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Avant-propos

Cette these a ¢été financée griace au projet ANR DEMOCOM, un projet s’articulant autour du
développement de méthodes de démographie a I’échelle des communautés. Ce projet regroupe de
nombreux partenaires, et plus particulicrement, pour cette these, le Centre d’Ecologie Fonctionnelle et
Evolutive (UMR 5175 CEFE, Montpellier) avec Olivier Gimenez (directeur de these), P'unité
Mécanismes adaptatifs & Evolution (UMR 7179 MECADEYV, Brunoy) avec Pierre-Yves Henry (co-
directeur de these) et le Centre d’Etudes Biologiques de Chizé (UMR 7372 CEBC, Villiers-en-Bois) avec
Christophe Barbraud (co-directeur de these). Cette these bénéficie aussi d’importants collaborateurs qui
ont largement contribué a la réalisation des travaux dans le cadre de cette these : Frédéric Barraquand
(Institut de Mathématiques de Bordeaux) et Daniel Turek (Williams College).

Dans le cadre de cet ANR, ce travail avait pour objectif de développer I'utilisation des modéles de
population intégrés multispécifiques pour analyser les dynamiques a I’échelle de la communauté. Ainsi
au cours de cette these, ces modeles ont été mis en place sur des cas d’étude simples pour s’exercer et
avoir une premicre idée des intéréts et possibilités de cette méthode pour améliorer notre compréhension
de la dynamique d’especes en interaction.

Les différentes études menées dans ce travail de thése sont basées sur des programmes de suivis terrain
qui existent depuis de nombreuses années provenant du suivi démographique des oiseaux nicheurs de
Kerguelen (Projet 109 ORNITHOECO, Institut Polaire Frangais Paul Emile Victor) et du suivi temporel
des oiseaux communs par capture (Centre De Recherches sur la Biologie des Populations d’Oiseaux) et
par point d’écoute (Muséum National d’Histoire Naturelle). Grace a la trés grande implication de
nombreuses personnes, ces différents suivis de long terme permettent d’obtenir des jeux de données
précieux offrant la possibilité de mettre en place les différentes études de ce travail.

Ainsi, cette thése est a Iinterface entre la modélisation et I'écologie. Cette spécificité peut paraitre
frustrante car elle ne permet pas d’explorer en profondeur I'un ou 'autre domaine (développement pur
de méthode versus description détaillée des mécanismes écologiques). Cependant, la force de ce travail,
mélangeant modélisation et écologie, est de pouvoir créer de vrais liens entre l'utilisation de méthodes
complexes pour comprendre comment elles peuvent permettre d’appréhender des processus écologiques
tout aussi complexes. J’espere modestement que ce travail pourra contribuer aux grands domaines de
I’écologie des populations et des communautés, ainsi qu’a la mod¢élisation statistique.

Cette these se compose de cing parties principales, une premicre partie introduisant le sujet aussi bien
d’un point de vue écologique que méthodologique, suivie de trois différents cas d’étude sous forme
darticles composant les chapitres de cette these et enfin une discussion générale permettant de faire le
point sur les intéréts de cette méthode et sur ses développements futurs.
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Résumé

Pour comprendre et prédire la trajectoire des especes dans le temps, il faut pouvoir appréhender les différents
facteurs faconnant leur dynamique. Au sein des communautés, les especes interagissent entre elles a travers
de nombreuses relations interspécifiques (e.g. compétition, prédation), mais aussi avec les individus de leur
propre espece, ainsi qu’avec leur environnement (e.g. conditions climatiques, habitat). L.a complexité des
analyses réside dans la nécessité de travailler a différents niveaux biologiques, de lindividu jusqu’a la
communauté. Les modeles de population intégrés (IPM) permettent, dans leur forme la plus simple, de
combiner des données a I’échelle individuelle (e.g. capture-recapture) ou a la ’échelle de la population (e.g.
comptages) dans une méme analyse et offrent ainsi la possibilité d’estimer des parameétres démographiques et
des tailles de population. Leur extension a I'échelle multispécifique permet d’analyser Ueffet de la taille de
population d’une espéce sur les parametres démographiques d’une autre espéce tout en tenant compte de
covariables environnementales et en propageant toutes les sources d’incertitudes. Ainsi, ces modcles
pourraient permettre de mieux appréhender le role des interactions interspécifiques dans la dynamique des
especes. Lobjectif de cette these, a Pinterface entre la modélisation et I'écologie, est de mettre en avant le
potentiel des IPM multispécifiques en les appliquant a des cas d’étude pertinents.

A travers trois cas d’étude, les effets de différentes interactions interspécifiques (prédation, compétition) ainsi
que plusieurs autres facteurs (covariables climatiques, qualité de I’habitat, phénologie) ont été analysés pour
appréhender les mécanismes sous-jacents a la dynamique des especes. Un premier cas d’étude consiste en un
systeme prédateur-proie d’oiseaux marins (le pétrel bleu Halobaena caerulea et le labbe subantarctique Catharacta
lonnbergi). Les effets des relations de prédation ont été analysés tout en tenant compte des conditions
climatiques en mer pour mettre en évidence leurs roles respectifs sur la dynamique des especes. Une deuxiéme
analyse se focalise sur un systeme de mésanges (la mésange charbonnicre Parus major et la mésange bleue
Cyanistes caernlens) pour analyser les effets des relations de compétition. Dans cette analyse, I'effet de ’habitat
est pris en compte pour déterminer son influence sur les relations interspécifiques. Enfin, un dernier cas
d’étude s’intéresse a la compétition entre deux especes de fauvettes aux stratégies de migration différentes (la
fauvette a téte noire Sylvia atricapilla et la fauvette des jardins Sykia borin). Dans ce systeme, la phénologie de la
reproduction est étudiée pour comprendre comment elle peut moduler les interactions interspécifiques.

Globalement, les IPM multispécifiques se sont bien adaptés aux différents cas d’étude et ont permis une
meilleure compréhension du role des interactions interspécifiques dans la dynamique des espéces. Dans le
systeme labbe-pétrel, ces modeles ont mis en évidence I'effet majeur de la disponibilité en proies dans la
dynamique des especes. Chez les mésanges, ils ont généralisé des processus de compétition connus a I’échelle
de quelques sites, a 'ensemble de la population francaise, tout en les nuancant selon la qualité de I'habitat.
Enfin, pour les fauvettes, ils ont montré I'importance de la phénologie de reproduction dans l'intensité des
interactions interspécifiques. De nombreuses perspectives de travail restent a explorer pour exploiter au mieux
ces modeles. Parmi elles, il sera intéressant de développer les IPM multispécifiques, non plus avec des systemes
a deux especes, mais en utilisant un grand nombre d’especes pour étudier les dynamiques a échelle de la
communauté. Ces modeéles pourraient aussi permettre de projeter la dynamique des espéces selon différents

scénatios climatiques et/ou de gestion et ainsi pouvoir étre utilisés a des fins de conservation.

Mots clés : Démographie, Ecologie statistique, Mode¢le de population intégré, Oiseaux marins, Passercaux,
Relations interspécifique



Abstract

To understand and predict the fate of species over time, it is necessary to understand the different factors
shaping their dynamics. Within communities, species interact with each other, through numerous interspecific
interactions (e.g. competition, predation), but also with individuals of their own species, as well as with their
environment (e.g. climatic conditions, habitat). The complexity of the analyses lies in the need to work at
different biological levels, from the individual to the community. It is therefore necessary to develop methods
that could accommodate different data sources. Integrated population models (IPM) allow, in their simplest
form, to combine data at the individual scale (e.g. capture-recapture) and at the population scale (e.g. counts)
into a single analysis and thus offer the possibility to estimate demographic parameters and population sizes.
Their extension to the multispecies scale allows the analysis of the effect of the estimated population size of
one species on the demographic parameters of another species while taking into account other factors such
as environmental covariates and propagating all sources of uncertainty. Therefore, these models could allow
a better understanding of the role of interspecific interactions in species dynamics. Thus, the aim of this PhD
thesis, at the interface between modelling and ecology, is to highlight the potential of multispecies IPMs by
applying them to relevant systems of interacting species.

Through three case studies, different interspecific interactions (predation, competition) as well as different
factors (climatic covariates, habitat quality, phenology) have been analysed to understand the mechanisms
underlying the dynamics of these species. A first case study consisted in a predator-prey system of seabirds
(the blue petrel Halobaena caernlea and the Brown skua Catharacta lonnbergi). The effects of predation
relationships were analysed while taking into account the climatic conditions at sea to highlight their respective
roles on the species dynamics. A second analysis focused on a tit system (the great tit Parus najor and the blue
tit Cyanistes caernlens) to analyse the effects of competitive relationships. In this analysis, the effect of habitat
was also taken into account to determine its influence on interspecific relationships. Finally, a last case study
focused on the competition between two warbler species with different migration strategies (the blackcap
Sylvia atricapilla and the garden warbler Sy/via borin). In this system, breeding phenology was taken into account
to understand how it can modulate interspecific interactions.

Overall, the multispecies IPMs were well adapted to the different case studies and provided a better
understanding of the role of interspecific interactions in species dynamics. In the skua-petrel system, the model
highlighted the major effect of prey availability in species dynamics. In the tit system, they generalized
competition processes known at the scale of a few sites to the whole French population, while nuancing them
according to the habitat quality. Finally, for warblers, they showed the effect of breeding phenology on the
intensity of interspecific interactions. Numerous work perspectives remain to be explored in order to exploit
further the potential of these models. Among them, it will be interesting to extent these models to more than
two-species systems by using a large number of species to study the dynamic of communities. These models
could also allow the projection of species dynamics under different climatic and/or management scenatios
and thus be used for conservation purposes.

Keywords: Demography, Integrated population model, Interspecific relationship, Passerines, Seabirds,
Statistical ecology
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Introduction

1. La dynamique des communautés

1.1. La structure des communautés

La plupart des définitions du terme de communauté en écologie inclue I'idée d’un ensemble d’especes
que P'on peut retrouver dans un méme endroit. Ensuite, selon d’autres caractéristiques distinctes
comme les interactions, la phylogénie, les caractéristiques trophiques ou fonctionnelles, les définitions
se séparent (Fauth et al. 1996, Stroud et al. 2015). Dans le cadre de ce travail et a la maniere de Morin
(2009), nous considérerons quune communauté inclue plusieurs especes (au moins deux) qui
interagissent ensemble a travers des relations directes et indirectes a un endroit donné. Ainsi, une
communauté est une composante arbitraire de 'écosysteme qui est aussi composé de 'environnement
abiotique. Cette définition large d’'une communauté nous permet de nous focaliser sur des interactions
qui structurent les relations entre espéces (e.g. relations de compétition interspécifiques, relations
prédateur-proie) tout en laissant les effets d’autres interactions dans le bruit environnemental

(abiotique et biotique).

Les communautés écologiques sont ainsi considérées ici comme des assemblages d’especes qui
interagissent les unes avec les autres dans le temps et dans I'espace (Gotzenberger et al. 2012,
Ovaskainen et al. 2017). En théorie, a I’équilibre, chaque espece présente dans une communauté
occupe une place qui lui est propre, définie par sa niche écologique, c’est-a-dire selon ses exigences
environnementales et ses relations avec les autres espéces de la communauté (Grinnell 1917,
Hutchinson 1957, Polechova and Storch 2008). Comprendre les regles d'assemblage qui faconnent la
structure d’'une communauté, mais aussi les facteurs exogenes avec lesquels ces régles agissent pour
créer, maintenir et faire évoluer une communauté au cours du temps, est un objectif fondamental en

¢cologie (Mutshinda et al. 2009, Gotzenberger et al. 2012).
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Figure I.1. Schéma des interactions mises en évidence a I'intérieur d’'une communauté notamment composée
de deux espéces de rapaces nocturnes et trois micromammiféres. L’importance relative des interactions
intraspécifiques, interspécifiques, et des facteurs abiotiques est représentée par le signe et I’épaisseur des fleches.
Figure modifiée et traduite de Lima et al. (2002).

Les communautés sont structurées par des interactions multiples, les rendant particulicrement
complexes a étudier (Godfray and May 2014). Les interactions se produisent sur I'ensemble des
niveaux biologiques : a ’échelle de I'individu, de I'espéce (ou population) mais aussi avec des facteurs
physiques de 'environnement occupé par la communauté, appelés facteurs abiotiques. La Figure 1.1
présente un exemple d’interactions mises en évidence entre des especes d’une communauté
notamment composée de rapaces nocturnes et de micromammiféres (Lima et al. 2002). Les
interactions peuvent avoir lieu entre les individus d’'une méme espece, ce que 'on nomme les
interactions intraspécifiques ou bien entre les especes, on parle alors d’interactions interspécifiques.
Au-dela de ces interactions biotiques, les facteurs abiotiques ont aussi un effet sur les individus et
especes composant la communauté, comme leffet du niveau de précipitation sur la production
primaire et secondaire dans la Figure I.1. Les interactions peuvent avoir différents effets sur les
individus et plus largement sur les populations. Un effet négatif va réduire la capacité d’un individu a
se reproduire ou a survivre, ou inversement un effet positif va 'augmenter. Ces effets a I’échelle
individuelle se répercutent sur la population car la variation de la taille de population est la résultante
des processus démographiques (sutvie, fécondité, immigration, émigration). Pour que le taux de
croissance d’une population soit positif, il faut que les flux entrants (immigration, naissance) soient
supérieurs aux flux sortants (émigration, déces). Les variations de la taille d’une population impactent,
a une échelle plus large, ensemble des especes avec lesquelles cette population est en interaction, et

en conséquence modifient la structure de la communauté. Ainsi, pour comprendre comment une
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communauté se maintient et peut ¢tre modifiée au cours du temps, il est nécessaire de bien caractériser

les principales interactions entre les especes qui la composent (Mutshinda et al. 2009).

Les interactions intraspécifiques

Lorsque des individus d’une méme population exploitent des ressources communes qui sont limitées
dans Pespace ou dans le temps, les individus se retrouvent en compétition pour ces ressources, ce que
I'on nomme la compétition intraspécifique (Keddy 1989). Dans la plupart des cas de compétition
intraspécifique, les individus sont en compétition pour les ressources en nourriture (Lewis et al. 2001,
Amundsen et al. 2007, Votier et al. 2007), pour les territoires (Chanchani et al. 2018, Darolova et al.
2020), ou encore pour les partenaires (Davies et al. 1995). Lorsque les ressources sont limitantes, on
observe un phénomene de densité dépendance négative. La présence d’un grand nombre d’individus
dépendant d’une ressource commune va limiter 'acces a cette ressource en la réduisant, entrainant des
effets négatifs sur les individus (reproduction et/ou survie réduite) et plus largement sur la population
(décroissance). Par exemple, la présence d’'un grand nombre de congénéres peut négativement
impacter la survie (Gamelon et al. 2016) ou le succes reproducteur (Sillett et al. 2004) a I’échelle de
I'individu et se refléter sur le taux de croissance de la population. A 'inverse, lorsque les effectifs sont
faibles, la compétition intraspécifique est réduite induisant un relachement de la contrainte sur les
performances démographiques individuelles, et la trajectoire de population tend vers la croissance
exponentielle. Cette régulation permet notamment que, dans des environnements stables, les tailles
des populations de la plupart des espéces restent généralement constantes a long terme (Sibly et al.

2005, Brook and Bradshaw 2000).

Dans de plus rares cas, la présence de conspécifiques peut aussi avoir un effet positif. Par exemple,
laugmentation du nombre d’individus au sein d’une population permet une coopération pour la
recherche de nourriture (e.g. chasse en groupe ; Courchamp and Macdonald 2001, Pitman and Durban
2012) ou la protection contre les prédateurs (e.g. augmentation de la vigilance ; Clutton-Brock et al.
1999, Jungwirth et al. 2015), une facilitation dans la recherche de partenaire (Wells et al. 1998, Sarnelle
and Knapp 2004), ou encore une résistance aux conditions abiotiques (e.g. thermorégulation par
regroupement ; Gilbert et al. 2010). Lorsque la présence de congéneres impacte positivement le taux
de croissance, on patle d’effet Allee (Allee 1931, Courchamp et al. 1999). Cet effet est généralement
valable pour les especes grégaires et pour de faibles densités d’individus car a forte densité il est

contrebalancé par des interactions intraspécifiques négatives comme la compétition.
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Les interactions interspécifiques

Au sein d’'une communauté, les especes interagissent entre elles, ce qui est regroupé sous le terme
d’interactions interspécifiques. Ces interactions different dans leur nature selon qu’elles impactent
positivement ou négativement la dynamique respective des especes considérées. On distinguera ici
trois principaux types d’interactions. Cette classification est simpliste par rapport a la grande variabilité

d’interactions qu’il est possible d’observer et qui peuvent étre classées selon des gradients d’intensité.

. Ecureuil roux

. Ecureuil gris

. Ecureuil roux et gris
[ Aucun

Figure I.2. Distribution de I’écureuil roux (Sciurus vulgaris) et de I'écureuil gris (Sciurus carolinensis) sur les
Iles Britanniques en 1945 et 2010. Figure récupérée et traduite de (Millins et al. 2017) © Red Squitrel Survival
Trust.

Premierement, linteraction entre deux especes peut avoir un effet négatif sur les deux especes en
intéractions, ce que l'on va définir comme de la compétition. Les deux especes vont étre en
compétition pour une méme ressource qui est limitée (Keddy 1989). Généralement, les espéces sont
en compétition pour les territoires de reproduction (Mikami and Kawata 2004) ou pour les ressources
en nourriture (Dhondt 2012). L’intensité de la compétition est d’autant plus forte que les especes en
compétition ont des niches écologiques similaires, c’est-a-dire plus elles sont dépendantes de
ressources communes (Polechova and Storch 2008). Lorsque deux especes ont un recouvrement
important de niche, cela peut conduire a Iexclusion d’une des espéces. Dans les Iles Britanniques,
Iintroduction de I'écureuil gris (Sciurus carolinensis) a conduit a la réduction de la distribution et de
I'abondance des populations d’écureuil roux (Seiurus vulgaris) (Fig. 1.2). Au-dela des causes parasitaires

qui ont d’autant plus entrainé le déclin de 1‘écureuil roux, la compétition interspécifique pour les



Introduction 16

habitats et la nourriture est un processus majeur de la modification de la distribution de I’écureuil roux.
En effet, ces deux especes ont des niches écologiques particulicrement similaires et ’écureuil gris, plus
grand et robuste, est avantagé dans les relations de compétition entrainant I'exclusion de I'écureuil
roux de certains territoires (Wauters 2005). La théorie prédit que pour que deux especes en
compétition pour une méme ressource soient syntopiques (c’est-a-dire que les deux espéces soient
présentent dans un méme biotope), il faut que la ressource exploitée ne soit pas limitante ou que la
compétition intraspécifique soit plus forte que la compétition interspécifique de manicre a éviter

P'exclusion d’une espece (Chesson 2000).

Deuxiemement, des especes en interaction peuvent s’influencer positivement, c’est-a-dire que la
présence d’une espece est bénéfique a lautre et inversement (Connor 1995). Les exemples de
mutualismes sont présents dans les habitats du monde entier, et un grand nombre d’espéces sont
impliquées directement ou indirectement dans ces interactions (Holland and Bronstein 2008). Les
exemples incluent la pollinisation et la dispersion des graines par les animaux. Les plantes bénéficient
du transport du pollen ou des graines par les animaux, tandis que les animaux sont généralement attirés

et récompensés par la nourriture (nectar et fruits).

Enfin, une espece peut tirer profit de son interaction avec une autre espece alors que cette derniere
est négativement impactée. Cest notamment le cas dans les interactions de prédation ou d’exploitation
(e.g. parasitisme). L'une des espéces est avantagée par la présence d’une autre espéce qui sert de
ressource alimentaire ou d’hote. Un exemple célebre d’interaction prédateur-proie mis en évidence sur
des données réelles est celui entre les lynx (Lynx canadensis) et les lievres (Lepus americanus) au Canada
(Elton and Nicholson 1942, Krebs et al. 1995 ; Fig. 1.3a). Les interactions prédateur-proie induisent
une dynamique cyclique de 'abondance des especes au cours du temps. C’est ce qui a été mis en
¢vidence par les modeles prédateur-proie de Lotka-Volterra (Lotka 1926, Volterra 1927). Lorsque que
les proies augmentent en nombre, la ressource devient plus importante pour les prédateurs qui vont
augmenter en abondance. Plus I'abondance du prédateur est grande, plus le nombre de proies
consommées est important. Ainsi le nombre de proies diminue et il n’y a plus assez de proies pour les
prédateurs qui diminuent a leur tour. En théorie, tant que le nombre de prédateurs ou de proies ne

tombe pas a zéro, ce cycle peut se répéter indéfiniment (Fig. 1.3b).



Introduction 17

(a) (b)
Dynamique Liévre-Lynx Lotka-Volterra : Interaction proie-prédateur
450

180

160
400
140

o >
£ Liévre w 350 — D OIE
] 120 2 )
£ 2 300
g — LAY % — O redateur
= 100 £ 250
= ©
2 80 @ 200
5 ]
z 60 £ 150
2
40 100
20 50
0 0
1845 1865 1885 1905 1925 0 200 400 600 800 1000
Année Génération

Figure 1.3. (a) Dynamique de 'abondance du prédateur le lynx du Canada (Lynx canadensis) et de la proie le
lievre d’Amérique (Lepus americanus) dans la baie d’Hudson au Canada entre 1845 et 1935 (b) Dynamique des
abondances prédateur-proie selon les équations de Lotka-Volterra.

Les effets des facteurs abiotiques

Les facteurs abiotiques ont une importance majeure dans la place qu’occupe une espéce a lintérieur
d’une communauté. En effet, 'ensemble des conditions abiotiques dans lesquelles une population
peut se développer forment la niche fondamentale de 'espéce (Hutchinson 1957). Les changements
des conditions abiotiques vont affecter un individu selon I’étendue de sa niche et sa plasticité
individuelle et peuvent ainsi se répercuter sur les parametres démographiques locaux de I'espece
(diminution de la survie ou du succes reproducteur). Par exemple, un réchauffement des températures
affecte négativement les taux de reproduction chez le Lézard de Schreiber (Lacerta schreiberi
Monasterio et al. 2013). Chez 'Ours polaire (Ursus maritimus), la débacle de la banquise de plus en plus
précoce entraine une chute de la survie (Regehr et al. 2007). La niche réalisée se distingue de la niche
fondamentale en tenant aussi compte des interactions biotiques c’est-a-dire des interactions entre les
especes de la communauté. Pour comprendre les mécanismes sous-jacents aux interactions entre
especes, il est donc fondamental de comprendre comment les conditions abiotiques peuvent affecter
les especes. La causalité d'une composante abiotique est souvent difficile a établir puisque que des
fluctuations de environnement peuvent a la fois modifier directement les performances d’un individu
(e.g. thermodépendance) mais peuvent aussi simultanément impacter d’autres organismes du systeme
tels que les ressources en proie qui vont a leur tour impacter la performance d’un individu. Ainsi, il est
important de distinguer si les effets des différents facteurs affectant la dynamique des populations sont

des effets directs ou indirects.
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Les interactions directes et indirectes

Les interactions au sein des communautés sont d’autant plus complexes qu’elles peuvent étre établies
directement entre deux individus/especes ou indirectement a travers un facteur environnemental ou
une autre espece (Wooton 1994). Un effet direct de la météorologie est par exemple Peffet de la
température sur le succes reproducteur des lézards (Monasterio et al. 2013). Dans le cas de 'exemple
sur le systeme rapaces-micromammiferes (Fig. 1.1, Lima et al. 2002), il y a un effet direct négatif de la
prédation de la chouette effraie (1y% alba) sur le micromammifere Phyllotis darwinii et inversement un
effet positif pour la chouette. Dans ce méme exemple, le niveau de précipitations module 'abondance
d’insectes. C’est "ensemble des especes qui dépendent de cette ressource, au sein du réseau trophique,
qui peuvent ainsi subir de maniere indirecte Peffet d’'une modification du niveau de précipitation. Ainsi
dans le cadre de ce travail, les interactions abiotiques peuvent étre considérées comme toutes cascades
d’interactions directes ou indirectes initiées par une fluctuation de 'environnement abiotique (climat,
habitat) alors que les interactions biotiques sont considérées comme des cascades d’interactions
directes ou indirectes résultant uniquement des régulations différentielles entre espéces mais a

environnement abiotique constant.

Interactions structurées en taille, stades ontogéniques et dge

Les effets des interactions intraspécifiques ou interspécifiques n'ont pas nécessairement un impact
identique sur les individus en interaction (Miller and Rudolf 2011). En effet, dans la nature, aucune
population n’est homogene. De nombreux facteurs apportent de I'hétérogénéité au sein des
populations. On considére qu’il existe une structuration en stades des populations, c’est-a-dire qu’il
existe des différences en age, stade ontogénique ou taille. Par exemple, au sein d’une méme population,
on peut trouver des jeunes et des adultes. Ces différences entre individus vont engendrer des
différences dans les interactions. Par exemple, dans les systemes carnivores-ongulés les jeunes
individus sont des proies principales par rapport aux adultes (Gervasi et al. 2015). Aussi, pour la
plupart des poissons, la taille des proies consommées augmente généralement avec la taille du
prédateur (Scharf et al. 2000). La prise en compte de la structure en stade (taille, age) est donc
nécessaire pour comprendre en détails comment sont structurées les interactions dans les
communautés (Oken and Essington 2015). Par ailleurs, au sein des populations, il existe des
differences génétiques et comportementales (comme la personnalité) qui contribuent a ’hétérogénéité
des performances des individus. Bien que ces sources d’hétérogénéité puissent avoir un role dans la

structuration de différentes interactions, elles ne seront pas considérées dans la suite de ce travail.
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1.2. Pourquoi s’intéresser a la dynamique des communautés ?

Nous pouvons résumer la structure de la communauté par les différentes especes qui la composent
(les nceuds) avec un certains effectifs (les poids ou N) qui sont reliées par des relations
d’interdépendance entre especes ou individus (les liens). La dynamique de la communauté est la
résultante de la modification du poids des nceuds du fait des liens (Mutshinda et al. 2009). Cette
structuration est d’autant plus complexe qu’elle évolue dans le temps notamment du fait de facteurs
exogenes. Par exemple, les fluctuations environnementales, qu’elles soient liées a la variabilité naturelle
ou a Iactivité humaine, peuvent modifier la structure de la communauté (noeuds et liens) et ainsi sa
dynamique (Walther et al. 2002). En lien avec les changements de I'environnement, on observe des
modifications de la distribution (Parmesan et al. 1999, Chen et al. 2011) ou de la phénologie (Visser
and Both 2005, Singer and Parmesan 2010) des especes. Les especes étant interconnectées entre elles,
la modification de la dynamique d’une espéce peut se répercuter sur les especes avec lesquelles elle est
en interaction (Singer et al. 2013). Si le changement climatique impacte différemment les especes d’une
communauté, les interactions interspécifiques existantes peuvent étre perturbées, tant dans leur
intensité que dans leur nature, tandis que d'autres peuvent étre nouvellement établies (Gilman et al.
2010, Walther 2010). Ces modifications entrainent des non-concordances (ou « mismatch ») dans les
interactions entre especes. La figure 1.4 présente des exemples simplifiés des effets d’un réchauffement
du climat sur la phénologie temporelle, la distribution spatiale, ou encore la taille des individus dans
différents systemes d’especes en interaction (Boukal et al. 2019). Par exemple, dans le cadre de la non-
concordance temporelle, le pollinisateur et la fleur vont tous les deux étre impactés par la modification
de la phénologie de la fleur, 'un par 'absence de nourriture et Pautre par 'absence de pollinisation
(Fig. I.4a). Dans 'exemple de non-concordance spatiale, le prédateur aura moins de disponibilité en
proies, et les densités de proies vont largement augmenter dans les zones ou elles n’auront plus de
prédateur (Fig. 1.4b). Le dernier exemple de la non-concordance des tailles montre que le prédateur
avec une taille diminuée va reporter sa prédation sur une proie de plus petite taille, entrainant une sur-
prédation de cette proie de taille inférieure (Fig. I.4c). Chacun de ces changements intervenant a
I’échelle de Pespece, entraine des conséquences sur les especes avec lesquelles elles sont directement

ou indirectement en interaction et plus largement a ’échelle de la communauté.
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Figure I.4. Exemples des conséquences d’une modification de la biologie d’une espéce liée au réchauffement
climatique sur les interactions entre especes : changements dans la phénologie (gauche), la distribution spatiale
(milieu) et la taille (droite). Extraite et traduite de Boukal et al. (2019).

Pour éclairer les processus qui sous-tendent les changements observés a ’échelle de la communauté,
il est nécessaire de savoir dans quelles mesures chaque espece contribue aux changements, ainsi que
la direction et I'ampleur de ces contributions. En effet, les especes ne réagissent pas toutes de la méme
maniere aux perturbations. A la suite d’une perturbation de I'environnement, les especes dites
généralistes, c’est-a-dire possédant une niche fondamentale large, sont plus résilientes que les especes
spécialistes (Devictor et al. 2008). Par ailleurs, la modification de la biologie de certaines espéces peut
avoir un effet majeur dans la dynamique d’une communauté. C’est le cas des especes clé de voute qui
peuvent étre notamment caractérisées par le nombre et 'importance des liens directs et indirects
qu’elles entretiennent avec les autres especes de la communauté (Mills et al. 1969). Un changement de
leur dynamique peut profondément modifier la structure de la communauté par rapport a des especes
qui ont moins de connexions avec les autres. Un exemple d’espece clé de voute est la loutre de mer
(Enbydra lutris nereis) (Jessup et al. 2004). La disparition des loutres a entrainé une augmentation
d’abondance des oursins, 'une de leur proie principale. Les oursins, sans prédateurs, ont largement
consommé les foréts d’algues brunes (Macrocystis pyrifera) modifiant 'ensemble de la communauté
dépendante des algues brunes (Fig. 1.5). Aussi, selon le role fonctionnel d’une espéce dans la
communauté, la présence ou I'absence de cette derniére peut impacter différemment ’équilibre de la

communauté. En effet, certaines espéces ont un role fonctionnel redondant avec d’autres especes de
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la communauté (Rosenfeld 2002). Ainsi, leur absence impacte faiblement le fonctionnement global de
la communauté, contrairement a certaines especes qui ont un role fonctionnel unique et pour lesquelles
I'absence conduit a un changement de composition de la communauté, comme dans Pexemple de la
loutre de mer (Fig 1.5). 1l est ainsi important de comprendre quelles especes sont les plus susceptibles
de modifier la structure et la dynamique de la communauté. Par exemple, les implications en matiere
de conservation et de gestion sont tres différentes si seulement une ou deux espéces sont responsables

d'un changement observé a Iéchelle de la communauté.
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Figure 1.5. Schéma simplifié¢ des changements dans la structure de la communauté avant et aprés la disparition
des loutres. Les fleches représentent les flux d’énergies. Les couleurs grises et les pointillés représentent des flux
et des tailles de populations réduits. Schéma traduit de Brumbaugh et al. (page web).

1.3. Comment analyser la dynamique des communautés ?

La difficulté de lier les changements observés a I’échelle de la communauté a la dynamique individuelle
des especes a contribué a diviser les études empiriques et conceptuelles sur différentes échelles
biologiques. Les approches a Iéchelle de la communauté se concentrent sur la caractérisation
quantitative et qualitative de la diversité et de la composition des communautés dans l'espace et le
temps. Dans ce cas, les indices de richesse ou de diversité des especes sont souvent utilisés comme
descripteurs de la communauté pour analyser des tendances spatiales et temporelles (Mackey and
Currie 2001, Legendre and Gauthier 2014). Cependant, ces approches ignorent les processus

démographiques a Péchelle des especes individuelles et, en conséquence, la manic¢re dont ces
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fluctuations peuvent étre anticipées a partir de la dynamique des différentes populations n’est pas
claire. Bien que les approches a ’échelle des espéces ont permis d’analyser en détails les effets des
perturbations environnementale sur la dynamique individuelle des especes (Grosbois et al. 2008,
Frederiksen et al. 2014), elles ne permettent pas de comprendre comment les modifications a ’échelle
d’une espeéce peuvent se répercuter sur lensemble de la communauté. Par ailleurs, l'étude
monospécifique passe a coté du role joué par les interactions interspécifiques dans les réponses aux
changements environnementaux (Singer et al. 2013). Globalement, si ces deux niveaux d'étude (espece
et communauté) ont contribué indépendamment a mieux décrire les réponses de la biodiversité aux
changements environnementaux, il reste néanmoins difficile de relier les dynamiques aux niveaux des

populations et des communautés (Walther et al. 2002).

Des modéles de dynamique des populations a Iéchelle multispécifique ont été utilisés pour
comprendre les effets des interactions interspécifiques et des variables environnementales sur la
démographie des espéces. Cependant, ces modeles ne sont souvent pas structurés
démographiquement (Stenseth et al. 2015, Pacoureau et al. 2019a, Stoessel et al. 2019) ou seulement
partiellement (Millon et al. 2014, Saunders et al. 2018, Pacoureau et al. 2019b). Les approches non
structurées considerent que les individus au sein dune espeéce sont équivalents alors que des
différences de taille, d'age et de stades ontogéniques existent au sein d'une population et peuvent avoir
une importance dans le contexte des interactions interspécifiques. Comme le soutiennent Miller et
Rudolf (2011), la prise en compte de la structure en stade des populations peut conduire a une
meilleure compréhension de la structure et de la dynamique des communautés. Par conséquent, pour
détecter et comprendre les interactions entre especes, il faut étre capable de considérer conjointement

la démographie des populations structurées en plusieurs stades (Oken and Essington 2015).

Bien que largement développée pour I’étude de la dynamique monospécifique (Tuljapurkar and
Caswell 1997, Caswell 2001), la démographie a recu peu d'attention en écologie des communautés (e.g.
Chu and Adler 2015). La démographie permet d’obtenir de l'information sur des parametres
démographiques variant au cours du temps, comme la survie ou le succes reproducteur, mais aussi
d’avoir acces a des indicateurs de I’état de la population comme le taux de croissance. L'utilisation de
modeles structurés en classes permet aussi de tenir compte des variations en age ou en taille pour
mieux comprendre leurs roles dans la structuration des dynamiques (Caswell 2001). La difficulté est

u'une analyse démographique multispécifique nécessite l'intégration d'informations a plusieurs
q y grapniq q g p
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niveaux biologiques (individu - population - communauté), ce qui, a son tour, exige d'unifier toutes

les sources de données disponibles dans un cadre d’analyse cohérent.

Les modeles de population intégrés (IPM) sont de plus en plus utilisés en dynamique des populations
(Schaub and Abadi 2011, Zipkin and Saunders 2018). Cette méthode permet d’analyser la démographie
des populations en utilisant les différentes sources d'informations disponibles. Dans leur forme la plus
simple, ces modeles combinent des données de capture-recapture et de comptages dans une méme
analyse, ce qui permet d'estimer avec précision des parametres démographiques et des tailles de
population tout en tenant compte des diverses sources d'incertitude dans chacune des données
(Besbeas et al. 2002). A ce jour, ces modeles ont été trés peu appliqués a ’échelle multispécifique (voir
Péron and Koons 2012, Barraquand and Gimenez 2019), alors qu’ils semblent offrir un grand potentiel

pour I'analyse de la dynamique des communautés.

Ainsi, ces modéles pourraient mettre en évidence les liens entre la composition de la communauté et
les processus démographiques a I’échelle des especes. Par exemple, un appauvrissement de la diversité
de la communauté pourrait s’expliquer par la dominance numérique croissante d’une espéce au cours
du temps, entretenant des relations de compétition avec d’autres especes. Dans le cadre de ce projet,
le premier défi a relever consistait a mettre en avant le potentiel des IPM multispécifiques sur des
systemes a deux espéces avant de pouvoir travailler sur des systemes complexes d’especes en
interaction. Mon travail permet ainsi d’avoir un premier apercu de lintérét de ces modeles pour

identifier et quantifier les différents mécanismes sous-jacents a la dynamique d’especes en interaction.

2. Utilisation des IPM multispécifiques pour analyser les interactions

entre especes

2.1. Présentation des IPM

Un modele de population intégré (IPM) est un modéle qui intégre différentes sources de données. La
caractéristique principale d’'un IPM est qu’il posséde une vraisemblance jointe formée du produit des
vraisemblances pour chaque jeu de données, et que certains parametres sont partagés entre les
différentes vraisemblances (Schaub and Abadi 2011). Ces parametres sont généralement des taux

démographiques comme la survie ou la productivité. Ainsi, les IPM permettent d’analyser
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conjointement plusieurs jeux de données, tant au niveau de l'individu, comme des données de capture-
recapture (CR), que de la population, comme des données de comptages. Si le lien entre taille de
population et taux démographiques est évident, ces différents jeux de données sont traditionnellement
analysés séparément, chacun avec une vraisemblance propre (e.g. Jenouvrier et al. 2003, Schaub et al.
2004). En utilisant conjointement différents jeux de données dans un IPM, on obtient une estimation
plus précise des parametres (Abadi et al. 2010a), ce qui permet par exemple, d’augmenter la puissance
de détection de variations temporelles de parametres démographiques. L'intégration permet également
de réduire les biais pouvant étre associés a un seul ensemble de données (Abadi et al. 2010a). Enfin,
ces modeles permettent d’estimer certains parametres particulicrement difficiles a évaluer ou
impossible a analyser a partir d'une analyse séparée de chaque source d’information (Abadi et al.
2010b). C’est le cas, par exemple, de parameétres démographiques comme la fécondité ou le taux

d’immigration.
2.2. Construction d’un IPM

Dans I'ensemble de la thése, jai construit les modeéles dans un cadre bayésien bien qu'une analyse
fréquentiste utilisant le maximum de vraisemblance soit aussi possible (Besbeas et al. 2002). La
distribution a posteriori de 'ensemble des inconnues (variables et parametres estimés), noté 6, s’obtient
par la mise a jour de leur distribution « priori (P(0)) en utilisant 'information des données (Data) au

travers de la fonction de vraisemblance (P(Data|6 )) par la formule de Bayes (Gelman et al. 2014) :

p(@)+p(Datal0) 1
P(Data) ( )

P(0|Data) =

La construction d'un IPM s'articule autour de trois étapes : (1) la définition du mode¢le de population
qui va relier la taille de la population et les parameétres démographiques que I'on souhaite estimer, (2)
la formulation de la vraisemblance propre a chaque jeu de données, et (3) l'inférence bayésienne a

partir de la vraisemblance jointe. Nous allons présenter un modele simple inspiré de 'exemple utilisé

dans Schaub & Abadi (2011).

Etape 1. Il faut tout d’abord définir le modele reliant les tailles des populations aux parameétres
démographiques. La définition des modeles dépend du type et de la quantité de données disponibles
et de l'objectif de l'étude. Il est possible de créer une grande variété de modeles plus ou moins

complexes, selon ces éléments. Classiquement, des modeles matriciels de population sont utilisés, par
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exemple des modeles structurés en age (matrice de Leslie) ou des modéles structurés en classes

(matrice de Letkovich) (Caswell 2001).

<>

b1 f

Figure 1.6. Graphe du cycle de vie d’une population ouverte avec deux classes d’individus, les juvéniles Ny et
les adultes Ny 4gés de plus d’un an. Les différents parametres démographiques sont la survie selon la classe (¢4
et ¢ p), la productivité (f) et le taux d’immigration (w). Schéma inspiré de Schaub & Abadi (2011).

Dans notre exemple, nous utilisons un modele inspiré du cycle de vie d’un passereau avec deux classes
: les jeunes Nj et les individus de plus d'un an considérés comme adultes Ny (Fig. 1.6). Les données
disponibles sont, un comptage du nombre d’individus observés chaque année (y), des données de
capture-recapture (CR) renseignant sur 'age des individus, et des données de productivité renseignant
sur le nombre de poussins a 'envol (J) dans les nids surveillés (R). Le nombre d’individus de chaque
classe d'age est calculé en fonction du nombre d’individus 'année précédente et des parameétres
démographiques. Pour représenter au mieux la stochasticité démographique, nous utilisons des
distributions statistiques comme dans notre exemple avec une distribution de Poisson pour le nombre

de jeunes et une distribution binomiale pour le nombre d’adultes :
Nis1 ~ Pois(Ny e feae + Naefe e + Nipop + Ny ewy) @

Npgy1 ~Bin(Ny: + Nap Par) 3

avec ¢4 la survie des jeunes, ¢, la survie des adultes entre 'année 7 et #+1, fle nombre de jeunes par

individus, o le taux d’immigration.

Etape 2. Ensuite, il faut définir la vraisemblance associée a chaque jeu de données. Dans cet exemple,
il y a trois jeux de données différents : des données de comptage, des données de capture—recapture

et des données de productivité collectées pour chaque année 7 (Fig 1.7).
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I Données de capture-recapture

3: Modele de Cormack-Jolly-Seber

Figure I.7. Graphe acyclique orienté du modéle de population intégré présenté. Les ronds représentent les
paramétres estimés et les rectangles représentent les données. Notations : CR données de capture-recapture, y

données de comptage, ] nombre de poussins, / la productivité, ¢ la sutvie, w le taux d’immigration, N le nombre
d’individus. Schéma inspiré de Schaub & Abadi (2011).

Pour les données de comptage, I’équation d’observation liant les données, c’est-a-dire le nombre
d’individus observés sans distinction d’age (y) avec le nombre d’individus estimés (IN) est écrite selon

une distribution normale avec une erreur d’observation (032,) :
Ve~ NNyt + Nag, 0321) )
La vraisemblance pour les données de comptage (L¢g) correspond a: Leo (Y| b1, G g, f, w, N).

Pour les données de capture-recapture, on utilise un modele de Cormack-Jolly-Seber (CJS ; encadré
1; Lebreton et al. 1992). On utilise une vraisemblance a espace d’état pour relier les données avec les
parametres de survie apparente (¢), c’est-a-dire le produit de la « vraie » survie et de la fidélité au site
de reproduction car on ne peut distinguer la mortalité et ’émigration, et de probabilité de recapture

(p). La vraisemblance pour les données de capture-recapture (Leg) s’éctit : Leg (CR| D1, G4, D).
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Encadré 1. Principe de la modélisation des données de capture-recapture. Inspiré de Cubaynes 2011.

Un protocole de capture-recapture consiste en plusieurs occasions d’échantillonnage au cours
desquelles les individus sont capturés puis reldchés. A chaque intervalle de temps, les individus
capturés pour la premicre fois sont marqués, c’est-a-dire qu’on leur attribue une marque
distinctive unique permettant de les identifier a I’échelle individuelle, et I'identité des individus

recapturés est récupérée.

Les données collectées forment des histoites de capture sous la forme de «1» et «0»
correspondant respectivement a la détection / non détection de chaque individu a chaque
occasion de capture. Par exemple, pour 3 occasions de capture, 'individu 7 avec Ihistoire A= (1,
0, 1) a été capturé pour la premiere fois a la premicre occasion, a été marqué et relaché, non

capturé a la deuxieme occasion puis capturé a la troisieme et derniere occasion.

Le modéle CJS (Lebreton et al. 1992) fait ’hypothése d’une variation temporelle des probabilités
de survie et de détection. I’estimation des parametres démographiques s’appuie sur le modéle
probabiliste suivant : notons ¢ la probabilité de survie entre 7 et #+1 et pr la probabilité de
détection au temps # La probabilité de I’histoire /A, ci-dessus, est ¢1(1-p2)d2ps.

Sous ’hypothese d’homogénéité et d’indépendance des individus, la vraisemblance des données

est obtenue comme le produit des probabilités de chaque histoire de capture /i :

Pr(h| &.p) o< I1 Priin| &, p)

Les données de productivité sont composées du nombre de jeunes a 'envol (J) et du nombre de

couvées étudiées (R). L'utilisation d’'un modele de Poisson permet d’estimer la productivité (f) avec :
Je~ Pois(Ref) ©)
La vraisemblance pour les données de productivité (Lpg) s’éctit ainsi Lpgr (J, R|f)

Etape 3. La vraisemblance jointe des différents jeux de données correspond au produit des

vraisemblances :
Lipu(y, CR,J,R|N, ¢y, o, f, 0, p, 02 ©6)

:LCO(yld)l'(pA'f'(‘)rN) X LCR(CR|¢1!¢a1p') XLPR(]ﬂle)

Ensuite, grace a l'inférence bayésienne, les distributions @ posteriori des différents parameétres de la

vraisemblance peuvent étre estimées. Dans 'ensemble de cette these, les distributions a posteriori sont
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estimées via la méthode de Monte-Carlo par chaines de Markov (MCMC ; encadré 2) en utilisant le
package Nimble (de Valpine et al. 2017 ; version 0.9.1) du logiciel R (R Core Team 2020 ; R version
4.0.3).

Encadré 2. Estimation des parametres par les méthodes de Monte-Catlo par chaines de Markov.

La combinaison des méthodes de Monte Carlo avec des chaines de Markov (MCMC) permet de générer
un échantillon de valeurs dont la distribution converge vers la distribution postérieure des parametres a
estimer.

Il existe plusieurs facons de construire des chaines de Markov pour l'inférence bayésienne, et I'une
particuliérement utilisée est 1'algorithme de Metropolis. Cet algorithme fonctionne par acceptation-rejet,
c’est-a-dire qu’il propose une valeur « candidate » différente de la valeur « actuelle » pour un parameétre a
estimer. Pour proposer cette valeur candidate, il est possible d’ajouter, par exemple, une valeur aléatoire
provenant d’une distribution normale appelée distribution de proposition. 1l faut ensuite calculer le ratio
des probabilités a travers la formule de Bayes :

_ Pr(valeur candidate|data)

Pr(valeur actuelle|data)

Si la probabilité de la valeur candidate est plus plausible que la valeur actuelle, alors la valeur candidate est
acceptée. Autrement, la valeur candidate est acceptée avec une probabilité R et est rejetée avec une
probabilité 1-R. En faisant plusieurs itérations, c’est-a-dire en répétant plusieurs fois cette opération,
différentes propositions de valeurs sont générées construisant une distribution de probabilité pour le

parametre.

Une fois qu’une distribution stationnaire est atteinte, les réalisations de la chaine de Markov peuvent étre
considérées comme un échantillon de la distribution postérieure des parametres a estimer.

2.3. Extension a I’échelle multispécifique

Les modeles de population intégrés peuvent étre étendus a I’échelle multispécifique (Péron and Koons
2012, Barraquand and Gimenez 2019) en introduisant, par exemple, des liens entre les parametres
démographiques d’une espece et la taille de population de 'autre espece (Fig 1.8). Cette méthode
permet de quantifier 'effet de 'abondance d’une espece sur un taux démographique de I'autre espece,

c’est-a-dire de mesurer I'effet densité-dépendant interspécifique.
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Figure 1.8. Graphe d’un modele de population intégré a deux especes. Les ronds représentent les parametres
estimés, les rectangles représentent les données et les fleches jaunes représentent les interactions
interspécifiques. Notations : CR données de capture-recapture, y données de comptage, | nombre de poussins,
fla productivité, ¢ la survie, o le taux d’immigration, N le nombre d’individus.

Selon les relations interspécifiques a tester, le paramétre démographique d’une espéce s’exprime en

fonction du nombre d’individus de 'autre espece :
g) = a+ BN + & )
&~ N(0,0?) ®)

avec g une fonction de lien appropriée au parametre démographique 7 testé de 'espece 2, o 'ordonnée
a lorigine, B la pente mesurant la force de la densité dépendance interspécifique, N; le nombre
d’individus estimés a I'année 7 de I'espece 1 et & un effet aléatoire annuel capturant la variabilité
temporelle non expliquée par les effectifs dans 1 avec 0 sa variance. En analysant la distribution «
posteriori de B, on peut juger de la direction et de la force de la densité dépendance interspécifique.
D’une part, pour connaitre la direction de la densité dépendance, c’est-a-dire positive ou négative, il
faut analyser le signe de la distribution a posteriori. Une distribution avec une majorité de valeurs

inférieures a O indique un effet négatif de la densité dépendance. Au contraire, des valeurs
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majoritairement supérieures a 0 indiquent un effet positif de la densité dépendance. Si la distribution
englobe largement 0 avec un grand nombre de valeurs positives et négatives, cela indique qu’il n’y a
pas d’effet clair de la densité dépendance. Ensuite, pour analyser I'intensité de la densité dépendance,

on peut récupérer, par exemple, la moyenne de la distribution « posteriori de B.

De la méme maniere, on peut ajouter les effets de la densité dépendance intraspécifique en utilisant le
nombre d’individus N et le parametre démographique 1 pour une méme espece (Schaub and Kéry
2021). En dynamique des populations et notamment dans le cas des IPM multispécifiques I’ajout de
la densité dépendance intraspécifique est préférable pour produire un modé¢le stable, c’est-a-dire pour
que le mod¢le converge vers un point fixe stable (Barraquand and Gimenez 2019). En effet, tenir
uniquement compte de la densité dépendance interspécifique peut mener a un modéle instable avec

des trajectoires de populations qui pourraient se diriger soit vers 0 ou vers I'infini.

2.4. Prise en compte de covariables temporelles

Les IPM permettent aussi de prendre en compte une large gamme de covariables pouvant affecter les
parametres démographiques estimés (Abadi et al. 2017, Weegman et al. 2017). Comme on étudie des
parameétres démographiques qui évoluent au cours du temps, il est intéressant de pouvoir prendre en
compte des covariables temporelles pouvant expliquer les fluctuations. Par exemple, il peut s’agir de
conditions climatiques, de variations d’abondances de ressources ou encore d’indices phénologiques.
De la méme manicre que pour les effets densité-dépendants, il s’agit de modéliser un parametre

démographique (n)) en fonction d’une covariable temporelle (x) :
g = a+ Px + & ©)
g ~N(0,0%) (10)

avec g une fonction de lien appropriée au parametre démographique 7, o 'ordonnée a I'origine, 3 la
pente mesurant I'effet de la covariable temporelle testée et & un effet aléatoire annuel capturant la
variabilité temporelle de ) non expliquée par la covariable environnementale avec 02 sa variance. Dans
cet exemple, nous utilisons une relation linéaire mais d’autres relations peuvent ¢tre envisagées comme

des relations quadratiques pour correspondre au mieux aux hypotheses écologiques a tester.
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Ainsi, les IPM multispécifiques nous permettent de tester les effets de la densité dépendance
intraspécifique, interspécifique et de covariables temporelles simultanément dans une méme analyse.
De cette manicre, les IPM offrent la possibilit¢ d’analyser les contributions relatives de
Ienvironnement et des interactions entre especes sur les fluctuations des différents parameétres, et leurs

résultantes sur la trajectoire de la communauté.

3. Présentation des cas d’étude

3.1. Les oiseaux comme mod¢le d’étude pour analyser la dynamique des

communautés

Lobjectif de cette these est de définir le potentiel des IPM multispécifiques pour améliorer la
compréhension de la dynamique d’especes en interaction. En adaptant des IPM multispécifiques
a différents cas d’¢tude, j’ai examiné comment ces modeles pouvaient aider a mettre en évidence
différents processus (effets des interactions intraspécifiques, interspécifiques et de I'environnement)
affectant la dynamique des communautés encore difficilement appréciés jusqu’alors. Les cas d’étude
ont ¢été choisis de maniere a diversifier les types de relations fonctionnelles interspécifiques qui
structurent les communautés (prédation, compétition). Bien entendu, une condition complémentaire
était que la nature et la quantité de données soient adaptées pour mettre en place de tels modeles (cf.
section 2.2). Je me suis concentrée sur des systemes limités a deux especes en interaction, en utilisant
comme modeles d’étude les oiseaux. Les oiseaux forment un groupe relativement bien connu sur le
plan taxonomique et facile a recenser par rapport a d’autres taxons. L'attrait des oiseaux par le grand
public permet notamment le développement de suivis participatifs et donc le développement de
protocoles a large échelle spatiale (Schmeller et al. 2012). Les oiseaux sont ainsi particulicrement bien
étudiés faisant d’eux 'un des groupes les mieux connus du point de vue de la biologie. Les oiseaux
sont, pour la plupart, fideles a leurs sites de reproduction (Schlossberg 2009), ce qui permet d’assurer
leur suivi a I’échelle individuelle et populationnelle au fil des années. Ces suivis permettent ainsi
d’obtenir des informations sur les fluctuations des abondances et des parametres démographiques
importants comme la survie et le succes reproducteur qui sont des informations essentielles pour la
mise en ceuvre d’TPM multispécifiques. Au-dela de I'aspect pratique, les oiseaux permettent d’étudier
différentes relations interspécifiques. En effet, les oiseaux sont situés soit en position intermédiaire ou

en position supérieure dans les réseaux trophiques. Cette caractéristique permet, d’une part, d’étudier
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les effets des relations interspécifiques comme les relations prédateur-proie (Both et al. 2009) et d’autre
part, d’étudier les effets de changements environnementaux car les oiseaux intégrent, au travers des
réseaux trophiques vzz des effets ascendants, les conséquences des perturbations de I’écosysteme. Par
ailleurs, des groupes d’especes d’oiseaux partagent des habitats et ressources communes, ce qui fait
des oiseaux un modele de choix pour étudier les effets de la compétition interspécifique. Ainsi
Putilisation des oiseaux comme modeles d’étude satisfait les deux conditions nécessaires
(questionnements écologiques fondamentaux et disponibilit¢é des données) pour Pévaluation
empirique du potentiel en écologie des IPM multispécifiques. Nous avons ainsi pu travailler sur
différents cas d’étude pour lesquels il existait des attendus théoriques, notamment sur les relations
interspécifiques, de maniere vérifier la capacité des IPM multispécifique a identifier les processus

écologiques régulant la dynamique d’especes en interactions.

Interactions prédateur-proie chez les oiseaux marins

Un premier type d’interaction que j’ai analysé a travers I'utilisation d’IPM multispécifiques sont les
relations prédateur-proie. Les oiseaux marins occupent des niveaux trophiques élevés et sont connus
pour répondre a des processus ascendants « bottom-up », c’est-a-dire qu’ils sont régulés par la
disponibilité¢ en ressources des niveaux inférieurs de la chaine trophique (Aebischer et al. 1990,
Frederiksen et al. 2006, Lauria et al. 2013). Des pressions descendantes « top-down » c’est-a-dire
exercées par la prédation ont aussi été mises évidence dans les colonies d’oiseaux pendant la période
de reproduction (Hipfner et al. 2012). Il est de plus en plus évident que les pressions ascendantes et
descendantes agissent de concert et affectent les taux démographiques des oiseaux marins comme la
survie ou le succes reproducteur (Suryan et al. 2006, Horswill et al. 2014, 2016). Par exemple, les effets
de la prédation et de la limitation des ressources conduisent a I’échec de la reproduction chez la
mouette tridactyle (Rissa tridactyla) (Regehr and Montevecchi 1997) et un déclin de la population des
labbes parasites (Stercorarius parasiticns) (Perkins et al. 2018). Par conséquent, la quantification de la
force relative des effets de la prédation est essentielle pour mieux comprendre les moteurs de la
dynamique des populations chez les oiseaux marins. La majorité des études s’intéressant aux effets des
interactions prédateur-proie ne sont pas structurées démographiquement ou seulement partiellement,
ne permettant pas de comprendre en détail les mécanismes sous-jacents aux relations interspécifiques.
C’est pourquoi I'utilisation des IPM multispécifiques pourrait s’avérer particulicrement utile pour
analyser de maniere simultanée la démographie de différentes especes en interaction tout en intégrant

la structuration en stade des populations.
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La compétition chez les passereaux

Le second type d’interaction que j’ai analysé sont les relations de compétition chez les passereaux. La
compétition est une relation interspécifique largement répandue chez les especes d’oiseaux fréquentant
les mémes habitats (Dhondt 2012). Les passereaux sont généralement en compétition pour les
ressources et/ou pour les tettitoires de reproduction (Dhondt 2012). Les effets de la compétition
interspécifique et intraspécifique ont largement été ¢étudiée chez certaines especes de
passereaux comme la mésange charbonni¢re (Parus major), la mésange bleue (Cyanistes caerulens)
(Dhondt 2010, Moller et al. 2018, Gamelon et al. 2019) ou encore les gobemouches noirs (Ficedula
hypolenca) (Ahola et al. 2007, Samplonius and Both 2019). La caractéristique favorisant le suivi de ces
especes est qu’elles nichent dans des cavités et acceptent largement les nichoirs artificiels mis a
disposition dans leur environnement. Grace aux suivis en nichoirs, les scientifiques ont acces a de
nombreuses informations comme les parameétres reproducteurs (date de ponte, taille de ponte, nombre
de poussins a 'envol) et ont la possibilité de gérer la disponibilité en nichoirs dans 'environnement.
Cependant I'utilisation de nichoirs produit un environnement artificialisé qui peut impacter des
parametres démographiques (e.g. la taille de ponte ; Moller et al. 2014) ou entrainer des biais liés a une
présence accrue ou moindre de prédateurs et de parasites (Moller 1989). Par ailleurs, les études des
effets de la compétition interspécifique sur les parameétres démographiques tels que la survie ou le
succes reproducteur chez d’autres especes de passereaux ne nichant pas en nichoir sont limitées
(Dhondt 2012). I’avantage attendu de l'utilisation des IPM dans le cadre de I’étude de la compétition
chez les passereaux est qu’ils pourraient permettre d’étudier ces especes sans nécessairement se baser
sur des suivis en nichoirs et sans artificialisation de leur habitat de reproduction. L’analyse conjointe
de données de CR et de comptage permet également d’accéder a des parameétres démographiques qui
ne sont pas forcément mesurés comme 'immigration (Abadi et al. 2010b), voire la fécondité lorsque
les évenements de reproduction individuels ne peuvent pas étre suivis (Ahrestani et al. 2017). Dans ce
contexte, j’ai voulu évaluer empiriquement la capacité des IPM multispécifiques a identifier et estimer
les processus démographiques régulant la cohabitation d’especes syntopiques en les appliquant a un
systeme d’oiseaux bien connu (comme les mésanges) et montrer leur capacité a s’adapter a d’autres

systemes d’oiseaux ne pouvant pas étre suivis en nichoirs (comme les fauvettes).

Prise en compte des conditions environnementales

Tenir uniquement compte des effets des interactions interspécifiques dans la dynamique des especes

laisse échapper le role d’autres facteurs comme les effets de 'environnement. En effet, les fluctuations
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des populations sont la résultante de différents processus dont la densité dépendance ainsi que la
stochasticité environnementale (Sather et al. 2016). Pouvoir prendre en compte les facteurs
environnementaux dans 'analyse de la dynamique des especes est d’autant plus important que les
conditions de 'environnement évoluent rapidement et que les écosystémes marins et terrestres sont
particulicrement sensibles a ces changements (Stenseth et al. 2002, Walther et al. 2002, Parmesan and
Yohe 2003, Parmesan 2006). Les IPM multispécifiques permettent justement de prendre en compte
différents types de covariables reflétant les conditions de I'environnement. Premi¢rement, on peut
directement tenir compte de séries temporelles de variables climatiques comme les précipitations, la
température, ’humidité ou des indices climatiques (Frederiksen et al. 2008, Skagen and Adams 2012).
Ces variables renseignent sur les conditions climatiques auxquelles font face les especes et qui peuvent
avoir des effets directs et indirects sur leur démographie. Par exemple, chez le cormoran huppé
(Phalacrocorax: aristotelis), les épisodes de vents et de fortes pluies sont associés a une mortalité massive
chez les poussins. Ces conditions météorologiques impactent directement la mortalité en provoquant
des hypothermies et plus indirectement entrainent un arrét des recherches de nourriture a cause de la
turbidité de la mer (Frederiksen et al. 2008). Aussi, les conditions climatiques peuvent avoir des
conséquences indirectes en modifiant la disponibilité des ressources alimentaires, et ces modifications
peuvent se répercuter sur I'ensemble du réseau trophique (Both et al. 2009). Par exemple, les
conditions climatiques vont influencer les dates d’émergence des insectes et donc la disponibilité
temporelle des ressources pour les passereaux insectivores (Both et al. 2009, Visser and Gienapp
2019). Dans le milieu marin, les scientifiques ont souvent recours a des proxies, c’est-a-dire que
I'abondance de ressources dans 'océan est approximée a travers d’autres variables environnementales.
Par exemple, on peut utiliser des indices climatiques comme loscillation nord-atlantique (NAO)
(Thompson and Ollason 2001) a large échelle spatiale ou a une échelle plus locale en utilisant la
température de surface de mer (Frederiksen et al. 2007), ou la concentration en chlorophylle 2 (Suryan
et al. 2012) comme indicateurs des fluctuations temporelles ou spatiales des conditions
environnementales. Deuxiemement, on peut tenir compte de la qualité de I'habitat. En effet, les
relations de compétition sont dépendantes des ressources disponibles dans un milieu (Dhondt 2010).
Un habitat de bonne qualité est défini comme un habitat apportant davantage de ressources (qualité
des territoires, ressources en nourriture) par rapport a un habitat de mauvaise qualité. Ainsi la prise en
compte de la qualité de I’habitat permet de comprendre plus finement les conditions dans lesquelles
les effets des compétitions interspécifique et intraspécifique peuvent étre observés. Enfin, on peut

prendre en compte des covariables indirectement liées a 'environnement, comme la phénologie des
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especes. Bien qu’il soit possible d’utiliser des mesures objectives des conditions climatiques comme la
température ou les précipitations, ces variables peuvent présenter un pouvoir explicatif faible de la
variabilité des processus écologiques car la régulation de ces derniers est par nature multifactorielle.
En effet, des successions de conditions météorologiques vont initier la production primaire et
secondaire, avec notamment la floraison et 'émergence d’insectes, mais restent difficiles a maitriser.
Certaines especes d’oiseaux, plus généralistes, ont une phénologie de reproduction flexible leur
permettant d’ajuster leur période de reproduction de maniere a bénéficier des meilleures conditions
de disponibilité en ressources (Both et al. 2009, Moussus et al. 2011). En conséquence, prendre en
compte la phénologie des espéces peut permettre de capturer des variations des conditions

environnementales entre années.

La prise en compte de covariables environnementales dans les IPM multispécifiques offre la
possibilité, d’une part, d’analyser la contribution relative des effets de lenvironnement par rapport aux
relations biotiques sur la variation temporelle d’un paramétre démographique. De cette maniére, il est
possible de mettre en évidence quels sont les facteurs les plus influents sur la dynamique d’une espece.
Par exemple, une espece peut ne pas sembler affectée par des changements climatiques mais pourrait
subir des effets indirects liés a la diminution d’une espece qui est importante pour sa dynamique
(comme une proie) ou au contraire a 'augmentation d’une espece qui 'impacte négativement (comme
un prédateur, une espece compétitrice). D’autre part, la prise en compte des covariables
environnementales dans un IPM pourrait aussi permettre de comprendre comment 'environnement
module les relations interspécifiques. Par exemple, lorsque que les conditions environnementales sont

détériorées, la compétition entre especes peut augmenter (Dhondt 2010).

3.2. Les données utilisées

Pour créer les différents IPM multispécifiques permettant de comprendre la dynamique d’especes en
interactions, j’ai utilisé des jeux de données de capture-marquage-recapture (CMR) et de comptages
provenant de suivis a long terme. Les premiers jeux de données utilisés dans ce travail proviennent du
suivi démographique des oiseaux marins a Kerguelen. Dans ces jeux de données, nous nous sommes
focalisés sur deux especes d’oiseaux marins : le pétrel bleu (Halobaena caernlea) et le labbe subantarctique
(Catharacta lonnbergi). Les autres jeux de données proviennent du suivi temporel des oiseaux communs
(STOC) qui se décline en deux jeux de données : le premier est un suivi d’abondance par points

d’écoute et le second est un programme de CMR. Ces deux jeux de données nous ont permis d’analyser
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la dynamique de quatre especes de passereaux : la mésange charbonnicre (Parus major), 1a mésange

bleue (Cyanistes caernlens), la fauvette a téte noire (Sylvia atricapilla) et la fauvette des jardins (Sylvia borin).

Le suivi démographique des oiseaux marins de Kerguelen

Un suivi démographique des oiseaux nicheurs sur I'lle de Mayes a débuté en 1985. Ce suivi est effectué
dans le cadre du projet 109 ORNITHOECO soutenu par I'Institut polaire francais Paul-Emile-Victor
(IPEV). Mayes (49°28 S, 69°57 E) est une ile inhabitée de 2.8 km? située dans le golfe du Morbihan
de larchipel des Kerguelen. Une partie des especes d’oiseaux marins nichant sur cette ile (pétrels,
prions, labbes) sont suivis chaque année, principalement durant I’été austral. Dans notre étude, nous
allons nous intéresser a deux espéces suivies sur cette ile : le pétrel bleu et le labbe subantarctique. Le
suivi du pétrel bleu se fait par manipulation des oiseaux dans leurs terriers. Environ 200 terriers de
pétrels sont identifiés et sont inspectés chaque année (Barbraud and Weimerskirch 2005). Concernant
les labbes, ils se reproduisent dans des nids a méme le sol, au centre de territoires qu’ils défendent avec
ardeur face a leurs congénéres, rendant les territoires facilement identifiables. L’objectif de ces suivis
démographiques est double. D’une part, ils permettent de quantifier les fluctuations d’abondances au
cours du temps. En analysant 'occupation des différents terriers suivis et le nombre de territoires
occupés chaque année, ce suivi fourni des comptages de la population au cours du temps. D’autre
part, ils permettent d’obtenir de 'information a I’échelle individuelle par CMR. Au cours de la saison
de reproduction, les terriers et territoires sont inspectés plusieurs fois pour récupérer 'indentification
des adultes et associer a chaque couple un bilan reproducteur. I’identification des individus déja
bagués est récupérée et un identifiant unique est attribué, grace a une bague, aux individus capturés
pour la premicre fois dans la zone surveillée. Au cours des différentes vérifications, la présence d’'un
ceuf confirme que le couple se reproduit et la présence d’un poussin proche de 'envol confirme le
succes de la reproduction. Les poussins sont aussi bagués juste avant I'envol. Ainsi, les données du
suivi démographique nous permettent de suivre les oiseaux a I’échelle individuelle avec notamment de
I'information sur leur survie et sur leur reproduction au cours du temps, et d’obtenir des variations

d’abondances a I’échelle de la population.

Dans le cadre de cette thése, jai pu participer a la campagne d’été de Novembre a Décembre 2019 a
Kerguelen me permettant de prendre part aux suivis démographiques des pétrels bleus et des labbes

subantarctiques sur I'lle de Mayes durant la période de reproduction.
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Le STOC point d’écoute

Le STOC point d’écoute (Julliard and Jiguet 2002, Jiguet et al. 2016) est un protocole de suivi
d’abondance par point d’écoute (Echantillonnage Ponctuel Simple ou EPS) coordonné par le Muséum
National d’Histoire Naturelle (MNHN). Des ornithologues volontaires se rendent deux fois par an
durant le printemps sur les mémes points d’écoute ou ils relevent 'ensemble des oiseaux vus ou
entendus durant une session de cinq minutes. Les sites de points d’écoute sont des carrés de 2 km par
2 km sélectionnés aléatoirement sur le territoire Frangais, dans un rayon de dix kilometres autour du
lieu déclaré par le participant (Fig. 1.9b). Dans chacun de ces sites, dix points d’écoute sont déterminés
par le participant de maniere a représenter de maniere homogene les différents habitats du carré. Le
premier point d’écoute a lieu pendant la période du 1 Avril au 8 Mai et le second pendant la période
du 9 Mai au 30 Juin de maniere a détecter les reproducteurs précoces et tardifs. Le nombre maximum
d’oiseaux comptés entre les deux points d’écoute est conservé. Les localisations et les dates des points
d’écoutes sont fixes au cours des années. Ce suivi permet de mettre en évidence des fluctuations
d’abondances de nombreuses especes au fil du temps (Julliard and Jiguet 2002). Dans ma these, ces
données sont exploitées pour créer des indices d’abondance de population au cours du temps (ter
Braak et al. 1994, King et al. 2008) utilisés comme données de comptage renseignant sur les tailles de

population dans les IPM.

Le STOC capture

Le STOC capture est un suivi par CMR des oiseaux communs nicheurs en France (Julliard and Jiguet
2002) coordonné par le Centre de Recherches sur la Biologie des Populations d’Oiseaux (CRBPO) du
MNHN et a débuté en 1989. Ce suivi suit un protocole standardisé robuste permettant de documenter
au mieux I’évolution de la démographie des oiseaux nicheurs sur le long terme. Les bagueurs, formés
a la manipulation et a I'identification des oiseaux, capturent les oiseaux a l'aide de filets, dans des
stations réparties sur I'ensemble du territoire Frangais (Fig. 1.9a). Les localisations des stations de
capture ne sont pas déterminées au hasard car certains habitats sont privilégiés pour capturer plus
facilement et en plus grand nombre des oiseaux comme les zones de foréts ouvertes, les buissons ou
les roselieres (Robinson et al. 2009). Entre trois et cing sessions de capture ont lieu chaque année, sur
chaque site, entre mai et juillet de maniere a capturer un échantillon des oiseaux adultes reproducteurs
et des jeunes produits localement. Elles se déroulent de 'aube a midi. Les filets de capture (12 metres
de longueur) sont placés régulicrement avec une densité de 5 filets par hectare. Le nombre et la

localisation des filets sont fixes entre les sessions et les années, mais varient entre sites. Chaque oiseau
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capturé est identifié a 'échelle de I'espece, agé et sexé en fonction de criteres de plumage (Demongin
2010), et est marqué a I'aide d’une bague métallique portant un numéro unique. Tout nouvel oiseau
capturé est bagué et les oiseaux recapturés sont identifiés grace a leur bague. Ainsi les données du
STOC Capture permettent de suivre des oiseaux a échelle individuelle. Dans le cadre de notre étude,
les données du STOC capture serviront principalement a documenter la survie selon des classes d’age

(adulte ou juvénile) et a créer des indices phénologiques de la reproduction (Moussus et al. 2011).

(a) STOC capture (b)  sTOC point d’écoute
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Figure 1.9. Répartition (a) des sites de capture (2 = 416) et (b) des sites de point d’écoute (7 = 25789) du STOC
en France (hors Corse) pendant la période 2001-2019.

3.3. Description des cas d’étude

Le chapitre 1 se focalise sur les interactions prédateur-proie avec deux especes d’oiseaux marins : le
pétrel bleu et le labbe subantarctique, deux oiseaux sympatriques durant la saison de reproduction sur
les iles Kerguelen (Fiche descriptive 1). Le pétrel bleu (adulte et juvénile) est la principale proie des
labbes subantarctiques sur I'lle de Mayes (Pacoureau et al. 2019¢). Cette prédation a principalement
lieu la nuit quand les pétrels arrivent ou repartent de leurs terriers (Mougeot and Bretagnolle 2000).
Les labbes sont particuliecrement spécialisés dans la prédation des pétrels durant la saison de
reproduction (Pacoureau et al. 2019¢) suggérant un fort effet de la relation prédateur-proie chez ces
especes. A l'inverse durant leur hivernage, les labbes adoptent un régime plus diversifié et dépendant
des conditions environnementales (Delord et al. 2018). Contrairement aux labbes adultes
reproducteurs qui restent sur leurs territoires en continu durant I'ensemble de la saison de
reproduction, les membres d’un couple reproducteur de pétrels bleus alternent leur présence au nid,

Pun assurant Iincubation de I'ceuf pendant que lautre s’alimente en mer. La disponibilité des
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ressources en mer influence la synchronisation des partenaires, c’est-a-dire que si le partenaire en mer
ne revient pas a temps pour incuber en cas de mauvaises conditions, le partenaire incubant peut
déserter le nid (Chaurand and Weimerskirch 1994). Ainsi les conditions environnementales peuvent
fortement influencer le succes de la reproduction. L’utilisation d’un IPM multispécifique combinant
des données de CR et de comptage et tenant compte de covariables environnementales permet de
comprendre les contributions relatives des effets des interactions interspécifiques prédateur-proie et
des effets de environnement sur différents parametres démographiques comme la survie et le succes
reproducteur. A ma connaissance, ce travail constitue la premicre utilisation d’un IPM multispécifique

intégrant des relations prédateur-proie appliqué a des données réelles.

Le chapitre 2 se concentre sur deux especes de passereaux connus pour étre en compétition
intraspécifique et interspécifique, la mésange charbonniere et la mésange bleue (Fiche descriptive 2 ;
Dhondt 2012, Moller et al. 2018, Gamelon et al. 2019). En liant les deux jeux de données de suivis
d’oiseaux a long terme et a large échelle spatiale (STOC capture et STOC point d’écoute) dans un IPM
multispécifique, nous avons analysé les interactions de compétition intraspécifique et interspécifique
sur la survie juvénile et le nombre de poussins a I'envol. Les mésanges bleues et les mésanges
charbonnieres sont des especes syntopiques, en compétition pour les cavités dans lesquelles elles
nichent, et pour les ressources en nourriture, notamment les chenilles qui constituent leur ressource
principale pendant I’élevage des jeunes. Comme la disponibilité en ressources varie selon I’habitat,
Iintensité de la compétition peut étre variable selon ’habitat considéré (Dhondt 2010). J’ai ainsi classé
les habitats selon les préférences d’habitat de la mésange bleue qui est plus spécialiste que la mésange
charbonniére. J’ai considéré comme habitats particulicrement favorables a la mésange bleue, les
habitats riches en ressources alimentaires comme les foréts de feuillus (Lambrechts et al. 2004,
Amininasab et al. 2016) et les autres habitats sont considérés comme moins favorables a la mésange
bleue. Ainsi, nous supposons que 'intensité de la compétition pour la mésange bleue devrait étre plus
forte dans les habitats moins favorables. I’avantage des suivis utilisés dans cette étude (décrits en
partie 3.2) est qu’ils ne se focalisent pas seulement sur une espece en particulier mais concernent
I’ensemble des passereaux communs nicheurs de France. Ainsi, notre analyse appliquée aux mésanges

peut servir de modele réutilisable pour étudier la compétition entre de nombreuses autres especes.

Dans le chapitre 3, nous nous intéressons aux relations de compétition intraspécifique et
interspécifique dans un systeme de fauvettes : la fauvette a téte noire et la fauvette des jardins (Fiche

descriptive 3). Ces deux especes sceurs entrent en compétition interspécifique pour les territoires de
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reproduction (Garcia 1983). La compétition interspécifique est supposément unidirectionnelle avec
un avantage pour la fauvette a téte noire. La fauvette a téte noire est dominante numériquement et se
reproduit plus tot en saison, ce qui lui permet localement d’exclure les fauvettes des jardins des
territoires de meilleure qualité. En revanche, il n’existe aucune étude analysant les effets de la
compétition sur les parametres démographiques tels que la survie ou le nombre de poussins a 'envol.
En France, ces deux espéces ont des stratégies de migration différentes : la fauvette a téte noire est
une migratrice partielle, c’est-a-dire qu'une partie des individus ne migre pas et I'autre partie migre,
principalement vers le bassin méditerranéen. La fauvette des jardins, quant a elle, est une migratrice
transsaharienne. Les espéces résidentes (ainsi que les espéces migrant sur de courtes distances) ont
une phénologie plus plastique que les especes migratrices longue distance, c’est-a-dire qu’elles peuvent
modifier leur phénologie de reproduction selon les conditions environnementales pour se
synchroniser notamment avec I'abondance de noutrriture (Both and Visser 2001, Kluen et al. 2017,
Samplonius and Both 2019). Ainsi, la phénologie de reproduction des fauvettes a téte noire est variable
d’une année a I'autre alors que celle des fauvettes des jardins est relativement stable. Les périodes de
reproduction des fauvettes sont donc plus ou moins chevauchantes selon les années, ce qui peut
moduler lintensité de la compétition interspécifique. I’IPM multispécifique développé dans le
chapitre 2 est réutilisé et adapté a I’étude du systeme de fauvettes. Il permet d’analyser les effets de la
compétition sur les parametres démographiques en fonction de lintensité du chevauchement des
périodes de reproduction des deux especes, afin de mettre en évidence le réle de la phénologie dans

les interactions interspécifiques.



Fiche descriptive 1
Systeme Labbe-Pétrel

Objectif

Quantifier les effets des interactions prédateur-proie et des conditions environnementales sur la
dynamique d’un systeme d’oiseaux marins.

Espeéces étudiées

Pétrel bleu

Halobaena caernlea
Famille : Procellatiiformes
Genre : Halobaena

Poids : 150-250 g
Envergure : 60 - 75 cm
Nid : en tertier
Reproduction : Sep-Fev
Ponte : 1 ceuf

Labbe subantarctique
Catharacta lonnbergi
Famille : Charadriiformes
Genre : Stercorarius
Poids : 1.2-2.6 kg
Envergure : 125-160 cm
Nid : au sol

B Reproduction : Oct-Fev
Ponte : 2 ceufs

© M. Quéroué

Interactions testées
* Interactions prédateur-proie : Prédation des labbes sur les adultes et les juvéniles de pétrels
durant la saison de reproduction

* Interactions intraspécifiques : Compétition pour les territoires et les proies, attaques des ceufs et
poussins entre congéneres chez les labbes, compétition pour les terriers et les ressources en mer pour
les pétrels

* Effets de Penvironnement : Proxies des conditions environnementales en mer (Mode annulaire de
I’hémisphere sud (SAM), température de surface de la mer, concentration en chlorophylle a)

Données utilisées
Période : 1996-2018 | Localisation : Mayes (Archipel des Kerguelen)
* CMR et comptages du suivi démographique des oiseaux marins de Mayes

* Séries temporelles des covariables climatiques

Modélisation

* IPM multispécifique

e Parametres démographiques estimés: survie apparente, succes reproducteur (probabilité de
reproduction, succes éclosion, succes envol)

* Prise en compte du statut reproducteur de I'année précédente pour I'estimation des parameétres
démographiques
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Fiche descriptive 2
Systeme Mésanges
Objectif

Quantifier les effets de la compétition intraspécifique et interspécifique en tenant compte de la qualité
de I’habitat dans un systeme mésange.

Espeéces étudiées

Mésange Charbonniere
Parus major

Famille : Paridés

Genre : Parus

Mésange bleue
4 Cyanistes caernlens
Famille : Paridés
Genre : Cyanistes

Poids : 16-21 g Poids : 9-12 ¢
Envergure : 21-23 cm Envergure : 18-20 cm
¥ Nid : cavité Nid : cavité

Reproduction : Avt-Jui
Ponte : 6-12 ceufs

Reproduction : Avt-Jui
Ponte : 6-15 ceufs

© C. Gross

Interactions testées

* Compétition interspécifique : Compétition pour les cavités et les ressources en nourriture
* Compétition intraspécifique : Compétition pour les cavités et les ressources en nourriture

* Effets de ’habitat : Effets de la compétition dépendant de la qualité de I’habitat (forét de feuillus
‘haute qualité’ versus autres habitats ‘basse qualité’)

Données utilisées

Période : 2001 — 2019 | Localisation : France métropolitaine
* CMR STOC capture et Comptages STOC point d’écoute
* Description de ’habitat avec Corine Land Cover 2012.

Modélisation
* IPM multispécifique

* Parametres démographiques estimés : survie apparente selon I'age (adulte, juvénile), nombre de
poussins a 'envol

* Prise en compte de I’habitat dans I'estimation des parameétres démographiques
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Fiche descriptive 3
Systeme Fauvettes

Objectif

Quantifier les effets de la compétition interspécifique en tenant compte des effets des décalages
phénologiques entre espece et entre année.

Espeéces étudiées

Fauvette a téte noire

2| Sylvia atricapilla

Famille : Sylviidées
Gente : Sylvia

Poids : 14-20 g

¥ Envergure : 22-24 cm
Nid : buisson
Reproduction : Avr-Aout
- Nb poussins : 3-6 ceufs
©‘&ross

Fauvette des jardins
Sylvia borin

Famille : Sylviidées
Gente : Sylvia

Poids : 16-23 g
Envergure : 20-24 cm
Nid : buisson
Reproduction : Mai-Juin
Ponte : 4-6 ceufs

© C..Gross

Interactions testées

* Compétition interspécifique : Compétition unidirectionnelle de la fauvette a téte noire sur la fauvette des
jardins pour les territoires et les ressources en nourriture

* Compétition intraspécifique : Compétition pour les territoires et les ressources en nourriture

* Effets de la phénologie : Prise en compte de la phénologie de la reproduction. Phénologie plastique de la
fauvette a téte noire : selon les années et les conditions environnementales, sa reproduction est plus ou moins
précoce induisant des différences de chevauchement de période de reproduction entre les deux espéces. Analyse
de I'impact sur la compétition interspécifique. Utilisation de la phénologie comme un reflet des conditions
climatiques.

Données utilisées

Période : 2001 — 2019 | Localisation : moiti¢ Nord France métropolitaine (> 45°N)
* CMR STOC capture et Comptages STOC point d’écoute
* Indices phénologiques intraspécifique et interspécifique

Modélisation
* IPM multispécifique
* Parametres démographiques estimés : survie apparente selon I'age (adulte, juvénile), nombre de

poussins a 'envol
* Prise en compte des effets de la phénologie dans les interactions de compétition
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Interactions prédateur-proie chez des
olseaux marins

Article : Un modéle de population intégré met en évidence une dynamique ascendante dans un
systeme d’oiseaux marins.

Statut de P’article : Ce travail est publié¢ dans Ecological Monographs 2021 91(3) e01459

Conférence : Ce travail a été présenté a 'occasion de la conférence internationale d’écologie
statistique (ISEC 2020)

Dans ce premier chapitre, nous avons exploré comment les modeles de population intégrés (IPM)
multispécifiques permettent d’analyser des relations prédateur-proie. Nous avons appliqué ce modele
a un systeme d’oiseaux marins sympatriques durant la saison de reproduction dans les iles Kerguelen,
le pétrel bleu (Halobaena caernlea) la principale proie du labbe subantarctique (Catharacta lonnbergi). En
combinant 22 années de données de capture-recapture et de comptage, nous avons construit un
modele structuré en stade permettant d’estimer différents parametres démographiques tels que la
survie ou le succes reproducteur ainsi que des tailles de population. Pour quantifier les effets des
relations interspécifiques, la taille de population estimée pour une espece est liée aux parametres
démographiques de I'autre espece. Dans cette méme analyse, nous avons aussi pris en compte des
covariables climatiques pour quantifier la contribution relative de 'environnement par rapport aux

interactions interspécifiques sur les parametres démographiques. Nos résultats montrent que le climat
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et les interactions prédateur-proie influencent la démographie des labbes et des pétrels de maniere
différente. Le succes de la reproduction des labbes semble étre majoritairement déterminé par le
nombre de pétrels et, dans une moindre mesure, par la densité dépendance intraspécifique. En
revanche, il n’y a pas d’évidence d’effets de la prédation sur les parametres démographiques des pétrels,
qui semblent principalement affectés par des facteurs océanographiques. Ces résultats montrent que
les mécanismes ascendants sont les principaux moteurs de ce systeme labbe-pétrel. L’utilisation d’un
IPM multispécifique nous a ainsi permis d’améliorer notre compréhension des mécanismes qui
faconnent la dynamique de ce systeme. Cette premicre application semble prometteuse pour

comprendre les relations interspécifiques dans d’autres systemes d’espéces en interaction.

Mots clés : Démographie, Fluctuations environnementales, Inférence bayésienne, Modcles de
population intégrés, Nimble, Oiseaux marins, Relations prédateur-proie
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dynamics in a seabird predator-prey system

Maud Quéroué', Christophe Barbraud®, Frédéric Barraquand®, Daniel Turek?, Karine Delord?,
Nathan Pacoureau’, Olivier Gimenez'

!CEFE UMR 5175, Univ Montpellier, CNRS, EPHE, IRD, Montpellier, France
2Centre d'Etudes Biologiques de Chizé (CEBC), UMR 7372, CNRS-Université de La Rochelle, 79360 Villiers-en-Bois,

France
3Institute of Mathematics of Bordeaux, CNRS, Talence, France
“Department of Mathematics and Statistics, Williams College, Williamstown, MA, USA

SDepartment of Biological Sciences, Earth to Ocean Research Group, Simon Fraser University, Burnaby, British
Columbia, Canada

Abstract

Assessing the effects of climate and interspecific relationships on communities is challenging because of
the complex interplay between species population dynamics, their interactions, and the need to integrate
information across several biological levels (individuals — populations — communities). Usually used to
quantify single-species demography, integrated population models (IPMs) have recently been extended
to communities. These models allow fitting multispecies matrix models to data from multiple sources
while simultaneously accounting for uncertainty in each data source. We used multispecies IPMs
accommodating climatic variables to quantify the relative contribution of climate vs. interspecific
interactions on demographic parameters, such as survival and breeding success, in the dynamics of a
predator-prey system. We considered a stage-structured predator—prey system combining 22 years of
capture—recapture data and population counts of two seabirds, the Brown Skua (Catharacta linnbergi) and
its main prey the Blue Petrel (Halobaena caernlea), both breeding on the Kerguelen Islands in the Southern
Ocean. Our results showed that climate and predator-prey interactions drive the demography of skuas
and petrels in different ways. The breeding success of skuas appeared to be largely driven by the number
of petrels and to a lesser extent by intraspecific density dependence. In contrast, there was no evidence
of predation effects on the demographic parameters of petrels, which were affected by oceanographic
factors. We conclude that bottom-up mechanisms are the main drivers of this skua-petrel system.

Keywords: Bayesian inference, Demography, Environmental variations, Integrated Population Model,
Nimble, Predator-Prey interactions, Seabirds
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Introduction

The effects of climate change on the diversity and the structure of communities have been reported
repeatedly (Walther et al. 2002, Parmesan 2006, Hoegh-Guldberg and Bruno 2010, Miller et al. 2018).
However, the underlying mechanisms remain poorly understood due to the complex community
dynamics of interacting species: interactions occur within species, between species and between
species and the environment (Godfray and May 2014). Following disturbance, the abundance and
distribution of species are expected to be modified according to the position and extent of the species’
niche (Thomas et al. 2004). Because the effects of environmental variability on mortality, fecundity
and dispersal may differ between species (Grosbois et al. 2008, Jenouvrier 2013), changes in structure
and diversity appear at the community level. However, studying species-by-species responses to
environmental changes may overlook the role played by species interactions on those responses, and
contribute to a lesser extent to the broader understanding of species interactions that is required by

community ecology.

Models for population dynamics have been used to understand the effect of interspecific interactions
and environmental variables on species demography. However, these models are often not
demographically structured (Stenseth et al. 2015, Pacoureau et al. 2019a, Stoessel et al. 2019) or only
partially (Millon et al. 2014, Saunders et al. 2018, Pacoureau et al. 2019b). Unstructured approaches
consider individuals as being equivalent but differences in size, age and ontogenic stages exist within
a population and may be of importance in the context of interspecific interactions. As argued by Miller
and Rudolf (2011), the consideration of the stage structure of populations can lead to a better
understanding of community structure and dynamics. Interactions between species such as predation
or competition do not necessarily have a homogeneous impact on the different stages of the
interacting species. For example, young individuals might be predominantly preyed upon in carnivore—
ungulate systems (Gervasi et al. 2015). Therefore, to detect and understand species interactions, we
need to consider jointly the demography of several stage-structured populations (Oken and Essington

2015).

Although well developed for single-species dynamics (Tuljapurkar and Caswell 1997, Caswell 2001),

demographic stage-structured models have received little attention in community ecology (but see Chu
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and Adler (2015) on a plant system). The difficulty is that a multispecies demographic analysis requires
integrating information across several biological levels (individual — population — community) which,
in turn, requires unifying all available data sources into a single framework. Integrated population
models (IPMs) have been recently developed to infer population demography by making complete
use of all available sources of information (see Schaub and Abadi 2011, and Zipkin and Saunders 2018
for reviews). In their simplest form, these models combine population counts and demographic data
into a single framework, which allows the estimation of demographic parameters while simultaneously
accounting for various sources of uncertainty in each data sources (Besbeas et al. 2002). The IPM
framework has been extended to multiple species for competition/parasitism (Péron and Koons

2012), and for predator-prey interactions (Barraquand and Gimenez 2019).

Here, our main objective was to quantify the relative contribution of environmental changes and
species interactions on demographic parameters of a predator and its prey. Therefore, we used a
multispecies IPM framework accommodating the effects of local and global climatic conditions on
demographic parameters, such as survival and breeding, while explicitly considering species
interactions. We applied our approach on a stage-structured predator-prey system combining 22 years
of capture-recapture data and population counts on two seabirds, the Brown Skua (Cazharacta linnbergi)
and its main prey the Blue Petrel (Halobaena caernlea) (‘skua’ and ‘petrel” hereafter) breeding on the

Kerguelen Islands in the Southern Ocean.

Because seabirds often occupy high trophic levels in food webs, bottom-up forcing, which implies
population regulation through climate-driven limitation in food availability, has long been featured as
the dominant paradigm to understand their dynamics (Lack 1967, Aebischer et al. 1990, Stenseth et
al. 2002). Seabird foraging behavior and demography reflect the influences of climate variability which
directly impacts biological processes in marine ecosystems and cascade through food webs up to
seabirds (Barbraud and Weimerskirch 2001, Jenouvrier et al. 2003). However, top-down pressures
from predation at breeding colonies are also known to affect the vital rates of seabirds (Hipfner et al.
2012). There is increasing evidence that bottom-up and top-down processes often act in concert and
differently affect demographic parameters (Suryan et al. 2006, Horswill et al. 2014, 2016). For example,
the effects of predation and resource limitation caused breeding failure of Black-legged Kittiwakes
(Rissa tridactyla) (Regehr and Montevecchi 1997) and population declines of Arctic Skuas (Szercorarius

parasiticns) (Perkins et al. 2018). Therefore, quantifying the relative strength of environmental
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conditions and predator-prey effects is essential for a better understanding of the drivers of population
dynamics in seabirds. This is all the more important as climate changes impact the physical properties
of the oceans, including the Southern Ocean (Gille 2002, Han et al. 2014) and, through the trophic
food web, affect demography and population dynamics of seabirds (Barbraud et al. 2012, Sydeman et
al. 2015), including some of the species studied here (Barbraud and Weimerskirch 2003).

Using a multispecies IPM, we assessed the relative contribution of environment and predator-prey
interactions on seabirds” demographic parameters. We estimated survival and adult breeding success
for the two interacting species, and assessed the impacts of climatic conditions on these demographic
parameters to understand the contribution of predator-prey interactions in shaping population

dynamics.

Materials and Methods

Study site and Species

Skuas and petrels were studied on Mayes Island (49°28'S, 69°57'E), a 2.8 km? uninhabited island of
the Kerguelen Islands in the Southern Ocean where the two species breed during the austral summer

(October-February).

The petrel is a small (150-250g) long-lived seabird belonging to the family of Procellariiformes. At
Kerguelen Islands, petrels feed on macrozooplankton and micronekton, mainly crustaceans and fishes
(Cherel et al. 2002, 2014). Individuals from Mayes Island spend the nonbreeding season (from mid-
February to September) between the polar front and the northern limit of the pack-ice (57-62°S)
between longitudes 20°W and 90°E (Cherel et al. 20106). Birds return to breeding colonies in eatly
September (Quillfeldt et al. 2020). Mayes Island is covered with dry soils and dense vegetation,
providing suitable breeding sites for approximately 142,000 breeding pairs of these burrowing petrels
(Barbraud and Delord 2000). In late October, a single egg is laid in a burrow dug in peat soil under
tall and dense vegetation. The incubation lasts 45-49 days and the chick rearing period 43-60 days
(Jouventin et al. 1985). The chick fledges in eatly February. Both sexes participate in parental care by

alternating foraging trips during the incubation and fledging periods.
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The skua is a medium sized (1.1 — 2.2 kg) long-lived seabird belonging to the family of Charadriiformes.
On Mayes Island between 80 and 120 pairs breed annually (Mougeot et al. 1998). Breeding pairs form
in October with a high mate fidelity, and generally establish themselves in the same territory each year
(Parmelee and Pietz 1987), which they tenaciously defend throughout the breeding season. Generally,
two eggs are laid between October and December. The incubation lasts 28-32 days and the chicks
rearing period 40-50 days (Higgins and Davied 1996). Skuas are extremely plastic in their foraging
techniques and adapt their diet depending on the local availability of prey (Carneiro et al. 2015). On
Mayes Island, during the breeding season, Blue Petrels represent 95% of the skua diet (Pacoureau et
al. 2019c). Skuas from Mayes Island overwinter in the southern hemisphere between 10°E and 150°E

(Delord et al. 2018).

During the breeding period on Mayes Island, the predation of petrels by skuas takes place mainly at
night, when petrels come out or arrive at their burrows (Mougeot and Bretagnolle 2000a). Skuas
mostly prey on petrels on the ground, but they can also catch petrels in flight (Mougeot et al. 1998,
Pacoureau et al. 2019¢). Vocalizing petrels, especially those without partners, are more easily detected
by skuas during the courtship period (Mougeot and Bretagnolle 2000b). Skuas may also prey on chicks
during the fledging period.

Count and capture-recapture data

Data of both skuas and petrels were collected during the breeding seasons from 1996/1997 to
2017/2018. For convenience, breeding seasons are named from 1996 to 2017 hereafter. The time
interval used in our model starts before the wintering of species and ends at the end of the breeding
period. Two types of data were used: count data corresponding to the number of burrows or territories
occupied by seabirds and capture-recapture (CR) data of adult seabirds found on the monitored area.
Each year, adult individuals of both species were checked at specific times following the species
phenology to determine the breeding status of each bird. The breeding status of marked birds was
determined at the end of the breeding period. Count data are considered in a post breeding census. In
the following we describe how the data were collected for the two species. For clarity, all parameters

for skuas are indicated by § and for petrels by P.

Around 200 individually marked burrows of petrels were inspected each year from early-to-mid

November just after egg-laying, to check for eggs and to identify marked adults, and then in late
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January, just before fledging of the chicks. Each year since 1985 (see Barbraud and Weimerskirch
2005), all fledglings as well as unknown individuals found in burrows were marked with a stainless
steel band (captured by hand, marked, and replaced in their burrow). Petrels never observed with an
egg or a chick during a given breeding season were considered as nonbreeders (NB). Individuals were
identified as breeders if they laid a single egg or raised a chick and as successful breeders if their chick
fledged (SB). Two categories of failed breeders were used depending on the stage of failure: egg stage
(FBE) or chick stage (FBC). Given that the first sampling period occurred just after laying, it is very
unlikely that nonbreeders were failed breeders. These breeding statuses allowed the construction of
the individual capture histories (Chp) and constituted our CR data. The annual number of adult petrels
(Yp), i.e. count data, was estimated as the number of occupied burrows. Each occupied burrow was
considered as being frequented by a pair of petrels. We considered that this count included all adult

individuals, both breeders and non-breeders.

For skuas, each year since 1991, the eastern side of Mayes Island was inspected to identify territories
of skuas. A territory was considered established when a pair strongly defended an area against other
skuas (Mougeot et al. 1998). Around 50 nesting territories were visited four to eight times from mid-
October (after egg-laying) to late-February (just before fledging of the chicks) each year. Chicks just
before fledging, as well as new adult individuals, were marked with a metal ring and a plastic ring to
facilitate individual identification using binoculars. Breeding status was determined by checking the
nest contents for the presence of eggs or young chicks. Skuas never observed with an egg or a chick
were considered as nonbreeders (NB). Individuals were identified as breeders if they laid at least one
egg or raised a chick. If the eggs did not hatch or the chicks died, both members of the pair were
considered failed breeders (FB). Given that the first sampling period occurred just after laying, it is
very unlikely that nonbreeders represented failed breeders. Successful breeders were defined as
individuals that fledged one or two chicks, and were denoted as SB1 or SB2, respectively. These
breeding statuses allowed the construction of the individual capture histories (Chg) and constituted
our CR data. The annual number of skuas (Ys), Ze. count data, was estimated as the number of
territories and each territory was considered occupied by a pair of skuas. We considered that this count

included all adult individuals, both breeders and non-breeders.

[4

For both species, individual breeding status could be considered as “uncertain” (C) in case of

difficulties to ascertain their breeding status (lack of information, missed checks, individuals never re-
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observed). Only adult individuals that have bred at least once between the 1996 and the 2017 breeding
seasons were kept in the data set for analysis to eliminate potential transient individuals (# = 318 for
skuas and 7 = 1210 for petrels). Individual capture histories (Ch) started at the first breeding attempt
recorded. Based on the high probability of observing breeders in the study site, we assumed that the
first breeding attempt was correctly detected. Unknown individuals found in monitored burrows or

territories are considered as immigrants to the study site (Njp,).

The presence of chicks was used to assign a breeding status to adult individuals captured in the
breeding area. In order to maintain the independence of the data, we did not include information on
chicks in the model. Therefore, the fecundity was a fixed value. We considered one chick for each pair
of seabird, considered as successful breeders (Ngp p) for petrels or successful breeders with one chick
(Nsgy,s) for skuas (fsg p and fspy s are equal to 1, respectively). For skuas that successfully fledged
two chicks (Ngpp 5), we considered two chicks per pair of skuas (fsgy s is equal to 2). Since juveniles
only return to the breeding sites as adults to attempt to breed for the first time (from four years old

or older), we did not have data on juvenile states.

Integrated Population Model

We built a two-species IPM that combines count and CR data and allows estimating abundances and
demographic rates (Besbeas et al. 2002, Schaub and Abadi 2011). More specifically, we connected two
IPMs, one for predatory skuas and one for petrels, their main prey, through explicit predator-prey
relationships (Barraquand and Gimenez 2019). We incorporated the effects of predation within
species-specific vital rates such as survival and breeding parameters. This IPM is structured by life
history states (Fig. 1.1). We built two likelihoods, one for the CR data and the other for the count data

which we combined into a joint likelihood.
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Observation process

State process

Predator effect

Brown skua
(o)

Observation process

State assi

Detection probability CR d:

Count data

Figure 1.1. Structure of the multispecies Integrated Population Model. Squares represent the state variables,
circles represent the parameters. Data and fixed values are represented with a dark background, estimated state
variables and parameters with a white background. Two types of data are used, capture histories (Ch) from
capture-recapture data and count data (Y). Adult appatent survival (¢p), breeding probability (), hatching
success (w), breeding success (y), probability of having two chicks rather than one (8), juvenile apparent survival
for one to four years old and older (¢p; to ¢ys), probability of first breeding attempt (Pr), state assignment
probability (u) and detection probability (p) are parameters estimated in the model. Fecundity (f) is fixed. The
number of adults (Nagiot), dead (Ngead), alive (Najive), breeders (Ng), nonbreeders (Nyp), failed breeders
(Ngp), failed breeders at the egg stage (Nggg), breeders with an egg hatched (Ngy), failed breeders at the chick
stage (Ngpg(), successful breeders (Ngg), successful breeders with one chick (Ngg) or with two chicks (Ngg3)
and the number of juveniles of one year old to four years old and older (Nj; to Nyjuy) are state variables

estimated by the model. The number of immigrants (Njy,) is a fixed vector. The blue part is for Blue Petrels
and the brown part is for Brown Skuas. Interspecific relationships are represented with thick arrows.

State process

Offspring production
The estimated numbers of skuas and petrels in their first year ze. between 0 and 1 year old (Njy 5¢) at

year # are modelled with a Poisson distribution:

Nj1,5¢ ~Po(0.5 X fsg1,s X Nspise—1+ 0.5 X fspas X Ngpagi—1) ©)
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Nj1,p¢ ~P0(0.5 X fsgp X Nsppi1) 2)

with Nj; ¢ the number of chicks produced by all successful skua breeders (Ngpisand Ngpy )
according to their fecundity (fsgys: 1 chick and fsgp s: 2 chicks per female skua, sex ratio: 0.5). For
petrels, Nyq p is also Poisson distributed but with only one chick (fsg p) per estimated successful female

breeder (Ngp p with a sex ratio of 0.5).

Juvenile survival
The numbers of juveniles in their second year (Ny,), in their third year (Ny3), in their fourth year and

older (Ny44) are modelled with binomial distributions:

N]Z,X,t ~ Bin(¢]1,x ) N]l,X,t—l) 3
N]3,X,t ~ Bin(d’]z,x ) N]Z,X,t—l) “
N]4+,X,t~ Bin(q)]?,,x ) N]3,X,t—1) + Bin(¢]4,x ) N]4NB,X,t—1) o)

with apparent survival probabilities between one and two years (¢y), between two and three years
(¢y2), between three and four years (¢y3) and for four years old individuals and older that did not
attempt to breed during the previous breeding season (¢yy), respectively. The Nj,4 count includes
individuals in their fourth year and four years old individuals and older that did not attempt to breed

during the previous breeding season (Nj4np).

As we observed only adult breeding birds, we had no information on the juvenile phase. We assumed
that juvenile apparent survival increased with age (Greig et al. 1983, Grande et al. 2009, Fay et al.
2015), as experienced birds are on average more effective in foraging (Daunt et al. 2007), in competing

with conspecifics or in avoiding predators:

logit(d)]agei_x) = A x + Az x X age; ©)

where ¢y is the juvenile apparent survival probability, age; the age of the juvenile state (from Nj; to

Nj44), Ay the intercept and A, the slope which is constrained to be positive.
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Juvenile first breeding attempt
The first breeding attempt in skuas and petrels could start from age four. The individuals that

attempted to breed for the first time, with a probability Pr, are in the state Ny, and the individuals

that did not attempt to breed are in the state Nj4np:

Nupxe ~ Bin(PrX,t ) N]4+,X,t) @)

N]4NB,X,t = N]4+,X,t - N]4B,X,t ®

Adult survival
For the two species, we modelled the number of surviving adults (Nyjjve) at year # among the total
number of adult individuals (Npg¢ot) at year #1 with a binomial distribution, with ¢ the adult apparent

survival probability:

Nativex,t ~ Bin(q)x,t—p Nadtot,X,t—l) ©)

Breeding probability
The number of adult individuals that have bred or not bred among those that survived (Ngjjye) 1S

modelled as:

NBalive,X,t~ Bin(BX,t—l ’ Nalive,X,t) (1 0)

NNB,X,t = Nalive,X,t - NBalive,X,t (11)

with B the probability of breeding, Ngajive the number of adult breeders that survived and Nyg the
number of adult nonbreeders. As capture histories started at their first breeding attempt recorded, the
immigrants, ze. newly marked individuals (Njy) coming for the first time in the colony, were
considered as breeders. Then, the total number of breeders (Ng) corresponds to the sum of the
number of adult breeders that survived (Ngajjve), the number of immigrants (Njp,) and the number of

juveniles attempting to breed for the first time (Nj4p):

N xt = Npalivex,t T Njapx: + Nimxc (12)
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Breeding success
Breeding success and failure are modelled differently for skuas and petrels. For skuas, the numbers of

failed breeders (Ngp 5) and successful breeders (Ngp ) are modelled using a binomial distribution:

Nsps,c ~ Bin(yse-1,Npst ) (13)

NFB,S,t = NB,S,t - NSB,S,t (14)

with yg the probability of a successful breeding. A successful breeder can then have one or two chicks,

respectively Nggq ¢ and Ngp, ¢ and this is modelled using a binomial distribution:

Nsgz,s,t ~ Bin(8s,-1,Nsps,¢) (15)
Nsg1st = Nspse — Nspase (16)
with 85 the probability of producing two chicks rather than one among the successful breeders.

For petrels, there are two states for failed breeders: one with petrels that failed to hatch their egg
(named failed breeder at the egg stage Nppg p) and the second with petrels that failed to fledge their
chick (named failed breeder at the chick stage Nggc p). Hence, there is a parameter of successful
hatching (wp). The numbers of petrels with an egg that successfully hatched (Ngy p) and the failed

breeders at the egg stage (Nggg p) were modelled using a binomial distribution:

Nsupe ~ Bin(wP,t—l yNpp¢ ) 17)

NFBE,P,t = NB,P,t - NSH,P,t (18)

with wp the probability of successful hatching. Successful breeder numbers (Ngg p) and numbers of

failed breeders at the chick stage (Ngpc p) follow a binomial distribution:

Nsgp,t ~ Bin(YP,t—1» NSH,P,t) (19)
NFBC,P,t = NSH,P,t - NSB,P,t (20)

with yp the probability of successful breeding.
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Total number of adults
For skuas, the total number of adults (N,g4¢ot ) corresponds to the sum of adult nonbreeders (Nyp s),

failed breeders (Ngp 5), successful breeders with one chick (Nggq 5) and successful breeders with two

ChiCkS (NSBZ,S):

Nadtotst = NnBse + Nepst + Nspise + Nspase (21)

For petrels, the total number of adults (Nygrorp) corresponds to the sum of adults nonbreeders
(Nngp), failed breeders at the egg stage (Ngggp), failed breeders at the chick stage (Nggcp) and

successful breeders (Ngp p):

Nadtot,p,: = Nngpt + Nrgep: + Nrecp: T Nspp (22)

Count data

As only the adult states were observed on the field, we excluded the juvenile states from the
observation equation. The observation equation links the observed adult population count (Y) (Ze. the
number of tettitories/burrows multiplied by two for a pair of seabird) with the true adult population

size (Nagtot), with an additional term for observation error:

Yye~ N(Nadtot,X,t ,€x) (23)
ex ~ N(O, 0}2',)() (24)

where ¢ is the error term and 0% its variance. The likelihood for the population count data is denoted
2
as  Leos (Y'5|(|)]1,s' 4)]2,5» ¢]3,s» ¢]4,s: Prg, &g, Bs, Vs, 85, Nadtot,s» GY,S) for skuas and as

Leo,p (Yp|®y1,p, 12,0, Oy3,p Prap, Prp, dp, Bp, wp, Yp, Nadtot,p) 0%/,19) for petrels.

Capture-recapture data

For adult CR data, we used multievent capture—recapture models to estimate the demographic
parameters (Pradel 2005). These models take into account the imperfect detectability of the individuals

as well as the uncertainty in the assignment of states to individuals (Gimenez et al. 2012).
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Table 1.1. Summary of the demographic parameters and their specificities (year random effect or state
dependence) for the two species: the Brown Skua (top) and the Blue Petrel (bottom). Notations are NB:

Nonbreeder in the previous breeding season, B: Breeder in the previous breeding season, NB: Nonbreeder, B:
Breeder, I'B: Failed Breeder, SB1: Successful Breeder with one fledged chick, SB2: Successful Breeder with two
fledged chicks, FBE: Failed Breeder at the Egg stage, FBC: Failed Breeder at the Chick stage and SB: Successful

Breeder.
Species  Parameter Year random State dependence
effect
Adult apparent survival g v NB;| B
Breeding probability Bg v NBs| B
Breeding success Yg v NB; | Bg
Skua
Probability of having 2 chicks 8g v NB; | Bg
Detection probability pg v NBg| Bg
Uncertain state assignment probability ug X NBs | FBs | SB1g| SB2g
Adult apparent survival pp v NB;| By
Breeding probability Bp v NB,| By
Hatching success wp v NB; | B
Petrel
Breeding success Yp v NB; | B»
Detection probability pp v NB» | Bp
X

Uncertain state assignment probability up

NB, | FBE, | FBC,| SBp

For skuas, our multievent model includes five states: NB, FB, SB1, SB2, dead, and six events: not

seen, seen as NB, seen as FB, seen as SB1, seen as SB2, seen as C 7.e. individuals seen with an uncertain

breeding status. For petrels, the five states are: NB, FBE, FBC, SB, dead, and the six events are: not

seen, seen as NB, seen as FBE, seen as FBC, seen as SB, seen as C. The following demographic

parameters were estimated for the two species: the adult apparent survival probability (¢y), the

breeding probability (By), the probability of successful breeding (yx). The probability of successful

breeding with two chicks rather than one (85) was also estimated for skuas, as well as the probability

of hatching (wp) for petrels. Two additional parameters were also estimated: the detection probability

(px) and the state assignment probability of individuals with uncertain state (uy). All parameters were

time-varying through a yearly random effect, except # (Table 1.1). State transitions were set to be state
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dependent according to the breeding status in the previous breeding season (Table 1.1): Breeder (B)
representing birds that attempted to breed in the previous breeding season (B, SB1, SB2 for skuas
or FBE, FBC, SB for petrels) or Nonbreeder (NB) representing birds that already bred previously but
did not attempt to breed during the previous breeding season (NB). The detection probability and the

state assignment probability also depended on the breeding status (Table 1.1).

The likelihood for the CR data for skuas is denoted as L¢ps(Chg|ds, Bs, Vs, s, Ps, Us) and

Ler,p (Chp|dp, Bp, Yp, Op, Pp, Up) for petrels.

Joint likelihood

The joint likelihood of the skua IPM is the product of the likelihood for the count data (Lo ) and
CR data (L¢ys):

Lipm,S(YS , Chg |¢]1,s ) ¢]2,s ) ¢]3,s ) ¢]4,s ,Pro, &g, Bs, Vs, 65, Nadror,s» Ps» Us, 012/,5) =
Lco,s(ys|(|)]1,s ) (I)]z,s ) 4913,5 ) ¢]4,s ,Prs, &s,Bs, Vs, 65, Nadrots» 012/,5) X
Lcr,s(Chs|¢s ,Bs,Ys»8s,Ds,Us) (25)

For petrels, the product of the likelihood for the count data (L, p) and CR data (L. p) is denoted as:

Lipm,P (Yp, Chp |¢]1,P ) d)]z,P ) ¢]3,P ) ¢]4,P ,Prp, dp,Bp, wp,Yp, Nadtorp » Pp » Up, 012/,P)-

Interspecific relationships, intraspecific density dependence, and

environmental covariates

Different covariates have been assumed to affect adult demographic parameters depending on the
species (Table 1.2). We focused on demographic parameters of adult individuals, because only adults
were observed in the field. We estimated interspecific predator-prey relationships between skua and
petrel (dependence of vital rates on the other species density) and intraspecific relationships
(dependence of vital rates on the focal species density) for both species. Moreover, we considered
several climatic covariates that were suspected to affect demographic parameters of skuas and petrels,
the Southern Annular Mode (SAM) on a large scale, and the Sea Surface Temperature anomalies
(SSTa) and Chlorophyll a concentration (Chla) on a local scale. In the following, we provide more

details on covariates and how they may affect the demography of skuas and petrels.
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Table 1.2. Summary of the covariates tested on the demographic parameters of the two species — the Brown
Skua (top) and the Blue Petrel (bottom) — and the time period (in months) considered for each demographic
parameter. Notations are PP: Predator-Prey interactions, DD: intraspecific Density Dependence, SAM:

Southern Annual Mode, SSTa: Sea Sutrface Temperature anomalies, Chla: Chlorophyll a concentration.

Species Parameter Covariates tested Time period
Adult apparent survival ¢pg DD |SAM Wintering (March-September)
Skua Breeding probability B DD |SAM Pre-Breeding (July-November)
Breeding success Yg PP|DD|SAM Breeding (October-February)
Probability of 2 chicks 8 PP|DD|SAM Breeding (October-February)
Adult apparent survival ¢p PP|DD|SAM|SSTa|Chla Wintering (February-September)
Petrel

Breeding probability Bp DD |SAM|SSTa| Chla Pre-Breeding (August-October)

Hatching success wp PP|DD|SAM|SSTa|Chla Breeding (October — December)

Breeding success Yp PP|DD|SAM|SSTa|Chla Bteeding (December-January)

Predator-prey interactions

Multispecies IPMs allow us to explicitly include interspecific relationships between vital rates of one
species and estimated population sizes of the other. Based on the high proportion of petrels in the
diet of the skuas during the breeding season (Mougeot et al. 1998, Pacoureau et al. 2019¢), we predicted
that petrel adult apparent survival (¢pp) should decrease with the number of skuas. As skuas prey on
adults and chicks during the fledging period, we predicted that the hatching success (wp) and fledging
success (Yp) would be impacted by the number of predators. Conversely, we predicted that a large
number of petrels in the breeding colony would provide enough food resources for skua and then be

favorable to their breeding success (Ys) and probability of having two chicks rather than one (8g).

Intraspecific density dependence

We investigated the effect of intraspecific density dependence on the demography of the two species,
as a higher density of individuals on the breeding ground can lead to an increased competition for
food resources or for territories. Skuas are highly territorial and defend their territories vigorously
during the whole breeding season. The most violent fights may even lead to their death. Moreover,
the limited number of territories could cause emigration of skuas without a territory. Thus, we

predicted that the apparent sutvival probability (¢pg), which represents both mortality and emigration,
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would be negatively impacted by the number of skuas. This limited number of territories could also
lead to a negative relationship between breeding probability (Bs) and population density. The time
spent defending a territory throughout the breeding season, together with its energetic cost, may limit
the time spent searching for food, which potentially limits energy investment in reproduction. We thus
predicted a negative effect of population density on the successful breeding parameter (yg) and the
probability to have two chicks rather than one for successful breeders (8s). For petrels, we also tested
the effects of intraspecific competition for food resources, which could affect their adult apparent
survival (¢p) and their breeding parameters: breeding probability (Bp), hatching (wp) and fledging

success (Yp).

Environmental covariates

Climate variability impacts biological processes in marine ecosystems, which cascade through food
webs and are integrated by seabirds (Barbraud and Weimerskirch 2001, Jenouvrier et al. 2003). Hence,
we considered several covariates that are suspected to affect populations of petrels and skuas through
these bottom-up mechanisms. All covariates are used as proxies of food availability at sea at different
scales. In the following, we explain how environmental conditions may impact the two species based

on their diet and distribution.

Because skuas have broad wintering areas (Delord et al. 2018), we tested a large-scale environmental
covariate, the SAM. While skuas are specialized on the Blue Petrel during the breeding season, during
winter skuas adopt a mixed diet composed of low trophic level prey items, such as macrozooplankton
and crustaceans (Delord et al. 2018). We hypothesized that availability of food resources at sea during
the austral winter might have an effect on the body condition of skuas and then affect their survival.
Moreover, skuas may experience a carry-over effect: the additional energy invested by individuals to
maintain their body condition in poor wintering environments may influence their ability to breed in

the next breeding season (Harrison et al. 2011, Bogdanova et al. 2017).

For petrels, the wintering areas have been determined (Cherel et al. 2016) allowing us to test two
covariates used at the local scale, SSTa and Chla, in addition to the SAM. As their diet is mainly
composed of crustaceans and fish feeding at low trophic levels (Cherel et al. 2002, 2014), food
availability at sea may impact the survival of petrels. Moreover, during the breeding season, male and

female petrels take turns, one incubating the egg and fasting while the other is foraging at sea, which
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results in substantial variation in their body mass (Chaurand and Weimerskirch 1994a, 1994b,
Weimerskirch et al. 1994, Chastel et al. 1995). Therefore, high food availability at sea may allow the
foraging partner to return to land after a short stay at sea, resulting in a good synchronization of the
breeding partners. In contrast, poor conditions could increase the time spent at sea by the foraging
partner, which would increase desertion of the nest by the fasting partner and then, reduce the
breeding success. We thus predicted that conditions at sea during the breeding season would also

affect the breeding success of petrels.

Southern Annular Mode

The SAM is a large-scale climate index. SAM is the leading mode of climate variability over the
Southern Hemisphere. SAM is defined as the difference of atmospheric pressure between the 40°S
and 65°S latitudes (Marshall 2003). SAM influences surface wind, sea surface temperature (SST) and
surface chlorophyll concentration. A large majority of the skuas from Mayes Island overwinter north
of the polar front (Delord et al. 2018). In the subtropical zone, SAM positive phases induced warm
SSTa, low sutface chlorophyll concentration and easterly winds driving Ekman transport (the 90°
wind-driven net transport on the sea surface), while in the Subantarctic zone there is a convergence
of waters that increase downwelling and positive SSTa (Lovenduski and Gruber 2005). We thus
predicted that the positive phases of SAM, potentially leading to poorer food availability in the areas
used by skuas during the nonbreeding period, would have negative impacts on skua survival and limit
their ability to breed the next breeding season. South of the polar front, where petrels spend the winter,
positive phases of the SAM are associated with westerly winds. This induces cold SSTa, increased
equatorward Ekman transport and drives increased upwelling (Lovenduski and Gruber 2005).
Consequently, the biological productivity and potential prey availability for petrels are higher during
positive phases of the SAM. We thus predicted that the positive phases of SAM would be favorable
for petrel demographic parameters. Data were obtained from the online database of the British

Antarctic Survey (http://www.nerc-bas.ac.uk/ icd/gjma/sam.html).

Sea Surface Temperature anomalies

SSTa reflect local oceanographic conditions that influence the whole marine trophic food web. High
SST generally reduces vertical mixing and provides poor growing conditions for zooplankton
communities which, through bottom-up mechanisms, induces reduced trophic resources for seabirds

(Barbraud et al. 2012, Sydeman et al. 2015). Consequently, year-to-year variation of SST was previously
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found to be negatively correlated with petrel body condition (Guinet et al. 1998). Therefore, we
predicted that high SSTa would negatively affect overwinter survival and breeding success of petrels.
The SSTa data were downloaded from the National Oceanic and Atmospheric Administration (“data:

NOAA NCEP EMC CMB GLOBAL Reyn_SmithOIv2 monthly ssta”) from 1996 to 2018.

Chlorophyll a

Chlorophyll a is found in phytoplankton that lies at the bottom of the marine food web and provides
resources for higher trophic levels up to seabirds. Because petrel diet is mainly composed of
crustaceans and fish feeding at low trophic levels (Cherel et al. 2002, 2014), we predicted that high
concentrations of Chla would be favorable to the survival and breeding success of petrels. The Chla
data were downloaded from the NASA Ocean Data with a 9km mapped concentration data of
chlorophyll a for the years 1997 to 2001 and from the Nasa FEarth Observation (NEO
AQUA/MODIS data) monthly for the years 2002 to 2018.

Assessing the effect of environmental covariates and population densities

We fitted a single multispecies IPM including all the biologically relevant effects. Logit-linear
regressions were used to estimate the effect of environmental (SAM, SSTa and Chla) as well as inter-
and intra-specific interactions on demographic parameters (adult apparent survival, breeding
probability, hatching probability, breeding success) (Table 1.2). We used state variables
Nadtot s and Nagrot p , respectively the number of adult skuas and petrels, to assess the effects of inter-
and intra-specific interactions. For example, we modelled the hatching probability for petrels that bred

during the previous breeding season (wp g) using a logit link:

logit(wpgr—1) = Heps + Asamewps X SAMyptt+ Osstawps X SSTaupt + Qchiawpd X

Chlag, p: + App o p,5 X Nadrotp,t + ppwp5 X Nadrotst + €wp B (26)
-~ 2 .
€wpBt ~N(0,0% 4 p5) (27)

with [, p § the intercept, dsam , 5 the slope for the climatic covariate SAM, p, Osgra ¢ p,5 the slope

for the climatic covariate SSTag, p, Achap,p,B the slope for the climatic covariate Chlag, p, dpp (, p 5
the slope indicating the strength of the intraspecific density dependence with Ng¢ot p the number of

adult petrels, app,, pp the slope indicating the strength of the predator-prey relationship with
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Nadtot,s the number of adult skuas, €, p g is a yearly random effect and o2 e.0,P,B its temporal variance.
This temporal random effect allows to capture residual environmental stochasticity that is not
explained by temporal covariates. The descriptions of all logit-linear relationships used on
demographic parameters are available in Appendix S1.2. and the within-year ordering of state

variables, parameters and covariates is described in Appendix S1.3. Fig. $1.3.1.

For local covariates (SSTa and Chla), we calculated the average values of the covariates in the areas in
which petrels were located (Cherel et al. 2016), for a specific time period during which the environment
might affect the demographic parameter under investigation (Table 1.2). Each environmental
covariate was standardized to have zero mean and unit variance. However, the inter- and intra-specific
covariates were not standardized prior to the analyses because the population sizes were estimated
step by step each year. To compare the relative contribution of the effects of each covariate, we
calculated the standardized effect of population size (for inter- and intra-specific relationship)
posterior to the analyses by multiplying their slopes («) by the standard deviation of the estimated
population sizes. Then, we compared the relative contribution of each covariate using the regression

estimate which we used as a measure of effect size.

We computed the 95% and 80% credible intervals (CRI) for the regression coefficients «. We did not
interpret uncertain effects (Z.e. 80% CRI including zero) and focused particularly on clear effects whose

sign could be reliably assessed (Z.e. 95% CRI excluding zero).

Model implementation

To fit the juvenile apparent survival parameters increasing with age, we modelled them as a positive
linear function of age by assigning to the slope A, a U(0,1) prior, and by defining the intercept Ay
with a normal N(0,1) prior. The probability of the first breeding attempt Pr is time-dependent with
a uniform prior: Pry~ U(0,1). The state assignment probability of individuals with uncertain state
parameter (#) was defined a priori with a U(0,1) prior. We specified vague priors for the parameters:

oys ~ U(1,15), oy p ~ U(1,100), 6¢ ~ U(0,10), & ~ N(0,10%), it ~ N (0,10%).

Bayesian posterior distributions were approximated 2z Markov chain Monte Carlo (MCMC)

algorithms. Two independent MCMC chains of 190,000 iterations were used with a burn-in period of
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90,000. One out of five iterations was kept and final inferences were derived from a sample of 2 X
20,000 iterations that resulted from merging the two chains. Gelman-Rubin convergence diagnostics
(Brooks and Gelman 1998) were below 1.5 for each parameter and the mixing of the chains was
satisfactory. We performed the analyses using Nimble (de Valpine et al. 2017 ; version 0.9.1) and
program R (R Core Team 2020 ; R version 4.0.3). Code and data are available on Github:
maudqueroue/MultispeciesIPM_SkuaPetrel

Results

Table 1.3. Regression coefficients estimates for the relationships between covariates (DD: intraspecific Density
Dependence, PP: Predator-Prey interactions, SAM: Southern Annular Mode, SSTa: Sea Surface Temperature
anomalies, Chla: Chlorophyll a concentration) and demographic parameters (¢: adult apparent survival, B:
breeding probability, y: breeding success, 8: probability of having two chicks rather than one, w: hatching
success) for Brown Skuas (top) and Blue Petrels (bottom), B: breeders or NB: nonbreeders in the previous
breeding season. 80% credible intervals that do not include zero are in bold.

SKUA DD PP SAM
Parameters  slope sd  10% 90% slope sd  10% 90% slope sd  10% 90%
bsp -0,09 0,11 -0,22 0,06 -0,34 0,34 -0,76 0,07
bs s -0,12 0,16 -0,29 0,10 0,42 0,65 -0,36 1,16
Bsg 0,22 0,22 -0,09 0,51 0,28 0,50 -0,35 0,92
5 NB 0,09 0,19 -0,18 0,32 0,81 0,52 0,18 1,45
Vs -0,40 0,13 -0,57 -0,24 0,67 0,17 0,47 0,89 -0,10 0,18 -0,33 0,13
Vs B -0,26 0,28 -0,59 0,12 0,28 0,40 -0,20 0,77 -0,24 0,60 -0,96 0,48
855 -0,54 0,23 -0,86 -0,25 1,28 0,36 0,86 1,74 -0,29 0,37 -0,75 0,15
S5 nE -0,41 0,45 -0,96 0,17 0,69 0,96 -0,48 1,71 -0,53 1,65 -2,30 1,33

PETREL DD PP SAM SSTa Chla

Parameters  Slope sd  10% 90% slope sd  10% 90% slope sd  10% 90% slope sd  10% 90% slope sd  10% 90%
bp3 -0,12 0,31 -0,51 0,26 0,27 0,25 -0,05 0,58 -0,05 0,39 -0,54 0,42 -0,16 0,23 -0,45 0,12 -0,57 0,46 -1,14 0,01
bp B -0,99 0,73 -1,87 -0,12 0,73 0,33 0,27 1,10 1,37 2,28 -0,88 3,88 0,12 1,00 -0,91 1,37 -1,42 1,46 -2,83 0,15
Bpg 0,65 0,23 0,35 0,95 -0,23 0,32 -0,65 0,17 0,11 0,24 -0,18 0,39 0,36 0,44 -0,21 0,88
Bp B 0,34 0,33 -0,10 0,74 0,11 0,37 -0,33 0,55 0,31 0,25 0,03 0,64 0,78 0,46 0,24 1,36
Wpg 0,14 0,23 -0,14 0,43 0,29 0,12 0,15 0,43 0,29 0,17 0,09 0,50 0,13 0,15 -0,06 0,32 -0,23 0,28 -0,56 0,11
Wp FB -0,39 0,44 -0,88 0,06 0,29 0,28 -0,05 0,62 0,64 0,39 0,18 1,13 0,01 0,37 -0,44 0,45 -0,26 0,57 -0,95 0,44
Yri -0,13 0,55 -0,76 0,54 -0,05 0,27 -0,37 0,27 0,53 0,33 0,13 0,95 -0,34 0,33 -0,74 0,02 -0,19 0,52 -0,79 0,45

YrpRB -1,01 0,56 -1,71 -0,39 0,61 0,30 0,22 0,99 0,42 0,48 -0,18 0,97 -0,51 0,47 -1,10 0,05 -0,85 0,77 -1,84 0,03
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Predator-prey relationships

We estimated positive relationships between the two breeding parameters of skuas and the number of
adult petrels. The breeding success for at least one chick (ygg) [slope mean opp,, 5 = 0.67; 95% CRI
(0.38, 1.04)] (Fig. 1.2a) and the probability of having two chicks rather than one (85g) [slope mean
appssg = 1.28; 95% CRI (0.67, 2.08)] (Fig. 1.2b) for skuas that were breeders during the previous
breeding season increased with petrel numbers. Even though the effects were less clear (95% CRI
including zero), we detected a positive relationship between the number of adult skuas and the
hatching success of petrels that were breeders in the previous breeding season (wpg), with the
breeding success (Yp gp) and with the apparent survival (¢p gg) of petrels that were nonbreeders
during the previous breeding season. We found no other interspecific relationship on the other

parameters Ze. without the 80% CRI including zero (Table 1.3).

Intraspecific density-dependence

The number of skuas had a clear effect on two demographic parameters, namely the breeding success
and the probability of having two chicks rather than one, for skuas that were breeders in the previous

breeding season. We found negative density-dependence for the breeding success (Ygg) [slope mean
Upp,y,s,8 = -0.40; 95% CRI (-0.66, -0.15)] (Fig. 1.2c) and for the probability of producing two chicks
rather than one (85 ) [slope mean app 5,55 = -0.54; 95% CRI (-1.04, -0.13)] (Fig. 1.2d). As these two
breeding parameters were also affected by the other species density, we could observe that the
predator-prey effects were stronger than intraspecific effects (|mean (xpp,yls,g| = 0.07,
|mean aDD,y,S,ﬁlz 0.40 respectively) for the breeding success and (|mean aPP,8,5,§| = 1.28;

|mean aDD,S,S,'El: 0.54 respectively) for the breeding success with two chicks rather than one (Table

1.3).
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Predator—prey relationships
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Figure 1.2. Effects of predator-prey relationships (top panels) and intraspecific density dependence (bottom
panels) on adult demographic parameters for the two seabirds, the Brown Skua (predator) and the Blue Petrel
(prey). Solid lines represent the estimated relationship between the covatiates and the demographic parameters.
Shaded areas are the 50% and 95% credibility intervals. Points represent demographic parameter estimates each
year (21 years) plotted against covariate values. Error bars are standard deviations. Petrel numbers effect on (a)
the estimated breeding success probability yg 5 and (b) the probability of having two chicks rather than one
85 g for skuas that bred in the previous breeding season. Intraspecific density dependence effect on (c) the
breeding success Yg g and on (d) the probability of having two chicks rather than one 8 g for skuas that were
breeders in the previous breeding season and (e) the breeding probability of petrels that bred in the previous
breeding season Bp 5.

We estimated a positive effect of increased numbers of adult petrels on the breeding probability for
petrels that were breeders in the previous breeding season (Bp ) [slope mean app g p g = 0.65; 95%
CRI (0.19, 1.00)] (Fig. 1.2e). Even though the effects were less clear (95% CRI including zero), the
number of petrels tended to negatively affect the apparent survival (¢pp gg) and the breeding success

(Yp,p) of petrels that did not breed in the previous breeding season (Table 1.3).
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Environmental covariates

We found ecologically relevant relationships between environmental covariates and demographic
parameters of the two species (Table 1.3). For petrels, we found positive relationships between the
two local environmental covariates (SSTa and Chla) and the breeding probability for individuals that

were nonbreeders in the previous breeding season (Bpp). The effect of these environmental
covariates on the breeding probability was stronger for Chla than SSTa (|mean Ochlagp,Ne| = 0.78;

mean Oggr, g, P,I\TBl = 0.31 respectively). We estimated a positive relationship between the SAM and
the hatching success (wp ) as well as breeding success (Yp ) of petrels that were breeders in the
previous breeding season and with the hatching success (wp gp) of petrels that were nonbreeders in

the previous breeding season. For skuas, we also found a positive relationship between the SAM and

the breeding probability (Bg gg) of skuas that were nonbreeders in the previous breeding season.

In addition to the results above, we also estimated the demographic parameters and the number of

individuals in each state for both species from 1996 to 2017 (see Appendix S1.4. Figs. S1.4.1—81.4.0).

Discussion

In this paper, we provide the first application of a multispecies IPM in a predator-prey context. Joint
analysis of empirical data for two seabird species allowed us to estimate demographic parameters and
population size for both species simultaneously. The key advantage of using a multispecies IPM was
that it enabled us to use the population sizes estimated by the model for one species to analyze its
effect on the demographic parameters of the other species while propagating all sources of uncertainty.
Hence, it allowed us to understand the contribution of interspecific interactions on the demographic
parameters while further taking into account the effects of climatic conditions. Our results showed
that the demography of the predatory skua was mainly driven by the number of petrel prey individuals
during the breeding season, whereas petrels were mostly impacted by the environment. This suggests

that this predator-prey system is mainly driven by bottom-up processes.
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Effects of predator-prey relationships

Prey population size is a determining factor in the breeding success of skuas according to our results.
Food availability is known to be positively related with breeding parameters in seabirds (Cairns 1988,
Piatt et al. 2007, Oro et al. 2014). As the diet of skuas during the breeding period is dominated by
petrels (Mougeot et al. 1998, Pacoureau et al. 2019¢), a large abundance of petrels provides suitable

conditions for skuas to feed themselves and their chicks, resulting in a high breeding success.

Interestingly, we did not find the reverse effect of the predator onto prey dynamics. Our model
provided no evidence for a negative effect of the number of skuas on the demographic parameters of
the petrel (effects were mostly positive whenever present). As skuas prey on both adults and juveniles
during the breeding season, we expected a negative effect of the number of skuas on the petrel
breeding parameters. This lack of negative effect could be explained by the large abundance of petrels
compared to the skuas on Mayes Island. Oro et al. (2006) reported that in another seabird predator-
prey system, the highest breeding success of the prey occutrred when the prey/predator ratio was very
high. On Mayes Island, the breeding population of petrels is estimated at approximately 142,000
breeding pairs (Barbraud and Delord 20006), and this does not include chicks (around 71,000 each year)
and nonbreeders (approximately 30% of the petrels). Hence, there are about 476,000 petrels during a
breeding season versus about 200 skuas, resulting in a very high prey/predator ratio. Moreovet,
Mougeot et al. (1998) showed that skuas breeding at Mayes Island preyed on about 40,000 petrels each
breeding season. This corresponds to about 8% of the petrel population of the island. It is therefore
possible that skua predation is only a minor contributor to petrel demographics, and this effect may
be too weak to be detected by our model. Conversely, although the relationships estimated were less
clear, our results suggest that the hatching success and breeding success of the prey tended to increase
slightly with the density of skuas. However, it is unlikely that the presence of predators increased the
reproductive success or survival of petrels. To explain these relationships, we might rely on the other
strong effects estimated by our model. Indeed, we found that the number of petrels positively affected
the breeding success of skuas and that skuas were sensitive to intraspecific density dependence.
Therefore, years when prey experience a high survival and breeding success correspond to years with
particularly abundant food resources for skuas and this until the end of the breeding season as petrels

stay longer on the breeding area when they successfully breed. Since skuas are less affected by
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abundance of conspecifics than by abundance of prey, they could potentially breed in higher numbers

in good years for petrel reproduction, explaining this puzzling relationship.

Effects of intraspecific density dependence

For skuas, we found negative density-dependent effects on breeding success and probability to fledge
two chicks rather than one, in accordance with our predictions. Egg and chick predation by
conspecifics has been reported in the Great Skua (Catharacta skna) (Hamer et al. 1991, Ratcliffe and
Furness 1999). Hence, a higher abundance of skuas increases the risk of predation on eggs and chicks,
resulting in higher breeding failure. To avoid predation by conspecifics, the skuas start defending their
territories from conspecifics just a few days after arrival on a breeding site until the end of the season.
This activity is energetically costly and may also limit the time spent searching for food, potentially
limiting energy investment in reproduction. The heterogeneous habitat hypothesis already
demonstrated in territorial birds (Dhondt et al. 1992, Kriiger and Lindstrém 2001, Ferrer and Donazar
2015) could also explain the relationships we found. Indeed, when the population increases, some
individuals may be forced to occupy poorer quality habitats, resulting in lower reproductive success.
We did not find an effect of density dependence on the breeding probability of skuas. As skuas are
territorial with high site fidelity, we hypothesized that in years with a high abundance of skuas, the
breeding probability would decrease, as all the skuas would not succeed in acquiring a territory. It is
possible that we did not observe this effect because the logistic function used for density dependence
does not accurately model the territory acquisition dynamics by floaters (e.g. van de Pol et al. 2010,

Barraquand et al. 2014).

We estimated that the breeding success of skuas was affected by both predator-prey relationships and
intraspecific density dependence. Predator-prey relationships had a higher contribution to the
variability in breeding success of skuas than the density-dependent effect. Hamer et al. (1991) reported
that, following a reduction of sandeel (Ammodytes marinus) abundance, great skua increased their
foraging effort reducing the adult territorial attendance. In turn, breeding failure increased due to
predation from adults of neighboring territories. We then may assume that petrel abundance allowed
a suitable territorial attendance for skuas, reducing the negative density-dependent effects, such as

chick predation by conspecifics.
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For petrels, we found a negative relationship between the survival and breeding success of petrels that
did not breed in the previous breeding season and the number of petrels on the colony. Combined
effects of density dependence and climate have already been observed in petrels, with a low winter
survival when density is high (Barbraud and Weimerskirch 2003), suggesting a mechanism of
competition between conspecifics for food resources. As nonbreeders are known to be in poorer
condition than breeders (Chastel et al. 1995), they are potentially more sensitive to the competition
for food resources explaining why this effect was only found on petrels that were nonbreeders in the
previous breeding season. Interestingly, we found a positive intraspecific density dependence on the
breeding probability of petrels that bred in the previous breeding season. This suggests that years with
a high abundance of petrels reflected a good return rate to the breeding site because environmental
conditions were favorable for breeding. This is in agreement with studies showing that petrels might
skip breeding and take sabbatical years when environmental conditions are poor (Warham 1990,

Chastel et al. 1995).

Effects of environmental conditions

We detected positive relationships between the hatching and breeding success of petrels and the SAM.
South of the polar front, where petrels feed during the breeding season, positive phases of the SAM
increase the biological productivity and potential prey availability for petrels (Lovenduski and Gruber
2005) which may have a positive impact on their breeding success. Breeding probability of petrels
tended to be impacted by two of the environmental covariates tested, namely SSTa and Chla. This
effect of environmental conditions on the breeding probability is in accordance with previous research
showing that the body condition of petrels might impact their decision to attempt breeding (Warham
1990, Chastel et al. 1995). High Chla increases resources availability for organisms at higher trophic
levels (macrozooplankton, fishes), which are consumed by petrels (Cherel et al. 2002). Consequently,
high Chla may increase abundance of petrel prey, with a positive effect on the breeding performances
and body condition of petrels. Unexpectedly, we detected a positive effect of SSTa on breeding
probability of petrels. This result is surprising as a previous study showed that warm SST events
negatively affected the breeding performances and body condition of petrels at Kerguelen Islands
(Guinet et al. 1998). Indeed, high SST generally reduces vertical mixing and provides poor growing
conditions for zooplankton communities that in turn reduce trophic resources for seabirds (Barbraud

et al. 2012, Sydeman et al. 2015). However, it has been showed recently that during the pre-laying
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period petrels use water masses situated at more northerly latitudes than during the winter period or
the breeding period (Quillfeldt et al. 2020), where relationships between SST and primary productivity
may differ. Indeed, the covariance between SST and Chla depends on location and shows particularly
complex patterns in the Southern Ocean (Dunstan et al. 2018). Positive effects of SSTa have already
been identified in other subantarctic seabirds (Pinaud and Weimerskirch 2002, Nevoux et al. 2007,
Horswill et al. 2014). Furthermore, we estimated that Chla, at the bottom of the trophic food chain,
had a larger effect on the breeding probability than SSTa which reflects oceanographic conditions.
This indicated that the effect size of environmental covariates increased when the covariates
approached the trophic level occupied by the prey of the petrels, suggesting a bottom-up mechanism.
This result is consistent with many studies showing that climatic conditions affect seabirds indirectly
through prey availability, resulting in alterations of their population dynamics (Frederiksen et al. 2000,

Barbraud et al. 2012, Jenouvrier 2013, Lauria et al. 2013).

We did not detect any relationship between the breeding success of the skua and the environmental
covariates. This lack of effect could be explained by an absence of a direct link between skuas and the
environmental covariates tested, as breeding skuas remain on their territory to defend it or to forage.
However, we found an effect of SAM on the breeding probability for skuas that were nonbreeders
during the previous season. It was proposed that only seabirds attaining a threshold condition decide
to breed (Weimerskirch 1992). Therefore, environmental conditions before the breeding period may
impact the conditions of skuas and consequently, their breeding decision. Nonbreeders are generally
in poorer conditions than breeders (Chastel et al. 1995, Cam et al. 1998) and thus more sensitive to
environmental conditions explaining why this effect is only detected on previous nonbreeders.
Nevertheless, we found a positive relationship between breeding probability and SAM whereas we
expected a negative relationship. Indeed, skuas mainly overwinter north of the polar front (Delord et
al. 2018) where positive phases of SAM induce warm SST, low surface Chla concentration
(Lovenduski and Gruber 2005), and thus potentially poor feeding conditions. However, only breeding
skuas were studied in Delord et al. (2018) and nonbreeding individuals may use different wintering
areas where the relationships between SAM and oceanographic variables differ. Several studies
reviewed in Jenouvrier (2013) highlighted multifaceted effects of climatic conditions on the
demography of seabirds involving direct, time-lagged and non-linear effect, which we did not consider

here. Therefore, despite our contribution to understanding environmental effects in our predator-prey
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system, disentangling the complex mechanistic pathways between environmental covariates and

seabirds’ demographic parameters remains challenging.

Bottom-up predator-prey dynamics

Overall, our study has highlighted the important role of bottom-up processes in the dynamics of this
marine predator-prey system, ze. the population dynamics of these two seabirds was mostly driven by
food availability. Petrel dynamics were more strongly affected by environmental covariates (since we
did not directly measure their food resources) and the number of petrels impacted the dynamics of
skuas. The bottom-up control of demographic rates in oceanic predators is a common assumption
(Jenouvrier 2013). This is because the functioning of oceanic systems is controlled and structured by
physical processes impacting nutrient fluxes (Behrenfeld et al. 2006) and consequently the whole
trophic food web. We found no evidence of top-down processes, ze. predation effects, in this system,
although these two mechanisms have been found to jointly affect ecosystems (Hunter and Price 1992,
Sinclair et al. 2003) including some other seabird systems (Horswill et al. 2014, 2016, Perkins et al.
2018). Effects of skua predation on petrels were expected, based on their diet during the breeding
season. However, given the very large number of petrels present on the island compared to the

number of predators, the impact of predation may have been too small to be detected by our model.

Conclusion

Our multispecies IPM framework allowed us to estimate demographic parameters and abundances
for skuas and petrels. Taking into account both species interactions and environmental covariates in
the same analysis improved our understanding of their joint population dynamics. We concluded that
bottom-up mechanisms are the main drivers of population dynamics in this skua-petrel system.
Generalizing such assessments of interspecific relationships and environmental effects in a unified
demographic framework may be essential to predict how contrasted climatic scenarios will affect
communities. A promising avenue of research in multispecies IPMs lies in fitting models to data on a

larger number of species, which will likely require further methodological developments.
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Apres avoir étudié les interactions prédateur-proie, nous nous intéressons dans le chapitre 2 aux
relations de compétition. Nous avons examiné la dynamique de deux espéces connues pour étre en
compétition pour les ressources alimentaires et les cavités de nidification, la mésange charbonniere
(Parus major) et la mésange bleue (Cyanistes caernlens), et qui sont largement étudiées grace aux suivis en
nichoirs. Dans ce travail, nous avons voulu proposer une méthode pour comprendre comment les
effets de la compétition faconnent la dynamique d’espéces en interaction sans utiliser de données
provenant de suivis en nichoirs afin d'étendre notre méthode a un large éventail d'oiseaux, dont ceux
qui ne se reproduisent pas en nichoirs. Pour ce faire, nous avons combiné deux types de données a
grande échelle spatiale, des données de capture-recapture et des comptages de population issus du
suivi temporel des oiseaux communs (STOC), sur la période 2001-2019, au sein d'un modele de

population intégré (IPM) multispécifique. Il permet d’estimer les parametres démographiques
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spécifiques aux especes et de quantifier les fluctuations de la taille des populations pour les deux
especes simultanément tout en tenant compte de 'hétérogénéité des conditions d'habitat (forét de
feuillus »s autres habitats). Grace a 'IPM multispécifique, nous estimons les relations explicites entre
la taille de la population d'une espéce et son effet sur les parametres démographiques de l'autre espece
(survie, parametres de reproduction). Bien que nous ayons analysé les effets de la compétition a grande
échelle spatiale, réduisant potentiellement notre capacité a détecter les mécanismes d'interaction a fine
échelle, nous avons mis en évidence de grands patrons d'interaction dans ce systéme de mésanges.
Nous avons notamment détecté des effets de la compétition intraspécifique et interspécifique sur la
survie apparente des juvéniles. Des relations de compétition intraspécifique ont été trouvées pour les
deux especes dans chaque habitat alors que les relations interspécifiques détectées étaient plus faibles
et différaient selon le type d'habitat. Nous avons observé un avantage compétitif pour les mésanges
charbonniéres dans les habitats de moins bonne qualité et inversement, un léger avantage pour les
mésanges bleues dans les habitats de haute qualité (forét de feuillus). Ces résultats sont cohérents avec
d'autres études sur ce systeme de mésanges vérifiant I'efficacité de cette approche. Par conséquent,
cette méthode pourrait étre utilisée comme modele d'analyse pour étudier les relations interspécifiques

pour grand nombre d’especes et a différentes échelles spatiales.

Mots clés : Compétition, Démographie, Inférence bayésienne, Modeles de population intégrés,
Nimble, Passereaux, Qualité d’habitat



Highlighting large-scale interspecific relationships in passerines

with multispecies integrated population modelling

Maud Quéroué', Pierre-Yves Henry™’, Frédéric Barraquand® Olivier Gimenez'

ICEFE UMR 5175, Univ Montpellier, CNRS, EPHE, IRD, Montpellier, France
2Mécanismes adaptatifs et Evolution (MECADEV UMR 7179), MNHN, CNRS, Brunoy, France

3Centre de Recherches sur la Biologie des Populations d’Oiseaux (CRBPO), Centre d’Ecologie et des Sciences de la
Conservation (CESCO UMR 7204), MNHN, CNRS, Sorbonne Université, France

“Institute of Mathematics of Bordeaux, CNRS, Université of Bordeaux, Talence, France

Abstract

To fully apprehend the dynamics of species, there is a need to understand how species interact with each
other. Among the different types of interspecific interactions, competition is one of the most important
interactions shaping the dynamics of populations at both multispecific and monospecific scales. Here,
we examined the demography of two species competing for food resources and nesting cavities, the great
tit (Parus major) and blue tit (Cyanistes caerulens), and that are well-studied thanks to nest boxes monitoring.
In this work, we aimed to propose a method to understand how competition effects shaped the dynamics
of interacting species without using nest boxes monitoring for our method to be relevant for a large
range of birds. To do so, we combined two types of data at large spatial scale, capture-recapture data
from the French Constant bird banding Effort Sites scheme and population counts from the French
Breeding Bird Surveys, over the period 2001-2019, within a multispecies integrated population model
(IPM). We estimated species-specific demographic parameters and quantified fluctuations in population
sizes for both species simultaneously while accommodating heterogeneity in habitat conditions
(deciduous forest zersus other habitats). Through multispecies IPMs, we estimated explicit relationships
between population size of one species and its effect on demographic parameters of the other species
(survival, breeding parameters). Although we analyzed competition effects at a large spatial scale,
potentially reducing our ability to detect fine-scale mechanisms of competition, we highlighted large
patterns of interactions in this tit system. We detected effects of intraspecific and interspecific
competition on apparent juvenile survival. Intraspecific competition trelationships were found for both
species in each habitat whereas interspecific relationships detected were weaker and differed according
to habitat type. We observed a competitive advantage for great tits in low-quality habitat and inversely,
an slight advantage for blue tits in high-quality habitat. These results are consistent with other studies on
this tit system validating the efficiency of our approach. Therefore, this method could be used as a
template analysis to study interspecific relationships on other species and at different spatial scales.

Keywords: Bayesian inference, Competition, Demography, Habitat quality, Integrated Population
Model, Nimble, Passerines
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Introduction

Understanding how the effects of competition regulate populations is challenging due to the complex
community dynamics of species (Godfray and May 2014). Competition can be defined as a decrease
in individual fitness with densities of conspecific population density (intraspecific competition) and
population densities of other species (interspecific competition). Therefore, competition, through
density-dependent effects, can lead to decrease in survival (Ekman 1984, Gamelon et al. 2016) or in
breeding success (Dhondt 2010, Moller et al. 2018) in species possibly resulting in decreasing
population size. As a consequence, strong competitive interactions between species may cause species
exclusion (Alatalo et al. 1985). To ensure species coexistence, the theory predict that intraspecific
competition should be stronger than interspecific competition (Chesson 2000). Therefore, estimating
the relative effects of intraspecific and interspecific competition acting on demographic vital rates is

of high relevance to comprehend community dynamics.

Blue tits (Cyanistes caernlens) and Great tits (Parus major) are two sympatric hole-nesting passerines that
have been largely used to understand competition between birds species (Dhondt 2012). Tits
synchronize their reproduction to ensure that the peak of demand of chicks during nestling stage
matches the timing of prey emergence at lower trophic levels as caterpillars (Visser et al. 1998, 2000,
Marciniak et al. 2007). Thus, during the breeding period, blue and great tits compete for food in
addition to nesting cavities (Dhondt 2012). Outside the breeding season, tits also compete for cavities
for night roosting (Dhondt and Eyckerman 1980). Empirical evidence of intraspecific competition
have been found for the two species. Higher densities of blue tits were correlated to lower clutch sizes
(Moller et al. 2018) and lower numbers of chicks fledged (Dhondt 2010). In great tits, higher numbers
of new breeders were correlated to lower population growth rate (Gamelon et al. 2016) and higher
intraspecific competition to lower clutch sizes and reproductive rates (Dhondt 2010, Moller et al.
2018). Interspecific competition between blue and great tits has also been demonstrated, but may not
have the same degree of intensity for the two species. For example, the effect of great tit density on
the blue tit population growth rate was stronger than the reverse effect of blue tit density on great tit
population growth rate (Gamelon et al. 2019). Moreover, interspecific competition for roosting sites

during winter limited blue tit population size but not great tit population size (Dhondt and Eyckerman
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1980). Inversely, reproductive rate and nest success in great tits were more affected by interspecific

competition than in blue tits during the breeding season (Dhondt 1977, 2010).

Competitive interactions between tits are therefore multiple and can also be impacted by the
environment. Because competition between individuals is due to the exploitation of limiting resources
(Keddy 1989), the intensity of competition may vary with habitat quality. Dhondt (2010) showed that,
for both species, the intensity of competition was stronger in low-quality habitats. The main requisites
to consider a habitat of high quality for tits are the availability of suitable nesting holes and a sufficient
food supply. However, for great tits, even with a sufficient number of nest boxes available, the density
of breeding tits is higher in deciduous woodland, often considered as food rich habitat, than in

coniferous woodland, suggesting that the preference of habitat is based on food availability (Van Balen

1973, Mind et al. 2005).

Most studies analyzing competition between tits are based on nest box experiments. This approach
allows an individual-based monitoring of the reproduction with detailed information collected on
laying date, clutch size, reproductive success and offers the possibility to manage the availability of
cavities in the environment. However, the use of nest boxes produces an artificial environment that
may impact demographic parameters (e.g., clutch size; Moller et al. 2014) or lead to biases related to
increased or decreased presence of predators and parasites (Moller 1989). Besides, nest boxes are
difficult to deploy on a large scale. Last, the use of nest boxes prevents us from reproducing
competition experiment on other bird species that do not nest in cavities. This suggest a

complementary role for long term-term individual-based field studies.

Here, we combined two large-scale long-term bird monitoring in their natural environment to
investigate competition between blue tits and great tits. We used capture-recapture (CR) data from the
French Constant bird banding Effort Sites (CES) scheme and population counts from the French
Breeding Bird Surveys (BBS) within a multispecies integrated population model (IPM) over the period
2001-2019. IPMs have been recently developed to infer population demography by using different
sources of information (see Schaub and Abadi 2011, and Zipkin and Saunders 2018 for reviews). In
their simplest form, these models combine population counts and demographic data into a single
analysis, which allows the estimation of demographic parameters and population sizes. The joint

analysis of different sources of information allows estimating parameters when no explicit data are
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available and to obtain more precise estimates (Besbeas et al. 2002). IPMs have been already used to
analyze the effects of interspecific relationships between species as competition/parasitism (Péron
and Koons 2012) and for predator-prey interactions (Barraquand and Gimenez 2019, Quéroué et al.

2021).

Through multispecies IPMs, our aim was to estimate species-specific demographic parameters and
quantify fluctuations in population size for both species simultaneously while accommodating
heterogeneity in habitat conditions (deciduous forest vs. other habitats). In the same analysis, we
estimated explicit relationships between population size of one species and its effect on demographic
parameters of the other species. Our predictions were that (1) the effects of competition between tits
would be detected on the number of fledglings per tit and the apparent juvenile survival, two
demographic parameters estimated by our IPM that are known to be affected by competition
interactions (Dhondt 2012, Gamelon et al. 2010), (2) intraspecific competition would be stronger than
interspecific competition to ensure species coexistence (Chesson 2000), and (3) the effects of

competition would be stronger in low-quality habitats.

Materials and Methods

Great tits and blue tits

Great tits (Parus major) and blue tits (Cyanistes caernlens) are short-lived hole-nesting passerines abundant
in European woodlands and gardens. Reproduction takes place in spring from April to June and is
synchronized with the availability of lepidopteran caterpillars (Visser et al. 1998, 2006, Marciniak et al.
2007). The diet of tits can also be supplemented by other insects and, during winter, tits also feed on
fruits and seeds. Nests are built in cavities. Blue tits can access smaller cavities (about 26mm diameter
opening) than great tits (about 32mm). Tits start to breed during their second year. Females produce
a large number of egg each year, between 5 and 13, and double-clutching can be observed (Husby et

al. 2009).



Chapitre 2. Relations interspécifiques et effet de 'habitat chez les mésanges 86

Count data

The French BBS program (Julliard and Jiguet 2002, Jiguet et al. 2016) is based on volunteer
ornithologists counting birds in spring. Surveyed sites consist in 2x2 km squares randomly selected on
the French territory. On each surveyed site, 10 count points are considered, consisting in counting all
the birds seen or heard during a five minutes session. Each year, count points are done by the same
observers at the same date (within 7 days) and at the same time. Two counts per point are carried out
during the spring (from 1st April to 8th May, then from 9th May to end of June) to detect early and
late adult breeding birds. We kept the maximum number of birds counted between the two counts.
We retained only count points for which at least one individual of each species (blue and great tit) was
contacted. We then used data from 6190 count points with a total of 31857 blue tits and 49403 great

tits counted (Table 2.1).

Capture-recapture data

The CR data come from the French Constant Effort Site (CES) program (Julliard and Jiguet 2002).
CES are standardized bird ringing schemes started in 1989, using mist-nets. CR sites are located on
the whole French territory (Fig. 2.1). Sites are not randomly distributed, and often located in low
canopy habitats such as open woodlands or bush lands where birds are easily trapped with mist nets.
Each year, the local bird community is sampled several times (usually between three and five capture
sessions during a year) from the beginning of May to the end of July. In each CR site, the number and
location of mist nets are constant across sessions and years. Species and age (adult or juvenile) are
determined from plumage for each bird captured. Birds captured for the first time are marked with a
metal ring using a unique identifier and the identity of recaptured birds is recorded. To ensure that
adult survival could be correctly estimated, we needed to exclude transient adults i.e., individuals
having a zero probability of survival after their initial capture because they were just traveling through
the CR site without being resident (Pradel et al. 1997). We therefore deleted the first capture for each
adult and then retained only adults that were captured multiple times. We did not apply this treatment
to juveniles because they quickly left the breeding site after the breeding season. We retained the first
capture as an adult of an individual firstly marked as juvenile, then right censored capture histories. If
an individual firstly marked as juvenile was seen several times as an adult, then we created a new

capture history for the adult respecting the transience rule. We retained only the CR sites for which at
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least one individual of each species (blue tit and great tit) was captured. We used data from 269 CR
sites with a total of 8606 blue tits and 19189 great tits individually ringed between 2001 and 2019
(Table 2.1).

Table 2.1. Summary of capture-recapture and count data over the period 2001-2019.

High-Quality Habitat  Low-Quality Habitat

Blue tit Great tit Blue tit Great tit
Capture-recapture data
Number of capture-recapture sites 97 172
Total number of birds captured 3395 8004 6311 11185
Number of juvenile birds recaptured 76 281 163 333
Number of adult birds recaptured 26 134 47 110
ﬁ;iﬁrei‘;ﬁf,i;:;tgapmr“ PEF Year PEE 5 020 11.977 5.076 9.145
Count data
Number of count points 2039 4151
Total number of birds seen or heard 12509 18465 19348 30938
Mean number of birds counted per year per 0.803 1174 0.629 0.998

count point

Habitat characterization

We characterized the habitat for each count point and CR site. Using the CORINE Land Cover®
database (CLC; U.E — SOeS, Corine Land Cover 2012) at the level three of land cover classes, we
defined the different habitat types within a 200m buffer around the count points or around the centre
of CR sites. For each CR site and count point, we determined the primary habitat and secondary
habitat i.e., the most represented habitat and the second most represented habitat in the buffer,

respectively.

Because competition can vary according to the habitat quality, we created different habitat categories
based on ecological preferences of tits. Great tits are more generalist in habitat preferences than blue
tits (Snow 1954), hence we used blue tit preferences to create habitat categories. Food availability is

suspected to be the main factor affecting reproduction in birds, as it has been shown that high food
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availability during breeding period resulting in higher breeding success (Kelleri and Van Noordwijk
1994, Naef-Daenzer et al. 2000). Deciduous woodland are often considered as food rich habitat and
are known to be a more suitable habitat than coniferous woodland or gardens and hedgerows for blue
tits (Cramp 1998, Lambrechts et al. 2004, Amininasab et al. 20106). Therefore, we considered deciduous
woodland as “high-quality habitats”. We also considered another category labelled "low-quality
habitats" in which we pooled together all other habitats that were not deciduous. This category
includes habitats that can be considered of low quality for blue tits such as coniferous forests,
heathland, wetlands, agricultural areas, but also other types of habitats of medium quality such as urban
and peri-urban areas. To do this, we classified the habitats as follows: if the habitat of a CR site or
count point was characterized as deciduous or mixed forest according to the CLC classes, as primary
or secondary habitat, then the CR site or count point was classified in ‘high-quality habitat’, otherwise

it was classified in ‘low-quality habitat’.

50°N
48°N
e Count Point High Quality
*  Count Point Low Quality
A CR Site High Quality
46°N
A CR Site Low Quality
44°N

4°W 2°W 0° 2°E 4°E 6°E 8°E

Figure 2.1. Geographical distribution of the capture-recapture (CR) sites (triangle) and count point (circles)
according to the habitat type: high-quality (red) or low-quality (blue).



Chapitre 2. Relations interspécifiques et effet de 'habitat chez les mésanges 89

Population abundance indexes

From the count points, we estimated population abundance indexes for each habitat type at the scale
of the whole France based on the number of blue tits and great tits counted in the surveyed sites. We
only kept count points located within 25 km of the center of the CR sites and in the same habitat type
(high-quality or low-quality) to ensure that population dynamics, resulting from environmental and

climatic conditions, was comparable between count points and CR sites (Fig. 2.1).

To account for inhomogeneous effort in the count data, we used a generalized linear model with a
Poisson distribution for the response variable counts, and two additive effects, one of the count point
and the second for the year on a log-scale (ter Braak et al. 1994). We estimated a fluctuation of the
number of individuals for each point counts assuming that inter-annual fluctuations were constant for
all count points. Then, we calculated the index value by summing the number of individuals estimated
for all count points. We used the asymptotic normality of the maximum likelihood estimators (MLE)
to incorporate uncertainty and construct a more realistic distribution for the indexes (King et al. 2008).

We used Monte Catlo simulations to obtain mean and variance for each 7 of our indexes (Yx p t):

1“(Y>i<,h,t) = Yo exp(akh'k + b%(,h.t) M
1n(Yx,h,t) = % Z%:ﬂ“()’)i(,h,t) @
Okt = % Si={In(¥ine)- In(yxne) }2 3)

where X is the species (blue tit or great tit), / is the type of habitat (high-quality or low-quality),
axnhk ~ N (ax,h,k: S)Z(‘h’k) and byp ~ N(Gx,h,t: T)z('h’t) with @xpx is the MLE for the count point
effect at site £ and S)Z(,h'k its associated standard error and BX,h,t the MLE for the year effect in year 7
and ‘E)Z(,h,t its associated standard error and I is the number of Monte Carlo simulations. Then, we used

1n(YX,h,t) as the log-index-value of bird populations and G)z(‘h,t as the variance of the associated error.
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Integrated population model

Likelihood on count data

For the two species, we modelled the number of juveniles that become adults (Njaxn) with a
binomial distribution (Bin), with ¢jxp the juvenile apparent survival probability for blue tits and

great tits (species indexed by X) in each habitat type /:

Njaxnt ~ Bin(¢yxnes Nyxne1) 4

with Njxp -1 the number of juveniles at #1. The number of surviving adults (Naaxnt) between #1

and 7 was modelled with a binomial distribution, with ¢ x bt the adult apparent survival probability:

Naaxhe ~ Bin(daxnes Naxne1) ©)

with N x ht.1 the number of adults at ~1. Then, the total number of resident adults (Nyegx ) Was

calculated as:

Nresxht = Njaxht + Naaxnt (©6)

The number of immigrant birds (Njp, x ht) was calculated proportionally to the number of surviving
juveniles and adults at year 7 with an immigration coefficient r fixed to 0.5 corresponding to a

proportion of 73 immigrant in the total number of adults at year 7 (Karvonen et al. 2012, Millon et al.

2019):
Nimxnt = (Njaxnt+ Naaxnd)*r 7
Then the number of adults (Na x  ¢) at year #was the sum of the number of residents and immigrants:

l\]A,X,h,t = Nres,X,h,t + Nim,X,h,t (8)

The number of juveniles (Nyx ) at year #was modelled as a Poisson distribution (Po):

Njxnt ~ Po(fxhe X Naxht) ©)
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where fy , + was the number of fledglings per birds and N x ¢ the number of adults at year

The total number of individuals at the end of the breeding season corresponded to the sum of adults

and juveniles tits:

Ntot,X,h,t = N],X,h,t + NA,X,h,t (10)

The observation equation linked the observed population counts Ze the index-value (Yxp,t)
represented the fluctuation of adults breeding bird during the breeding period each year with the true
population size (Np x  ¢) using a Normal distribution (Norm), assuming an observation error (0)2(,h,t)

that coming from population abundances indexes:

yxne ~ NONaxne 0% n) (1)
The likelihood for the population count data was denoted Lo (Y| Py, Ga, f, Na)

Likelihood on capture-recapture data

We analyzed the CR data with a Cormack-Jolly-Seber model (Lebreton et al. 1992) to estimate
apparent juvenile and adult survival and recapture probabilities of great tits and blue tits. Time
variation in survival and recapture probabilities was modelled with a random year effect. Moreover,
we estimated survival according to the different habitat types (high-quality or low-quality). The
recapture probability was considered to be homogenous between the different types of habitat. When
a CR site was not monitored during a year, we set the recapture probability to 0. As some tits (especially
males) may have a higher breeding philopatry and some other tits may have territories closer to the
different CR sites, recapture probabilities could be biased. Therefore, to limit bias, heterogeneity

between individuals was accounted for by including an individual covariate defined as In(1 + ?)

where ¢ is the total number of captures and « is the number of years with captures for a given

individual.
The likelihood for the CR data was denoted Lcg (CR|dy, da, ).

Joint likelihood

The joint likelihood is the product of the likelihoods for the two datasets i.e., count data and CR data:
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Lipm(y, CR| by, da, £, Na, p) = Leo(y|dy, da, f;Na) X Ler(CR[dy, da, p) (12)

Effect of intraspecific and interspecific interactions

Previous work has found competition between tits mainly on reproductive parameters (Dhondt 2012,
Moller et al. 2018) and on survival of the youngest age classes (Gamelon et al. 2019). Although
analyzing our datasets in isolation did not allow to have precise information on reproductive
parameters, combining them in an IPM allowed the estimation of the number of fledglings per tit
(Ahrestani et al. 2017). Therefore, in our analysis, we focused on the effect of competition on two

parameters: apparent juvenile survival and number of fledgling per tit.

When the number of tits increases, the competition for cavities should be higher. Consequently, some
individuals may be forced to use cavities of lesser quality. For example, cavities could be more exposed
to predators leading to difficulties in feeding chicks or increasing the risk of chick predation (Dhondt
2012), ultimately leading to a lower reproductive success. Moreover, great tits could exclude blue tits
when the cavities are large enough for both species (Dhondt 2012). Fledging success have often been
linked to food availability (Van Balen 1973, Blondel et al. 2006). Therefore, strong competition for
food may decrease the amount of food that tits could provide to chicks resulting in a lower fledgling
success. In addition, if fledgling mass is low as a result of competition for food, this can then have
consequences on juvenile survival. Furthermore, competition among tits could lead to higher juvenile
dispersal (Kluyver 1970). Consequently, based on what is known about tits, we made three predictions:
(1) the effects of competition between tits would be detected on number of fledglings per tit and
apparent juvenile survival, (2) intraspecific competition would be stronger than interspecific

competition, and (3) the effects of competition would be stronger in low-quality habitats.

Because there are a multitude of combinations to test to understand which parameters are affected by
the intraspecific or interspecific interactions for the two species, we carried out a first step of model
selection. We built different models (Table 2.2): model MO did not take into account intraspecific and
interspecific interactions; model M1 took into account only intraspecific interactions; model M2 took
into account both intraspecific and interspecific interactions; and model M3 took into account total
competition Ze., the effect of the total number of tits in the environment regardless of species (blue

or great tits).



Chapitre 2. Relations interspécifiques et effet de 'habitat chez les mésanges 93

Table 2.2. Summary of the models tested and the equations associated with ¢y: apparent juvenile survival, f:
number of fledglings per tit, p: intercept, Pra: slope for the intraspecific interaction, Big: slope for the
interspecific interactions Brr: slope for the total competition, e: yeatly random effect, Nio: total number of
individuals and N»: number of adults in the habitat h (high-quality or low-quality) at time t, for the species X1
(blue tit or great tit) or for the species X2 (great tit or blue tit) or for all tits X.

Competition )
Model . pet Equations
interactions
logit(dyx1nt) = Hpjxih T €pjxiht
MO none
log(fx1nt) = Mexih + Ecxiht
M1 . . logit(dyxint) = Hojxth T Brasixth X Neotxiht + €pjxiht
intraspecific
log(fx1nt) = Mexin + Biagxin X Naxine + Exine
. . logit(dpyxi,nt) = Hejxih T Biagixih X Neotxint T Bigejxih
M2 intraspecific % N 4o
interspecific totX2,h,t $jXLht
log(fx1nt) = Mexih + Biagxih X Naxine + Biggexin
X Naxant + €xiht
N total logit(pyx1int) = Hejxih T Brrojxih X Neotxnte + €ojxiht
competition log(fx1ne) = Mexah + Brrexin X Nagne + €exiht

Then we investigated the direction and strength of the competition effects on the demographic
parameters. To do so, we used logit-linear regression on survival and log-linear regression on number
of fledglings per tit. For example, in model M2, we modelled apparent juvenile survival of blue tits in

habitat / at time # using:
logit(¢pyrnt) = Hejerh + BiaeisTh X NeotBrTht T BigeisTh X NiotaTht + €¢jBTht

€4j,8T,ht ~ N(0, 0¢;BTh,t) (13)

with g gTh the intercept, Bia ¢j,BTh the slope indicating the strength of the intraspecific interaction
with Niot gT h,¢ the total number of blue tits in habitat 4 at time # Big,¢jprh the slope indicating the
strength of the interspecific interaction with Nio¢ grn ¢ the total number of great tits in habitat / at
time 7and € BT,h,¢ 2 yearly random effect and Uzq)j,BT,h,t its temporal variance. This temporal random

effect allowed to capture residual environmental stochasticity that was not explained by time-varying

covariates. The relationships tested for each model are described in Table 2.2.
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First, the different models tested were compared using the WAIC (Gelman et al. 2014). Then, using
the model best supported by the data, we analyzed posterior distributions of the regression coefficients
B to understand the effects of competition. Because the numbers of tits were estimated step by step
each year, we could not standardize the number of individuals in the model. Therefore, to compare
the relative contribution of the effects of competition, we calculated the standardized effect of
intraspecific and interspecific relationships after having conducted the analyses by multiplying the
slopes (3) by the standard deviation of the estimated number of tits. Then, we compared the relative

contribution of each covariate using the regression estimate which we used as a measure of effect size.

Model implementation

To test the effects of intraspecific and interspecific relationships in our model, we used normal priors
with B ~ N(0,2) for the effects on juvenile apparent survival (¢py) and Br ~ N(0,0.5) for the effects
on the number of fledglings per tit (f). We assigned a N(0,1) prior for the mean value (Hgj, Hpar Hp)
and a U(0,5) prior for the standard deviation (O, O¢a, Op) of juvenile, adult apparent survival and
recapture probability, respectively. The mean value of f was defined with a normal prior: pe~

N(log(6),0.5) and the standard deviation of the temporal random effect with an uniform prior: o¢ ~

U(0,1). We specified a normal prior N(0,1) on the individual covariate on recapture probability.

Posterior distributions for all parameters were approximated »zz Markov chain Monte Carlo (MCMC)
algorithms. We run two independent MCMC chains with 400,000 iterations and a burn-in period of
100,000. One out of 20 iterations was kept and final inferences were derived from a sample of 2 X
20,000 iterations that resulted from merging the two chains. Gelman-Rubin convergence diagnostics
(Brooks and Gelman 1998) were below 1.1 for each parameter and the mixing of the chains was
satisfactory. We performed the analyses using nimbleEcology (Goldstein et al. 2019; version 0.3.1)
and program R (R Core Team 2020 ; R version 4.0.3). Code and data are available on Github:

maudqueroue/Mesanges.
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Results

Population abundance indexes
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Figure 2.2. Abundance index of blue tits and great tits in the different habitat types (a) high-quality and (b)
low-quality between 2002 and 2019. Solid lines represent the median of the estimated mean number of blue tits
(in blue) or great tits (in green) per count point. Shaded areas are the 50% and 95% confidence intervals.

In high-quality habitats the mean number of tits per count point was higher than in low-quality habitats
with 1.07 * 0.22 in high-quality habitats and 0.93 £ 0.11 in low-quality habitats for blue tits and 1.40
1 0.27 in high-quality habitats and 1.26 & 0.13 in low-quality habitats for great tits (Fig. 2.2). In high-
quality habitats, we observed a temporal synchrony in fluctuations of the population indexes which
was not found in low-quality habitats. Uncertainty was higher in high-quality habitats because the data

contained fewer count points in high-quality habitats than in low-quality habitats.

Model selection

Model M2 taking into account both interspecific and intraspecific interactions was selected with a
WAIC of 10237.5. Model M1 taking into account only intraspecific interactions was the second model

best supported by the data with a WAIC of 10240.5. Then, model M3 taking into account the effect
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of total competition obtained a WAIC of 10244.4 and model MO with no competition interaction a

WAIC of 10249.6.

Demographic parameters estimates
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Figure 2.3. Estimates of juvenile and adult apparent survival of blue tits (in blue) and great tits (in green)
between 2001 and 2018 according to the habitat type: high-quality (top panels) and low-quality (bottom panels).
Solid lines represent the median of the estimated apparent survival and shaded areas are the 50% and 95%
credibility intervals.

For blue tits, adult apparent survival was on average higher in high-quality habitats (0.394 * 0.047;
Fig. 2.3b) than in low-quality habitats (0.346 £ 0.031; Fig. 2.3f). Adult apparent survival of great tits
was similar in the two habitat types with 0.392 £ 0.032 in high-quality habitats (Fig. 2.3d) and 0.385 *
0.029 in low-quality habitats (Fig. 2.3h). Juvenile apparent survival was similar between habitats and
species with for blue tits 0.098 £ 0.037 in high-quality habitats (Fig. 3a) and 0.104 £ 0.023 in low-
quality habitats (Fig. 2.3¢) and for great tits, 0.116 £ 0.042 in high-quality habitats (Fig. 2.3¢c) and 0.096
* 0.027 in low-quality habitats (Fig. 2.3g).
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Figure 2.4. Estimates of the number of fledglings for blue tits (in blue) and for great tits (in green) between
2002 and 2019 according to habitat type: high-quality (top panels) and low-quality (bottom panels). Solid lines
represent the median of the estimated number of fledglings and shaded areas are the 50% and 95% credibility
intervals.

The number of fledglings per tit was similar between species and was slightly higher in low-quality
habitats than in high-quality habitats. In high-quality habitats, the number of fledglings per blue tit
was on average of 3.00 £ 0.90 (Fig. 2.4a) and of 3.19 £ 0.47 in low-quality habitats (Fig. 2.4c). The
number of fledglings per great tit was on average 2.66 = 0.97 in high-quality habitats (Fig. 2.4b) and
3.15 £ 0.59 in low-quality habitats (Fig. 2.4d). In addition to the results above, we also estimated

recapture probability and populations sizes (see Appendix S2.1. Figs. S2.1.1— 82.1.4).

Effects of intraspecific and interspecific interactions

The effects of intraspecific and interspecific interactions differed depending on the demographic
parameter studied. The number of fledglings per tit was not impacted by either intraspecific or
interspecific interactions (Fig. 2.5a). The posterior distribution of the slopes corresponding to the
effect of density dependence largely overlapped 0 indicating that no effect of competition was found

by the model.
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Figure 2.5. Effects of interspecific (top) and intraspecific (bottom) interactions on two demographic
parameters: the number of fledglings (left) and the juvenile apparent survival (right). Competition effects on
blue tits are in blue and are in green for great tits. The habitat categories are defined by + for high-quality
habitats and by X for low-quality habitats. Crosses indicate the posterior mean of the slope indicating the
strength of the density-dependent effects. Colored lines are the 50% credibility interval and the black lines the
95% credibility interval.

We found effects of density dependence for juvenile apparent survival (Fig. 2.5b) with a strong
negative effect of intraspecific interactions for both species and habitats. Intraspecific interactions
were stronger in high-quality habitats than in low-quality habitat for both species. The effects of
intraspecific interactions between blue tits in high-quality habitats were -0.55 = 0.18 and -0.14 + 0.06
in low-quality habitats. The effects of intraspecific interactions between great tits were -0.41 £ 0.14 in
high-quality habitats and -0.25 £ 0.08 in low-quality habitats. The effects of interspecific interactions
were more nuanced for juvenile apparent survival. The effect of the number of great tits on juvenile
apparent survival of blue tits in low-quality habitats was largely negative with probability 0.87
(calculated as the area of the posterior distribution of the interspecific effect in negative values). To a
lesser extent, the effect of the number of blue tits on juvenile apparent survival great tits in high-
quality habitats was negative with probability 0.72. There was no clear effect of interspecific

relationships on blue tits in high-quality habitats and no effect on great tits in low-quality habitats.
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Discussion

We investigated the effects of competition in tits by combining two large-scale long-term monitoring
of birds breeding in their natural environment into a multispecies IPM. We analyzed capture-recapture
and abundance data into a single model and estimated demographic parameters including the survival
and the number of fledglings for blue tits and great tits. The advantage of using a multispecies IPM
was that it allowed using population sizes estimated by our model as covariates to analyze their effect
on the demographic parameters, while accounting and propagating all sources of uncertainty. Our
results showed that juvenile survival of tits was mainly impacted by intraspecific competition and to a

lesser extent by interspecific competition depending on habitat type.

Contrasting effects of competition on demographic parameters

Our first prediction was that the effects of competition between tits would be detected on two
demographic parameters: the number of fledglings per tit and juvenile apparent survival. However,
we detected the effect of competition only on juvenile apparent survival. We found that juvenile
survival was mainly impacted by intraspecific competition and to a lesser extent by interspecific
competition according to habitat type. In low-quality habitats the density of great tit negatively affected
blue tits, while in high-quality habitats the interspecific relationship reversed. Although a large number
of studies have explored the effect of density dependence on breeding parameters of tits, only a few
studies have attempted to determine the effect of density-dependent on survival (Both et al. 1999,
Reed et al. 2013, Gamelon et al. 2016, 2019). These studies showed a strong effect of intraspecific
density dependence on survival during the first year of life. In fact, at high density, it is likely that
competition for food before and during the nestling stage decreases the rate of chick feeding. As larger
fledglings are more likely to recruit (Both et al. 1999), competition for food during chick feeding may
decrease body condition of fledglings and, in consequence, decrease juvenile survival. Moreover, tits
have a high breeding territory fidelity and juveniles often try to find a breeding territory near the place
where they hatched (Kluyver 1970). However, when the density of breeding tits is high, tits trying to
breed for the first time may not be able to access a territory and have a higher dispersal rate resulting

in lower juvenile apparent survival.



Chapitre 2. Relations interspécifiques et effet de 'habitat chez les mésanges 100

Although studies have shown effects of intraspecific and interspecific competition on breeding
parameters (Dhondt 2010, Moller et al. 2018), we detected no effect of competition on the number
of fledglings per tit. The result was unexpected as we hypothesized that the number of fledglings per
tit would have decreased when the density of breeders increased. Indeed, a high number of breeders
increases the competition for high-quality nests and forces some breeders to use cavities of lesser
quality, therefore increasing the predation risk, which may ultimately lead to a lower success of
fledglings in the population. Moreover, the number of young raised is correlated to the amount of
food available (Blondel et al. 2006) which suggests that the number of fledglings would be lower at
high breeding densities, when competition for food is higher. It is likely that our inability to detect an
effect of competition on the number of fledglings is related to the modeling. Although the number of
fledglings could not be estimated when considering the capture-recapture and count datasets in
isolation, combining these different sources of information allowed us to do so (Ahrestani et al. 2017).
Moreover, we used informative priors on the parameters of the relationship between the number of
fledglings and covariates to ensure that this parameter remained in between 1 and 10 fledglings on
average per tit (Nour et al. 1998, Mind et al. 2005, Reed et al. 2013). However, our model might have
had difficulties in capturing the variations in this parameter over time, giving us rather flat estimates
that did not allow us to highlight density-dependent effects. The variation in the number of fledglings
over time was probably captured in the estimates of juvenile survival. Since we had the same
expectations in terms of competition for these two demographic parameters, this should not distort
our conclusions about the large patterns of competition that were expected in this system. One
possibility to improve the estimation of the number of fledglings per tit would be to incorporate a
third data source in the IPM informing on the average number of fledglings each year. For example,
using data about the number of breeding females and recruits would help to estimate the recruitment

rate (Gamelon et al. 2016, 2019).

A stronger intraspecific than interspecific competition

We expected intraspecific effects to be stronger than interspecific effects because if interspecific
effects dominate, this can lead to the exclusion of a species. In fact, in order to coexist, species must
limit themselves more strongly than they limit their competitors (Chesson 2000, Barabas et al. 2010).
Our results on density dependence on survival support this prediction. Indeed, we found negative

intraspecific relationships in both species and habitat types, while the effect of interspecific
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relationships, although negative, was less clear. Although rarely demonstrated on juvenile survival (but
see Both et al. 1999, Gamelon et al. 2016), pieces of evidence of intraspecific competition have been
largely highlighted for the two species on breeding parameters such as clutch size, number of chick

fledged and reproductive rate (Dhondt et al. 1992, Dhondt 2010, Meller et al. 2018).

The clearest interspecific effect was detected for blue tit survival in lower quality habitats. Such
asymmetric competition in tits has already been highlighted with an effect of the great tit density on
blue tit population growth rate (Gamelon et al. 2019). Great tits, being larger and more numerous, are
known to be aggressive with blue tits in accessing cavities or food (Dhondt 2012). Great tits can even
exclude blue tits from nest boxes suitable for both species (Dhondt and Eyckerman 1980) and then
lead to a greater dispersal of blue tits when there is a high density of great tits in a habitat. We also
observed, although slightly less clear, an interspecific effect of the number of blue tits on juvenile
apparent survival of great tits in high-quality habitats. It was surprising that the smaller and less
abundant blue tit had an effect on the great tit (but see Dhondt 1977, 2010, Moller et al. 2020). One
hypothesis to explain this result is that the trophic niche of the blue tit is wider than the trophic niche
of great tit, giving it an advantage. The blue tit may be able to consume smaller instars of the same
caterpillar species and thus they can pre-emptively consume available prey (Slagsvold and Wiebe 2007).
To summarize our results, in low-quality habitats the great tit had a competitive advantage, while in
good quality habitats the blue tit seemed to have a slight advantage. Dhondt (1977) showed that when
the combined densities of the two species were lower, the great tit had an advantage, whereas when
the combined densities increased, the blue tit had an advantage. This is similar to our results as in low-

quality habitats there are fewer tits than in high-quality habitats.

The influence of habitat on competition

Because competition between individuals is due to the exploitation of limited resources, and that
resources, as food, are more abundant in high-quality habitats, we expected competition effects to be
stronger in low-quality habitats than in high-quality habitats (Dhondt 2010). Except for the effect of
interspecific competition on blue tit which was stronger in lower quality habitat, the effects of
intraspecific and interspecific competition seemed to be stronger in habitats of higher quality,

contradicting our hypothesis.
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One hypothesis to explain our findings is that there is a strong competition for territories. When tit
density increases, territory sizes decrease but only to a minimum size (Dhondt 1971). Therefore,
densities of breeders in a habitat cannot increase beyond a certain threshold. In high-quality habitats,
the density of breeders is higher than in low-quality habitat which can reinforce the competition for
territories. Because tits have a high breeding territory fidelity (Kluyver 1970), tits that try to breed for
the first time may not be able to access a territory when the density of tits is high and that this is even
more noticeable in high-quality habitats. The difference in competition according to habitat type was
more significant for the effect of the intraspecific competition on blue tits. One possibility to explain
this result is that interspecific competition had already an important effect on blue tit survival in low-

quality habitats, potentially limiting the effects of intraspecific competition in this habitat type.

Benefits of multispecies IPMs to analyze species competition

Our multispecies IPM using large-scale long-term monitoring of breeding birds was a useful method
for understanding the effects of competition between bird species. We do not pretend to be able to
understand the underlying mechanisms of competition with as much details as in studies using data
from nest box monitoring that could focus on reproductive parameters such as laying date, clutch size,
nest success or reproductive rate (Dhondt 1977, 2010, 2012, Meller et al. 2018, 2020). Nevertheless,
our approach allowed us to confirm results obtained in nest box studies and extend them on a large
scale, including intraspecific competition for each species and in each habitat, and interspecific

competition.

Moreover, our method allows investigating the dynamics of tits nesting in natural cavities in contrast
to artificial nest boxes. Because our approach does not rely on nest box data, it can be used to
understand the effects of interspecific interactions on many other bird species. Indeed, for many bird
species, studies of interspecific relationships are limited because monitoring the reproduction of birds
not nesting in nest boxes is difficult. Our approach had the advantage to only require counts and
capture-recapture data that do not necessarily involve nest boxes. Therefore, this method is a fruitful
venue to gain new insights into the effects of intraspecific and interspecific interactions on most
common passerines monitored through CES and BES schemes and also in other countries with similar

long term monitoring of birds (e.g. Ahrestani et al. 2017 for North America).
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Interactions interspéciﬁques et phénologie
chez les fauvettes

Article : Comment la phénologie module les interactions interspécifiques chez des passereaux :

apports d'un modéle de population intégré multispécifique.

Statut de Particle : iz prep

Dans ce troisieme chapitre, nous avons réutilisé le modele développé dans le chapitre 2 mais cette fois
en 'appliquant sur des fauvettes. L’objectif de cette étude est de comprendre le role de la phénologie
de reproduction sur les interactions entre especes. En effet, pour la plupart des espéces, les interactions
sont structurées de maniere saisonnicre selon la phénologie des especes. Comme la phénologie des
especes est fluctuante dans le temps, notamment en lien avec les fluctuations climatiques, l'intensité
des interactions peut étre modifiée. II est donc particulicrement important de réussir a comprendre
comment la phénologie peut influencer les relations interspécifiques entre especes. Nous avons
analysé les interactions interspécifiques chez deux oiseaux en compétition pour les territoires et pour
les ressources alimentaires, la fauvette a téte noire (Sylvia atricapilla) et la fauvette des jardins (Sylvia
borin). En utilisant les données de capture-recapture du STOC, nous avons montré que la phénologie
de reproduction de la fauvette a téte noire est plus flexible dans le temps que celle de la fauvette des
jardins. La fauvette a téte noire, migratrice partielle, avec une partie de la population francaise résidente

et une autre migrant 2 moyenne distance, semble phénologiquement plus flexible et cette flexibilité
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peut étre le reflet d’'une adaptation aux conditions environnementales. Au contraire la fauvette des
jardins, migratrice transsaharienne, a une phénologie de reproduction relativement fixe au fil des
années qui peut étre la résultante d’une période de migration prénuptiale largement liée a la
photopériode. Ainsi, nous avons montré que selon les années, les périodes de reproduction des deux
especes sont plus ou moins chevauchantes. En combinant, dans un IPM multispécifique, les données
de capture-recapture du STOC avec les données de comptage du STOC, sur la période 2001-2019,
nous avons estimé des tailles de populations et des parametres démographiques comme la survie et le
nombre de poussins a 'envol. Dans cette méme analyse, nous avons étudié les effets des relations
interspécifiques et intraspécifiques ainsi qu'en tenant compte des différence de phénologie estimées.
Nous avons mis en évidence I'effet de la compétition interspécifique exercée par la fauvette a téte
noire (premicre arrivée sur les sites de reproduction) sur la survie apparente des juvéniles de fauvette
des jardins. La prise en compte de la phénologie de reproduction nous a aussi permis de montrer que
cet effet de compétition interspécifique diminue lorsque que les saisons de reproduction sont plus
espacées. Nos résultats illustrent 'importance de la prise en compte de la phénologie pour comprendre

plus en détails la dynamique d’especes en interaction.

Mots clés : Compétition, Démographie, Inférence bayésienne, Modeles de population intégrés,
Nimble, Passereaux, Phénologie



Species phenology modulates interspecific interactions in songbirds:
Insights from multispecies integrated population models

Maud Quéroué!, Pierre-Yves Henry?3, Frédéric Barraquand* Olivier Gimenez!

!CEFE UMR 5175, Univ Montpellier, CNRS, EPHE, IRD, Montpellier, France
2Mécanismes adaptatifs et Evolution (MECADEV UMR 7179), MNHN, CNRS, Brunoy, France

3Centre de Recherches sur la Biologie des Populations d’Oiseaux (CRBPO), Centre d’Ecologie et des Sciences de la
Conservation (CESCO UMR 7204), MNHN, CNRS, Sorbonne Université, France

4Institute of Mathematics of Bordeaux, CNRS, Université of Bordeaux, Talence, France

Abstract

For most species, interactions are seasonally structured according to species phenology. As species
phenology fluctuates over time, especially in relation to climatic fluctuations, the intensity of interactions
can be modified. It is therefore particularly important to understand how phenology can influence
interactions between species. We analyzed interspecific interactions in two birds competing for territories
and food resources, the blackcap (Sylvia atricapilla) and the garden watbler (Sylvia borin). Using capture-
recapture data from the French Constant bird banding Effort Sites scheme, we showed that the breeding
phenology of the blackcap is more flexible in time than the garden warbler phenology. The blackcap,
being a partial migratory bird, with a part of the French population resident and another migrating at
medium distance, seems to be phenologically more flexible, potentially related to an adaptation to
environmental conditions. On the contrary, the garden warbler, a trans-Saharan migrant, has a more
fixed breeding phenology over the years, certainly due to a migration largely linked to the photoperiod.
As a result, depending on the year, we showed that the reproduction timing of the two species is more
or less overlapping. Then, by combining capture-recapture data with population counts from the French
Breeding Bird Surveys, over the period 2001-2019, within a multispecies integrated population model
(IPM), we estimated population sizes and demographic parameters such as survival and number of
fledged chicks. In the same analysis, we studied the effects of interspecific, intraspecific relationships and
breeding phenology. We highlighted effect of interspecific competition of blackcaps that breed eatlier,
on garden warblers. Taking into account breeding phenology, we also showed that interspecific
competition decreased when the breeding period of the two species were more spaced. Overall, our
results illustrated the importance of taking phenology into account to understand in details the dynamics
of interacting species.

Keywords: Bayesian inference, Competition, Demography, Integrated Population Model, Nimble,
Passerines, Phenology
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Introduction

Species interactions shaping the structure and dynamics of communities are constantly varying over
time (Harrington et al. 1999, Walther 2010, Rudolf 2019). Although it is widely recognized,
interactions between species are often studied with a static view 1., interactions between species are
assumed to be time invariant (Wolkovich et al. 2014), with time-average interaction strengths
providing a suitable approximation. However, for most species, interactions are seasonally structured
depending on species phenology. For example, bird species are reassembled anew each year during
the breeding season where species interact together through competitive (Samplonius and Both 2019)
or predator-prey relationships (Both et al. 2009). Moreover, phenology determines at which stage i.e.,
life history stage or period during the course of the season, species interact with each other (Yang and
Rudolf 2010). Because species phenology varies over time, often in response to environmental
conditions (Walther et al. 2002, Visser and Both 2005, Diez et al. 2012), relationships between species
can be modulated, and consequently the structure of communities can be modified (Chesson 2000).
Even small changes in the timing of species phenology can result in large changes in the effect of
species interactions (Rudolf 2019). Therefore, understanding how species phenology affects
interspecific interactions over time, as competition, is important to understand community dynamics.
However, there are only few empirical studies assessing the effect of phenology on species
competition (e.g. Rudolf 2018, Alexander and Levine 2019). Addressing this question is all the more
important as effects of global change on species and ecosystems have become increasingly apparent
(Parmesan 2006, Walther 2010) inducing changes in species phenology (Visser and Both 2005) and in

species interactions (Blois et al. 2013).

In this study, we analysed the effect of breeding phenology on two sympatric Sy/via warblers during
the breeding period. The garden warbler ($ykia borin) and the blackcap (Sylia atricapilla) are two
common short-lived passerines in Europe. Pieces of evidence of intraspecific and interspecific
competition have been highlighted in these species in particular for territories (Solonen 1979, Garcia
1983) and in strong responses to each other’s songs (Matyjasiak 2005, Darolova et al. 2020).
Interspecific competition between these two warblers is often considered asymmetrical with an

advantage for blackcaps which are largely dominant over garden warblers by excluding them from
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territories and showing greater aggressiveness (Garcia 1981, 1983). However, these studies did not

account for the effect of breeding phenology on species interactions.

Breeding phenology is influenced by changes in the climate, which affects the timing of bird migration.
Spring temperatures and the North Atlantic Oscillation (NAO) have been correlated with earlier
spring arrival of migratory birds (Forchhammer et al. 2002, Tottrup et al. 2006a, Zalakevicius et al.
20006). In case of earlier favorable local weather in spring, eatlier arrival is beneficial to occupy
better territories (Forstmeier 2002) or to match with food availability at lower trophic levels (Both
etal. 2009). Circannual rhythms, which are under the control of photoperiod, also influence spring
migration especially for long-distance migrants (Gwinner 1996) inducing a slower adaptation to
climate changes of long-distance migrant compared to short- and medium-distance migrant.
Therefore, blackcap, considered as partial or medium-distance migrant in France, has higher
plasticity to adapt its breeding phenology over the year, compared to the long-distance migrant
garden warblers (Askeyev et al. 2009). In general, the breeding timing of these two species in France
is slightly delayed, with blackcaps breeding two weeks earlier than garden warblers. However, as the
phenology of these two species varies over time (Askeyev et al. 2009, Kovacs et al. 2011), breeding
seasons may be temporally more distant or on the contrary may largely overlap depending on the year.
Consequently, the intensity of species interactions could be modulated over time by these differences
in breeding phenology with a higher interspecific competition in years where breeding timing overlaps

more widely between these two species.

To understand the effects of interspecific phenological shift on interactions between warblers, we
used a multispecies integrated population model (IPM). IPMs have been recently developed to infer
population demography by using different sources of information (see Schaub and Abadi 2011 and
Zipkin and Saunders 2018 for reviews). In their simplest form, these models combine population
counts and demographic data into a single analysis, which allows the estimation of demographic
parameters and population sizes. The joint analysis of different sources of information allows
obtaining more precise estimates and estimating parameters when no explicit data are available
(Besbeas et al. 2002). IPMs have been extended to analyze the effects of interspecific relationships
between species like competition/parasitism (Péron and Koons 2012, Quéroué et al. 7 prep) and
predator-prey interactions (Barraquand and Gimenez 2019, Quéroué et al. 2021). Multispecies IPMs

allow estimating population sizes and using them as covariates at the same time to analyze their effect
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on the demographic parameters while properly propagating uncertainty in parameter estimates.
Multispecies IPM also allows incorporating additional covariates possibly modulating species

interactions.

We analyzed two large-scale long-term bird monitoring with our model: the French Constant bird
banding Effort Sites (CES) scheme consisting in capture-recapture (CR) data from and the French
Breeding Bird Surveys (BBS) consisting in count data. Using the multispecies IPMs template recently
developed by Quéroué et al. (i prep), our aim was to estimate species-specific demographic parameters
(survival, number of fledglings) and quantify fluctuations in population size for both species
(Ahrestani et al. 2017). In the same analysis, we estimated explicit relationships between population
size and demographic parameters (intraspecific and interspecific interactions) and the effects of
breeding timing on demographic parameters. Moreover, we analyzed how interspecific phenological
shift over the years could influence interspecific interactions. We made different predictions. (1) The
phenological shift between breeding timing of the two species should increase over time with an earlier
breeding period of blackcap over the years compared to garden warblers with a breeding period that
should remain more stable. (2) The effects of competition should be detected on the number of
fledglings and the apparent juvenile survival, two parameters likely to be affected by intraspecific and
interspecific interactions during the breeding season. (3) The effects of interspecific competition
should be modulated by the interspecific phenological shift i.e., when breeding timing is distant
between the two species, the interspecific phenological shift should decrease the strength of

interspecific competition during the breeding period.

Materials and Methods

Garden warbler and blackcap

Garden warbler (Sylvia borin) and blackcap (Sylvia atricapilla) are insectivorous short-lived passerines
that are common in Europe. During the breeding season, the distribution of garden warbler extends
further north than blackcap, and garden warbler is largely absent in the Mediterranean area where it is
restricted to mountain forest (Garcia 1981). In our analysis at the scale of the French territory, we

considered the geographical area in which the two species were sympatric during the breeding season
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by excluding the part of France below the latitude 45° North (Fig. 3.1). Garden warblers are long-
distance migrants that winter south of the Sahara. Blackcaps have different migration strategies
depending the population. In France, they are partial migrants i.e., some individuals are residents and
the others are medium-distance migrant and winters in the Mediterranean Basin. Reproduction takes
place in spring with an arrival of earlier blackcaps in April, 2-3 weeks in advance of the first garden
warblers, which appeared early in May (Garcia 1983). Both species start to breed during their second

year.

Count data

The French BBS program (Julliard and Jiguet 2002, Jiguet et al. 2016) is based on volunteer
ornithologists counting birds in spring. Surveyed sites consist in 2x2 km squares randomly selected on
the French territory. On each surveyed site, 10 count points are considered consisting in counting all
the birds seen or heard during a five minutes session. Each year, point counts are done by the same
observers at the same date (within 7 days) and at the same time. Two counts per point are carried out
during the spring (from 1st April to 8th May, then from 9th May to end of June) to detect early and
late adult breeding birds. We kept the maximum number of birds counted between the two counts.
We retained only count points for which at least one individual of each species (garden warbler and
blackcap) was contacted. We then used data from 2483 count points with a total of 6544 garden
warblers and 34115 blackcaps counted (Table 3.1).

Capture-recapture data

The CR data come from the French Constant Effort Site (CES) program (Julliard and Jiguet 2002).
CES are standardized bird ringing schemes started in 1989, using mist-nets. CR sites are located on
the whole French territory (Fig. 3.1). Sites are not randomly distributed, and often located in low
canopy habitats such as open woodlands or bush lands where birds are easily trapped with mist nets.
Each year, the local bird community is sampled several times (usually between three and five capture
sessions during a year) from the beginning of May to the end of July. In each CR site, the number and
location of mist nets are constant across sessions and years. Species and age (adult or juvenile) are
determined from plumage for each bird captured. Birds captured for the first time are marked with a

metal ring using a unique identifier and the identity of recaptured birds is recorded. To ensure that
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adult survival could be correctly estimated, we needed to exclude transient adults i.e., individuals

having a zero probability of survival after their initial capture because they were just traveling through

the CR site without being resident (Pradel et al. 1997). We therefore deleted the first capture for each

adult and then retained only adults that were captured multiple times. We did not apply this treatment

to juveniles because they quickly left the breeding site after the breeding season. We retained the first

capture as an adult of an individual firstly marked as juvenile, then right censored capture histories. If

an individual firstly marked as juvenile was seen several times as an adult, then we created a new

capture history for the adult respecting the transience rule. We retained only the CR sites for which at

least one individual of each species (garden warbler and blackcap) was captured. We used data from

177 CR sites with a total of 3189 garden warblers and 20824 blackcaps individually ringed between

2001 and 2019 (Table 3.1).

Table 3.1. Summary of capture-recapture and count data over the period 2001-2019.

Garden warbler Blackcap
Capture-recapture data
Number of capture-recapture sites 177
Total number of birds captured 3189 20824
Number of juvenile birds recaptured 06 492
Number of adult birds recaptured 349 735
N b of s g s b
Count data
Number of count points 2483
Total number of birds seen or heard 0544 34115
Mean number of birds counted per year per 0.323 1653

count point

Phenology

We built phenological indicators capturing the differences in breeding phenology between species

(interspecific phenological shift) and within the same species (intraspecific phenological shift) over the
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years from 2001 to 2019. To do so, we used a curve fitting method based on the seasonal distribution
of the number of adults and juveniles (Moussus et al. 2009, 2011). The aim of the method is to estimate
the phenological shift necessary to make the distributions of juvenile match between species
(interspecific shift) or within species between years (intraspecific shift). The number of juveniles and
adults captured were summed for each species in each CES site per year and per day (each day after
1* March). Then, we used generalized additive mixed model (GAMM; Wood 2017). For example, to
estimate interspecific phenological shift, we assumed a binomial distribution for the response variable
L.e., the number of juveniles compared to the number of adults. We regressed the probability that the
seasonal distribution of juveniles of the two species matched with a phenological shift as an additive
non-parametric function of the date of capture to which we add the phenological shift z We also used
CR site as a random effect. The date of capture of blackcaps was considered as the reference with ¢
equal to 0 whereas we tested 7 ranged between -30 and 15 days with a 1-day increment for the date of
capture of garden warblers. Therefore, we tested 42 models with the different # tested for each year to
obtain the phenological shift separating the breeding timing of the two species during the period 2001-
2019. We calculated the Akaike information criterion (AIC) and picked the model minimizing AIC.
Following the methodology outlined by Moussus et al. (2011), we considered AIC as a function of #
and fitted quadratic regressions to obtain the 7 value minimizing AIC. Considering « as the second-
degree coefficient,  as the first-degree coefficient and ¢ as the intercept of the quadratic regression,
we considered that AIC was the smallest for ty,iy = -b/2a, with tp,j, the estimate of the phenological

shift.

This method assumes that the shape of the seasonal distribution of the number of juveniles within the
total CES captures remains constant over the years and between the species studied. Therefore, we
assumed that the only difference between these distributions was their timing i.e., the distributions
matched with a certain phenological shift. We used this method to calculate the interspecific
phenological shift each year, which informed us about the number of days separating the breeding
timing of the two species by taking the breeding timing of blackcaps as reference. In addition, we also
looked at the phenological shift of reproduction within each species across years using year 2019 as

reference and created the intraspecific phenological shift.
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Population abundance indexes

From the count points, we estimated population abundance indexes at the scale of the northern France
based on the number of garden warblers and blackcaps counted in the surveyed sites. We only kept
count points located within 25 km of the center of the CR sites to ensure that population dynamics
was comparable between count points and CR sites with respect to environmental and climatic

conditions (Fig. 3.1).
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Figure 3.1. Geographical distribution of the capture-recapture (CR) sites (triangle) and count point (circles)
used in the multispecies IPM.

To account for inhomogeneous effort in the count data, we used a generalized linear model with a
Poisson distribution for the response variable counts, and an additive effect of ‘count point’ and ‘year’
on alog-scale (ter Braak et al. 1994). We estimated a fluctuation of the number of individuals for each
count point assuming that inter-annual fluctuations were constant for all count points. Then, we
calculated the index value by summing the number of individuals estimated for all count points. We
used the asymptotic normality of the maximum likelihood estimators (MLE) to incorporate
uncertainty and construct a more realistic distribution for the indexes (King et al. 2008). We used

Monte Catlo simulations to obtain mean and variance for each 7 of our indexes (yx ¢):
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ln(y)i(_t) = ZE=1 exp(aixjk + b%(,t) )
In(yxe) = + Zhoi In(yk,) @)

G)z(,t = % Z%=1{IH(Y)1(,t)‘ ln(Yx,t) }2 3

where Xis the species (garden warbler or blackcap), ax x ~ N(ﬁx‘k, S)Z(’k) and by ¢ ~ N(Bx,v T)Z(,t) with
Oy i is the MLE for the count point effect at site £ and S)z(,k its associated standard error and By the
MLE for the year effect in year #and T)Z(,t its associated standard error and I is the number of Monte

Carlo simulations. Then, we used ln(YX,t) as the log-index-value of bird populations and 0)2(,t as the

variance of the associated error.

Integrated population model

Likelihood on count data

For the two species, we modelled the number of juveniles that become adults (Nja x ¢) with a binomial
distribution (Bin), with ¢yx the apparent juvenile survival probability for garden warblers or

blackcaps (species indexed by X):

Njaxt ~ Bin(q)],X,t-l: N],X,t-l) “

with Njx 4 the number of juveniles at 1. The number of surviving adults (Naa x ) between 1 and

¢t was modelled with a binomial distribution, with ¢ x ¢ the apparent adult survival probability:

Naaxt ~ Bin(q)A,X,t-lr NA,X,t-l) ®)

with Npxt1 the number of adults at #1. Then, the total number of resident adults (Nyegx ) was

calculated as:

Nresxt = Njaxe+ Naax:e (6)
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The number of immigrant birds (Njy, x) was calculated proportionally to the number of surviving
juveniles and adults at year 7 with an immigration coefficient » fixed to 0.5 corresponding to a

proportion of /3 immigrant in the total number of adults at year # (Millon et al. 2019):

Nimxt = (Njaxt+ Naaxe)*r (7

Then the number of adults (N x ) at year #was the sum of the number of residents and immigrants:

Naxt = Nresxt+ Nimx:t ®)

The number of juveniles (Nyx () at year #was modelled as a Poisson distribution (Po):

Njxt ~ Po(fxt X Nax:) )

where fy ¢ was the number of fledglings per warblers and N x ¢ the number of adults at year #

The total number of individuals at the end of the breeding season corresponded to the sum of adults

and juveniles birds:

Niotxt = Nyxt+ Naxt (10)

The observation equation linked the observed population counts Ze. the index-value (yx () represented
the fluctuation of adults breeding bird during the breeding period each year with the true population
size (Na x¢) using a Normal distribution (IN), assuming an observation error (G)Z(’t) that coming from

population abundances indexes:

yxt ~ N(Naxo 0% (11)
The likelihood for the population count data was denoted Lo (Y| y, da, f, Na)

Likelihood on capture-recapture data

We analyzed the CR data with a Cormack-Jolly-Seber model (Lebreton et al. 1992) to estimate
apparent juvenile and adult survival and recapture probabilities of garden warblers and blackcap. Time
variation in survival and recapture probabilities was modelled with a random year effect. When a CR

site was not monitored during a year, we set the recapture probability to 0. As some individuals
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(especially males) may have a higher breeding philopatry and some other birds may have territories
closer to the different CR sites, estimates of recapture probabilities could be biased. Therefore, to limit
bias, heterogeneity between individuals was accounted for by including an individual covariate defined

C-a . . .
as In(1 + :) where ¢ is the total number of captures and « is the number of years with captures for

a given individual.
The likelihood for the CR data was denoted Lcr (CR| by, da, p).

Joint likelihood

The joint likelihood is the product of the likelihoods for the two datasets, i.e. count data and CR data:
Lipm (v, CR| by, da, £, Na, p) = Leo(y|dy, da, f;Na) X Ler(CR|dy, da, p) (12)

Effect of breeding timing and competition

As previous work showed that garden warbler and blackcap compete intra- and interspecifically for
territories during the breeding season (Garcia 1983), we predicted that this competition would
consequently impact the demographic parameters. Indeed, when warblers’ density is high, some
warblers would have to use territories of lesser quality in terms of resources or have to spend more
time in defense of territory limiting the energy invested in reproduction. Consequently, the
competition could decrease the amount of food that warblers could provide to chicks, which may

have an impact on their reproductive success and on the juvenile survival.

Moreover, the species phenology could modulate the effects of competition. Indeed, warblers
breeding phenology varies over the years (Askeyev et al. 2009, Kovacs et al. 2011). Spring migration
before the breeding period can be adapted to the climatic conditions as spring temperatures and the
NAO (Forchhammer et al. 2002, Tottrup et al. 2006a, Zalakevicius et al. 2000). In case of eatlier
favorable local weather in spring, earlier arrival could be beneficial to occupy better territories and
increase reproductive success (Forstmeier 2002) or to adapt the timing of reproduction in relation
to the food availability (Both et al. 2009). As resident species ate known to be more responsive in their
phenology than migratory species (Kluen et al. 2017), we hypothesized that blackcap would have a

flexible breeding timing according to environmental conditions. Therefore, when spring is warm,
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blackcap could start breeding earlier and inversely cold springs will delay breeding. Conversely, the
timing of reproduction of the garden warblers could mainly be influenced by the photoperiod
(Gwinner 1996), which may cause a weakly flexible spring arrival compared to blackcap. Therefore,
when blackcaps were early, the breeding season of the two species should overlap less than when they
were late. When breeding periods of the two species overlap more widely, the need for food especially
during incubation and chick-rearing periods will be on the same timing, potentially resulting in
stronger competition. Therefore, we predict that breeding timing of warblers should affect the

strength of the competition between the two species during the breeding season.

Table 3.2. Summary of the linear regression used on demographic parameters ¢y: apparent juvenile survival, /-
number of fledglings per birds, p: intercept, Bia: slope for intraspecific interaction, Big: slope for interspecific
interactions, B1ps: first degree coefficient and B2ps: second degree coefficient for the effect of the phenological
shift, e: yeatly random effect, PSyg: interspecific phenological shift, PSjs: blackcap intraspecific phenological

shift, N¢o¢: total number of individuals and Na: number of adults at time 7 for species GW: garden warbler or
BC : blackcap.

Species  Parameters Equations

Number of l g(fGW't) HeGw I BIA,f.GW X I]A,GW,t | BIE,f,GW X NA,Bc,t
fled lmr | BlP GWXISE +Bn X PS X N
i B 5 int,f,GW : BC,
Garden gings S IEt int IEt ABCt

+ Eowit

warbler
Apparent logit(dycw,) = Hepew + Biasrew X Neotgwe + Bigscw
juvenile X Niotgce + Blpsgew X PSige + Binggsew
survival X PSigr X Niotper + €gpowit
Number of log(fgct) = Mepc + Biagec X Nagee + Blpseec X PSiag
fledglings + B2pserc X PSiar’ + Eepe

Blackcap Apparent
uvenile log(dysct) = Hgpec + Biagysc X Neotset ‘: Blps,e)BC
survival X PSiar+ BZpsgrec X PSiar” + ggppct

To test these predictions, we took into account phenological indicators and effects of intraspecific and
interspecific relationships in our multispecies IPM. Depending on the species, we did not test the same
effects on the demographic parameters (Table 3.2). Because interspecific interactions are known to be
asymmetrical (Garcia 1983), we only tested the effects of interspecific relationships on garden
warblers. Specifically, for garden warbler, we tested linear effects of intraspecific, interspecific

relationships, interspecific phenological shift and an interaction between interspecific phenological
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shift and interspecific relationship. For blackcap, we tested linear effects of intraspecific relationships
and quadratic effects of the blackcap intraspecific phenological shift. Because blackcaps are assumed
to adjust their reproduction according to environmental conditions, we tested a quadratic relationship
on intraspecific phenological shift by assuming that the most shifted reproductions compared to the
norm may be the result of unfavorable environmental conditions and may negatively affect their
demographic parameters. For each demographic parameter, we added a temporal random effect to

capture residual environmental stochasticity that was not explained by time-varying covariates.

Model implementation

To test the effects of intraspecific and interspecific relationships in our model, we used normal priors
with Bg; ~ N(0,2) for the effects on apparent juvenile survival (¢py), Br ~ N(0,0.5) for the effects on
the number of fledglings per bird (f). We specified normal prior N(0,10) for the effects of phenological
shifts (Bps, Bint). We assigned a N(0,1) prior for the mean value (Mgj, Ugpa, Hp) and a U(0,5) prior for
the standard deviation (04y, Ogpa, Op) of juvenile, apparent adult survival and recapture probability,
respectively. The mean value of fwas defined with a normal prior: pg~ N(log(4),0.5)and the standard
deviation of the temporal random effect with an uniform prior: of ~ U(0,1). We specified a normal

prior N(0,1) on the individual covariate on recapture probability.

Posterior distributions for all parameters were approximated »zz Markov chain Monte Carlo (MCMC)
algorithms. We run two independent MCMC chains with 400,000 iterations and a burn-in period of
100,000. One out of 20 iterations was kept and final inferences were derived from a sample of 2 X
20,000 iterations that resulted from merging the two chains. Gelman-Rubin convergence diagnostics
(Brooks and Gelman 1998) were below 1.1 for each parameter and the mixing of the chains was
satisfactory. We performed the analyses using nimbleEcology (Goldstein et al. 2019 ; version 0.3.1)
and program R (R Core Team 2020 ; R version 4.0.3). Code and data are available on Github:

maudqueroue/Fauvettes.



Chapitre 3. Interactions interspécifiques et phénologie chez les fauvettes 122

Results

Population abundance indexes
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Figure 3.2. Abundance index of garden warbler and blackcap between 2002 and 2019. Solid lines represent the
median of the estimated mean number of garden warblers (in orange) or blackcap (in dark blue) per count
point. Shaded areas are the 50% and 95% bootstrapped confidence intervals.

The mean number of blackcap per count point was higher than the mean number of garden warbler
with 1.82 *+ 0.19 for blackcap and 0.57 £ 0.13 for garden warbler (Fig. 3.2). The number of garden
warblers decreased over time from 0.66 to 0.41 mean number of birds per count point with a clear
drop between 2011 and 2012. On the contrary, the number of blackcap increased over time from 1.58

to 1.99 mean number of birds per count point.
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Phenological indicators
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Figure 3.3. Estimation of phenological shifts during the period 2001-2019. (a) Interspecific phenological shift
(in day) of the breeding timing between garden warbler and blackcap with blackcap breeding timing as reference.
(b) Blackcap intraspecific phenological shift of breeding timing between years with 2019 as a reference year
according to interspecific phenological shift. (c) Garden warbler intraspecific phenological shift difference of
breeding timing between years with 2019 as a reference year according to interspecific phenological shift. Dots
and arrows represent the mean and standard deviation respectively.

Estimates of interspecific phenological shifts showed that breeding timing of blackcaps was between
5 to 20 days eatlier than breeding timing of garden warblers (Fig. 3.3a). The interspecific phenological
shift was on average of 13 days. Without detecting a clear relationship, we noticed that interspecific
phenological shift increased over the years. Breeding timing of blackcap varied considerably from year
to year with a maximum difference of 17 days between years (Fig. 3.3b). We observed a link between
interspecific phenological shift and blackcap intraspecific phenological shift. When the breeding
timing of blackcap was early, the shift between reproductions of the two species was higher. Breeding
timing of garden warbler was quite stable over time with only two years with a marked delay compared
to other years (Fig 3.3c). There was no link between interspecific phenological shift and garden warbler
intraspecific phenological shift. The evolution over time of the intraspecific phenological indicators

are in Appendix $3.1. Fig. $3.1.1,
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Effect of phenological shifts on demographic parameters

Apparent juvenile survival
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Figure 3.4. Relationships between phenological shift and the demographic parameters: the apparent juvenile
(top) and number of fledglings (bottom) for blackcap (in dark blue) and garden warbler (in orange). Solid lines
represent estimated relationships between covariates and demographic parameters. Shaded areas are 50% and
95% credibility intervals (a) Blackcap apparent juvenile survival according to blackcap intraspecific phenological
shift i.e, difference in timing of blackcap reproduction between years. (b) Garden warbler apparent juvenile
survival according to interspecific phenological shift i.e, difference in timing of reproduction between the two
species. () Number of juveniles per blackcap according to blackcap intraspecific phenological shift. (d) Number
of juveniles per garden warbler according to interspecific phenological shift. Relationships were calculated with
average population sizes for density-dependent effects.

We found a negative effect of intraspecific phenological shift on the number of fledglings per blackcap
L.e., there was more fledglings when reproduction of blackcap was later in the year (Fig. 3.4c). This
effect was not found on apparent juvenile survival of blackcaps (Fig. 3.4a). We found a positive
relationship between interspecific phenological shift and apparent juvenile survival of garden warbler
(Fig. 3.4b): Apparent juvenile survival was higher when the difference in the breeding timing of the
two species was smaller. We did not detect a similar effect on the number of fledglings per garden

warbler (Fig. 3.4d).
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Intraspecific and interspecific interactions

Table 3.3. Regression coefficients (slope) and posterior standard deviations (sd) for the effect of intraspecific
(top) and interspecific (bottom) relationships on number of fledglings per bird and apparent juvenile survival
for garden warbler (left) and blackcap (right). Relationships were calculated with average value of phenological
shifts for phenological effects.

Garden warbler Blackcap

Slope  sd 25%  97.5% Slope sd 25%  97.5%

Intraspecific interactions
Number of fledglings -0.021  0.068 -0.152 0.113  0.008  0.023 -0.053 0.037
Apparent juvenile survival  -0.360 0.178 -0.738 -0.028 -0.226  0.097 -0.430 -0.047

Interspecific interactions
Number of fledglings 0.012  0.027 -0.041 0.065
Apparent juvenile survival  -0.093  0.109 -0.314 0.115

The effects of intraspecific density dependence