| [] Second ring of available pixels (1.5 km?2)

[] Third ring of available pixels (3 km?)

[ Fourth ring of available pixels (5 km?)

Fig. 4: Design of quadrats used for fine scale gmak. One square represents a pixel of 250m of the
Modis grid. For each quadrat size, previous ringg$)pixels were included in the available pool of
pixels

An index reflecting the selected wheat precocity feesting relatively to wheat
precocity of neighboring pixels was calculatedwis the mean of differences between
precocity of each neighboring pixel and the wheaatepcity of the central pixel. When this
index was positive, the nest was located at a preas place relatively to the local available
precocity of wheat. When null, the nest was posétb at the mean of wheat precocity in the
micro-patch (i.e. random selection). Finally, whresgative, the nest was positioned at a tardy
place relatively to neighbour. The effect of theitgydate on the wheat precocity selected for
nesting was further investigated as we expectedeidudy breeders were more constrained to
build their nests in precocious wheat (i.e. higivbeat height in early season; Gillis et al. [b]
in review). A linear model (Eq. 6) was thereforefpaned between the index of relative

precocious of wheat and the laying date for each@four micro-patch scales.

E[MeanDiff] =\ + 6*Laying_date Eq. 6

E[], the Esperance, i.e. the predicted mean
MeanDiff, Mean of differences between the precocity at nesghd pixels and at the selected pixel
A, Constant parameter indicating the mean of MednDif

8, Regression coefficient associated with the laylate.

Results

Spatio-temporal structure of wheat precocity oherdntire study area

The visual range of the variogram performed on wipeatocity data, by including
environmental information, was about 1.2 kilomet@fsy. 5), which is relatively small
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compared to the range of the study area (20 km).sithevas about 200 units and there was
no nugget. This variogram revealed a strong spatidbcorrelation of wheat precocity
between 0 and 0.6 km before attenuation up to 2 the distance beyond which the

autocorrelation is no longer detectable (Fig. 5).

300

Fig. 5: Variogram on residuals of the wheat
3 precocity model. Black dots represented the
empirical variogram while the blue line is the
08 y —— adjusted variogram. Vertical line indicated
e o e ° v e iy ;
5 . the range of the spatial autocorrelation
g
E
2o
8-
231 1.2 km
o T T T
0 1 2 3 4

distance (km)

We did not detect any temporal trend in mean wpeatocity over the study period
(Fig. 6). However there were strong variations between yeahich confirm the need to
incorporate year in the model.

Fig. 6: Temporal variation of wheat precocity (in
julian days) between 2001 and 2010

120 140

100

SETIRR

2002 2004 2006 2008 2010

80

Mean of precocity index £ SD

Year
KED was performed on the entire grid of the studdadior each year of the study period but
only the mean over 10 years is presented in Fi§VReat precocity appeared to be highly
structured in space and the mean wheat precociimasn map pointed out precocious
placesversuslate places and their constant locations in sgaoeigh years (Fig. 7). Indeed, if
high among-year variations in wheat precocity spattructure had occurred, such general
pattern should not have been found (i.e. a morlotmimean map should be found). Wheat
precocity ranged from 92 to 134 julian days, intii@a important differences of wheat
precocity over the study area. Interest of this mag to superpose Montagu’s harrier nests
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(only those located in wheat) and determine if i@stre randomly distributed or not through

the wheat precocity gradient.

92 113 134

(] B N

Fig.7: Mean of the predicted wheat precocity betw2@01 and 2010 (in julian days) and position of
nests during this period (black dots). Here we aered that all the area was covered with wheat.

Nest position at macro-patch scale

Parameter estimate of the ZIP model associated wiiat precocity f{) indicated

there was a strong negative influence of late wlteggh Ti) on the number of nests (Tab. 1).

Tab. 1: Parameter estimates of the Zero Inflatets$mn model

Parameter Estimate Std. Error p-value

™ -2.05 0.18 <2e-16 ***
12 -1.72 0.16 < 2e-16 ***
B -0.26 0.05 1.42e-08 ***

However the associated standard error (and thup-4eue) might be incorrect if
there was autocorrelation in residuals. Spatialtangporal autocorrelation on the ZIP model
residuals were therefore checked (Fig. 8). We foanplositive spatial autocorrelation for
distance less than 750 meters between pixels 8agbut no temporal autocorrelation (Fig.

8b). Standard errors and p-values from the ZIP mwedee therefore underestimated.
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Fig. 8: Variograms on the ZIP model residuals irm&p (a) and time (b).Black dots represented the
empirical variogram while the blue line is the asljed variogram. Vertical line indicated the rande o

the spatial autocorrelation

To avoid this problem, a bootstrap process was imelged to correct the standard
error estimates by selecting successive subseatafwith pixels with a minimum distance of
750 m between each other. 10000 random subsetsgeerrated respecting this threshold
distance and the parameter of wheat precocity aels me estimated.

Bootstrap provided a new estimate of wheat preg@atameterf{ = -0.26 + 0.19) but
it was insignificant according to a threshale 0.05 (Fig. 9). However the global distribution
of B tended to be negative (93% of the 10000 estimatadfs are negatives, Fig. 9), which
indicate that the number of nests seemed to be mygertant in precocious pixels but not

significant at macro-patch scale.
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Frequency
150 200
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Fig. 9: Wheat precocity parameter estimatgsf(om the 10000 bootstraps: dotted lines are t6&69
confidence interval and solid line is the median.

Nest position at micro-patch scale

The effect of wheat precocity on nest position wather investigated at micro-scales
by considering five nest centered quadrats of diffesizes (0.5 to 5 km?2) and by calculating
the mean difference of wheat precocity betweennttighbour pixels and the selected pixel

(i.e. occupied pixel) labelled “MeanDiff".

Distributions of “MeanDiff” index suggested thaiacted pixel for nesting was
not more precocious than pixels at neighbour (E@). This was particularly true at very fine
scales (Fig. 10a and 10b) where median was abouoit Hewever, at some larger scales (Fig.
10c and 10d) median became positive indicatingeadtiof selection in favour of precocious

pixels for nesting.
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Fig. 10: Micro-patch selection of wheat precocitynsidering four classes of quadrats: 0.56 km2(a),
1.56 kmz2 (b), 3.06 km2 (c), 5.06 km?(d). Positiaeies on the X axis indicate that the selectedl pixe
was more precocious than others. Dotted lines Bee95% confidence interval and solid lines are
medians of the distribution.

There were high variations in wheat precocity sedec{from -40 days to +40 days),
underlining the lack of important covariates in thedel. Therefore, the effect of laying date
was investigated supposing that earlier pairs aneenconstrained to choose a precocious
place than others (Tab. 2). A positive selectionpi@cocious wheat was found whatever the
quadrat considered (Tab. 2). This relative habité&#ctien is stronger for larger quadrats.
Laying date have a negative effect on this selactidhatever the quadrat considered.
However this effect was only significant for thegar quadrat. Thus, early breeders tended to

select precocious wheat for quadrats of 5.06 kmz2.
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Tab. 2: Parameter estimates from the linear modemiro-patch selection applying at the four
guadrats classed.is the global selection of wheat precocity @nd the laying date effect.

Quadrat Parameter Estimate Std. Error p-value

0.56 km? g _1(-)§()22 8222 8'.(2)2

1.56 km? g ?()_7(?3 8'82 ?)?1_23

3.06 km? g ?(-)%4 é..gg 3?6(;4

5.06 km? g fld?ols é..gg gzgg :
Discussion

In this study, we demonstrated that habitat qudlie. wheat precocity) exhibited a
spatial structure at a fine scale and that thisctire seems to be relatively stable one year to
the other. This spatial structure overall influenddentagu’s harrier nest positions in
farmland landscapes. Indeed, breeders seem toimestas with precocious wheats at a
macro-patch scale (i.e. study area scale). Howewer, multi-scale approach highlights
differences in the strength of selection in favotihigh habitat quality, at local spatial scales,
according to individual date of laying. Indeedestion of precocious wheat)(and laying
date effectd) were stronger at 5 km2 than at other quadrassize

The observed spatial structure of habitat quasitpartially due to the abiotic factors
we took into account, i.e. temperature and soilattaristics. However, these abiotic factors
could not explain the small spatial autocorrelatrange (i.e. 1,2 km) suggesting that other
factors are acting at smaller scale. Since wheaivity is highly depend on agricultural
practices (i.e. sowing date, wheat variety andlifeation), some of the observed structure
may be due to differences in practices conducte@dwph farmer on his land. We did not
detect any trend in wheat phenology over the shetjod, neither in its annual mean nor in
its spatial structure. This pattern suggests thahndes’ practices may not have evolved over
10 years and that climate did not change or thatrtteraction between these two components
of global change lead to the absence of trend.

At macro-patch scale (i.e. study area scale), dessities tended to be higher where
wheat is precocious. However, taking into accoynatial autocorrelation of model residuals
led to insignificant relationship between nest dgs and wheat precocity. These findings
may come from methods used: i) interpolation metlestdmated mean values of wheat

precocity where distance between observations andsampled points was higher than the
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spatial autocorrelation range of wheat precocitigiclv generate noise in kriging estimations
and ii) bootstrap generated less powerful subsdtsut 1/10 of the initial dataset) by deleting
nearest kriging estimations (considered as exaettiteons) but they are actually only pseudo-
repetitions. Therefore, our methodology tended terestimate the true confidence interval
for the parameter of interetand a more parsimonious methodology may be usededxer,

the distribution of wheat precocity coefficientigsites highly suggests that harriers densities
were higher in precocious wheat areas. Given tlnadvprecocity is spatially structured and
nest densities depend on wheat precocity, nestempied, by deduction, a spatial structure
and aggregated in area where wheat is early (@®nies). Since this spatial structure is
constant over years, nest positions and thus cedoare also stable through years. These
findings support the hypotheses that stability atony positions are expected under habitat
stability (Burger 1982), here wheat phenology ditgbaind that colony formation, at least in
this species, may be partly due to the spatiaksira of favourable habitats (Danchin and
Wagner 1997). Wheat precocity and nests positiomshais predictable at large scale even if
the agricultural system is highly disturbed (in tast to Levin 1992 expectations). Some
precocious wheat areas were however not occupidthibners. These unoccupied areas may
be located next to villages and woodlands, whiach lamown to be avoided by harriers
(Cornulier and Bretagnolle 2006). Additionally, tbabundance and distribution may play a
role in nest positions (de Cornulier 2005). At stedy area spatial scale, one step further will
be to consider spatial and temporal variationodfabundance and presence of village and
woodlands to improve habitat quality estimations.

At finer scale (micro-patch scale), we detecteslight selection whatever the scale
chosen (from 0.5 to 5 km? quadrats). This seledtiad not the same intensity according to
the size of the quadrat considered. This may béypduie to the small spatial autocorrelation
range of wheat quality: as a consequence, wheabgitees of available pixels around nests
and select ones were relatively homogenous forlsgqoaldrats. We also found that selection
at these spatial scales was modulated by indivithiahg dates: early breeders tended to
select more precocious wheat than available onageein quadrats of 5 km2. Early breeders
were thus able to discriminate wheat quality ahdatge and fine spatial scales. In contrast,
by definition, late breeders reproduce later indbason when the relative precocity of wheat
may no longer be a good proxy of habitat qualitg.(wheat height is more homogeneous).
Additionally, since Montagu’'s harrier is a semi@olal species, late breeders may be

attracted by earlier ones at large scale (i.e. mesifc attraction) but may be unable to
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discriminate patch quality at small scales (Val@387). Besides they may be constraint to
nest in different patches than first breeders, bseaf the existence of some competition
between pairs (for mates, etc.; Mougeot et al. 2001toyo et al. 2001) but still nest in
patches close to first breeders to keep the benafitoloniality but to the detriment of patch
quality (Gillis and Bretagnolle [c], in prep.).

This study underlines that considering multiple Eptgmporal scales could lead to
complementary conclusions (Levin 1992, Rettie arebdier 2000) but also demonstrates the
importance to define an appropriate scale to ddiabitat selection processes. Indeed, we
detected different patterns and mechanisms of ditabglection depending on the spatio-
temporal scale considered. Since factors with grgadtential to reduce individual fithess are
more likely be avoided at large spatio-temporales¢@ettie and Messier 2000), conservation
of the endangered Montagu’s harrier should ratlmrcentrate on areas with precocious
wheat to maximize individual fitness.

Remote sensing technology may be recommended ¢atdeatterns at relative broad
scale but also finer scales. However, future dgaraknt of the method may be to assess patch
guality at field scale since our present methaal @50 m pixel scale) actually erased some of
the wheat precocity variability (one pixel couldntain several wheat fields of different
phenology). Such developments should provide cenaille new perspectives to ecologists,

in particular in studies of habitat selection imféand landscapes.
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L'objectif de cette thése était d’examiner la stter de [I'habitat, et plus
particulierement du site de nidification chez lesBid cendré dans le contexte actuel du
changement global en allant des patrons aux presessus jacents. Pour cela nous avons
utilisé difféerentes échelles temporelles (intraingéér-annuelles) et spatiales. Dans ce dernier
chapitre, nous commencerons par rappeler brievekesmirincipaux résultats obtenus. Dans
un deuxieme temps, nous ménerons une réflexiont gubavenir du Busard cendré dans les
milieux agricoles intensifs dans le contexte dunggaent global. Enfin, dans un troisieme et
dernier temps, nous discuterons de la pertinensent@yens de conservation du Busard
cendré actuellement mis en place dans le contextthangement global avant de proposer la
mise en place de moyens pouvant paraitre plus éslapt

C.l. PRINCIPAUX RESULTATS OBTENUS

Dans le premier chapitre, nous nous sommes iISEsemUX processus sous-jacents de
la sélection de hauteur de végétation au nid ceeodiseaux nichant au sol. Les principales
pressions de sélection s’exercant sur le choixelmauteur de végétation chez ces espeéeces
dont fait partie le Busard cendré sont le risquepslation et d’insolation des ceufs et des
poussins. Indépendamment de la croissance de ktatiem, I'importance relative de ces
deux pressions varie au cours d’'une saison de aaption (car le risque de prédation est
constant alors que le risque d’insolation augmerite)choix d’'une hauteur de végétation
comme protection contre la prédation et/ou l'insoladépend donc de la date de ponte des
individus et de leurs potentielles stratégies afives de protection du nidrficle 1).

Dans le deuxieme chapitre, nous avons dégageé tesnpaglobaux de sélection de
hauteur de végétation au nid chez le Busard ceediés mécanismes écologiques qui la
modulent : phénologie de la végétation, abondamcerdies et interactions sociales. Nous
avons également examiné les conséquences de élttian sur la fithess. Les espéeces se
reproduisant en milieu agricole, tel que le Busaehdré, font face a un milieu
particulierement changeant lors d’'une saison deodetion du fait de la croissance rapide
des cultures. Les individus se reproduisant en tdéleusaison quand les hauteurs sont
globalement faibles sont donc plus sélectifs etattent les rares parcelles de blé ayant une
hauteur acceptable. Les individus tardifs sembdgraind a eux moins sélectifs car en fin de

saison la majorité des parcelles atteignent lachewgu’ils préferentgrticle 2).
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Nous avons ainsi identifié les composantes de itaalbesponsables des variations
inter-annuelles de la sélection de hauteur de aégétrticle 2):

i) la phénologie du blé : plus le blé est précocens les busards sont sélectifs

i) 'abondance de proies : plus I'abondance de magnols est importante plus les

busards sont sélectifs

i) la densité de conspécifiques : plus un indivie de voisins moins il est sélectif sur

la hauteur.

Comme prédit, la hauteur choisie influence le tdaxprédation au stade ceuf et donc
la fitness des individus. Cependant, I'aspect $dl@anombre de voisins et la qualité relative
des couples) est crucial aussi bien du point dedeuka sélection de hauteuesticle 2 & 3)
gue du taux de prédation au stade ceuf. Contraiteene® que I'on aurait pu penser, la
colonialité augmente le risque de prédation auvestadf érticle 2).

Dans le troisieme chapitre, nous nous sommes g#égeaux patrons temporels
d’installation des individus dans une colonie sotMa qualité des parcelles et la présence de
congéneéres. Les individus précoces donc de madllgualité s’appuient sur leur information
personnelle pour choisir une parcelle et donc umatdur de végétation favorable. Cette
utilisation de l'information personnelle pour ldesgion d’'une parcelle diminue avec le rang
d’arrivée du couple dans la colonie au profit deilisation de I'information publiqueafticle
3). Les premiers couples qui s’installent, sembldahc définir la position des futures
colonies érticle 3).

Enfin, dans le quatrieme et dernier chapitre, noums examiné la distribution des
nids a différentes échelles spatiales de 2001 4 2@illien avec la distribution spatiale et
temporelle d’'un indice de précocité du blé (proeyla qualité du blé). A I'échelle de la zone
d’étude, la position de tous les nids dépend diidmibution spatiale des précocités des blés
(qui dépend en partie des températures de surtade & pédologie) alors qu’a plus fine
échelle, seule la position des nids des individucqres dépend de cette distribution. La
distribution spatiale des précocités de blé étalattivement stable d’'une année a l'autre, la
position des nids et donc des colonies présentailoles variations inter-annuellegriicle 4).

Les mécanismes identifiés soulignent l'importanee abnsidérer I'effet des trois
composantes de I'habitat (physique, biologiqueoetade) afin de comprendre les variations
temporelles de la sélection du site de nidificaties espéces et plus particulierement chez les

espéeces coloniales ou semi-coloniales comme le rBusendré. Un systéme écologique
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présente généralement des variabilités selon llieckpatiale, temporelle et organisationnelle
considérée (Levin 1992). Dans ce travail de thesére approche multi-échelle a la fois

temporelle et spatiale, a permis non seulementet&reéren évidence des variabilités dans les
patrons de sélection de hauteur et dans la distibwspatiale des nids, mais aussi de
comprendre les mécanismes sous-jacents a cesiomsiatCe travail attire également

I'attention sur la nécessité d'utiliser des donnéetong terme présentant des conditions
biotiques et abiotiques contrastées afin d’évieatd interprétation hative et faussée.

C.ll. QUELAVENIR POUR LE BUSARD CENDRE DANS LE
CONTEXTE DU CHANGEMENT GLOBAL ?

Ce travail de these nous a permis d’identifier pegcipaux mécanismes impliqués
dans la sélection d’habitat du Busard cendré ngateéent des tendances sur I'évolution de
I'habitat et des pressions de sélection, potentigdint attribuables au changement global. Les
résultats obtenus nous permettent une meilleurgoEmnsion des exigences de cette espece
vis a vis de son habitat et sont donc les prenpiassvers la prédiction de I'avenir de I'espéece
dans le contexte du changement global. Dans cattepnous allons donc, dans un premier
temps, mener une réflexion quant a I'avenir du liusandré en milieu agricole intensif si les
tendances actuelles persistent. Dans un deuxiangEstaious discuterons du réle potentiel du

changement global dans les variations temporeliesroées.

C.II.L1. Silestendanceseconfirment...

Des tendances sur les 16 derniéres années ont ddorééja été mises en évidence
concernant I'habitat physique et biologique du Bdseendré en période de reproduction
(article 2). En effet, les blés sont de moins en moins hawss meur phénologie, variable
d’'une année sur l'autre, ne présente pas de teadamcces 16 dernieres annéagigle 2).
Parallelement, 'abondance de campagnols, qui ptéseine dynamique cyclique de forte
amplitude jusqu’au début des années 2000, est slepoins variable (atténuation de
'amplitude des cycles) avec des abondances mogergiativement faibles. Cette moindre
abondance de campagnols n’incite pas les busastisvastir fortement dans la reproduction

et donc a sélectionner des hauteurs de blé imgegarBuite a ces deux phénomeénes
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(diminution des hauteurs de blé et des ressoutoasrdaires), les Busards nichent dans des
hauteurs de blé de plus en plus basses et celépéndd fait qu’ils sélectionnent des hauteurs
supérieures au disponiblarficle 2). lls sont donc davantage soumis aux risques égagion
et d’insolation des ceufs, ce qui conjointementaéné une diminution du succés a I'éclosion
(article 1 & 2). Si les tendances sur les hauteurs de blé ebr@dnce de campagnols
persistent, les Busards nichant dans ce type dereulsquent de voir leur fithess diminuer.
L’écrasement des cycles de campagnols s’accompadmee augmentation de
I'hétérogénéité de leur distribution entre les syme culture (figure C.1). Les campagnols
sont alors davantage concentrés dans les milieteqnpés (surtout les luzernes; Figure C.1,
Pinot A.Com. Pers.

=3 Figure C.1:  Evolution des
— Luzemes | (ifférences d’abondance de
oo Céréales campagnols au printemps entre les

milieux pérennes (luzernes) et les
céréales (Source : Pinot A.)

Indice d'abondance de campagnols

1995 2000 2005 2010
Temps (années)

La diminution des hauteurs atteintes par le blé&aaliminution de I'abondance des
proies dans les céréales pourraient expliquer ie ofae les couples les plus précoces
s’installent de plus en plus dans des milieux patiédére qualifiés « de substitution » tels que
les cultures pérennes (luzerne et ray-grass) omiksux naturels (Figure C.2). Les cultures
pérennes semblent en effet étre de meilleure @uglie le blé (en termes de structure de
végetation : densité plus importante) en débutaigor érticle 3) et concentrent, en outre,
des abondances importantes en campagnols (PinGoi. Perg. Cependant, ces milieux
subissent des fauches extrémement précoces commparédates de moisson des céréales. En
effet, les premieres coupes ont lieu dés le mommdie bien avant I'envol des jeunes. Les nids
en luzerne sont donc souvent voués a I'échec. lisation de ces milieux pourrait alors

constituer un piege écologique.
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Figure C.2: Pourcentage de nids de Busard cendaésdles
milieux « de substitution » entre 1994 et 2011tilidation de ces
milieux est en augmentation (corrélation de Spearma= 0.64, p
= 0.004).

D’autre part, une pdrue ues Inuiviuus PrecoCessissert uepuls quelques années, sur
notre site d’étude, le retour en milieu naturel dame forét en régénérescence (suite a la
tempéte de 1999 mais eégalement a I'exploitatioediiére), juxtaposée a la zone d’étude
(Forét de Chizé) (figure C.3). En milieu foresti&, contrainte d’accessibilité au nid est
accentuée (Limifiana et al. 2006). Les busards tendenc a nicher dans les zones plus
basses que la moyenne (ronciers, arbustes, heghaase Limifiana et al. 2006, Limifiana
etal. 2011 pour une étude en milieu naturel en gigga Cependant, les hauteurs au nid
restent plus importantes (moyenne + SD : 104 £r@) qu’en milieu céréalier (données non
publiées mais voir également Limifiana et al. 2086).détriment de la plaine céréaliéere, le
milieu naturel situé a proximité de cette derni@@ujours utilisée comme territoire de

chasse ; données non publiées) deviendrait doptudeen plus favorable.

8 km VA
s
S -
Eay i .
-
A ’
&J\/' Zone Atelier Plaine et Val de Sévre
/J’ :
.
r’y"? - ;
S, £
\Al 1 “ ~ o
~ \?L 4 \} "
: \3 Figure C.3: Localisation de la forét de
. ForétdeChize'r Chizé (milieu naturel utilisé par les
Busards cendrés) par rapport a la zone
e Y d’étiide

.

Comme évoqué dans le paragraphe précédent, legesulpérennes et les milieux

naturels sont principalement utilisés par les cesigbrécoces (figure C.4). Or, les dates
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moyennes de ponte des Busards cendrés sembledegtias en plus précoces sur notre zone
d’étude (figure C.5). Si les tendances se confitmienproportion d’individus utilisant ces
milieux dit « de substitution » devrait donc creitiL’avancée des dates de ponte est un
phénomene observée chez de nombreuses espécesadboiunn et al. 2010). Chez le
Busard cendré, il est connu que la date de pontefoeiement liee a I'abondance de
campagnols au printemps : les dates de pontes m@woces quand I'abondance de
campagnols est élevée (Millon and Bretagnolle 20@8bondance de campagnols au
printemps étant, au contraire, globalement en ditron sur la période d’étude, elle ne peut
justifier ces avancées de dates de ponte. Une expigation aurait pu étre 'avancée des
phénologies de blé mais aucune tendance n’est \a@idersur notre zone d'étude. Des
modifications de I'habitat physique et biologiquiss la zone d’étude ne semblent donc pas
étre responsables de I'avancée de la phénologrepteduction de I'espece. Un effet direct
du changement climatique sur la physiologie deasyetion des individus (Goutte 2010) ou
des modifications des conditions sur les sitesvdimages ou lors de migration (Lehikoinen

and Sparks 2010) sont envisageables et a étudimmeoexplications plausibles de cette

avanceée.
N = 766 N =28 N =100
** Figure C.4: Dates de pontes (en jour
4 A julien & partir du £ avril) des Busards
kel cendré dans notre zone d'étude (Zone
[ | Atelier Plaine et Val de Sévre et forét de
O Chizé) suivant le type de milieu choisi
pour la nidification. Les dates de pontes
8 NS moyennes (x SD) sont les suivantes:
[ \ 44.3 £11.5 dans les céréales, 39.8 £7.8
L dans les milieux pérennes et 37.7. +9.2
S 37 § O 8 en forét.les différences de moyennes de
% ‘ 1 ; dates de pontes entre les 3 milieux ont
©° i —\‘ été testé a l'aide d'un test t de Student
% SN ‘ (NS: non significatif, **:0.01<
&) ! § ! p<0.001, *** p<0.001).
o —_—i — —i
N @)
T T T
céréale naturel pérenne
Type de milieu
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™ Figure C.5: Evolution des dates
T moyennes de ponte (x SD) du
© T Busard cendré tous  milieux
T confondus de 1994 a 2011 sur la
3 ® zone détude (forét comprise).

Globalement les dates de pontes

moyennes ont tendances a étre de
plus en plus précoces (Corrélation
de Spearman : r =-0.5, p = 0.05)

Date de ponte moyenne
®

1995 2000 2005 2010

Au vu de nos résultats et de la discussion menéessus, il parait extrémement
complexe de prédire I'avenir du Busard cendré eardffets confondants et les interactions
entre compartiments de I'habitat sont multipless Dendances sur la période d’étude sont
observées mais les origines de celles-ci ne santrgellement identifiées. Le changement

global pourrait &tre mis en avant comme explicaplausible.

C.Il.2. Le changemenglobal, causedesvariations
temporellesobservée®

Dans ce travaill de these, nous avons mis en éwdeles meécanismes
environnementaux responsables des variations dempale sélection du site de nidification
et des performances reproductives du Busard cemlrds avons également discuté de
linfluence potentielle du changement global sus cgecanismes. Cependant, nous n’avons
pas établi de liens directs (ou indirects) entseplatrons observées et le changement global. i
s’agit donc de la prochaine étape et nous dispoder®rtaines données concernant le climat
et les pratiques agricoles. Cette partie est donsacrée a une exploration de l'influence du
climat et des pratiques agricoles sur I'habitatgipye et biologique du busard cendré.

Le changement global pourrait, en effet, étre wrseahuses de variation de phénologie
et de hauteurs du blé mais aussi de I'abondanceadwagnols (Arroyo et al. 2002). La
somme des températures et des précipitations tolang de I'année est un des facteurs clés
pour la croissance des cultures (Geslin 1944). Qgd, les données climatiqgues dont nous
disposons (station de Niort) présentent des variatiannuelles mais pas de tendances
générales (figure C.6a & b) ces 20 dernieres anr@edaps de temps parait relativement

court pour dégager des tendances climatiques. &#stions annuelles de température et de
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précipitations pourraient toutefois expliquer I'abhse de tendance dans la phénologie des
blés. Elles n’expliquent cependant ni les tendaadasdiminution des hauteurs de blés et des
abondances de campagnols ni I'avancée des datesnte du Busard cendré. L'exploration
approfondie de ces données climatiques (tendanas®ngiéres) ainsi que l'étude de
l'interaction entre températures et précipitatiposirraient toutefois partiellement expliquer
les tendances observées dans I'habitat. Le chamgegiebal n’est pas synonyme de
changement climatique mais integre également lemgdments d’utilisation des sols, de
pratiques agricoles. La croissance des blés aussiajhauteur atteinte par ceux-ci découlent
également des itinéraires techniques suivis paade=urs principaux des territoires agricoles :
les exploitants agricoles. Des différences de daéesemis, de variétés de blé, de quantités
d’engrais utilisées, d’arrosage des parcelles @tilidation de raccourcisseurs de croissance
peuvent effectivement influencer les hauteurs de fgincontrés par les busards. Il est
€galement connu qu’une interaction entre le cligtdes pratiques agricoles existe (Thuiller
2003). La diminution des hauteurs de blé et l'attéion des cycles d’abondance de
campagnols résultent certainement de cette interacl est plus difficile de disposer de
données sur I'évolution temporelle des pratiquescalgs a I'échelle locale. Il semble
toutefois nécessaire et indispensable de récobtetelies données (a partir du cahier des
charges des exploitants ou aupres de coopératgreola@s) afin de pouvoir distinguer les
effets respectifs des variations du climat et degiques agricoles sur la phénologie du blé,
'abondance de campagnols et donc sur la sélecihauteur de végétation au nid et la

fitness des Busards cendrés.
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Figure C.6 : Sommes des températures (a) et despiadions (b) de 1990 a 2011 au
niveau de la station de Niort (station la plus pgnecde la zone d’étude). La somme
considérée est duloctobre de I'année précédente (correspondant @éidgode de semis
du blé) au 30 avril de I'année en question (cormsgant aux 1 installations de

Busards cendrés)

C.lIl.3. Une prochaineétape: Modéliserpour préedire

Comprendre lI'impact des changements climatiquefusiage des sols futurs sur les

populations animales fait I'objet d'un intérét @sant et les études visant a prédire la

distribution et la persistance des espéces dawsriexte sont de plus en plus nombreuses.

Cette étape prédictive nécessite l'identification l@ compréhension des mécanismes

impliqués dans la sélection d’habitat, ses vanetiet ses conséquences sur la fitness. La

conception de modeles prédictifs suivant differest®narii climatiques et différents

itinéraires techniques, incluant les mécanismestifies lors de cette these mais également

ceux déja connus (résumé dans la figure C.7) seaibftre une suite logique a ce travail afin

de prédire I'avenir du Busard cendré en milieuaaje intensif.
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Figure C.7: Schéma récapitulatif des relations coe® (en orange et numéro), inconnues (en pointillés
noirs et lettres majuscules) et identifiées dan#ecéhése (en bleu et lettres minuscules) entre les
compartiments du changement global, de I'habitadesta reproduction du Busard cendré. La largeus de
fleches bleues est proportionnelle a I'importanes celations.

©

H

1- Les individus précoces sont plus productifs emésr de poussins et ont un succés de reproductien pl
élevé (Millon et al 2008)

2- La présence de congénéres permet de diminuaubede prédation au stade « poussin » (Arroyol.et a
2001)

3- Les années de fortes abondances de campagnsl@de/idus sont plus précoces et ont un succes de
reproduction plus élevé (Millon et al 2008)

4- Les années de fortes abondances en campagnalenksité de nid est plus importante et les nids plu
agréges (de Cornulier 2005)

5- Sans protection, les moissons détruiraient 60% mmids (Arroyo et al. 2002). Nous ne connaissorss pa
l'influence indirecte des autres travaux agricoges le busard cendré.

a- Une phénologie tardive et des hauteurs faiblebléuendent les busards plus sélectifs (article 2)

b- Les patchs de blés les plus précoces accuelsrtolonies de Busards (article 4)

c- La phénologie du blé semble en lien avec I'aboicdade campagnols (article 2, a préciser davantage)
d- Une forte abondance de campagnols incite les Bigsa investir davantage dans la reproduction etao

a étre plus sélectif sur la hauteur de végétatamicle 2)

e-Les couples arrivant dans des colonies importasi@st moins sélectifs sur la hauteur de végétation
(article 2 & 3)

f- Plus la colonie est grande plus le risque dedptéon au stade ceuf est élevé (article 2)

0- Les individus ayant choisi une hauteur de végmtadu nid importante diminuent le risque de préofat
au stade ceuf et augmentent par conséquent le saitéetosion (article 2)

A- Les interactions entre pratiques agricoles etrgiment climatique

B- Effets respectifs du changement climatique dadeiculture sur les composantes de I'habitat

C- Effets directs du changement climatique localy§iblogie de reproduction) ou global (modificatiches
sites d’hivernages ou des conditions de migration)

D- La phénologie du blé ne semble pas influenc@hénologie de reproduction. Cette relation estefit

a approfondir
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C.lll. CONSERVATION DU BUSARD CENDRE EN MILIEU
AGRICOLE DANS LE CONTEXTE DU CHANGEMENT
CLIMATIQUE

Les especes inféodées aux milieux agricoles sarticplierement exposées a tout
changement potentiel de leur habitat lié aux aésvihumaines. Les menaces auxquelles
doivent faire face ces espéces sont aujourd’hwgrdaées par 'intensification de I'agriculture
mais aussi par le changement climatique. De forjisug de conservation sont donc en cours
dans ces milieux. De nombreuses mesures de cotisartelles que les mesures agri-
environnementales) ont été mis en place afin deeole déclin des oiseaux agricoles. Avant
ce travail de thése, les principales menaces fiks#gi pesant sur le Busard cendré étaient la
diminution de I'abondance de leur ressource aliaiemt(lié a lintensification et aux
changements d’utilisation des sols, Arroyo et 802) et les destructions de nichées par les
moissons (Arroyo et al. 2002, Limifiana et al. 20T18s mesures de conservation (décrites
ci-dessous) ont été mises en place afin de corggemenaces. Cependant, ces mesures sont et
seront-elles efficaces dans un contexte de changeghabal ? C’est la question a laquelle
nous tenterons de répondre dans un premier tempa. ldmiére des nouveaux éléments
apportés dans cette thése, nous tenterons darsecmede partie de proposer des mesures de
conservation du Busard cendré en milieu agricademniellement adaptées pour faire face au

changement global.

C.llI.1. Mesuresdeconservatiomctuelleset efficacité
face au changemenglobal

C.II.1.1. Un dispositif de protection des nids

Depuis 1994, sur la zone d'étude, dimportantesaesces humaines mais aussi
economiques sont investies chaque année dansticiioa des nids de Busards cendrés au
moment de la moisson des céréales (Arroyo et &1220 a pose de grillage (figure C.8)
avant la moisson est une mesure de conservatigennt utilisée en France et dans de

nombreux pays européens pour protéger les jeunsar@ cendrés mais également les
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Busards Saint-Martil€ircus cyaneu®t les Busards des roseadicus aeruginosusichant

en milieu agricole. Avec la collaboration des explats agricoles, ces grillages sont installés
le plus tard possible pour éviter 'abandon du péd la femelle mais avant la moisson afin
d’éviter la destruction des nids lors du passagéadaoissonneuse mais aussi afin d’éviter
une prédation terrestre accrue (chien, chat, r¢namloquée par une détection du nid
facilitée dans un champ de chaume. L'efficacitécelte mesure est incontestable car prés de
60% des nids sont détruits en I'absence de cetteiraéArroyo et al. 2002). Cependant, nous
sommes en droit de nous demander si cette medur@e#iement pérenne dans un contexte de
changement global. L’augmentation des échecs liesdauteurs de végétation trop basses et
a la diminution d’abondance de campagnols est fat afprévoir. Suite la diminution des
hauteurs de blé choisis, de plus en plus de nids m@datés au stade ceuf. La pose d’'un
grillage au stade ceuf n'aurait aucune efficacité faux principaux prédateurs des ceufs de
Busards, les corvidés. Cette mesure ne sera ppesfermante et rentable pour la persistance
de I'espece dans le contexte du changement globes sendances sur les abondances de
campagnols et sur les hauteurs de blé (et dondasprédation des ceufs) se confirment.
Comme précisé par Arroyo et al. (2002), la manignglus efficace et rentable de protéger le
Busard cendré serait de mettre en place des mesukshelle plus large de I'habitat et non
du nid.

Figure C.8 : photographies d’un nid protégé pargnilage avant (a- photo © Serge
Paris) et aprés moisson (b- phot8Jlean-Luc Bourrioux)

C.II.1.ii. Une Zone de Protection Spéciale

La zone d’étude est en grande partie couverte paiZone de Protection Spéciale (la

ZPS Niort-Sud Est; figure C.9). Les zones de praircpéciale ont été créées en application
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de la directive européenne 79/409/CEE (« directigeanx ») relative a la conservation des
oiseaux sauvages. Cette ZPS a été désignée erntes guour son importance pour les
populations d’Outardes caneptierd®trax tetrax La France a choisi la méthode de
contractualisation volontaire pour atteindre legeotifs de protection identifiés (par un
document d'objectifs visant a diagnostiquer etrmeela gestion des sites Natura 2000). Dans
ce cadre, des mesures agri-environnementales (MAEEds sur des contrats avec les
exploitants agricoles, ont été mises en placeasdPS Niort-Sud Est. Ces mesures visent a
favoriser le retour des prairies et des pratiquegektion favorables aux criquets, ressources
alimentaires de I'Outarde canepetiere (amélioratemsites de reproduction, d'alimentation et
d'élevage des jeunes). Cette mesure n'est évidempan ciblée sur le Busard cendré.
Cependant, en I'absence de MAE « Busard cendré fgviarisation des milieux pérennes
(milieu refuge pour les campagnols) pourraient muoi impact positif sur 'abondance des
campagnols et donc sur les Busards. L'outarde edigep constituerait, dans ce cas, une
espéce « parapluie » (Lambeck 1997). Cependant,nesires ne contrent en rien la
diminution observée de la qualité (hauteurs) dés pbur la nidification des Busards cendré.
Aucun moyen de conservation actuel ne semble enmmelassurer la persistance du

busard cendré en milieu agricole face aux changenegvironnementaux en cours.

| 8 km

Figure C.9 : Zone Atelier Plaine et Val
de Sevre (jaune & bleu) et Zone de
Protection Spéciale Niort-Sud Est
(bleu).

C.lll.2. Propositionsde mesurepérennesadaptéesau
changementlobal:

Les mesures de conservation étant colteuses eedsesurces financiéres limitées,

I'efficacité des mesures doit étre avéerée afin tifoiser I'utilisation du budget disponible
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(Arroyo and Bretagnolle 2000). Or, comprendre lessgance des relations entre I'habitat, la
distribution et le succés de reproduction d’uneéespest crucial pour la mise en place de
programmes de conservation efficaces (Limifiand. €G11). Nous avons dans cette these
apportée des éléements essentiels qui pourraiemtitnoer a cibler davantage les mesures de
conservation du Busard cendré a travers son halfitdh vue de nos résultats et de la
discussion menée plus haut, deux options se dégdgepremiére consisterait a favoriser la
colonisation, déja observable, des milieux naturkés seconde a créer une mesure agri-

environnementale ciblée sur le Busard cendré.

C.I.2.1. Favoriser la colonisation des milieux naturels

Nous I'avons discuté, les mesures actuelles seectrent sur les habitats agricoles de
'espece. Cependant, les milieux naturels présetitarantage de ne pas subir I'influence des
pratigues agricoles, notamment la moisson. Nousnsavprécédemment mentionné la
colonisation récente de la forét par la populapoésente sur notre zone d'étude. Favoriser
cette colonisation parait donc étre une des pdigdtipour la pérennité de l'espece
(également mentionné par Arroyo et al. 2002). Cdaet) cette alternative nécessiterait de
limiter les activités forestiéres pendant la saidenreproduction et d’appliquer une gestion
réguliére de la végétation naturelle en périodevdiinage des oiseaux afin de maintenir un
couvert favorable a la nidification. Dans un prent&nps, les zones déja colonisées devraient
étre gérée sur une surface assez large (envirof rhO@e rayon) afin de favoriser la
colonialité. Dans un second temps, la création tteguzones favorables pourraient étre
envisagée enfin d’attirer de nouvelles coloniesnAlie maximiser les chances de réussite de
tels programmes, les mesures devraient evidemnagopg/er sur des études de sélection
d’habitat en milieu naturel. De telles études s en partie disponibles (voir Limifiana
et al. 2006, Cormier et al. 2008, Wiacek 2008, biama et al. 2011). Il reste cependant une
inconnue non négligeable : ou ces couples vorthEsser ? Basé sur les pelotes de rejection
trouvées au nid, il est possible de reconstituemrdgime alimentaire de ces couples
(Salamolard et al. 2000). Dans le cas ou ces idds/persisteraient a chasser dans la plaine
cérealiere, la diminution des ressources alimesgaien milieu agricole resterait

problématique pour le succes de reproduction daBlusendré.
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C.11.2.ii. Création d’'un habitat idéal et Mise en place
d’'une MAE ?

Les propositions suivantes découlent d'une réflexaentrée sur la création d’'un
habitat idéal pour le Busard cendré en plaine algrimtensive suivant les éléments mis en
evidence dans cette these. La faisabilité de caesimee est par la suite discutée.

Idéalement, les mesures devraient considérer tes tomposantes de I'habitat en
favorisant des hauteurs de blé importantes, unmentation de I'abondance de campagnols
et en prenant en compte le caractere colonial epdce. || semblerait que ces mesures
devrait se concentrer sur les colonies relativerfires d’'une année sur l'autre et donc dans
les zones ou le blé est plus précoce (zones idmgiflans Hrticle 4). Dans ces larges zones
(750 a 1500 metres de diameétre), des variétés éedrécoces, peu gourmandes en eau et
atteignant rapidement la hauteur favorite du Busamddré (80 cm) seraient idéalement a
privilégier afin de fournir une protection optimaientre la prédation aérienne et 'insolation
tout en maintenant une accessibilité facile awemar Cependant, des variétés précoces sont
souvent récoltées plus t6t. Les moissons devralent étre retardées afin de permettre
'envol des jeunes. Les causes exactes des cyelemampagnols et de leur changement ne
sont pas encore élucidées. Une meilleure répartsioatiale des milieux constituant des
refuges pour les campagnols en hiver : les miligépennes, pourraient, cependant, favoriser
la colonisation des blés (milieu de chasse favas$ thusards; Lecoustre 2009) par les
campagnols et ainsi relancer les cycles (PinoCAm. Pery Les milieux pérennes devraient
donc se répartir de maniére réguliere sur I'enserdbt zones spécifies précédemment. Enfin,
nous avons vu qu'il est important de considérespért social de cette espece. Pour ce faire,
il semblerait intéressant de favoriser des patahslds de superficie importante afin de
permettre aux couples de moins bonne qualité (et don capables de discriminer la qualité
relative des patchs), de s’installer dans des lpmishs tout en maintenant une certaine
distance avec ses propres voisins (afin d’éviteotapétition).

La description faite ci-dessus constitue un habitatéal » pour la nidification du Busard
cendré. Cependant, I'accumulation des contraintesiétés, dates de moisson, taille des
parcelles) rend sa réalisation délicate. Il paraieffet difficile de créer un cahier des charges
acceptable pour I'agriculteur tout en limitant l@mmant de la rémunération calculée sur la
base des surcodts et pertes occasionnés par lagezngnts. De plus, la plupart des mesures
proposées (mise a part la mise en place de milEugnnes) pourrait s’avérer nuisible au

reste de la communauté biologique. Des mesureslesngh non nuisibles pour les autres
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especes devrait donc étre favorisées telles quésttion de variétés de blé atteignant des
hauteurs importantes, I'incitation & ne pas utilde raccourcisseurs et le retard des moissons.
Concernant I'abondance et la disponibilité des agnpls, les MAE actuellement en place et
en développement pourraient suffire. Cependant étuele approfondie des liens entre
abondance et répartition des habitats pérennesb@idance de campagnols devra étre

conduite pour valider I'effet supposé positif deAB’]

- 161 -



- 162 -



D. Références

bibliographiques

La Biblio, c’est la vie, BiblioVie...
Kévin Le Res

- 163 -



«

-

Références bibliographiques Ml

Allen, T. and Hoekstra, T. 1993. Toward a unified eggl — Columbia Univ Pr.

Ar, A. and Sidis, Y. 2002. Nest microclimate duringncubation.— OXFORD
ORNITHOLOGY SERIES 13: 143-160.

Arroyo, B. 1998. Effect of diet on the reproductiseccess of Montagu’s Harri€@ircus
pygargus— Ibis 140(4): 690—-693.

Arroyo, B. 1999. Copulatory behavior of semi-colinMontagu’s Harriers. — Condor pp.
340-346.

Arroyo, B. and Bretagnolle, V. 2000. Evaluating tbeg-term effectiveness of conservation
practices in Montagu’s Harri€ircus pygargus— Raptors at the risk pp. 403—-408.

Arroyo, B., Bretagnolle, V. and Leroux, A. 2007 tdractive effects of food and age on
breeding in the Montagu’s Harrier Circus pygargutbis 149(4): 806—813.

Arroyo, B., Garcia, J. and Bretagnolle, V. 2002n&x&rvation of the Montagu’s harri€ircus
pygargusin agricultural areas. — Animal Conservation 5(@83-290.

Arroyo, B.; Garcia, J. & Bretagnolle, V. 2003. Lange, agricultural practices and
conservation of Montagu’s Harrier. — raptor in amching environment pp. 449-463.

Arroyo, B.; Garcia, J. & Bretagnolle, V. 2008ircus pygargusMontagu’s harrier. — BWP
Update 6(1).

Arroyo, B., King, J. and Palomares, L. 1995. Obatons on the ecology of Montagu’s and
Marsh Harriers wintering in North-west Sénégal.stridh 66: 37-40.

Arroyo, B., Mougeot, F. and Bretagnolle, V. 200Iol@hial breeding and nest defence in
Montagu’s harrieCircus pygargus— Behavioral ecology and sociobiology 50(2): 1D085-

Assessment, M. 2005. Ecosystems and human well-bewg. 5. Island Press.

Avilés, J., Soler, J. and Pérez-Contreras, T. 2@k nests and egg colour in birds: a
possible functional role of ultraviolet reflectante egg detectability. — Proceedings of the
Royal Society B 273(1603): 2821.

Bakken, G., Vanderbilt, V., Buttemer, W. and Dawsow. 1978. Avian eggs:
thermoregulatory value of very high near-infrareflactance.. — Science (New York, NY)
200(4339): 321.

Barbaro, L., Couzi, L.and Bretagnolle, V., Nezan,add Vetillard, F. 2008. Multi-scale
habitat selection and foraging ecology of the aarashoopoeUpupa epopsin pine
plantations. — Biodiversity Conservation 17: 1073874

Baret, F., Hagolle, O., Geiger, B., Bicheron, Pirad, B., Huc, M., Berthelot, B., Nifio, F.,
Weiss, M. and Samain, O. 2007. LAI, fAPAR and fOQo¥&YCLOPES global products
derived from VEGETATION: Part 1: Principles of the @ighm. - Remote sensing of
environment 110(3): 275-286.

- 164 -



«

-

Références bibliographiques Ml

Bayne, E., Hobson, K. and Fargey, P. 1997. Predatiartificial nests in relation to forest
type: contrasting the use of quail and plasticiggse — Ecography 20(3): 233—-239.

Benton, T., Bryant, D., Cole, L. and Crick, H. 20Q#king agricultural practice to insect
and bird populations: a historical study over thdeeades. — Journal of Applied Ecology 39:
673-687.

Blanco, G. and Bertellotti, M. 2002. Differentialregglation by mammals and birds:
implications for egg-colour polymorphism in a nontadreeding seabird. — Biological
Journal of the Linnean Society 75(2): 137-146.

Block, W. and Brennan, L. 1993. The habitat congepirnithology. — Current ornithology
11: 35-91.

Bollinger, E. 1995. Successional changes and habseection in hayfield bird
communities. — The Auk 112(3): 720-730.

Boschetti, M., Stroppiana, D., Brivio, P. and Bagcch 2009. Multi-year monitoring of rice
crop phenology through time series analysis of M®@hages. — International Journal of
Remote Sensing 30(18): 4643—-4662.

Bradley, M., Kutz, S., Jenkins, E. and O Hara, T.300he potential impact of climate
change on infectious diseases of Arctic fauna.tertrational Journal of Circumpolar Health
64(5): 468.

Bretagnolle, V. and Gillis, H. 2010. Predator—pneteractions and climate change. — Oxford
University Press.

Bretagnolle, V., Villers, A., Denonfoux, L., Cormetl, T., Inchausti, P. and Badenhausser, I.
2011. Rapid recovery of a depleted population dfld.iBustardsTetrax tetraxfollowing
provision of alfalfa through an agri environmentesae. — Ibis 153(1): 4-13.

Brickle, N., Harper, D., Aebischer, N. and Cockayi® 2000. Effects of agricultural
intensification on the breeding success of corntibge Miliaria calandra. — Journal of
Applied Ecology 37: 742—755.

Burger, J. 1982. The role of reproductive succes®lony-site selection and abandonment in
Black Skimmers (Rynchops niger). — The Auk pp. 10%-1

Burger, J. 1987. Physical and social determinahtsest-site selection in Piping Plover in
New Jersey. — Condor pp. 811-818.

Burhans, D. and Thompson lll, F. 1998. Effects ofeiand nest-site characteristics on
concealment of songbird nests. — Condor pp. 663-672

Butet, A. and Leroux, A. 1993. Effect of prey on @gator's breeding success. A 7-year
study on common vole (Microtus arvalis) and Montadharrier (Circus pygargus) in a west
France marsh. — Acta oecologica 14(6): 857—-865.

Callaway, R.M. & Maron, J. 2006. What have exotignp invasions taught us over the past
20 years?. — Trends in Ecology & Evolution 21: 369374

- 165 -



«

-

Références bibliographiques Ml

Campbell, L., Avery, M., Donald, P., Evans, A., GreR. and Wilson, J. 1997. A Review of
the Indirect Effects of Pesticides on Birds. — JN@&Eport Joint Nature Conservation
Committee, Peterborough, UK. 227.

Castilla, A., Dhondt, A., Diaz-Uriarte, R. and Whmasteland, D. 2007. Predation in ground
nesting birds: an experimental study using natega color variation. — Avian Conservation
and Ecology 2(1).

Chamberlain, D., Fuller, R., Bunce, R., Duckwotthand Shrubb, M. 2000. Changes in the
abundance of farmland birds in relation to the nignof agricultural intensification in England
and Wales. — Journal of Applied Ecology 37(5): 788-7

Clark, R. and Nudds, T. 1991. Habitat patch size dudk nesting success: the crucial
experiments have not been performed. — Wildlifei@gdBulletin 19(4): 534-543.

Clark, R. and Shutler, D. 1999. Avian habitat sebec pattern from process in nest-site use
by ducks? — Ecology 80(1): 272-287.

Clarke, R. 1996. Montagu’s harrier. — Arlequin Rres

Claro, J. 2000. Ecologia reproductiva do TartarantegadoiCircus pygargugL.) na regiao
de Evora. Ph.D. thesis, MSc thesis, University ofravo

Cody, M. 1985. An introduction to habitat selectianbirds. — Habitat selection in birds pp.
3-56.

Colwell, M. 1992. Wilson's Phalarope nest successnot influenced by vegetation
concealment. — The Condor 94(3): 767-772.

Conway, C. and Martin, T. 2000. Effects of ambienngerature on avian incubation
behavior. — Behavioral Ecology 11(2): 178.

Coolen, I., Bergen, Y., Day, R. and Laland, K. 208pecies difference in adaptive use of
public information in sticklebacks. — Proceedingsh® Royal Society of London. Series B:
Biological Sciences 270(1531): 2413.

Cormier, J., Fustec, J., Pithon, J. and Choisy2®8. Selection of nesting habitat by
Montagu’s HarriersCircus pygargusand Hen Harrier€ircus cyaneusn managed heaths:
Capsule Montagu’s Harriers avoided tree plantatimms selected plots with dense heath of
intermediate height, while sympatric Hen Harrierefprred afforested or taller plots of
heath. — Bird study 55(1): 86-93.

de Cornulier, T. 2005. Composantes de la distributspatiale d’'un prédateur : effets
respectifs de I'habitat, des ressources alimerstag@te des interactions comportementales.
Ph.D. thesis, Université Claude Bernard, Lyon, Feanc

Cornulier, T. and Bretagnolle, V. 2006. Assessing timfluence of environmental
heterogeneity on bird spacing patterns: a caseysiuth two raptors. — Ecography 29(2):
240-250.

Cramp, S. and Simmons, K. 1980. The birds of theemed$’alearctic, vol. 2.

- 166 -



«

-

Références bibliographiques Ml

Cresswell, W. 1997. Nest predation rates and resicthbility in different stages of breeding
in BlackbirdsTurdus merula— Journal of Avian Biology 28(4): 296-302.

Crick, H. 2004. The impact of climate change on sirdlbis 146: 48-56.

Crick, H. and Sparks, T. 1999. Climate change rédla® egg-laying trends. — Nature
399(6735): 423-423.

Daan, S., Dijkstra, C., Drent, R. and Meijer, T. 89Bood supply and the annual timing of
avian reproduction. — vol. 19, pp. 392-407.

Danchin, E., Giraldeau, L., Valone, T. and Wagner2®4. Public information: from nosy
neighbors to cultural evolution. — Science 305(56887.

Danchin, E., Boulinier, T. and Massot, M. 1998. Causfic reproductive success and
breeding habitat selection: implications for thedst of coloniality. — Ecology 79(7): 2415—
2428.

Danchin, E. and Wagner, R. 1997. The evolution obmality: the emergence of new
perspectives. — Trends in Ecology & Evolution 12@)2—-347.

Davis, M. 2003. Biotic globalization: does compgetit from introduced species threaten
biodiversity?. — BioScience 53: 481-489.

Davis, S. 2005. Nest-site selection patterns aadritiuence of vegetation on nest survival of
mixed-grass prairie passerines. — The Condor 108(%):-616.

Davison, W. and Bollinger, E. 2000. Predation rategeal and artificial nests of grassland
birds. — The Auk 117(1): 147-153.

Debouche, C. 1979. Présentation coordonnée deafhfffmodéles de croissance. — Revue de
Statistique Appliquée 27(4): 5-22.

Deeming, D. 2002. Avian incubation. — Oxford Unsigy Press.

DelLong, A., Crawford, J. and DelLong, D. 1995. Relahips between vegetational structure
and predation of artificial sage grouse nests. —Jthenal of wildlife management 59(1): 88—
92.

Diggle, P. and Gabriel, E. 2010. Spatio-temporalnpg@rocesses. — Handbook of spatial
statistics p. 449.

Dion, N., Hobson, K. and Lariviére, S. 2000. Inttrae effects of vegetation and predators
on the success of natural and simulated nestsastignd songbirds. — Condor 102(3): 629—
634.

Doligez, B., Cadet, C., Danchin, E. and Boulinier2003. When to use public information
for breeding habitat selection? The role of envirental predictability and density
dependence* 1. — Animal Behaviour 66(5): 973-988.

Donald, P., Green, R. and Heath, M. 2001. Agricaltintensification and the collapse of
Europe’s farmland bird populations. — ProceedinghefRoyal Society B 268: 25-29.

- 167 -



«

-

Références bibliographiques Ml

Donald, P.; Sanderson, F.; Burfield, I. & Van BomymE. 2006. Further evidence of
continent-wide impacts of agricultural intensificet on European farmland birds, 1990-
2000. — Agriculture, ecosystems & environment 1189-196

Dunn, P., Winkler, D., Mgller, A., Fielder, W. arerthold, P. 2010. Effects of climate
change on timing of breeding and reproductive ss@e birds. — Effects of Climate Change
on Birds p. 113-128.

Eggers, S., Griesser, M., Nystrand, M. and EkmaR0Q6. Predation risk induces changes in
nest-site selection and clutch size in the Sibeagn— Proceedings of the Royal Society B:
Biological Sciences 273(1587): 701.

Evans, A., Smith, K., Buckingham, D. and Evans, B71%easonal variation in breeding
performance and nestling diet of cirl buntirgsberiza cirlusin England. — Bird Study 44:
66-79.

Ewers, R. and Didham, R. 2005. Confounding factorthé detection of species responses to
habitat fragmentation. — Biological Reviews 81: 1142.

Ferguson-Lees, J. and D.A., C. 2001. Raptors oivitréd. — Houghton Mifflin Harcourt.

Flynn, D., Gogol Prokurat, M., Nogeire, T., MolinaN., Richers, B., Lin, B., Simpson, N.,
Mayfield, M. and DeClerck, F. 2009. Loss of func@b diversity under land use
intensification across multiple taxa. — Ecology bedt12(1): 22-33.

Forman, R. 1995. Land mosaics: the ecology of leayolss and regions. — Cambridge Univ
Pr.

Fretwell, S. and Lucas, H. 1969. On territorial &abr and other factors influencing habitat
distribution in birds. — Acta biotheoretica 19(15-36.

Fuller, R., Gregory, R., Gibbons, D., MarchantWilson, J., Baillie, S. and Carter, N. 1995.
Population declines and range contractions amomdata farmland birds in Britain. —
Conservation Biology 9 (6): 1425-1441.

Gatrell, A., Bailey, T., Diggle, P. and Rowlingsd,1996. Spatial point pattern analysis and
its application in geographical epidemiology. — Tactions of the Institute of British
Geographers pp. 256-274.

Geslin, H. 1944. Etude des lois de croissance djplaete en fonction des facteurs du
climat:(Température et radiation solaire.) Contiidnuta I'étude du climat du blé.... —
Imprimerie nationale.

Ghalambor, C. and Martin, T. 2002. Comparative maatpn of predation risk in incubating
birds reveals variability in the plasticity of resyses. — Behavioral Ecology 13(1): 101.

Gillis, H., Gauffre, B., Huot, R. and Bretagnol\, [a] Vegetation height and egg coloration
differentially affect predation rate and overhegtimsk: an experimental test mimicking a
ground-nesting bird. — in review .

- 168 -



«

-

Références bibliographiques Ml

Gillis, H., Millon, A. and Bretagnolle, V. [b]. Whe and when to breed do matter: temporal
variation in selection of vegetation height at tiest for a ground-nesting raptor in farming
habitats. — in review .

Gillis, H. and Bretagnolle, V. [c]. Is there a bata between physical and social cues for
nesting habitat choice in a facultative coloniadaer? — in. prep.

Goutte, A. 2010. Mécanismes hormonaux impliqguéssdanphénologie de la reproduction
chez les oiseaux marins polaires. PhD. Thesis, Wsitéede Poitiers, France.

Greene, C. and Stamps, J. 2001. Habitat selectidawa population densities. — Ecology
82(8): 2091-2100.

Gregoire, A., Garnier, S., Dréano, N. and Faivre,2B03. Nest predation in Blackbirds
(Turdus merula) and the influence of nest charaattesi. — Ornis Fennica 80(1): 1-10.

Guérif, M., Houles, V., Makowski, D. and Lauvern&, 2006. Data assimilation and
parameter estimation for precision agriculture ggime crop model STICS. — Working with
dynamic crop models: evaluation, analysis, paranzet®n, and applications p. 391.

Hahn, B. and Silverman, E. 2006. Social cues fatdihabitat selection: American redstarts
establish breeding territories in response to serjology Letters 2(3): 337.

Haining, R., Law, J. and Griffith, D. 2009. Modellj small area counts in the presence of
overdispersion and spatial autocorrelation. — Cdatpnal Statistics & Data Analysis 53(8):
2923-2937.

Hall, L., Krausman, P. and Morrison, M. 1997. Théitet concept and a plea for standard
terminology. — Wildlife Society Bulletin 25(1): 17382.

Hansell, M. 2000. Bird nests and construction behav— Cambridge Univ Pr.

Hansell, M. and Deeming, D. 2002. Location, struetand function of incubation sites. —
Oxford Ornithology Series 13: 8-27.

Helzer, C. and Jelinski, D. 1999. The relative int@oce of patch area and perimeter-area
ratio to grassland breeding birds. — Ecological ligapions 9(4): 1448-1458.

Henderson, I., Vickery, J. and Fuller, R. 2000. &wen bird abundance and distribution on
set-aside fields on intensive arable farms in ssmatiEngland.. — Ecography 23: 50-59.

Hendrix, P., Parmelee, R., Crossley, D., Coleman,@lum, E. and Groffman, P. 1986.
Detritus food webs in conventional and no-tillaggogcosystems. — Bioscience 36(6): 374—
380.

Hengl, T., Heuvelink, G. and Stein, A. 2003. Comgami of kriging with external drift and
regression-kriging. — Technical note, ITC. Availablenline at http://www. itc.
nl/library/Academic output .

Hobbs, R. 2000. Invasive species in a changingdvirdnd-use changes and invasions. —
Island Press, Washington, DC.

- 169 -



«

-

Références bibliographiques Ml

Holway, D. 1991. Nest-site selection and the imgooece of nest concealment in the Black-
throated Blue Warbler. — Condor pp. 575-581.

Houghton, J. 1996. Climate change 1995: the sciaicelimate change.— vol. 19390.
Cambridge Univ Pr.

Howey, P., Board, R., Davis, D. and Kear, J. 1984e microclimate of the nests of
waterfowl. — Ibis 126(1): 16-32.

Hughes, L. 2000. Biological consequences of glob@rming: is the signal already
apparent? — Trends in Ecology & Evolution 15(2): 56-61

Hurd, C. 1996. Interspecific attraction to the miolgbcalls of black-capped chickadees
(Parus atricapillug. — Behavioral Ecology and Sociobiology 38(4): 2832.

Hurell, J. and Trenberth, K. 2010. Climate Chang@xford University Press.

Hutchings, J. and Myers, R. 1994. What can be &hifnom the collapse of a renewable
resource? Atlantic codsadus morhuaof Newfoundland and Labrador. — Canadian Journal
of Fisheries and Aquatic Sciences 51(9): 2126—-2146.

Hutto, R. L. 1985. Habitat selection by nonbreedimggratory land birds. — Academic Press,
New York.

Hwang, T., Song, C., Vose, J. and Band, L. 2011. §mguhy-mediated controls on local
vegetation phenology estimated from MODIS vegetatiwlex. — Landscape ecology pp. 1-
16.

Hyrenbach, K. and Veit, R. 2003. Ocean warming saabird communities of the southern
California Current System (1987-98). response attipte temporal scales. — Deep Sea
Research Part II: Topical Studies in Oceanograpli¥5bQ06): 2537-2565.

Inman, A. and Krebs, J. 1987. Predation and grodpgl. — Trends in Ecology & Evolution
2: 31-32.

International, B. 2004. Threatened birds of theldv@004. — Tech. rep.

Janzen, F. 1994. Climate change and temperatuendept sex determination in reptiles. —
Proceedings of the National Academy of Science$®1{487.

Jenerette, G., Scott, R. and Huete, A. 2010. Fomalidifferences between summer and
winter season rain assessed with MODIS derived gdbgg in a semi arid region. — Journal
of Vegetation Science 21(1): 16-30.

Johnson, D. 1980. The comparison of usage and biyjlameasurements for evaluating
resource preference. — Ecology 61(1): 65—71.

Jones, J. 2001. Habitat selection studies in aatatogy: a critical review. — The Auk 118(2):
557-562.

Kearney, M. and Porter, W. 2009. Mechanistic nictaglelling: combining physiological and
spatial data to predict species’ ranges. — Ecologiete12(4): 334-350.

- 170 -



«

-

Références bibliographiques Ml

Kerns, C., Ryan, M., Murphy, R., THOMPSON IIl, F.daRubin, C. 2010. Factors Affecting
Songbird Nest Survival in Northern Mixed Grass Rea The Journal of Wildlife
Management 74(2): 257-264.

Kiester, A. 1979. Conspecifics as cues: a mechafasrhabitat selection in the Panamanian
grass anole (Anolis auratus). — Behavioral Ecolagy @ociobiology 5(4): 323-330.

Kilner, R. 2006. The evolution of egg colour andt@ating in birds. — Biological Reviews
81(03): 383-406.

Kolbe, J. and Janzen, F. 2002. Impact of nests#iection on nest success and nest
temperature in natural and disturbed habitats. 4dggB3(1): 269-281.

Korpimaki, E. 1992. Fluctuating food abundance detees the lifetime reproductive success
of male Tengmalm’s owls. — Journal of Animal Ecolqyy 103-111.

Lambeck, R. 1997. Focal species: a multi speciebreia for nature conservation. —
Conservation biology 11(4): 849-856.

Lambert, D. 1992. Zero-inflated Poisson regresswith an application to defects in
manufacturing. — Technometrics pp. 1-14.

Lambin, X., Bretagnolle, V. and Yoccoz, N. 2006.|&@opulation cycles in northern and
southern Europe: Is there a need for different eilans for single pattern? — Journal of
Animal Ecology 75(2): 340-349.

Lauvernet, C. 2005. Assimilation variationnelle lobervations de télédétection dans les
modeles de fonctionnement de la végétation: utitieadu modele adjoint et prise en compte
de contraintes spatiales.

Lawless, J. 1987. Regression methods for Poissoceps data. — Journal of the American
Statistical Association pp. 808-815.

Lecoustre, V. 2009. Comportement d'approvisionnegmefun prédateur en milieu
hétérogene: I'exemple du Busard cendré en paysaggeoke. — Master’'s thesis, Université
Pierre et Marie Curie.

Lehikoinen, E. and Sparks, T. 2010. Changes in magrat Oxford University Press Oxford,
UK.

Lehikoinen, E., Sparks, T. and Zalakevicius, M. 20@4rival and departure dates. —
Advances in ecological research 35: 1-31.

Levin, S. 1992. The problem of pattern and scakecwiogy: the Robert H. MacArthur award
lecture. — Ecology 73(6): 1943-1967.

Limifana, R., Arroyo, B., Surroca, M., Urios, V.dmRReig-Ferrer, A. 2011. Influence of
habitat on nest location and reproductive outpuMohtagu’s Harriers breeding in natural
vegetation. — Journal of Ornithology pp. 1-9.

Limifiana, R., Soutullo, A., Urios, V. and Surro®4, 2006. Vegetation height selection in
Montagu’s Harrier€ircus pygargudreeding in a natural habitat. — Ardea 94(2): 283

-171 -



«

-

Références bibliographiques Ml

Low, M., Arlt, D., Eggers, S. and Part, T. 2010. Hatbspecific differences in adult survival
rates and its links to parental workload and ort pesdation. — Journal of Animal Ecology
79(1): 214-224.

Lundberg, S. 1985. The importance of egg hatchghélitd nest predation in clutch size
evolution in altricial birds. — Oikos 45(1): 110711

Lusk, J., Wells, K., Guthery, F., Fuhlendorf, Sdarhompson Ill, F. 2003. Lark sparrow
(Chondestes grammadgusest-site selection and success in a mixed-gnasse. — The Auk
120(1): 120-129.

Magige, F., Moe, B. and Rgskaft, E. 2008. The whilewr of the OstrichQtruthio camelus
egg is a trade-off between predation and overhgatidournal of Ornithology 149(3): 323—
328.

Major, R. and Kendal, C. 1996. The contribution datifigial nest experiments to
understanding avian reproductive success: a rewewnethods and conclusions. — Ibis
138(2): 298-307.

Martin, T. 1987. Artificial nest experiments: effeaf nest appearance and type of predator. —
Condor pp. 925-928.

Martin, T. 1995. Avian life history evolution in elon to nest sites, nest predation, and
food. — Ecological Monographs 65(1): 101-127.

Martin, T. 1998. Are microhabitat preferences of xisiing species under selection and
adaptive? — Ecology 79(2): 656—670.

Martin, T. 2001. Abiotic vs. biotic influences on i@t selection of coexisting species:
climate change impacts? — Ecology 82(1): 175-188.

Martin, T. and Roper, J. 1988. Nest predation argd-siée selection of a western population
of the Hermit Thrush. — Condor 90(1): 51-57.

Martin, T., Scott, J. and Menge, C. 2000. Nest gredaincreases with parental activity:
separating nest site and parental activity effectBroceedings of the Royal Society of
London. Series B: Biological Sciences 267(14598722

Martinez, J., Serrano, D. and Zuberogoitia, I. 20@&dictive models of habitat preferences
for the Eurasian eagle oBubo buboa multiscale approach. — Ecography 26(1): 21-28.

Matson, P., Parton, W., Power, A. and Swift, M. 29®gricultural Intensification and
Ecosystem Properties. — Sc 277: 504-509.

Mayer, P., Smith, L., Ford, R., Watterson, D., Mtten, M. and Ryan, M. 2009. Nest
construction by a ground-nesting bird represerpstantial trade-off between egg crypticity
and thermoregulation. — Oecologia 159(4): 893-901.

McCarthy, J. 2001. Climate change 2001: impactaptdion, and vulnerability: contribution

of Working Group Il to the third assessment repdthe Intergovernmental Panel on Climate
Change. — Cambridge Univ Pr.

-172 -



«

-

Références bibliographiques Ml

McCarty, J. 2001. Review: Ecological Consequences Rafcent Climate Change. —
Conservation Biology 15: 320-331.

McGowan, J., Bograd, S., Lynn, R. and Miller, A. 300he biological response to the 1977
regime shift in the California Current. — Deep SResearch Part Il: Topical Studies in
Oceanography 50(14-16): 2567-2582.

Meijer, T., Daan, S. and Hall, M. 1990. Family plangnin the kestrelRalco tinnunculuk
the proximate control of covariation of laying dated clutch size. — Behaviour pp. 117-136.

Memmott, J., Craze, P., Waser, N. and Price, M72@obal warming and the disruption of
plant—pollinator interactions. — Ecology Letters 168.

Merino, S. and Mgller, A. 2010. Host—parasite iatdions and climate change. — Chapter 15.
Oxford University Press.

Mezquida, E. and Marone, L. 2003. Are results dfieidl nest experiments a valid indicator
of success of natural nests? — The Wilson Bullet#(3): 270-276.

Millon, A. 2006. Influence de la variation cycliquies proies sur un prédateur: approches
individuelle et populationnelle du systéme Busaddré. Ph.D. thesis, Université Paris 6.

Millon, A., Arroyo, B. and Bretagnolle, V. 2008. ¥able but predictable prey availability
affects predator breeding success: natural verguerienental evidence. — Journal of Zoology
275(4): 349-358.

Millon, A., Bourrioux, J., Riols, C. and Bretagme|l\V. 2002. Comparative breeding biology
of Hen Harrier and Montagu’s Harrier: an 8-yeadsgtin north-eastern France. — Ibis 144(1):
94-105.

Millon, A. and Bretagnolle, V. 2005. Nonlinear apdpulation specific offspring sex ratios in
relation to high variation in prey abundance. —a3ik08(3): 535-543.

Millon, A. and Bretagnolle, V. 2008. Predator pagidn dynamics under a cyclic prey
regime: numerical responses, demographic paramatergrowth rates. — Oikos 117: 1500—
1510.

Mgller, A., Fiedler, W. and Berthold, P. 2010. Efteof climate change on birds. — Oxford
Univ Pr.

Montevecchi, W. 1976. Field experiments on the #dapsignificance of avian eggshell
pigmentation. — Behaviour 58(1/2): 26—39.

Moore, R. and Robinson, W. 2004. Artificial bird st& external validity, and bias in
ecological field studies. — Ecology 85(6): 1562—-1567

Moreno, J. and Osorno, J. 2003. Avian egg colowt sexual selection: does eggshell
pigmentation reflect female condition and genetialiy? — Ecology Letters 6(9): 803—-806.

Morris, D. W. 2011. Adaptation and habitat selectim the eco-evolutionary process. —
Proceedings of the Royal Society B 278 (1717): 22811.

- 173 -



«

-

Références bibliographiques Ml

Mougeot, F., Arroyo, B. and Bretagnolle, V. 2001leddy presentations as a means to
manipulate the risk of extrapair copulation: anexkpental study in a semicolonial raptor,
the Montagu'’s harrierircus pygargus — Behavioral Ecology 12(1): 1.

Myneni, R., Keeling, C., Tucker, C., Asrar, G. andni\ani, R. 1997. Increased plant growth
in the northern high latitudes from 1981 to 199Nature 386(6626): 698—702.

Nordell, S. and Valone, T. 1998. Mate choice copyasgpublic information. — Ecology
Letters 1(2): 74-76.

O’Connor, R. and Shrubb, M. 1986. Farming and Bird<ambridge University Press,
Cambridge, UK.

Orians, G. and Wittenberger, J. 1991. Spatial ardpbral scales in habitat selection. —
American Naturalist pp. 29-49.

Parejo, D., White, J., Clobert, J., Dreiss, A. @aahchin, E. 2007. Blue tits use fledgling
qguantity and quality as public information in brewgsite choice. — Ecology 88(9): 2373—
2382.

Parmesan, C. 2006. Ecological and evolutionary resgmto recent climate change. — Annual
Review of Ecology, Evolution, and Systematics 37:-&5P.

Parmesan, C. and Yohe, G. 2003. A globally cohdragerprint of climate change impacts
across natural systems. — Nature 421(6918): 37-42.

Peach, W., Robinson, R. and Murray, K. 2004. Deoigic and environmental causes of the
decline of rural Song Thrush&sirdus philomelogn lowland Britain. — Ibis 146: S50-S54.

Pearce-Higgins, J., Yalden, D. and Whittingham, 2005. Warmer springs advance the
breeding phenology of golden ploveRuvialis apricaria and their prey (Tipulidae). —
Oecologia 143: 470-476.

Perrins, C. 1977. The role of predation in the etofuof clutch size. — Evolutionary ecology.
Macmillan Press, London p. 181-192.

Perrins, C. and Moss, D. 1975. Reproductive ratiehe great tit. — The Journal of Animal
Ecology pp. 695-706.

Pefiuelas, J. and Filella, I. 2001. Responses taraing world. — Science 294(5543): 793.

Post, E., Stenseth, N., Langvatn, R. and Fromedtir1997. Global climate change and
phenotypic variation among red deer cohorts. —é&dings of the Royal Society of London.
Series B: Biological Sciences 264(1386): 1317.

Potts, G. 1986. The Partridge: Pesticides, Predatiah Conservation.. — Collins, London,
UK.

Rettie, W. and Messier, F. 2000. Hierarchical habgelection by woodland caribou: its
relationship to limiting factors. — Ecography 23(4%6—478.

Ricklefs, R. and Institution, S. 1969. An analysisiesting mortality in birds.

- 174 -



«

-

Références bibliographiques Ml

Robinson, R. and Sutherland, W. 2002. Post-war gdggmim arable farming and biodiversity
in Great Britain. — Journal of Applied Ecology 3%7+176.

Rocamora, G. and Berthelot, D. 1999. Oiseaux menaté& surveiller en France. Listes
rouges et recherche de priorités. Populations. Tereda Menaces. Conservation.. — Tech.
rep., Société d’Etudes Ornithologiques de Francei.jgour la Protection des Oiseaux, Paris.

Root, T., Price, J., Hall, K., Schneider, S., Rosesig, C. and Pounds, J. 2003. Fingerprints
of global warming on wild animals and plants. —iNat421(6918): 57-60.

Rosenzweig, M. 1991. Habitat selection and poputatinteractions: the search for
mechanism. — 137: S5-S28.

Roy, D. and Sparks, T. 2000. Phenology of Britisktdstlies and climate change. — Global
Change Biology 6(4): 407-416.

Saab, V. 1999. Importance of spatial scale to habge by breeding birds in riparian forests:
a hierarchical analysis. — Ecological Applicatioi($)9135-151.

Sakamoto, T., Wardlow, B., Gitelson, A., Verma, Suyker, A. and Arkebauer, T. 2010. A
Two-Step Filtering approach for detecting maize aoglbean phenology with time-series
MODIS data. — Remote Sensing of Environment 1142036-2159.

Salamolard, M., Butet, A., Leroux, A. and BretadgaeplV. 2000. Responses of an avian
predator to variations in prey density at a temieelatitude. — Ecology 81(9): 2428-2441.

Schieck, J. and Hannon, S. 1993. Clutch predatower, and the overdispersion of nests of
the Willow Ptarmigan. — Ecology 74(3): 743-750.

Solis, J. and De Lope, F. 1995. Nest and egg @ysithe ground-nesting stone curlew
Burhinus oedicnemus. — Journal of avian biology226[35-138.

Solomon, S., Qin, D., Manning, M., Chen, Z., MagguM., Averyt, K., Tignor, M. and
Miller, H. 2007. IPCC, 2007: Climate change 2007ehysical science basis. Contribution
of Working Group | to the fourth assessment repdrtthe Intergovernmental Panel on
Climate Change.

Sotherton, N. 1998. Land use changes and the éeaalifarmland wildlife: an appraisal of the
set-aside approach. — Biological Conservation 332839—-268.

Southwood, T. 1977. Habitat, the templet for ecalabistrategies?. — Journal of Animal
Ecology 46(2): 337-365.

Stamps, J. 1988. Conspecific attraction and aggjoegan territorial species. — American
Naturalist pp. 329-347.

Stenhouse, I., Gilchrist, H. and Montevecchi, WO20Factors affecting nest-site selection of
Sabine’s Gulls in the eastern Canadian Arctic. pad@n Jounal of Zoology 83: 1240-1245.

Stevens, A., Welch, Z., Darby, P. and Percival,2d02. Temperature effects on Florida
applesnail activity: implications for snail kiteréging success and distribution. — Wildlife
Society Bulletin 30 (1): 75-81.

- 175 -



«

-

Références bibliographiques Ml

Stoate, C., Araujo, M. and Borralho, R. 2003. Covesion of european farmland birds:
abundance and species diversity. — Ornis Hungag@es3: 33—40.

Sugden, L. and Beyersbergen, G. 1986. Effect ofideasd concealment on American crow
predation of simulated duck nests. — The JournWitdlife Management 50(1): 9-14.

Sugden, L. and Beyersbergen, G. 1987. Effect ofingegover density on American crow
predation of simulated duck nests. — The JournWitdlife Management pp. 481-485.

Sutherland, W. 1996. From individual behaviour gpplation ecology. — Oxford University
Press, USA.

Thuiller, W. 2003. Impact des changements globauxashiodiversité en Europe: projections
et incertitudes. Ph.D. thesis. Université Montgelli, France.

Tinbergen, N., Impekoven, M. and Franck, D. 1967. éxperiment on spacing-out as a
defence against predation. — Behaviour pp. 307-321.

Travers, M., Clinchy, M., Zanette, L., Boonstra,dd Williams, T. 2010. Indirect predator
effects on clutch size and the cost of egg prodact Ecology letters 13(8): 980-988.

Tscharntke, T., Klein, A., Kruess, A., Steffan-Dewvantl. and Thies, C. 2005. Landscape
perspectives on agricultural intensification andodbiersity — ecosystem service
management. — Ecology letters 8: 857-874.

Tucker, G. 1999. Measuring the impacts of agricelton biodiversity.. — Environmental
Indicators and Agricultural Policy. — CABI Publisigi, Wallingford, U.K.

Tucker, G. M. and Heath, M.F. 1994. Birds in Eurogdieir Conservation Status. —
Cambridge.

Tylianakis, J., Didham, R., Bascompte, J. and W&arBl. 2008. Global change and species
interactions in terrestrial ecosystems. — Ecologhete 11: 1351-1363.

Underwood, T. and Sealy, S. 2002. Adaptive signifiea of egg coloration. — OXFORD
ORNITHOLOGY SERIES 13: 280-298.

Valone, T. 2007. From eavesdropping on performanceopying the behavior of others: a
review of public information use. — Behavioral EgpJand Sociobiology 62(1): 1-14.

Valone, T. and Templeton, J. 2002. Public informatfon the assessment of quality: a
widespread social phenomenon. — Philosophical Tatioss of the Royal Society of London.
Series B: Biological Sciences 357(1427): 1549.

Van Bergen, Y., Coolen, I. and Laland, K. 2004. éNgpined sticklebacks exploit the most
reliable source when public and private informatmnflict. — Proceedings of the Royal
Society B: Biological Sciences 271(1542): 957.

Velando, A. and Freire, J. 2001. How general is ¢batral-periphery distribution among
seabird colonies? Nest spatial pattern in the E@o@hag. — The Condor 103(3): 544-554.

- 176 -



«

-

Références bibliographiques Ml

Visser, M., van Noordwijk, A., Tinbergen, J. and sels, C. 1998. Warmer springs lead to
mistimed reproduction in great titBgrus majoJ. — Proceedings of the Royal Society B 265:
1867-1870.

Wagner, R. and Danchin, E. 2003. Conspecific copyagyeneral mechanism of social
aggregation. — Animal Behaviour 65(2): 405-408.

Wall, M., Timmerman-Erskine, M. and Boyd, R. 2003.nServation impact of climatic
variability on pollination of the federally endamgd plant, Clematis socialis
(Ranunculaceae). — Southeastern Naturalist 2(324.1

Walsberg, G. 1985. Physiological consequences afrainabitat selection. — PHYSIOL.
ECOL. SER. pp. 389-413.

Walther, G., Post, E., Convey, P., Menzel, A., Paane C., Beebee, T., Fromentin, J.,
Hoegh-Guldberg, O. and Bairlein, F. 2002. Ecololgreaponses to recent climate change. —
Nature 416(6879): 389-395.

Wardle, D. 1995. Impact of disturbance on detrifosd-webs in agro-ecosystems of
contrasting tillage and weed management practicéglvances in Ecological Research 26:
105-185.

Weatherhead, P. 2005. Effects of climate variatioriming of nesting, reproductive success,
and offspring sex ratios of red-winged blackbird©ecologia 144(1): 168-175.

Webb, D. 1987. Thermal tolerance of avian embryaesvaew. — Condor pp. 874-898.

Weidinger, K. 2001. Does egg colour affect predatrate on open passerine nests? —
Behavioral Ecology and Sociobiology 49(6): 456—-464.

Weidinger, K. and Kral, M. 2007. Climatic effects arrival and laying dates in a long
distance migrant, the Collared Flycatcher Fice@ilecollis. — Ibis 149(4): 836-847.

Wells, K. and Fuhlendorf, S. 2005. Comparison offdclimate at Grassland Bird Nests with
Different Substrates. — Prairie Naturalist 37(1): 2

Westmoreland, D., Schmitz, M. and Burns, K. 2007g Ewlor as an adaptation for
thermoregulation. — Journal of Field Ornithology(2)8 176—183.

Whittingham, L. and Robertson, R. 1994. Food abdity, parental care and male mating
success in red-winged blackbird&ggelaius phoenicelis— Journal of animal ecology pp.
139-150.

Wiacek, J. 2008. Benefits and costs of semi-colobraeding in the Montagu’s Harrier
Circus pygargus. — Belg. J. Zool 138(1): 36—40.

Wiens, J. 1976. Population responses to patchy@mwients. — Annual Review of Ecology
and Systematics 7: 81-120.

Wiens, J. 1977. On competition and variable envirents. — American Scientist .

Wiens, J. 1989. Spatial scaling in ecology. — Fametl ecology 3(4): 385—-397.

-177 -



«

-

Références bibliographiques Ml

Wilson, J., Evans, J., Browne, S. and King, J. 19B&tritory distribution and breeding
success of skylarks Alauda arvensis on organidraedsive farmland in southern England. —
Journal of Applied Ecology 34: 1462—-1478.

Wilson, J., Whittingham, M. and Bradbury, R. 200fie management of crop structure: a
general approach to reversing the impacts of agm@l intensification on birds? — Ibis
147(3): 453-463.

Zann, R. 1999. Information constraints in the tighiof reproduction in arid-zone birds. —
22nd International Ornithological Congress.BirdiBeuth Africa, Durban, South Africa. pp.
265-278.

Zhang, X., Friedl, M., Schaaf, C., Strahler, A.,ddes, J., Gao, F., Reed, B. and Huete, A.
2003. Monitoring vegetation phenology using MODiSRemote sensing of environment
84(3): 471-475.

Zuria, |., Gates, J. and Castellanos, I. 2007 figidl nest predation in hedgerows and scrub
forest in a human-dominated landscape of centraiidde— Acta Oecologica 31(2): 158-167.

- 178 -






CHANGEMENT GLOBAL ET DYNAMIQUE DE SELECTION D’HABITAT DE REPRODUCTION D’UN OISEAU
NICHANT AU SOL

Comprendre les exigences d'une espece pour unahaddt une question centrale en
conservation et gestion de la biodiversité et 8dst encore davantage, de nos jours, avec le
changement global. Dans ce contexte, ce doctosat &iétudier la sélection du site de nidification
d'une espéce semi-coloniale nichant au sol en miigricole, le Busard cendf@rcus pygargus
Différentes échelles temporelles et spatiales stilisées pour comprendre comment les variations
environnementales affectent les patrons de séfedéchauteur de végétation au nid, leurs processus
la fitness des individus.

La sélection d’'une hauteur de végétation au nidjaaie dépend de deux risques principaux
dont l'importance relative change au cours d’'urisssade reproduction: le risque de prédation et le
risque d’insolation des ceufs et poussins. Les Hdasagélectionnent une hauteur de végétation
importante (environ 80cm). Cependant, les variatides trois composantes de I’habitat (phénologie et
croissance de la végétation, abondance de projgestnce de congéneres) influencent a des degrés
divers les patrons de sélection de hauteur de aggeétet les parametres de la reproduction.
L'importance du caractére semi-colonial de I'espése soulignée : I'attraction conspécifique et la
compétition entre couples influencent fortementdaons de sélection a différentes échelles spatio
temporelles. Une attraction conspécifique s’exérdarge échelle tandis que de la compétition entre
couples s’installe a plus petite échelle.

A la lumiere de ces éléments, une réflexion quafianenir du busard cendré en milieu
agricole intensif dans le contexte du changemetiajlest menée.

Mots-clés :sélection d’habitat de reproduction, changemesibajl milieu agricole, espéece nichant au
sol, hauteur de végétation

GLOBAL CHANGE AND BREEDING HABITAT SELECTION DYNAMICS IN A GROUND-NESTING BIRD

Understanding species habitat requirements is tiatéssue in biodiversity conservation and
management and it is even more important with ttteah global change. In this context, we study
nest site selection of a semi-colonial ground-mgs8pecies breeding in farmlands, the Montagu's
Harrier Circus pygargus We use different spatial and temporal scales holetstand how
environmental variations affect patterns of vegetaheight selection at the nest, their underlying
processes and individual fitness.

The selection of an optimal vegetation height at tlest depends on two main risks whose
relative importance changes in a breeding seasedapion and overheating risks of eggs and chicks.
Montagu's Harrier selects tall vegetation at negt 80 cm). However, variations of the three
components of habitat (vegetation phenology andwtiro prey abundance and presence of
conspecifics) affect to varying degrees selectiattepns of vegetation height and breeding parameter
The importance of the semi-colonial character @& #pecies is further emphasized: conspecific
attraction and among-pair competition strongly uefice selection patterns at different spatial and
temporal scales. Conspecific attraction acts ajelagcale while among-pair competition appears at
finer scale.

In the light of these new elements, we conducteltseussion about the future of Montagu's
harrier in intensive agricultural areas in the eahbf global change.

Keywords: breeding habitat selection, global change, agdtical areas, ground-nesting species,
vegetation height



