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Somewhere over the rainbow
Way up high
And the dreams that you dreamed of
Once in a lullaby ii i iii
Somewhere over the rainbow
Blue birds fly
And the dreams that you dreamed of
Dreams really do come true ooh ooooh
Someday I'll wish upon a star
Wake up where the clouds are far behind me eetee ee
Where trouble melts like lemon drops
High above the chimney tops that where you'll fimeloh
Somewhere over the rainbow bluebirds fly
And the dream that you dare to, why, oh why c&n'ili

Over the Rainbow, E.Y. Harburg

"Rather than look down our noses at scientists whigierest, methods or philosophies don't coincide
with our own, it's time that we all unplug, sit aral the same camp-fire, pass the botle, and sweap li
We may not solve the world's problems but'll akfea lot, and after the fire has died out and virere

back home staring at computers, our research progravill improve".

"We are all trying to understand nature. That iprévilege to treasure and perserve."

R. Steadman

A mes parents,

Flo. et mes deax grand-menes.
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1. INTRODUCTION
1.1. Les invasions biologigues, une composante maje du changement global

1.1.1. Définition et généralités

La référence a I'« Ere Homogocéne » popularisée3oadon Orians il y a plus de 20 ans est
devenue aujourd’hui évocatrice d’'une homogénéisagiobale des écosystemes, et le fruit d'une
redistribution sans précédent des especes a lléanehdiale (MacKinney & Lockwood 1999 ;
Mack et al. 2000). L’essor considérable des échanges commea&retahumains depuis plusieurs
millénaires a permis aux especes de franchir desekes géographiques qui leur auraient été
insurmontables sans l'aide de I'Homme, et contrikuel’accroissement des probabilités
d’invasion d’especes allochtones (Passtahl 2006). Une invasion biologique provoquée par
I’'Homme résulte de l'introduction délibérée ou minne espéce dans un milieu dont elle n'est
pas naturellement originaire. Cette espéece dois glouvoir se reproduire de maniére pérenne et
autonome, se propager dans son nouvel environneateatcasionner des perturbations au
fonctionnement de son écosystéme d’accueil pouellgusoit considérée comme « invasive »
(« invasive species », selon la définition de IS on parle aussi d’espece « alien ». Soixante
ans aprés que Charles Elton (1958) a fait émemgrptemieres mises en garde face aux
« meéfaits » environnementaux engendrés par lessions biologiques, lintérét pour ce
phénomene en pleine expansion s’est accru, siduierles invasions biologiques font partie des
cing composantes majeures du changement globa ¢Bal 2000) et sont considérées a I'’heure
actuelle comme la seconde cause d’érosion de thvieigité a I'échelle mondiale (Vitousekt
al. 1997 ; Mooney & Cleland 2001 ; Clavero & GarciertBiou 2005).

1.1.2. Quels sont les facteurs qui prédisposent lespeces a l'invasion ?

Toutes les espéces introduites par 'Homme ne deem pas envahissantes et
n'occasionnent pas des dommages aux communautiéggened (Williamson & Fitter 1996).
Définir et prédire les traits biologiques qui psgEisent une espece a réussir une invasion reste
cependant difficile, notamment du fait de la mé@ssance des causes de la majorité des cas
d’échecs. Face a la complexité des processus guiegrent le succes d’'invasion d’'une espéce
dans un nouvel environnement (e.g. Colaettial 2004), les recherches se sont jusqu’alors plus
longuement attardées a identifier des facteurslaiiis au succes ou a I'échec d’'une invasion

(e.g. Williamson & Fitter 1996 ; Veltmaret al 1996). Ainsi, certaines caractéristiques
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intrinséques des espéeces semblent étre liées plitade de leur niche écologique (i.e. capacité
a exploiter des ressources, habitats et environnsmariés ; Vazquez 2005 ; Jeschke & Trayer
2006 ; Blackburret al. 2009), la plasticité écologique (Sailal. 2002) et/ou trophique (Caat

al. 2008) des individus (i.e. capacité a changer rdéépences alimentaires ou d’habitats), des
stratégies de reproduction adaptées a une expamgiae (Drakeet al 1989), le comportement
exploratoire du nouveau territoire (Russat al 2010), la variance génétique de la
« population » nouvellement arrivée (Baker & SteBhl965 ; Lee 2002), et enfin les capacités
des especes a répondre rapidement aux pressiosélad#ion naturelle (Lee 2002). D’autres
facteurs extrinseques ont été identifiés comme risaot I'invasion, & savoir I'absence de
prédateurs, compétiteurs et pathogénes dans l@mement nouvellement colonisé (Broalite

al. 1995 ; Cincottat al. 2009).

1.2. Vulnérabilité des écosystémes insulaires ainwvasions biologiques

Les iles, d’origine océanique ou continentale, @rdlué en isolement pendant des dizaines,
centaines de milliers voire millions d’années. Ggstemes hébergent une richesse spécifique
faible, un fort taux d’endémisme ainsi que des aésetrophiques simplifies (Cronk 1997 ;
Denslow 2001 ; Drakeet al. 2002). Ces trois particularités conférent aus ilme grande
vulnérabilité aux invasions biologiques et notamimamx extinctions d’especes de vertébrés
autochtones (Amoret al. 2008 ; Sax & Gaines 2008 ; Bergluedtl al. 2009). En effet, les
invasions biologiques sont rendues responsablesedede la moitié des extinctions de vertébrés
survenues depuis 1600. Parmi elles, 90% des 3Cesuke reptiles et amphibiens (Honegger
1981), 93% des 176 espéces et sous-especes dioiddag 1985) et 81% des 65 especes de
mammiféres (Ceballos & Brown 1995) reconnues ésidurant cette méme période étaient des

formes insulaires.

Les organismes adaptent leurs traits d’histoirerideet leurs comportements en fonction de
signaux environnementaux (e.g. caractéristiquessiles de reproduction, risque de prédation,
interactions intra- et inter-spécifiques), qui igsident vers la sélection d’habitats de bonne
qualité, maximisant ainsi leur succes reproducttdeur survie (Schlaepfat al 2002). Dans
certains cas, laltération brusque de certains efast environnementaux par I'Homme
n'engendrerait pas automatiquement de réponse atleptes individus pour faire face a cette
nouvelle menace (Schlaepfet al 2002 ; Battin 2004 ; Robertson & Hutto 2006). &pkut
ainsi générer des « pieges évolutifs » chez legéoespqui subissent ces changements dont le

comportement et les traits d’histoire de vie dedrarent subitement mal adaptés au nouveau
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contexte environnemental et mettraient en périt fmrsistance sur le long terme. Les espéces
insulaires sont particulierement vulnérables a pEges évolutifs causés par les espéces
invasives (Schlaepfeat al 2005) car elles ont souvent évolué en I'abserctodes contraintes

de compétition, prédation, herbivorie ou parasiis@’est pourquoi la plupart d’entre elles n'ont
pas développé de capacités de dispersion élevéesayistemes de défense contre les prédateurs
ou pathogeénes, et ont adopté des stratégies deduepion lentes avec une fécondité réduite
(Williamson 1996). Par exemple, chez les espécessaHux marins qui se reproduisent
exclusivement sur des fles, ces zones insulairestiteaient par le passé un refuge contre les
prédateurs terrestres que I'on pouvait rencontretescontinent. Leur degré de fidélité aux sites
de reproduction et partenaires étant donc fortsues capacités de défense contre les prédateurs
limitées (Burger & Gochfeld 1994), ces oiseaux,taulr les pétrels et puffins, apparaissent

fortement enclins aux piéges évolutifs (Ilgathl 2007).

Les mammiferes figurent parmi le groupe d’espéeent été largement introduites sur les
fles de la Planéte par 'lHomme, a des fins aliniezgge.g. porcins, bovins, ovins, cervidés, rat
du Pacifique), de contrble d’autres especes ensathiss (e.g. chats, mustélides), de loisirs pour
la chasse (cervidés, lapins), en tant qu’animatatapagnie (e.g. chats, chiens), ou de maniéere
involontaire (e.g. rats, souris), et représentdnsiaune menace majeure pour les especes
indigénes des Tles (Courcharapal 2003). L'exemple frappant de l'introduction votaime de
deux chats sur I'archipel des iles Kerguelen guidcisit en 30 ans au développement d’'une
population de chats de 3500 individus, et a I'éhiation de 1,2 millions d’oiseaux par an (Pascal
1980) illustre parfaitement 'ampleur de la menage représentent les prédateurs introduits
pour les espéces animales indigenes. Les effetsdasions peuvent étre relativement simples
(e.g. prédation directe sur I'espece indigéene)res tomplexes (e.g. synergie entre plusieurs
especes introduites, cascades trophiques). Airngréhension des mécanismes d'impact des
especes introduites, la prédiction des effets dessions biologiques et la mise en place
d’opérations de conservation adaptées et efficdépsndent étroitement de la complexité des
réseaux trophiques « envahis », c'est-a-dire lebnend’especes introduites et la nature des
interactions qu’elles ont tissées avec les espixigenes mais aussi avec les autres especes
introduites (Rayneet al. 2007 ; Witmelet al 2007 ; Cauet al 2009 ; Dowdinget al.2009).
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1.3. Les rongeurs introduits du genreRattus: écologie, répartition géographique,
dynamique de population et impacts sur les écosystes insulaires

1.3.1. Description générale

Sur les 66 especes de rats du g&atus(famille Muridés, sous-famille Murinés) décrites a
ce jour, cing d’entre elles ont été introduiteslesriles par 'HommeR. rattus(Linné 1758) R.
norvegicugBerkenhout 1769)R. exulangPeale 1848)R. praetor(Thomas 1888)R. tanezumi
(Temnick 1844)La taxonomie est souvent rendue compliquée paistemxce de nombreuses
dénominations associées a ces cing especes (epgpudB. exulansplus de 150 pouR. rattus
et R. tanezumriéunis; Musser & Carlton 2009)’autres especes de rongeurs ont également été
introduites au cours de l'histoire de colonisataes iles par 'Homme, mais, mis a phttis
musculuselles n’ont pas largement été répandues suleleslé la Planéte (Apliet al 2003).R.
rattus (rat noir, rat des champs, « ship rat®)norvegicugrat brun, rat des villes, rat surmulot,
« Norway rat ») eR. exulangrat du Pacifique, rat polynésien, « kiore ») desttrois espéces
de rats considérées comme ayant le potentiel essafti le plus fort, et qui occasionnent de
séveres dommages aux faunes et flores insulairesleke ou ils ont été introduits (Atkinson
1985 ; Courchampt al 2003 ; Jonest al 2008).

1.3.2. Ecologie deRattusspp. introduits sur les iles

Les trois espéces de rats introduits du gdRatus présentent des écologies relativement
distinctes. Sur les files, elles occupent des milikas variés comme les milieux agricoles,
forestiers, cotiers, de pelouse, de mattoral, pegtiet urbains (Musser & Carlton 2005). Le rat
noir (son poids adulte excede rarement 230-2508)cessidéré comme l'espéce la plus
généraliste dans la sélection de son habitat (Hatpal 2005), avec cependant une préférence
pour les milieux secs et tempérés. C’est un rongehoricole tres agile, mais qui adopte
facilement un mode de vie terrestre en nichanbrgant et se reproduisant dans des terriers ou
sous des buissons bas (Musser & Carlton 2005) egionm méditerranéenne, ou la température
extérieure reste douce durant I'année, il vit ehode des habitations et a établi des populations
strictement non commensales (Cheylan 1988 ; FadgiPascal 2006). Cette espéce possede
également un spectre alimentaire trés large (Ealal 1971 ; Daniel 1973 ; Clark 1981 ;
Campbellet al 1984 ; Moors 1985 ; Miller & Miller 1995 ; Quikidt et al 2008) et une

plasticité alimentaire qui a été fortement suggémame favorisant sa survie sur les petites fles,
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ou les contraintes trophiques sont souvent drassidClark 1981 ; Cheylan 1988 ; Caital
2008). Ainsi, il a été montré, sur certaines itpse le rat noir pouvait changer de ressources de
maniere opportuniste afin de compenser I'absentgdeaire d’'une ressource principale (e.g.
oiseaux marins ; Fleet 1972 ; Catial. 2008).

Le rat surmulot (poids adulte : 350-450 g), quahti aaffectionne les milieux humides et sa
présence sur les fles est plus nettement lieepaésence permanente d’eau douce (Musser &
Carlton 2005). Ce rongeur affectionne particuliezatries milieux urbanisés, ou il a trouvé une
« niche écologique » en étroite proximité des ladioibs. Enfin, le rat du Pacifique (poids adulte
< 130 g) préfere les milieux bien végétalisés atrds, ou il est étroitement associé aux activités
humaines (Marshall 1977). Rats noirs et surmul@srencontrent dans des écosystemes
contrastés et a des latitudes tres variées, aefgian de I'Antarctique, alors que le rat du
Pacifique reste cantonné a I’Asie du Sud Est etemuiiles du Pacifique, de la Mélanésie a l'ille
de Paques en passant par l'archipel d’Hawaii. 129% groupes majeurs d’iles mondiaux
hébergent simultanément les trois especes (Atkid®&3). Leur présence conjointe sur les iles
et leur coexistence au sein de mémes habitats setntire fortement régies par des relations

interspécifiques de compétition (Russell & Cloud2p
1.3.3. Histoire de colonisation des iles et répatitn géographique actuelle

Plus de 80% des principaux groupes d’lles de laddahébergent au moins une des trois
especes de rats introduits (Atkinson 1985). Leffusion par THomme sur les iles de la Planéte
a débuté a des périodes distinctes et selon desmsshdifférents pour chaque espece. Le
complexeR. rattuscomprend plusieurs lignées phylogénétiques, tassees du sud et sud-est
de I'Asie (K. Aplin non publi®). De la forme asiatique ancestrale 2 42 chromosomes) ont
evolué plusieurs lignées composées de deux audreses$ caryotypiquesii2= 40 et &2 = 38
chromosomes ; Yosida 1980 ; Baverstetlkal 1983). Seules les populations =238 (forme
océanique) etr2= 42 (forme asiatique) ont été introduites parobitine sur un grand nombre
d’iles. Une des formes asiatiqués, r. tanezumia probablemen#té introduite a la période
préhistorique aux Philippines, au Japon (iles Amaren Indo-malaisie (iles Sulawesi),

! Aplin K. Prehistory of the world's greatest pebg black rat Rattus rattuy based on a global survey of its mitochondrial DNRésultats

presents a la Conference ANU Archaeological Sci@@@8 a I'Université Nationale Australienne, Camagenon publié.
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Micronésie et Nouvelle Guinée (Matisoo-Smith & Rwbi2004), et récemment élevée au rang
d’espéce R. tanezumj Musser & Carlton 2005). La forme océanique, origialu sud de la
péninsule indienne (Sri Lanka) correspond, quaaiteq aux populations de rats noirs qui ont été
introduites sur la plupart des iles des trois pp@ex océans (Yosida 1980). Bien qu’un
représentant de la forme océanique datant de 2B8ROGHt été identifié au Moyen Orient
(Tchernov 1968), le rat noir ne semble pas avédirdtle pourtour méditerranéen avant 8 000BP
pour la Palestine (Tchernov 1986 ; mais cette date¢oujours en débat ; Armitageal 1984 ;
Audouin-Rouzeau 1999) ou 3500BP pour la Mésopotaflareynck 2002). Puis, durant la
période romaine, et profitant de I'essor des écksrtgumains et commerciaux, il aurait été
largement transporté sur les rivages et les ildedsemble du bassin Méditerranéen (Ruffato

al. sous presse ; voir ausBartie 2.1), ainsi qu’en Europe continentale, jusqu'en Grande
Bretagne (Armitage 1984 ; Audouin-Rouzeau & Vigi9®6a), en voyageant « clandestinement »
par bateaux. L'implantation du rat noir en Europeidentale semble prendre son essor dés le
X1°Mesigcle, période a laquelle les événements lesrpltageurs de la peste sévirent (Audouin-
Rouzeau 1999). Sa diffusion depuis I'Europe vers éeéans atlantique et indien débuta
sporadiquement & la fin du XV° siécle avec la période des grandes découvertds, pu
s'intensifia, notamment dans le Pacifique, dés leemdu XIX*™® siécle pour atteindre son
apogée au milieu du XX¢siécle (Atkinson 1985).

Le rat polynésien semble trouver son origine dand¢jion indo-malaise (Matisoo-Smith &
Robins 2004). Bien que I'histoire de colonisati@s dles de I'Océanie Proche par 'Homme se
soit amorcée trés tét, des 40 000BP (Green 198tyraindice de présence du rat du Pacifique
sur ces iles n'est identifié avant I'Holocene (Fary 1995). Son introduction sur les iles vers
'Est du Pacifique ne débuta visiblement qu’il yeaviron 3 500 ans, en relation avec les
mouvements des peuples de culture Lapita et deaudaagstronésienne (Matisoo-Sméh al
1998). Les restes archéozoologiques de rats ddidqReciapparaissent dans tous les contextes
archéologiques correspondant aux peuples Lappalghésiens, méme au niveau des contextes
les plus anciens (Matisoo-Smig al 1998 ; Matisoo-Smith & Robins 2004), notammentles
archipels des Samoa, Tonga et Fidji (~3 000BP) pur les iles Marquises et Hawaii (1 000-
800BP), et sur I'lle de Paques (800-600BP ; Baeted 2006). Durant les premieres phases de
colonisation des peuples Lapita et polynésiengatedu Pacifique aurait été volontairement
introduit (Matisoo-Smith & Robins 2004), probablemen tant que source de nourriture comme

I'ont été d’autres especes (coqs, cochons ; Mai&odhet al 1998).
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L’introduction du rat surmulot sur les iles a débbien plus tard que pour les deux autres
especes de rats. Cette espéce est originaire dagien voisine du sud de la Sibérie et du nord
de la Chine. Son arrivée en Europe centrale esivearvers le début du XVA® siécle
(Atkinson 1985). Cependant, une fois implanté daagorts européens, il fut transporté par les

bateaux sur un grand nombre d’iles des trois océmijsurs.

1.3.4. Dynamique de population deRattusspp. sur les iles

Chez la plupart des espéces opportunistes a saatdg reproduction rapide, comme les
rongeurs généralistes, les fluctuations de dynaenagipopulation sont régulées a la fois par le
contrdle exercé par un ou plusieurs prédateurgsid€t dites « top-down »), et par la variation de
la disponibilité et de I'abondance des ressouréexcds dites « bottom-up ») (Korpimaki &
Norrdahl 1998 Blackwell et al 2001 ; Effordet al. 2006). Sur les iles ou, en I'absence de
prédateurs, les trois espéces du g&attusfigurent parmi les consommateurs de dernier ordre,
la disponibilité et I'abondance des ressources itomdent fortement la dynamique de
population des rats. En particulier, plusieurs asgtecomme Clark (1980) et Moller & Craig
(1987) remarquent l'influence récurrente et forte ld saisonnalité sur certains parametres
populationnels comme l'abondance des populationdaopériode de reproduction. En zone
tempérée, la saisonnalité de la dynamique des atigos$ insulaires de rats est marquée par
I'arrivée de conditions printaniéres plus clémenged’apparition concomitante de ressources
abondantes (Cheylan & Granjon 1985 ; Miller & Mill&@995). En zone tropicale ou aride,
I'apport d’eau douce par les fortes précipitati@asonniéres, en accroissant notamment la
productivité primaire du milieu, est reconnu potreéun facteur déclenchant la reproduction
chezR. rattus(Clark 1980). Par ailleurs, les capacités des jadipns insulaires de rats noirs a
répondre rapidement a une augmentation soudailiebdmdance des ressources ont récemment
été démontrées de maniére expérimentale par HarMdacDonald (2007). Ainsi, I'apport
artificiel de ressources supplémentaires dans lieuns’est traduit chez les populations de rats
noirs des Galapagos par un accroissement de lborglances, une augmentation de la masse
corporelle des femelles et un allongement de laogérde reproduction. Globalement, trop peu
d’études s’appuient sur un suivi des populatiosslaires de rats sur le long terme (i.e. plusieurs
saisons ou annees) afin d’identifier les factenfliéncant leurs variations spatio-temporelles.
Par contre, I'apport épisodique de ressources exasgénduit par les précipitations intenses
(Madsen & Shine 1999 ; Brown & Ernest 2002), ouagghes, par les « pluies de graines ou de
fruits » (Choquenot & Ruscoe 2000) et émergenceselites (Marcellet al. 2008) ont été

identifiées pour avoir un effet significatif sursl@populations d’autres rongeurs introduits. (
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musculu} ou de petits mammiferes non introduits (€gromyscuspp, Rattussp., Dipodomys

spp, Tamiasciurusp.,, Sciurussp.).

1.3.5. Impacts des rats sur la biodiversité insules

Du fait de leur comportement opportuniste, leurimég polyphage et leur répartition
ubiquiste, les trois especes de rats introduiteratcé et exercent toujours de lourds impacts sur
les communautés de faunes et flores indigenedeatest ils ont été introduits. Les rats sont des
prédateurs d’un large spectre de groupes d’espéaesne les invertébrés (Clout 1980 ; Ruffaut
& Gibbs 2003 ; Myer & Shiels 2009), reptiles (Towt894 ; Townset al. 2007), amphibiens
(Whitaker 1978), oiseaux terrestres (Penletipl. 1997 ; Robinegt al. 1998 ; Inne®t al. 1999)
et marins (Jonest al 2008), ainsi que les mammiferes volants (FeREE0). Leurs impacts sur
la faune indigéne des iles se manifestent égalemetravers de processus de compétition pour
les ressources avec les communautés de petits niamsn{Harris 2009) et d'oiseaux (Clark
1981), et la transmission de pathogénes contrauéésda faune indigene n’est pas adaptée
(Wyattet al. 2008). La flore indigéne des iles est affectédgpaomportement herbivore des rats
(Clark 1981; Grant-Hoffman & Barboza, sous pres@@)notamment la prédation sur les graines
et l'altération de la régénération des plantulelie(Pet al. 1994 ; Shawet al 2005). Les effets
délétéres des rats sur les communautés insulagegept étre favorisés et accentués par la
présence d’'une source de nourriture alternativepgumettrait aux rats de survivre sur les iles
lorsque la proie indigene principale est tempora@et absente (cas des lapins introduits sur
Whale Island, Nouvelle Zélande : Imbefral. 2000 ; cas des émergences de tortues vertes sur
I'le Surprise, Nouvelle Calédonie : Carital 2008).

Les effets des rats sur les faunes insulaires prgnparfois une ampleur dramatique,
conduisant tres rapidement certains taxons endé@&sigu’extinction totale. L'un des exemples
les plus frappants est représenté par le cas deSBigh Cape Island en Nouvelle Zélande
(Atkinson 1985). Arrivé accidentellement en 19@&tdt noir causa en deux années la disparition
de plus de 40% de I'avifaune locale ainsi que lfetton compléte d’'une espéce et une sous-
espece de chauve souris. De méme, I'invasion de Howe Island, a I'est de I'Australie, par le
rat noir, suite a '’échouage d’'un paquebot en 1@b@endra en cing ans I'extinction locale de
cing especes d'oiseaux forestiers (Atkinson 19885)1943, deux espéces d'oiseaux disparurent
définitivement de I'lle de Midway, 18 mois apresrtivée du rat noir par cargo militaire
(Atkinson 1985). Les rats ont provoqué ou contrilawé disparitions locales d’autres taxons

animaux, notamment de vertébrés. Cependant, mélaeetation de cause a effet entre I'arrivée
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du rat et I'extinction d’especes insulaires apparkiire dans les trois exemples cités, la plupart
des cas d’extinctions locales imputés aux raten¢sirconstanciels et basés sur la découverte de
restes subfossiles et la comparaison de patromisttéoution passés et présents (Tovehsl
2006 ; Ruffino & Vidal, en préparation ; voir augsrtie 3.4). De plus, les taux d’extinctions
d’invertébrés liées pour partie ou intégralement affets des rats sont certainement sous-
estimés du fait d’'une mauvaise connaissance dewedainvertébrées sur certaines iles et du
manque de données sur les patrons de distributioadplupart des especes invertébrées.
Globalement, la compréhension des déterminismediddtions est rendue compliquée par les
effets synergiques et cumulatifs d’autres factalesisque (e.g. effets d’'autres prédateurs ou
compétiteurs introduits, impact de 'lHomme, changettlimatique ; Steadman 2006)

1.3.6. Impacts des rats sur I'avifaune marine deses

En échos a la crise d’érosion de la biodiversiséiliaire, et au regard du statut de conservation
UICN alarmant des oiseaux marins (Butchatdal 2004), un intérét croissant a porté sur
I'identification des facteurs de menaces et deugsgmajeurs d’extinction des oiseaux marins
(Burger & Gochfeld 1984 ; Atkinson 1985 ; Butchaet al. 2004). Une littérature extensive
existe notamment sur les effets négatifs des watkes oiseaux marins (voir la synthése de Jones
et al 2008). Ainsi, Jonest al (2008) ont répertorié 61 iles réparties dans tessocéans du
monde, excepté I'Arctique et Antarctique, ou aumsdiune des trois espéces de rats affecte ou
a affecté au moins une espéce d’'oiseau marin.rbesdspéces de rats introduits sont reconnus
pour avoir un spectre d’'impact sur les oiseaux msaries large, depuis des especes de trés petite
taille et « cryptiques » comme le pétrel tempétedfobates pelagicygpoids moyen = 23-299)
jusqu’a des especes beaucoup plus massives conatmtids de LaysanPhoebastria
immutabilis poids moyen = 2 855q). Le degré de vulnérahiléd’'oiseau dépend étroitement de
la propension des rats a affecter tous les stadesographiques (ceuf, poussin, adulte) et
notamment le stade adulte. Ainsi, un oiseau deet&fjuivalente ou de plus petite taille que celle
d’un rat serait fortement vulnérable a la prédat&nplus enclin a un déclin majeur de ses
populations (Imber 1984). De plus, il arrive fréqumeent que les parents laissent leur unique
ceuf ou leur jeune poussin vulnérable sans suraedla@ans leur terrier pour aller se nourrir. La
prédation exercée par les rats est un phénoméempdiaerg, qui se déroule en général la nuit,
souvent au fond de terriers ou cavités profondescéfait, son observation et sa quantification
sont rendues particulierement difficiles. L'estitoat de l'intensité avec laquelle les rats
affectent les populations d’oiseaux marins estsafacilitée par la comparaison de parameétres
démographiques des populations d’oiseaux avantpesaéradication ou contrdle local des
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populations de rats de l'lle (Towes al 2006 ; Ruffino & Vidal, en préparation). Par ex#e)

le succés reproducteur du pétrel de CoBkerodroma cookipassa de 0.05 poussin.couple
avant éradication du rat du Pacifigue & 0.53 poussiplé® 'année suivant I'éradication
(Rayneret al 2007). La suppression du prédateur introduit pegdlement conduire a la
recolonisation de sites délaissés par les oisaallmit\@orth et al 2005). Enfin, I'effet négatif des
rats sur les populations d'oiseaux marins peutesigaiht avoir des répercutions en chaine sur les
autres compartiments de I'écosysteme, a savoodesnunautés vegeétales littorales (Kuetel
2008) ou d’'insectes (Towret al. 2009) inféodées aux apports de nutriments diogigharine
transportés par les oiseaux marins, en réduisantapports extérieurs, et bouleversant ainsi

I’équilibre trophique des communautés insulaires.

1.4. Problématique et plan de la these

Comme le soulignent les précédents éléments, ¢és dispéces de rats introduits figurent
aujourd’hui en ligne de mire des gestionnairesgradiques, et tous autres acteurs de la lutte
pour la conservation de la biodiversité insulairenacée, et en particulier des oiseaux marins.
L'impact généralisé et largement accepté des &sfgces de rats introduits sur les oiseaux
marins fait échos aux estimations de risques dietitin annoncées par I'UICN pour lesquels les
rats sont identifies comme un facteur de vulnéitébihajeur et de risque d’extinction chez 70%
des espéces de pétrels et puffins (Famille desePadalae) classées par 'UICN en 2008
comme « globalement menacées » (effectif total ®gfces oiseaux). Ainsi, a I'heure actuelle,
les rats portent clairement I'étiquette de prédatdéres efficaces et néfastes d’oiseaux marins.
Or, le fonctionnement des populations insulairegale ainsi que les facteurs favorisant leurs
impacts sur les iles restent encore mal connuspli® les rats sont avant tout des animaux
crépusculaires ou nocturnes, et le phénomene dlata en lui-méme, tout aussi élusif que
fugace, est rarement observé en milieu naturetlifétilement quantifiable, notamment pour
certains groupes d'oiseaux marins aux maceurs tresrédés, nichant dans des zones peu
accessibles, en falaises abruptes et a l'intérileuterriers ou cavités profondes. De ce fait,
malgré la variété de cas d’étude (contextes inadait expérimentaux) dont nous disposons sur
les effets négatifs des rats sur les oiseaux matasécents questionnements ont émergé relatifs
aux lacunes de nos connaissances portant sur legnieées réels d’'impact du rat, et sur les
difficultés rencontrées dans une évaluation robdstéintensité de cet impact sur des oiseaux

aux meeurs aussi discrétes que certains oiseaursnari
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L'idée générale de ce travail de these s'inscrinsdda nécessité d'une meilleure
compréhension de I'écologie, de la dynamique desilations des rongeurs introduits mais aussi
des mécanismes d’'impact du rat sur les oiseauxhmatide leurs interactions, afin de contribuer
a la construction de bases scientifiques solidesuend’une meilleure évaluation du degré de
vulnérabilité des especes et de la mise en placstrdéégies de conservation pertinentes et
efficaces. Parmi les pistes de recherche qui énfusigu’a présent peu approfondies, pourtant
susceptibles de conduire a une amélioration deudit§ de nos connaissances et estimations,
nous avons identifié trois axes majeurs visant @l): mieux comprendre les effets des
introductions anciennes de rats sur le long tereteplus particulierement les mécanismes
favorisant la persistance de certaines especesediox marins en présence de rats, (2) éclaircir
les patrons d’interactions entre rats et oiseauxin®aet mieux évaluer les déterminismes et
mécanismes du phénoméne de prédation, (3) accptdsrd’intérét au fonctionnement des
populations de rats insulaires, et notamment légmdogie et dynamique de populations, afin
d’identifier les facteurs intrinséques et extringgs| susceptibles de favoriser leur maintien sur
des iles ou les ressources sont souvent imprddtdh dont la disponibilité varie dans le temps

et 'espace.

Dans le cadre de ces recherches, nous nous sorooatisés sur le bassin méditerranéen qui
présente plusieurs caractéristiques favorablest @abord, le bassin méditerranéen représente
un vaste secteur insulaire aux contextes biogébgraes variés, ou l'introduction du rat noir,
espéece considérée comme l'une des espéces de naasnids plus dévastatrices sur I'avifaune
marine, a été ancienne (datant de I'époque romah@gnéralisée. En outre, il s'agit d’'une
région d’étude hautement privilégiée car, contragrt a d’autres régions insulaires susceptibles
d’avoir été précocement colonisées par le rat aaircours de sa diffusion depuis le sous-
continent indien (e.g. archipels du sud et sudeestl’Asie), de nombreuses données sont
disponibles en Méditerranée, non seulement surdsepce ancienne du rat noir et des oiseaux
sur les iles, mais aussi sur leurs statuts actBelsailleurs, de maniére intrigante au regard du
statut critique mondial des Procellariidés, lestopuaspéces de pétrels et puffins endémiques et
sous-endémiques de Méditerranée semblent s’étretenaies sur le long terme, au moins sur
une partie des iles, malgré une introduction amgetu rat noir. Enfin, le bassin Méditerranéen,
comme beaucoup d’autres secteurs insulaires auensodit depuis les derniéres décennies une
intensification des activités humaines, qui mettent péril, de maniere directe (destruction

d’habitats, dérangement, chasse) et indirecteo@otttion multiple d’especes, favorisation de
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I'accroissement démographique de certaines pestdsgiques), les espéces natives des iles, et

plus particulierement les oiseaux marins.

Les différents chapitres de la these s’articulenedmaniéere suivante :

La prise en compte de la dimension temporelle agsductions sur les iles est cruciale pour
une meilleure compréhension des interactions obssrentre especes natives et introduites, des
processus d’extinctions d’espéces passés mais dassmécanismes mis en jeu dans leur
persistance, et fournit ainsi des éléments de coagmm et de prévention de risques futurs
(Morrison 2002 ; Steadman 2006 ; Stragtral 2006). C’est pourquoi, 'une des premiéeres
étapes de cette these a été de réunir I'ensemblénttemations disponibles (essentiellement
archéozoologiques) sur l'arrivée ancienne du ratsw les 1les méditerranéennes afin de mettre
en avant l'intérét fort que représente le conteémsellaire méditerranéen pour I'évaluation des
effets sur le long terme des rats introduits ssrdemmunautés indigénes de ces iRartfe
2.1).

L’analyse des patrons de distribution des espéeeawedarge échelle permet d’éclaircir leurs
patrons d’interactions et de pointer du doigt estdurs déterminants la répartition géographique
des especes (Yom-Taat al. 1999 ; Martinet al 2000 ; Russell & Clout 2004 ; Dele@ al
2006). Dans la partie 2 du chapitre 2, nous avemailé a I'échelle du bassin méditerranéen
occidental ou nous avons abordé les interactioniee eats et oiseaux marins par un bilan
complet des connaissances qui étaient disponiblda glistribution du rat noir, la distribution et
les abondances des quatre espéces et sous-espegasffids et pétrels endémiques de
méditerranée sur environ 300 iles et Tlots, etatgaht par une synthése bibliographique des
mentions d’'impact de rats sur les quatre taxa dais en Méditerranée. Les principaux objectifs
de ce volet d’étude ont été (1) d’identifier siregpune présence ancienne et prolongée du rat
noir sur les fles, sa présence actuelle constiwifacteur limitant dans la présence ou les
abondances d'oiseaux a I'échelle du bassin méditéen occidental, et (2) de bénéficier de
I'existence de contextes insulaires variés pouratfex a mettre en évidence des zones de
cantonnement des populations d’oiseaux marins esrsites qui permettraient de limiter les

interactions avec les prédateurs introdufarie 2.2).

Le troisieme chapitre s’attache a mieux comprefeyenécanismes d’interactions aux terriers
d’oiseaux marins, les capacités de prédation destdeurs impacts au travers de différents axes

de recherche. Dans le cadre des deux premiereesal¢ ce chapitre, nous nous sommes
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focalisés sur I'étude fine des interactions enaits noirs et une espéce de puffin endémique de
Méditerranée a nidification hypogée, le puffin yallan Puffinus yelkouansur une fle (Parc
National de Port-Cros, sud-est de la France) oualmmndances de population de cet oiseau
semblent étre relativement stables depuis une aimgtd’années (Vidal 1985 ; IMEP données
non publiées), malgré une présence ancienne supploseat noir. L'étude des interactions aux
terriers entre rats et puffins s’est effectuée ddesx contextes écologiques différents : (1) au
démarrage d’'une opération de contrdle d’'un prédatpical introduit, le chat har&elis catus

sur I'lle de Port-Cros, et en situation de densitéslérées de rats noirs sur I'iRaftie 3.1), et

(2) aprés le contrble du prédateur apical sur Boos, ou I'on suppose un changement des
abondances de rats ou de leur comportement detjpr@d@ourchampet al 1999 ; Huguest al.
2006 ; Rayneet al 2007), et donc de la nature et intensité degaatens avec les puffins
(Partie 3.2).

La prédation par les rats est souvent un phénorogmique, difficilement observable et
quantifiable. La compréhension des déterminismeséstanismes de prédation est alors facilitée
par la mise en place d’expérimentations en sitnationtrolée (Prieteet al. 2003 ; Meyer &
Shiels 2009). Ainsi, par l'utilisation de tests qmoniementaux sur individus sauvages, nous
avons évalué la capacité des rats noirs a cassensbmmer des ceufs dont la taille et 'aspect
étaient assimilables a ceux d'oiseaux marins ditgepet moyenne taille, en mesurant les effets
relatifs a la taille de I'ceuf et son état, la massgorelle des rats, leur sexe ainsi que leurtagabi
d’origine (Partie 3.3).

Dans le cadre de la quatrieme partie de ce chaitneus nous sommes attachés a réunir et
analyser les articles scientifiques publiés defmgs30 derniéres années portant sur I'impact des
trois espéces de rats introduits sur les oiseauinmdes iles de la Planéte, dans le but de faire |
point sur I'ensemble des méthodologies employées @aaluer I'impact des rats, de pointer du
doigt les faiblesses associées a chaque méthodaowi que les manques dans notre recherche,
et enfin de préconiser des perspectives de reoheatahs le but d’'améliorer la compréhension
des mécanismes d'impact et sa quantificatidariie 3.4). Méme si la littérature foisonne de
mentions et études d’'impact des rats introduits lsarcommunautés d'oiseaux marins, les
mécanismes mis en jeu et l'intensité des interastsont souvent encore mal connus (Toeins
al. 2006). Pourtant, dans le but de prévenir et freleedéclin généralement annoncé des
communautés d’'oiseaux marins, il est nécessairdigfmser d’estimations les plus robustes

possibles en termes de degré de vulnérabilitésqueis d’extinction. Cela passe avant tout par
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I'utilisation de méthodologies appropriées permttd’établir de maniére assez fiable les
processus d'impact.

Bien que le rat noir a été introduit précocementlss fles meéditerranéennes, la nature et
l'intensité de son impact sur les communautés &ised est susceptible d’évoluer depuis
guelques décennies. En effet, des changementdsétaams le fonctionnement trophique des iles
sont survenus en Méeéditerranée, par l'intermédialt@pports de nutriments et ressources
d’origine allochtone favorisés par les activitesraines (Vidalet al 1998 ; Hulme 2004). Au
travers de ce quatrieme chapitre, nous avons tenitdieux comprendre le réle de ces ressources
allochtones et de leur distribution spatiale s iles dans I'écologie, la dynamique et le
maintien des populations insulaires de rats naiiig, de mieux évaluer I'impact qu’ils peuvent
engendrer a I'heure actuelle sur les communautdaimes. Les trois études suivantes se sont
déroulées sur I'lle de Bagaud, réserve intégralsesiu des eaux du Parc National de Port-Cros.
Cette ile présente la particularité de recevois@aiierement des apports de nutriments
allochtones d’origine anthropique, par l'intermédiad’'une colonie de goélands leucophée
Larus michahellisnicheuse et d'une plante envahissante produisast fijues charnues,
Carpobrotusspp. Les rats introduits, et plus particuliérermentat noir, sont reconnus pour étre
des espéces généralistes et plastiques dans Hirsatimentaires et d’habitats (Clark 1981 ;
Cautet al 2008). Ainsi, dans le cadre d'un premier voleartie 4.1), nous avons étudié a la
fois la plasticité de 'espece mais aussi celleiddwidus face aux variations spatio-temporelles
de la qualité et de la nature des ressourcesaaersr d’'une étude basée sur une complémentarité
de méthodologies : des analyses de régime alimmersiai contenus fécaux et en isotopes stables
ont été couplées a une étude approfondie des galedéplacements des individus, a la fois sur
le long terme (capture-marquage-recapture sur 2&)ned sur un plus court terme (radio-

télémétrie).

Les apports épisodiques d'eau douce par linteraiédi d’évenements intenses de
précipitations sont connus pour avoir une nettduémice sur le fonctionnement des
communautés insulaires sur les fles oligotrophésp(5& Polis 2003 ; Andersoet al 2008).

Les deux parties suivantes ont porté sur le rOke wiiations intra- et inter-annuelles des
conditions climatiques dans la modulation des efflets ressources allochtones sur la dynamique
de populations des rats noirs, a savoir les dendié§é parametres reproducteurs, les taux de
croissance des individus et la masse corporBlbetie 4.2). Les effets des précipitations et des
ressources d’origine allochtone ont également &é$ sur la survie des individus grace au
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développement d’'un modéle mathématique bayésieh ©1asl4 sessions de capture-marquage-
recapture Rartie 4.3).
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Chapitre 2

HISTOIRE D'INTRODUCTION DU RAT NOIR SUR
LES ILES DE MEDITERRANEE

EFFETS D'UNE INTRODUCTION ANCIENNE SUR
LA STRUCTURATION ACTUELLE DES
POPULATIONS DE PROCELLARIIDES

L. Ruffino

(b)

e

http://ww.arc.govt.nz F. Dhermain 15

(@) lle de Tavolara, Sardaigne ; (R). rattus; (c) Puffin yelkouanPuffinus yelkouan (d) Puffin cendré
Calonectris diomedea(e) lle de Maire, Archipel de Riou, France.
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- Partie 2.1. -

2.1.EARLY COLONIZATION OF MEDITERRANEAN ISLANDS BY RATTUS RATTUS
A REVIEW OF ZOOARCHEOLOGICAL DATA

2.1. Colonisation ancienne des fles de MéditerrpaéRattus rattusune synthese bibliographique de

données archéozoologiques
Résumé :

Les effets des espéces envahissantes sur les ca@utésrindigénes des iles apres une
introduction ancienne sont suceptibles de changeteslong terme, du fait notamment de
changements dans la nature des interactions béstigtiabiotiques, et des processus évolutifs
mis en oeuvre. Ainsi, dater l'arrivée d’espécessdan nouvel environnement permet de
mieux comprendre les patrons actuels de répartitemnespéeces, leurs interactions, mais aussi
les phénoménes d’extinctions et de persistancep&des. Le rat noifRattus rattus sensus
stricto, est I'espece de rongeur qui a été la plus largein&oduite par 'Homme sur les iles
de la Planéte. Alors que sa diffusion sur les aedsimondiaux a considérablement augmenté
au cours des 150 dernieres années, le bassin ma&déien a connu une introduction bien plus
ancienne du rat noir. Dans le cadre de ce tramails avons réuni I'ensemble des données
archéozoologiques disponibles attestant de la pcésdu rat noir sur les iles et le pourtour
méditerranéen avant le %4iécle afin de mieux appréhender les effets dim@duction
ancienne (~2 000 ans) et généralisée de ce prédateles communautés indigénes des iles.
Les plus anciennes traces de rats noirs trouvédsggpte datent de 400 BC. Les données
archéozoologiques pour le bassin levantin resteégatrares ; cependant il ne semble pas que le
rat noir figurait parmi le cortege d’especes comsadgs introduites sur les iles par les
premiers hommes néolithiques. Pour le bassin ogtatides restes les plus anciens sont datés
de maniere trés fiable de 400-200 BC. La diffusggméralisée du rat noir sur les iles de
Méditerranée a été favorisée par l'intensité ddésmeges commerciaux et humains durant la
période romaine, pour atteindre son apogée au Mayen Age. Les iles méditerranéennes
sont au cceur d’'un des 34 hotspots de biodiversitédmux, et hébergent une faune et une
flore hautement sensibles a l'action des rongentr®duits. Ainsi, nous suggérons que le
bassin méditerranéen représente un lieu d’étuddi@gié pour analyser les effets sur le long
terme de l'introduction ancienne du rat noir s& demmunautés insulaires indigénes apres 2
000 ans de présence de rats. Plus particuliereretig situation originale d’introduction
ancienne offre d’intéressantes perspectives deerelol sur les mécanismes ayant permis aux
especes indigenes de se maintenir en dépit d’'uésepce ancienne d’'un prédateur aussi
dévastateur que le rat noir.

Cette partie correspond a l'articlesous presssuivant :

Ruffino L. & Vidal E. Early colonization of Mediter ranean islandsby Rattus rattusa review

of zooarcheological data. Sous presse daBmlogical Invasions 36




2.1.1. Introduction

Dating the arrival of invasive species in a newige@nd reconstructing their colonization
processes and routes serve multiple research gdaksy help us to understand the dynamics
of species’ introduced range expansion (Hinggbal 2005), to trace movements of people
and elucidate the history of their settlement eslgcwhen the introduced species are
commensal or domestic (Matisoo-Sméhal 1998; Matisoo-Smith and Robins 2004; Searle
et al. 2009), and to explain the spread of zoortiteases across regions (Audouin-Rouzeau
2003; Duplantier & Duchemin 2003). Moreover, elatidg the history of species
introductions allows us to understand processed@ntkasure rates of evolutionary (Strauss
et al. 2006) and ecological changes, such as specigactomns (Steadman 2006) or
distribution shifts or changes in species abundaimcessponse to invasions (e.g. Ebenhard
1988; Lodge 1993; Morrison 2002). In the particdase of longstanding invasions, the long-
term effects of invasive species on native comnmesghould change over time, as invasive
species interact with their novel environment atlidranvaded communities (Strauss al
2006; Strayeet al 2006).

Among the 65 species of the gerRattus only three R. rattusLineaus 1758R. exulans
Peale 1848,R. norvegicusBerkenhout 1769) have been widely scattered by amsm
throughout the world, sometimes with very old higs of invasion (Atkinson 1985). ThHe.
rattus complex can be divided into two main cytogenetmugs (the Asian type 2= 42] and
the Oceanic type [ = 38]; Baverstocket al 1983; Yosida 1980). Recent phylogenetic
research has revealed that tRe rattus complex includes several lineages, all of them
originating from south or southeast Asia (K. Aplinpublishe). The dispersal of the Asian
type R. r. tanezunito islands has been limited to a few island gsowh southeast
(Philippines, New Guinea, Indo-Malaysia, Microng¢saad east Asia (Japan), and this taxon
has recently been recognized as a true speRietafiezumiMusser & Carlton 2005). The
Oceanic type, the black rat or ship Rt,rattus sensus strigtes native to the southern Indian
peninsula and has been introduced to most islaraisd the world (Ervynck 2002). This
species is recognized as one of the world’s tersiMowvasive species (Lowet al 2000),

2 Aplin K. Prehistory of the world's greatest pebi black rat Rattus rattuy based on a global survey of its mitochondrial DN

Results presented at the ANU Archaeological Sci@0@8 Conference at the Australian National Unitgr€amberra, unpublished.
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having triggered rapid extirpations and extincti@isative island species, especially birds
(Atkinson 1985). The history of colonization ofaslds by the ship rat varies among regions
of the world and reflects the different routes @ediods of human settlement. Although this
rodent species has greatly expanded its introdranege throughout the world’s oceans in the
last 150 years (Atkinson 1985), some regions, fcthe Mediterranean basin and its many
islands, have undergone a longstanding invasien lfeginning about 2,000 years ago). The
Mediterranean basin is one of the world’s 34 biedsity hot spots (Myerst al. 2000), and
Mediterranean islands feature outstanding animail ghant biodiversity with high
conservation interest (Delan@$ al 1996; Médail & Quézel 1997), including severataa
that are considered endangered because of invage®es, especially ship rats (Igedlal
2006; Palmer & Pons 1996, 2001; Pastal 2008; Penlouget al 1997). Here, we provide a
comprehensive review of zooarcheological eviderfcehip rat occurrence in the different
regions of the Mediterranean basin before the Middjes to emphasize its longstanding and
widespread introduction on Mediterranean islandsth\Wens of thousands of various
biogeographical island contexts (Arnold 2008), wggest that the Mediterranean basin
provides a unique opportunity to investigate theglterm effects of pervasive invasive rats

on native island communities.

2.1.2. Methods

We searched the literature for reliable zooarchgiodd data onR. rattus in the
Mediterranean region before the High Middle Aged@0-1,300 AD), which was the upper
chronological limit of our research period becaatier this period, 90% of zooarcheological
contexts in Europe revealed ship rat remains (AudBwuzeau & Vigne 1994). We
specifically focused on the oldest and most reiaisting records on Mediterranean islands

and continental margins.

2.1.3. Results and discussion

2.1.3.1. Arrival and dispersal of ship rats to eastn Mediterranean coasts and nearby

islands

The exact period when the ship rat spread outsafiative range and reached the extreme
eastern Mediterranean basin remains unknown. Saies,dstill under debate (Armitageal
1984; Ervynck 2002), have been proposed for thedMidEast as early as the Upper

Pleistocene (17,000-12,000 BP; Tchernov 1968) andna 8,000 BC in Palestine (Tchernov
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1986; Figure 1). Ship rat arrival in the easterd aauthern Mediterranean coasts may have
occurred by two different routes: (1) terrestrinkea-trade with Mesopotamia, where the ship
rat is recorded as early as 3,500 BC in Syria (Bcky2002; Figure 1), and (2) sea-trade
across the Indian Ocean to the Red Sea ports gitEgfere rat remains were found in the
stomach of a mummified cat dated to around 0-200aA@useir el-Qadim, Egypt; this was
the Roman port of Myos Hormos, whose translatiemfiGreek could be “Port of the Rat”
(McCormick 2003; Von den Driesh & Boessneck 1988ureover, in Egypt, a number of
partially digested ship rats have been discovemeshiummified birds of prey, some of them
dated from Roman times, others probably from tledeRtaic period (i.e. 400 BC, Armitage
et al 1984). There is no doubt that the ship rat weesadly present in the southeastern part of
Mediterranean basin during Roman times, althougjahle data remain patchy. Some other
zooarcheological studies mention the occurrenceabfemains in ancient Egypt, but these
suffer from possible misidentifications, probablgused by confusion of the rat with other

rodent species (Ervynck 2002; A Charron pers. comm.
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Figure 1. Rat R. rattug bone remains found in zooarcheological sitesrdmmbin the Mediterranean
basin before the High Middle Age (1,100-1,300 AD).

[Al Palestinia, date must be confirméd; B: Su Guaardinia, Italy, date must be confirméd; C:
Mesopotamial P: Cerro del Real, Galera, Spain, datst be confirmed;|E: Monte di Tuda, Corsica,
France] F: Taula Torralba d’en Salort, Menorca,i§g@: Pompei, Italy] H: Quseir el-Qadim, Red
Sea coast, Egyp} I: Ordona, Italy; J: Sette, Gtosétaly; [K: Zembra, Tunisid;]L: Castellu, Corte,
Corsica, Francé; M: Naples, Italy] N: Zembra, Tiais
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Zooarcheological data on eastern Mediterraneandslaemain very scarce and uncertainty
persists for the period of the first introductioinsbip rats on eastern islands (J-D Vigne pers.
comm.). However, some evidence suggests that daspiearly introduction, the ship rat was
probably not the first commensal species that apemied human colonization of eastern
Mediterranean islands. Indeed, in Crete and Cypanje species of shrew€rpssidura
suaveolensand Suncus etruscus/igne 1988a) have been found associated with ieol
pioneers, while house mou$éus musculus domesticusmains have been found within
human commensal assemblages from the late Bronee(2§00-1,000 BC) and the early
Iron Age (~1,000 BC) (Cucchet al 2005). Despite very rich small mammal assemblages
from excavations, these periods (Neolithic, LaterBe Age, and early Iron Age) have not

revealed any black rat remains on Crete and Cy@risVigne persiiwart.).

2.1.3.2. Dispersal of ship rats towards the westeediterranean basin

Early human settlement on the main western Mediteran islands dates from ca. 9,000-
8,000 BC on Corsica (the first true colonization lapdern man; Vigne & Desset-Berset
1995) and from 3,000 BC in the Balearics (Bover &aver 2003). However, ship rats do not
appear to have been transported with humans atithat(Vigne 1988a). So far, the oldest
and most reliable ship rat remains recorded invilestern Mediterranean basin date from
2,400-2,200 years ago. On Corsica, analyses oflitteof the barn owll'yto albaindicated
that ship rats were absent until 393 BC to 151 B@rie & Valladas 1996). The spread of
ship rats on western islands is demonstrated fexords found in Minorca dated from 200-
100 BC (Saunders & Reumer 1984; Figure 1) and mstab Italy during the same period
(Pompei: 200-100 BC; Hirst 1953; Figure 1). Oldecards have sometimes been suggested,
in Spain (Late Bronze Age; Boessneck 1969) andiMard2,500 BC; Sanges & Alcover
1980), but these remain unconfirmed (Armitagfeal 1984; Audouin-Rouzeau & Vigne
1994). Subsequently, the expansion of the Romanifengnd the increase in human
population in several cities, especially Rome, gateel huge trade flows that probably
facilitated rat transport across countries andni$a since the intense military and trade
activities of the Roman Empire linked the Near E&stria, Judea) and the northern African
coast (Egypt, Cyrenaica) to western provinces. Jpartation of rats on grain and military
ships inevitably facilitated their introduction ontMediterranean islands and around the
continental margins of the basin (McCormick 2003n the continent, most Roman rat
remains occurred within 10 km of the coast (AudeRouzeau & Vigne 1994). For example,

old zooarcheological records have been found iy taring the early centuries AD (Rome:
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0-200 AD, De Grossi Mazorin 1987; Ordona: 200 ADps&tto: 100-200 AD; Naples: 400-
500 AD, Armitageet al 1984; Ervynck 1988-1989; Figure 1). Remains halge been found
on islands during the same period on Corsica, FErai@orte: 500-600 AD, Vigne &
Marinval-Vigne 1985; Figure 1) and in Tunisia (Zembsland: 400-600 AD, Vigne 1988b;
Figure 1).

2.1.3.3. Rates of rat spread within and around th&lediterranean basin

The spread of the ship rat throughout the Mediteaa basin, especially on islands, and
towards western continental Europe has been prigeessince its first arrival in the
Mediterranean. Between Antiquity (pre-O AD) and tbpper Middle Ages (0-1100 AD),
respectively 30% and 40% of zooarcheological exians, where microfauna was analyzed
on Mediterranean islands and in continental Eurbpee revealed ship rat remains (Audouin-
Rouzeau & Vigne 1994). Then, from the™Mdentury AD, the occurrence of ship rat remains
approached a saturation point with up to 90% ofzth@archeological excavations containing
the species, and then up to 100% from th® tdntury AD (Audouin-Rouzeau & Vigne
1994). While spreading across continental Europi, ats remained in coastal and riverside
towns and villages during the first millennium AID, close proximity to humans. However,
within the Mediterranean region, ship rats are swictly commensal. Once they were
introduced on islands, the mild Mediterranean clan@ean annual temperature: 11°C) may
have facilitated their spread out of human settl@sa@and away from coasts (e.g. Castellu,
Corsica: 500-600 AD; Vigne & Marinval-Vigne 1985igkre 1) and their establishment on
islands without permanent human settlement. Nowgdagry few Mediterranean islands
remain ship-rat free, and in the western basin @%slands > 30ha are invaded by rats
(Ruffino et al 2009). Finally, the widespread establishmentatd bn Mediterranean islands
for 1,000 to 2,000 years has been facilitated Dytiie longstanding intensity of human
activities on islands and (2) the close proximifynwost islands and islets to the continent
(Ruffino et al 2009), which may also have favored natural dsglely rats (Russeét al
2008).

2.1.3.4. How are dating ship rat introduction on Méditerranean islands and integrating

its long-term effects on native communities of intest for conservation?

Dating species arrival in a new environment faaiés understanding of the mechanistic

causes of species extirpations and extinctionsafatan 2006). For example, the exact dating
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of ship rat introductions on Big South Cape, Lorowt¢ and Midway islands has contributed
to establishing reliable relationships betweenimaaisions and the sudden extirpations and
extinctions of many native bird, bat, and reptiedes (Atkinson 1985). However, most of
the time, especially for prehistoric extinctionauses of extinction and extirpation are poorly
documented and it is often difficult to identify equivocal cause-and-effect relationships.
Extinction processes are often complicated by o#techastic and intrinsic factors acting
synergistically or in addition to rats to accelerapecies decline and increase extinction risk
(e.g. human impact, climate change, introductiorotbler species; Steadman 2006). In the
Mediterranean, estimation of the most likely perfod. Roman times) of ship rat introduction
in the different parts of the basin has allowedausule out the role of rats in the extinctions
of some small mammals, reptiles, and birds thatiwed during the Pleistocene and early
Holocene (Cinzia Maria 2005), such Rsffinus nestorivhich disappeared before rat arrival

in the Balearics (Zotiest al 1999).

For species that have managed to persist desmtéotigstanding presence of invasive
predators or competitors, the patterns of distibubf their populations, their population
sizes, and their behavioral, physiological and rmolpgical traits should reflect the long-term
effects of invasive species (Stragtral. 2006; Strausst al 2006). This is why understanding
of the current effects of invasive species on magigpulations can be improved by including
the temporal dimension of the invasion. In the @atfs, Harriet al (2007a,b) showed that
400 years of interference competition pressure fbdack rats strongly restricted the spatial
distribution of the endemic rodentlesoryzomys swarthyn Santiago Island, whose
persistence may have been facilitated Qyuntia refugia (Harriset al. 2006; Gregory &
Macdonald 2009). In the Mediterranean, the longltapand widespread introduction of ship
rats on islands may have played a role in shaphegctrrent distribution patterns of birds
(Martin et al. 2000; Ruffincet al 2009), reptiles (M Delaugerre pers. comm.), itsé@éalmer
& Pons 1996), and also plants (Palmer & Pons 20Ré3earch into behavioral and ecological
mechanisms enabling native species to persist téeie long-term presence of invasive
predators is not well investigated (but see worksnfHoareet al 2007), yet it is crucial to
avoid misinterpretations of native species resppmsentroduced species removal and hence
to formulate adequate conservation strategies.hla sense, the early and widespread
introduction of ship rats on the various biogeogreal island contexts of the Mediterranean

should provide a great opportunity to study thegitgrm effects of ship rats on native species
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and to better understand the mechanisms involvélgeifong-term persistence of some of the

natives.

Overall, zooarcheological data of ship rat occureememain patchy on Mediterranean
islands and scarce for the Levantine basin (whiotludes thousands of islands). The
colonization processes and routes of ship rats filegr Asian origin and throughout the
Mediterranean basin should gain clarification amdcision with the use of phylogenetic
analyses. Analyses of mitochondrial DNA polymorphigs a useful tool to identify
evolutionary lineages within taxa and some closallyed species and to track their
geographic dispersal from prehistoric to moderrepespecially for widespread commensal
rodents (Hingstoret al 2005; Matisoo-Smith & Robins 2004; Robies al 2007, 2008;
Searleet al. 2009; K. Aplin unpublished).
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- Partie 2.2. -

2.2. INVASIVE RATS AND SEABIRDS:. A REVIEW AFTER 2,000 YEARS OF AN
UNWANTED COEXISTENCE ON M EDITERRANEAN ISLANDS

2.2. Rats introduits et oiseaux marins: une symtt@ses 2000 ans d’'une coexistence non

désirée sur les 1les de Méditerranée

Résumé :

Les rats introduits représentent a I'heure actukilee des plus lourdes menaces pour les faunes
insulaires, notamment les oiseaux marins pour Esdls sont reconnus responsables du déclin et de
I'extinction d’'un grand nombre de populations. Ddesbassin méditerranéen, le rat ndraftus
rattus) a été introduit sur la plupart des iles et 7ibtg a environ 2 000 ans. Malgré une présence
ancienne et généralisée du rat noir sur ces #epetsistance des quatre espéces et sous-espéces
d’oiseaux marins (famille des Procellariidés) endgms de Méditerranée représente un intrigant
paradoxe. L’analyse par modéles linéaires génématidune base de données concernant environ 300
iles et llots du bassin méditerranéen occidentgleamis (1) d'identifier les facteurs physiques,
géographiques et anthropiques influencant la poéselu rat sur les iles aprés une colonisation
ancienne, et (2) de déterminer comment les carsidires des iles et la présence du rat gouvernaien
la présence actuelle et les abondances des queattees de puffins et pétrels. Nos résultats mantren
gu’'a I'heure actuelle, la plupart des iles du basséditerranéen occidental hébergent des popugation
de rats noirs. A une échelle régionale, la présahceaat noir ne semble conditionner que les
abondances de I'espece d'oiseau marin la plusepéticéanite tempételydrobates pelagicysalors
que la présence et les abondances des trois esfepaffins ne paraissent étre influencées quéepar
caractéristiques physiques des fles. Ainsi, nou®ttéms I'hypothése que la persistance des
Procellariidés de Méditerranée sur le long termalgné une présence de rats ancienne, a pu étre

facilitée par la diversité des contextes insulaires

Cette partie correspond a l'article publié suivant:

Ruffino L., Bourgeois K., Vidal E., Duhem C., Paracellos M., Escribano F., Sposimo P.,
Baccetti N., Pascal M. & Oro D. (2009) Invasive ra& and seabirds: a review after 2,000 years of

an unwanted coexistence on Mediterranean islandBiological Invasions11: 1631-1651.
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2.2.1. Introduction

For thousands of years, island colonization by msrend intense exploitation of native
biotas have triggered catastrophic species exbinston islands worldwide (Steadman 1995;
Alcoveret al 1998; Robertet al 2001; Steadman & Martin 2003; Burney & Flannedp2).

As they keep moving further and faster, humans lsattered a large number of species
beyond their natural ranges and have been respentib an unprecedented ecological
turnover on islands (Vitouse#t al. 1997; Chapiret al 2000; Rosenzweig 2001). RaRaftus
spp.) have been successfully introduced on mone 80&o of the world’s major islands and
are known to negatively affect island biota, esplgcbirds (Atkinson 1985; Courchangp al
2003; Townset al 2006; Jonest al 2008). Evidence of rapid bird extinctions sooteafat
arrival has been documented on several islands BeggSouth Cape Island in New Zealand,
Midway Island in Hawaii and Lord Howe Island; Atkon 1985; Townset al 2006).
Seabirds in particular are extremely sensitiveatompact as they have generally evolved in
the absence of mammalian predators and thus haveemeloped any defense mechanisms
(Burger & Gochfeld 1994; Blackburt al 2004). Consequently, numerous cases of breeding
failures, sharp decreases in breeding populatioisl@cal extirpations of seabird colonies
have coincided with rat introduction on islandskiAson 1985; Town®t al. 2006). Most
seabird species worldwide are negatively affectgdth®e impact of rats, especially the
smallest species and those nesting in burrowswties (Imber 1976; Atkinson 1985; Martin
et al 2000; Jone®t al 2008). Therefore, today, rats are identified desaaling cause of
extinction risk in 70% of the world’s Procellariffo seabirds (e.g. petrels and shearwaters,
except albatrosses; IUCN 2008).

Except bats, two endemic shrews and an endemicenaligerrestrial mammals currently
present on Mediterranean islands have been inteabtlbg man and the native mammal fauna
found on islands during the Pleistocene has beéncéxsince the Early Holocene (large
mammals), or slightly later (small mammals) (Vigi®92; Pascalet al 2006). The
Pleistocene mammal fauna was poor and disharmdvast species were shrews and
vegetarian rodents and very few if any of thesevaaspecies were likely to be potential
seabird predators (Vigne 1992; Marra 2005; Gipp&lidmori 2006). With more than 10,000
islands and islets, the Mediterranean Basin corprise of the largest groups of islands in
the world, with exceptional biodiversity (Delanegal 1996; Médail & Quézel 1997; Myers
et al 2000). This island system has been early andlyida@onized by ship ratsRattus
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rattus) since their spread from the Indian peninsula @ud-Rouzeau & Vigne 1994;
Masseti 1995; Vigne & Valladas 1996). The olde$bde ship rat remains recorded in the
North-Western Mediterranean islands date back tmd&votimes (Corsica: 393-151 BC, Vigne
& Valladas 1996; Menorca: 200-100 BC, Audouin-Rauré& Vigne 1994), although older
records are possible (Audouin-Rouzeau & Vigne 198#wever, despite the long-standing
and widespread rat introduction and human presencklediterranean islands, no seabird
species extinction has been reported in the Meditean Basin since rat introduction
(Alcover et al. 1992; Milberg & Tiberg 1993; Vignet al 1997; Zotieret al 1999), although
local extirpations have occurred on some islandar{iM et al 2000; Bourgeois & Vidal
2008). The globally extindPuffinus nestoriformerly restricted to the Balearic Archipelago,
vanished during the late Pliocene before humamedoted rats on islands. Among the nine
seabird species currently breeding in the Meditmaa islands, the four endemic
Procellariiformes have been present since the tBémge (Alcovert al 1992; Zotieret al
1999). The survival of these endemic long-livedbgels on Mediterranean islands, despite
thousands of years of ship rat presence, conditteamazing conservation paradox, since
this group of birds is known to be negatively aféecby the introduction of alien predators
worldwide (Atkinson 1985; Jone al. 2008; IUCN 2008).

The Mediterranean Basin may thus constitute a kiey fer studying the long-term
interactions between introduced rats and seabmdslands. This paper focuses on three main
aims: (1) to identify factors likely to explain ghrat presence on Western Mediterranean
islands; (2) to account for how ship rat presenu ialand characteristics may have driven
the presence and abundance of the four MeditemaReacellariiformes at the scale of the
Western Mediterranean Basin, and (3) to review dwted data of rat impact on

Mediterranean seabird communities.
2.2.2. Methods
2.2.2.1. Datasets

We focused our study on the Western MediterraneasinBbecause it has been more
studied than the Eastern part. The Western Meditean Basin stretches from the Gibraltar
Strait (West) to the Adriatic Sea (East), coversuabone third of the 3,081,880 km
Mediterranean Sea and comprisas 700 islands and islets. Although available, ddtaua

island characteristics, seabirds and rats haverrnsen compiled and analyzed on such a
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wide scale (but see Martiet al 2000). The data used in this review were colldtedh
published sources (including grey literature), uimined reports, notes and personal
communications from nature reserve managers, coatsamists and researchers, who were

specifically contacted.

Data on seabird presence and abundance, islandctéiastics and ship rat presence were
collected for 292 islands (Figure 2; Annexe 1).\Othle most recent and reliable census on
breeding seabird populations was used. For eathesk islands, five potential explanatory
variables for rat presence and seabird presencealaumtance were also collected (Table 1).
Because they possess life-history traits likely n@ake them particularly sensitive to
introduced mammal predators (Joretsal 2008), we focused seabird analyses on the four
Mediterranean Procellariiform taxa: the Yelkouareatwater Puffinus yelkouanand the
Balearic shearwateP( mauretanicus which are Mediterranean endemic species, and two
Mediterranean endemic subspecies, the Mediterrar@ary’s shearwater Galonectris
diomedea diomedg¢and the Mediterranean storm petrdly@robates pelagicus melitenkis
The Cory’s shearwater is the largest species (R0} and its distribution encompasses the
entire Mediterranean Basin (57,000-76,000 breegiigs, Zotieret al 1999). Its breeding
colonies on islands range from small (< 20 breegiaigs) to large (e.g. 25,000 breeding pairs
on Zembra Island, Tunisia; Isenmann & Moali 2000he distribution of the Yelkouan
shearwater (350-500 @) is sparse and the world lptpn may be limited to only a few
thousand breeding pairs (Bourgeois & Vidal 2008klkéuan shearwater colonies are
generally quite small but can reach up to 1,300@®,pairs on Tavolara-Molara islands,
Sardinia (G. Spano & N. Baccetti, pers. comm.). Badearic shearwater (349-416 q) is
restricted to the Balearic Archipelago (< 2,000€bliag pairs; Ruiz and Marti 2004) and
usually breeds in small- (< 30 breeding pairs) ameddium-sized colonies (e.g. 250-300
breeding pairs on main Menorca Island, Balearichfrelago, R. Triay, pers. comm.). The
storm petrel, the smallest species under study2@®8), is widely distributed throughout the
basin (> 15,000 breeding pairs, Zotetral 1999) and usually breed in small islands where
colonies can sometimes reach thousands of pags @&50 breeding pairs on Filfla (2 ha),
Maltese islands, Borg & Sultana 2002).

Ship rats were considered present on a particsland if mentioned, either continuously
or occasionally, and absent if not found despitadhgh investigation. When ship rats were
eradicated from islands, we used seabird abundassessed before eradication. Two main
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island substrates were distinguished (i.e., limes@nd non-limestone; Table 1) according to
the nature of the dominant substrate. A limestanestsate may provide deeper and more
abundant cavities (caves, crevices) than non-liomessubtrates (Martiat al 2000). For rat

distribution analysis, we considered continents &tahds> 5 ha as potential sources of

permanent rat populations since 86 % of islan8sha housed ship rats in our dataset.

We reviewed studies reporting ship rat impact onditéeranean Procellariiformes
throughout the entire basin by collecting data framblished works, unpublished reports and
personal communications. Finally, we collected datahe breeding success of Cory’'s and
Balearic shearwaters in three situations (Tablg1))rat-inhabited islands, (2) islands where
rats have been controlled within shearwater colyraed (3) rat-free islands (either absent or
eradicated). Unfortunately, for the two other PHacéform species (storm petrel and

Yelkouan shearwater), reliable data on the breeslingess were too sparse to be used.

Figure 2. Map of the Western Mediterranean and locatiothef292 islands studied.

2.2.2.2. Statistical analysis

In order to highlight factors likely to explain ghiat presence on Western Mediterranean

islands, we constructed a Generalized Linear M@@&IM, binomial distribution, LOGIT
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link function) for a set of 257 islands and isléfable 1, Appendix 1). For seabirds, GLMs
(binomial distribution, LOGIT link function) wererst performed to explore how seabird
presence on islands may be influenced byatlpeiori selected explanatory variables for each
seabird specied( yelkouann = 135 islandsgC. diomedean = 179 islandsP. mauretanicus

n = 69 islandsH. pelagicusn = 101 islands; Table 1, Appendix 1). We perforroad model
for each seabird species since the four speciesndid share the same geographical
distribution and reliable data on breeding stat@sewnot available for each species on all
islands. Then, GLMs (normal distribution, IDENTITIWk function) were used to evaluate
which variables may explain seabird abundancelands where they bree® .(yelkouann =

30 islandsC. diomedean = 79 islandsP. mauretanicusn = 13 islandsH. pelagicusn = 23
islands; Table 1). Finally, the effects of rat iropdrat presence, local control and rat
absence), year of study and geographical regionthen breeding success of Cory’s
shearwaters were investigated through GLM analfrgismal distribution, IDENTITY link
function). Due to the lack of data on Balearic sivad@er breeding success £ 13), we only
investigated the effect of rat impact through a-parametric Kruskal-Wallis ANOVA (Table
1).

All continuous variables (i.e., size, distance,vat®n and abundance) were {gg
transformed to remove right skew distribution andréase normality of their distribution
(Sokal & Rohlf 1995; Russell & Clout 2004). Coryand Balearic shearwater breeding
success were arcsin-square-root transformed (S&k&ohlf 1995). Before constructing
GLMs, we used Spearman rank correlations to iderddllinearity between explanatory
variables. Even though island area and island &tevavere correlatedr{= 0.73), we kept
the two terms in the models since these two faaoesknown to be potential predictors of
seabird presence and abundance (Schramm 1986;tExaald 1995; Muller-Dombois 1999;
Lomolino 2000; Sullivan & Wilson 2001; Catet al. 2003). Furthermore, explanatory value
would be lost by arbitrarily dropping one of theiahles (see Russell & Clout 2004). Models
were constructed in order to identify and interpegplanatory variables, not to maximise

predictive power (Russell & Clout 2004).
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Parameters

Description Range

GLMs

Explanatory variables

Area Island area (ha) 0.021-364 016 ha  Rats & SedbiPdis
Elevation Maximum island elevation (m) 3-1445m Rats & Seaidir®
Rat presence Ship rat absence or presence on islands 0/1 R&esagird$" »
Distance continent Minimum distance (m) to continent or land mass 5-245 300 m Rats
(i.e. Sardinia, Corsica, Sicilia)
Distance source Minimum distance (m) to nearest island >5 ha or td—70,000 m Rats
continent (whichever is closer)
Humans A: currently uninhabited 0/1 Rats
B: rare/occasional human presence and/or past
human presence (in the last 100 years)
C: permanent human presence (and presence of
tourism)
Dist. near rats Minimum distance (m) to nearest rat-infested islan2-67 000 m Seabirds®
Substrate Main island rock substrate: limestone or non- Seabird$" ©
limestone
Geographical region E: Eastern Mediterranean islands from Gibraltar Rat impact)
Strait to French islands
W: Western Mediterranean islands from Sardinia to
the Maltese archipelago
Rat impact Y: ship rat presence and no management action Rat impact: "
C: local ship rat control
A: ship rat absence (with or without eradication)
Year of study Year when breeding success was monitored 1979-2007  Rat impacf
Response variables
Seabird abundance  Seabird abundance on islands (i.e. number of 1-25 000 pairs Seabifs
breeding pairs)
Seabird presence Seabird absence or presence on islands SeBbirds
Breeding success Shearwater mean breeding success (%) 0-100% Rattifnffa

Table 1. Explanatory and response variables with their dieson and integration in each statistical
analysis (Rats = GLM on rat distribution; Seabifds = GLMs on seabird distribution (D) and
abundance (A); Rat impa&™ =
diomededqC) and Kruskal-Wallis ANOVA foPuffinus mauretanicuév).

GLMs on rat impact on the breeding successCafonectris
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2.2.3. Results
2.2.3.1. Factors affecting the distribution of shipats on Mediterraneanislands

Ship rats were present on 201 (68.8%) out of th2 [@diterranean islands for which
reliable data were found. The smallest rat-infesgbet was 0.021 ha. Rats were found on
36% of islands< 0.5 ha and on 99% of islands30 ha (Figure 3). Ship rat presence was
positively related to island area (Table 2, FigByeout negatively related to distance to the
nearest potential source of rats (Table 2). Shiporasence was not related € 0.05) to
elevation, distance to continent or presence atehgity of human activities. There was no
evidence of model inadequacy (scaled Peayden219.0;df = 250;P = 0.08). In order to
clarify the negative relationship between rat pneseand distance to the nearest potential
source of rats, we performed Mann-Whitney testsotapare, for islands 5 ha and those > 5
ha, mean distances from the nearest source ofiratsisland> 5 ha or continent) between
rat-free and rat-infested islets. Small rat-infdstdets< 5 ha were significantly closer from
the nearest source of rats than small rat-freésisl® ha (Mann-WhitneyZ = 3.5;P < 0.001;
Nuith rats = 74, Nwithout rats= 65), whereas rat-infested islands > 5 ha wetesignificantly closer
than rat-free islands > 5 ha (Mann-Whitn@yz 0.77;P = 0.44;Nyith rats = 101, Nyithout rats =
17). Finally, 141 (55%) out of 257 islands wer600 m away from either the nearest island
5 ha or the continent, among which 118 islands (8d&e< 10 ha (500 m is the maximum-
recorded distance ship rats can swim; Russell &C2005). For these 257 islands, the mean

distance to the nearest source of rats was 3,668E% 672 m).
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Figure 3. Proportions of rat-infested islands in relationdland area. The number of islands
used for each area interval is indicated above (bata n = 292).
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Wald

Parameters 3 SE statistic P-Value
Intercept 3.57 1.07 11.14 ok
Humans (C) 0.58 0.74 0.61 ns
Humans (A) 0.18 0.50 0.13 ns
log10 (area) 2.07 0.36 33.03 rrk
log10 (distance continent) -0.17 0.16 1.07 ns
log10 (distance source) -1.27 0.31 16.74 ok
log10 (elevation) -0.04 0.05 0.01 ns

Table 2. Significance of explanatory variables and assodiaseatistic parameters in the rat
distribution GLM f = 257; 3 = estimate,SE = standard error of the estimat8ge Table 1 for more

thorough information on explanatory variables. Sigance levels: *** @ < 0.001); ** (P < 0.01); * < 0.05);

ns (not significant).

2.2.3.2. Factors explaining seabird distribution ad abundance on Mediterranean

islands

Island area was positively related to Yelkouan Batkaric shearwater presence, Yelkouan
and Cory’'s shearwater abundan&< 0.05) and weakly negatively related to stornrglet
presence F = 0.06; Tables 3, 4). Island elevation was posijivrelated to Cory’s and
Yelkouan shearwater presence and Balearic shearvaatd storm petrel abundance.
Limestone substrate was positively related to Yetko shearwater abundance and storm
petrel presence. Rat presence on islands was welyatlated to storm petrel abundance, but
did not influence either the presence or the abocelaf the three shearwaters. Ship rats are
present on most islands where the three shearwateesl (Figure 4). Distance to the nearest
source of rats was positively related to stormegdgiresence and abundance.

There was no evidence of model inadequacy for Gosfiearwater presence (scaled
Pearsony” = 194.3;df = 174; P = 0.86) and abundance’(= 78.0;df = 72; P = 0.71),
Yelkouan shearwater presengé= 131.8:df = 129;P = 0.58) and abundancg’ € 30.0:df =
24; P = 0.82), Balearic shearwater presenge=(50.6;df = 62; P = 0.15) and abundance
(scaled Pearsoyf = 13.0;df = 8; P = 0.88) and storm petrel presengé= 75.4;df = 94; P
= 0.08) and abundancg’ € 23.0:df = 17;P = 0.85).
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Calonectris diomedea

Puffinus yelkouan

Puffinusnetanicus

Hydrobates pelagicus

Parameters B SE P- B SE P SE P- B SE w P
value value value value
Intercept -4.04 0.99 16.48  *+ -8.79 223 155**  .328 92,73 0.00 ns -6.86 2.12  10.43
3
log10 (area) 0.29 026 127 ns 1.14 053 456 * 9039 533 * -0.85 0.45 3.49 0.06
log10 (elevation) 2.35 0.65 12,92 4.09 1.47 &7 * 0.16 0.66 0.06 ns 1.69 1.02 274 ns
Substrate 0.08 1.19 0.17 ns 0.34 0.36 0.86 ns 1.92 92.72 0.06 1.38 0.38 1476  *
(limestone)
Rats (presence) 0.19 0.25 0.58 ns 0.14 0.63 0.05 ns 0.35 0.27 168 ns 0.31 0.39 0.60 ns
log10 (Dist. Near ~ 0.04 0.26 0.03 ns -0.27 0.44 0.38 ns -0.02 0.52 6 0.0ns 1.39 050 7.59 ok
Rats)
N 179 135 69 101
Table 3. Statistical significance of explanatory variableSGLMs on seabird presendg=£ estimate;
SE = standard error of the estimat®;= Wald Statistic).See Table 1 for more thorough information on
explanatory variables. Significance levels: *P € 0.001); ** (P < 0.01); * P < 0.05); ns (not significant).
Calonectris diomedea Puffinus yelkouan Puffinusnetanicus Hydrobates pelagicus
Parameters R SE P SE P SE P SE P-
value value value value
Intercept -0.43 043 100 ns -0.85 0.66 1.66 ns 47-01.03 0.21 ns -2.30 290 651 %
log10 (area) 0.43 0.08 29.93  *** 0.36 0.14 6.62 * .0® 0.00 0.28 ns -0.19 020 085 ns
log10 (elevation) 0.22 0.22 099 ns 0.56 0.38 2.281s 0.71 0.34 439 * 1.25 049 642 *
Substrate 0.09 0.06 029 ns 0.28 011 6.02 * a . A 2 8 0.31 019 253 ns
(limestone)
Rats (presence) -0.13 010 155 ns 0.01 0.29 0.066 n 0.10 0.24 0.18 ns -0.44 016 7.70 **
log10 (Dist. Near -0.05 0.10 155 ns 0.17 015 134 ns 0.32 0.39 1.2% 0.62 025 635 *
Rats)
N 79 30 13 23

Table 4. Statistical significance of explanatory variabies GLMs on seabird abundanc8 ¢

estimate;SE = standard error of the estimalM = Wald Statistic).See Table 1 for more thorough

information on explanatory variablekThe substrate parameter was not testedPfamauretanicusbundance

since it exclusively breeds on limestone islands.
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Figure 4. Proportion of rat-infested and rat-free islandsoag the islands where the four
Procellariiform speciesQalonectris diomedeaPuffinus yelkouanP. mauretanicus Hydrobates
pelagicug are known to breed in the Western Mediterrand@&e number of islands used for each

species is indicated.

2.2.3.3. Evidence of rat impact on Mediterranean Rxcellariiformes

The presence of rats had a negative effect onrfeling success of Cory’s shearwat@&s (
= — 0.25;SE = 0.03; W = 55.35;P < 0.001;n = 219). The breeding success of Cory’'s
shearwaters was also influenced by the year ofysiid¢c — 0.01;SE= 0.00;W = 7.67;P <
0.01) and the geographical regid=0.06;SE= 0.06;W = 7.27;P < 0.01). Breeding success
was significantly higher on rat-free islands (ralsent or eradicated) or when rat populations
were controlled within shearwater colonies, comgate rat-infested islands where no
conservation measure was carried det §16= 35.2; P < 0.001; Figure 5). The breeding
success of Cory’s shearwaters was not significathffgerent between rat-controlled and rat-
free islands. Balearic shearwater breeding suomassnot significantly influenced either by
rat control or by rat absencelf 1= 1.9; P = 0.38). Chi-squared tests for goodness of fit
found no evidence of inadequacy for the Cory’s shater breeding success model (scaled
Pearsony’= 219.0;df = 214;P = 0.61).
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Figure 5. Influence of rat presence (noted P), rat contnol @t absence (absent or eradicated) (noted
C and A respectively) on the breeding success efGbry’s shearwater on Western Mediterranean
islands @ = 219). Breeding success is defined as the numb#edged chicks divided by the total
number of hatched eggs.

2.2.4. Discussion
2.2.4.1. Ship rat distribution on Mediterranean isknds

Today, few Mediterranean islands remain rat-freeom@ared to most oceanic
archipelagoes, Mediterranean islands generallybéxailow degree of geographical isolation
and can be considered as a group of continengalds| surrounded by the African and Euro-
Asiatic landmasses (Greuter 1995). Moreover, mostliMdrranean islands are part of wider
island systems (e.g. Sardinia, Sicily, Corsica,eBat) which decreases their isolation from
the continent (Sara & Morand 2002). Thus, many Medinean islands (mostly small
islands) are close enough to each other or to éhéinent to be reached by rats by natural
dispersal (i.e< 500 m). However, long-standing and intensive hurtransport and trade
activities within the basin have probably largedgifitated the distribution of this commensal
and generalist rodent, which has rapidly becomabéshed on most Mediterranean islands
(Vigne 1992; Audouin-Rouzeau & Vigne 1994; Mas4&95; Bover & Alcover 2008). Thus,
even though distance to the continent, human pecesen islands and intensity of human
activities may have played a significant role indispersal in the past, these factors no longer
limit rat presence on Mediterranean islands. Islam€a and isolation from the nearest
potential source of rats were the best explanat@gtors in ship rat presence on

Mediterranean islands. The larger the island, tlogentikely it is to be rat-infested. This
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pattern is consistent with island biogeography tiesoon island species richness (Lomolino
1982, 1984; Adler & Wilson 1985) as well as on pvebability of small mammal species
occuring on islands (Adler & Wilson 1985; Russell @out 2004). Moreover, this area-
related pattern may be related to the highest fibtyaof human colonization on large
islands due to highest habitat and resource diyefilsomolino 2000), and thus to the highest
probability of accidental rat introduction. Howeyer the case of the long-invaded Western
Mediterranean island system, 74% of islands randmogh 1 to 5 ha support ship rat
populations and many very small islets have alsnlfeund to be rat-infested, when close
enough to continents or other landmasses. On sagh amall islets close to a potential
source, rats are known to maintain only transiepupations (Adler & Wilson 1985; Alcover
1993), facing a higher extinction risk due to foenckffect, genetic drift and inbreeding
depression (Heidrick & Kalinovsky 2000; Frankam 2D0Unfortunately, we could not take
into account rat population turnover on the smallgands in this review due to the lack of
available data. Distance from the nearest poterdgtgbopulation source was a limiting factor
for rat presence only for the smallest islets amidhabited islands, whose isolation may limit
natural dispersal and human transport links, theneteventing the external recruitment

required for population persistence (e.g. Chey2@0).

2.2.4.2. Ship rat impact on Mediterranean Procellaiformes

Surprisingly, rat presence was not found to beaditey factor explaining the distribution
of the four seabird species at the scale of thieeevitestern Mediterranean Basin. This pattern
is particularly clear for the three shearwater gmethat virtually breed only on rat-infested
islands, sometimes with high rat densities (e.gnl® Island, Tunisia, M. Pascal, pers.
comm.; Molara Island, Sardinia, G. Spano, pers.mgmecords up to 50 individuals/ha were
found in Cabrera archipelago, Toro Island in Casimd Petit Congloué Islet in French
Provence, see Alcover 1993 & Cheylan 1999). Oné/dbundance of the smallest species,
the storm petrel, was related to rat presencelands.Our findingsare consistent with those
of Joneset al (2008) in their review on rat impact on seabimBich points out that seabirds
of the Hydrobatidae family (i.e. storm petrels) mak the criteria for susceptibility to rats.
Storm petrels are small-sized seabirds, burrowaweity nesters and have all life stages (i.e.,
eggs, chicks, adults) likely to be preyed uponhdligh rat presence on islands was not a
significant component of storm petrel distributi@inthe scale of the Western Mediterranean,
at the archipelago scale storm petrels only breedatfree islands (Massa & Sultana 1990-
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1991, Martinet al. 2000). This is why it is imperative to considee tscale under study when
inferences are made (Lomolino 1999, 2000; Witt&G00).

Seabird presence and abundance were mainly rdiatistnd’s physical characteristics,
such as elevation, area and substrate. Island chffy constitute key intra-island refuges for
seabird breeding since they may be less coveregdgtation and less accessible to mammal
predators (lguakt al 2006). On New Island, Falklands, Quillfekett al. (2007) showed that
thin-billed prions preferred breeding in areas Wiiie vegetation and seemed to avoid areas
covered by native tussoc grass, where ship ratittemsvere consistently higher. Unlike
Cory’s shearwaters, which are able to breed in sggpaavities as well as under vegetation
without substrate protection (Borg 2000), Yelkowsearwaters are more selective in their
habitat requirements and breeding cavity seledti@n selecting deep and winding cavities
that may be less accessible to rats; Bourgeoisd&aM2007, Ruffincet al in press). This may
explain why Yelkouan shearwaters only rarely breacsmall islands, where the probability
of finding suitable and safe breeding sites mayldweer than on large islands. Balearic
shearwaters breed only on limestone islands, anenwireeding on rat-infested islands,
breeding sites are generally located in inaccesslies (i.e. deep limestone caves in high
cliffs) where rat densities are low or even nil gQGet al 2004). In turn, storm petrels
preferentially select safe breeding areas on liomestislands. Moreover, they breed almost
exclusively on small islands to avoid human adgeit and terrestrial and avian predators on
large islands (Erwiret al 1995; Borget al. 1992-1994; Oret al 2005).

However, at a more local scale, most studies dgalitth rat impact on Mediterranean
Procellariiformes reported benefits of ship rat este® or rat removal on shearwater
productivity (Table 5). Moreover, as confirmed hy LM analyses, the breeding success of
the largest burrowing seabird species, the Collygmswvater, has frequently been shown to be
negatively affected by ship rat impact (e.g. Ameaigs Aguilar 1998; Thibault 1995; Igual
et al 2006, 2007; Pascat al 2008). From a demographic point of view, popolati
dynamics of Procellariform seabirds have a low ety to changes in fecundity, while
changes in adult survival translate into sharpatems of population growth rates (Cuthbert
et al 2004; Oroet al. 2004; Louzacet al. 2006). This low sensitivity, together with some
demographic buffer capacities (e.g. age at recentmskip breeding, immigration) could
explain how shearwater populations have persistedpitt centuries of rat impact.
Unfortunately, there are not enough reliable dataYelkouan and Balearic shearwater
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breeding success and cases of breeding in ratdtaeds to allow rigorous inter-species
comparison of shearwater sensitivity to rats. Thigew failed to find an overall significant
difference between the effect of rat absence (enla¢urally absent or eradicated) and local
rat control on the breeding success of the Cory&asvater. This apparent non-significance
may be a result of insufficient data available d¢w® long-term monitoring of Cory’'s
shearwater breeding success after rat eradicatsamse rat eradication has been proven to
enhance long-term ecological benefits compareddtallcontrol (Pascatt al. 2008). This
also suggested that both rat control and rat emtidit may be efficient methods to recover
shearwater breeding success. Unfortunately, ratitiemand control efforts were unable to be
covered in this review (because of paucity of aamudata), yet these two parameters are
expected to determine the magnitude of the incremsbearwater breeding success and thus
the success of a rat removal program (Jouvegitinl. 2003; Igualet al. 2006). When rat
densities are high, the increase in seabird brgesliocess after rat removal is expected to be
sharper than for colonies where rat densities@#&eand, similarly, benefits from rat removal

should increase with control effort (Igugtlal. 2006).

Overall, few studies have been published on radchpn Mediterranean Procellariiformes
(Table 5), especially on the storm petrel, althoubls species seems to be the most
vulnerable to rat impact. This lack of data maydae to the difficulty of taking census,
monitoring and hence evaluating signs of populatioanges for this cryptic species. In many
cases, unfortunately, reports of rat impact on iséslvere circumstantial and equivocal and
sometimes too subjective to allow for clear infeesion the real magnitude of rat impact.
Moreover, as predation is a cryptic phenomenonisitoften difficult to make direct
observations of predation by rats in the field,eesqlly for burrow-nesting birds (Towret al
2006) and to distinguish predation events fromadbiesumption of neglected eggs or carrion
provided by natural death (Norman 1975; Towatsal 2006; Quillfeldtet al. 2007). At
present, there is an urgent need to collect mota da the breeding biology of the four
Mediterranean burrowing seabirds throughout the iMe@nean Basin, to perform long-term
studies and rigorously monitor breeding successeabirds before and after conservation
measures and to routinely quantify rat impact oairttproductivity with standardized

methods.
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Country Area Island Species Stages affected Effects seabird populations References
Spain Cabrera, Balearics  Estell Xapat and Este@® Eggs & chicks Major impact: breeding successdased from  Amengual & Aguilar
de s’Esclatasang 0% to 40-42% after rat eradication (1998)
Several islets All stages? Desertion of colsrifter rat colonization in the Amengualet al (2000)
1970s
Balearics Cabrera and other islets M Chicks? Nxagnt impact on breeding success at leastAguilar (2000), Louzaet
under a critical threshold value of rat density  al. (2006)
M Eggs mainly Medium overall impact. Locally hig Gallo-Orsi (2003)
M Eggs mainly Breeding success increased atarantrol Ruiz & Maiit(2004)
Chafarinas Chicks mainly Breeding success as@éd from 27 to 70% and Oruetaet al (2002), Igual
chick mortality decreased from 52 to 11% after et al.(2006)
rat control
Italy Olbia, Sardinia Tavolara and Molara Y Eggdamha Major breeding failure in certain years N. Batti, personal
communication
Lazio, Ponziano Zannone C Eggs & chicks Major iotplreeding success increased from Corbiet al (2005)
0% to 100% after rat control
Tuscany Scola C Chicks mainly Major impact: verw breeding success on Perfettiet al (2001)

rat-infested islands (0%) compared to rat-free
islands. Breeding success increased after rat
control
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Table 5. Continued

Country Area Island Species Stages affected Effects seabird populations References
Montecristo Y Chicks mainly Low breeding succdas to rats Baccetti (1993)
Malta Malta Malta Y Eggs & chicks Heavy annual les®f eggs and chicks (betweenJ. Borg, personal
40% and 100%) mainly due to rats communication
C Eggs mainly Low effect of rat predation congzhto egg Borg & Sultana (2000),
taking by humans Borg & Cacha-Zammit
(1998)
France Hyeres Port-Cros and Y Eggs & chicks Rat impact fluctuated from yeayéar Cheylan (1985), Vidal

Porquerolles (1985)

Frioul, Marseilles  Pomeégues and C ? Breeding success increased from 25% fledged CEEP-Marseille
Ratonneau chicks/ adult to 65% and 75% after rat control (unpublished report)
Lavezzi, Corsica Lavezzu C Chicks mainly Rats oesjble for nearly 85% of breeding Thibault (1995)
failure in certain years
Lavezzu C ? Breeding success increased from 4488% Lorvelec & Pascal (2005),
after eradication Pascakt al (2006, 2008)
Northern Corsica  Gargalu and Giraglia C ? Breedinmgcess on Gargalu: 3% (with rats), on Thibaultet al. (1997)

Giraglia: 73% (without rats)

o))
w
Table 5.Review of ship rat impact on Mediterranean Prodéitames (C:Calonectris diomedea': Puffinus yelkouanM: Puffinus mauretanicyd:

Hydrobates pelagic)s



2.2.4.3. Conservation implications

Over the past ten years, eradication of invasiwecisg has become a powerful tool to
prevent further extinctions and to restore natsiand ecosystems (Veitch & Clout 2002;
Towns et al 2006; Howaldet al 2007). In particular, seabird communities haveadiy
benefitted from the removal of introduced rats fristands worldwide. Indeed, many studies
report a significant increase in breeding succéseabirds or new breeder establishment on
islands once again suitable for breeding, followrag eradications (Veitch & Clout 2002;
Townset al 2006). In the Mediterranean, few eradicationmagits have been carried out on
islands in the past 20 years, and most were reslrito islands < 10 ha (L. Ruffino,
unpublished data). Today, island managers are gedwvith a variety of powerful methods
to eradicate rats and mitigate non-target effents secondary poisoning events. Moreover,
island area may no longer be a limiting factor fat eradications. Howalét al (2007)
reported 159 successful ship rat eradications wodke, 14 of them conducted on islands
larger than 500 ha. Conservation managers are Hm& ta remove rats from large and
biologically complex islands. They also manage tadiate rodents that have been
introduced on islands for hundreds of years (Rattus exulan®n New Zealand islands;
Howaldet al. 2007). The main challenges for Mediterraneamdlimanagers, then, may be to
deal with social, ecological and funding issuescdmse most Mediterranean islands are
inhabited and closely linked to main islands andtio@nt by human transport and activities,
appropriate environmental education and means eV¥enting reinvasions are required.
Furthermore, Mediterranean island systems housetarget vertebrate species with high
conservation value which need to be taken into @uicovhen planning eradication
programmes, but which are expected to benefit frantremoval. As Mediterranean islands
are currently under increasing pressure from varibuman activities, any management

operations that would improve seabird populaticaltheshould be promoted.

2.2.5. Conclusion

The Mediterranean context is particularly intrigyinsince the survival of the four
Mediterranean Procellariiformes after 2,000 yedrship rat presence on islands seems to go
against the current global threat to burrowing sdaldirom rat impact (Atkinson 1985; Jones

et al 2008; IUCN 2008). Thus, the apparent paradoxonfistanding coexistence between
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rats and seabirds raises some new conservatiotianssespecially on the ability of native
island species to persist with introduced rats.n8awnderstanding of the mechanisms of such
persistence is likely to provide important cluesctmservation and restoration priorities on
other rat-invaded islands worldwide. Here we hypsike that the long-term persistence of
these seabirds at the scale of the Western Mealitean Basin may have been facilitated by
the various biogeographical contexts of Mediteraanaslands, providing areas where
interactions with introduced rats may be limitedat Rdensities on islands and their
fluctuations over seasons and years are known tmdjer factors in seabird vulnerability
within breeding sites (e.g. Iguat al 2006), with seabird productivity increasing wheih
densities are low (Quillfeldet al 2007). This intriguing long-term persistence,nglowith
evidence of rat impact on Mediterranean seabirds) @aises new questions on the
mechanisms and the intensity by which invasive nedly affect seabirds, and on their ability
to drive them to extinction. More work is also neeédo clarify the complex relationships
linking factors likely to influence rat populatiatensities (i.e. resource abundance, presence
of other alien predators or competitors on islanfispging strategy of rats and rat impact on
seabird populations. As claimed by Towetsal (2006), we suggest that the role of rats in
seabird population decline should be carefully extdd relative to that of other factors and
caution should be used in attributing any seabmekeding failures, and local or global
extinctions to rats. The better we understand lpatiterns and mechanisms causing decline,

the better we can focus our efforts on the mosictiffe measures to mitigate threats.
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Supplementary material. Location of the 292 islands studied and indicatoom presence/absence on islands of the four seapedies (C:
Calonectris diomedea: Puffinus mauretanicysy: P. yelkouanH: Hydrobates pelagicysandRattus rattugR).

%lslands not used in GLMs for rats but in the relaship between rat presence and island area (F&jure

A: Algerian coast, B: Balearic islands, C: CorsiEa,French coastal islands, I: Italian coastalndt&a M: Moroccan coastal islands, S: Spanish

coastal islands, Sa: Sardinia, Si: Sicily, T: Tianscoastal islands.

Area Island/islet Presence Area Island/islet Presice
CMYHR CMYHR
A-Bejaia El Euch=Pigeons 0 O S'Alga 6
Pisans 0 1 Porcs i)
Sahel 0 0 B-lbiza Ibiza 1
A-Habibas Ile occidentale=Gharbia 1 01 Togomago 1 1
lle orientale=Chergui 1 01 Caragolé 0 0
B-Cabrera Cabrera Gran a 01 Penjats=Ahorcados 0 0
Ses Bledes 10 11 Vedra 0 1
L'Imperial 00 01 Vedranell 0 1
Ses Rates 10 01 S'Espartar=S'Espart 0
Na Redona 00 01 S'Espardell de s'Espartar a
Estell Xapat 10 00 Bosc=Bosque 1 1
Estell de Coll 10 0o0 Sa Conillera=Conejera n 1
Estell d'en Fora 10 00 Bleda Plana 1
Fonoll 00 01 Ses Rates a1
Conills=Conejera 01 01 Escull de Cala d'Hort 20
Esponja 00 10 Margalides=Margaritas a0
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B-Formentera

B-Menorca

C-Ajaccio,
Sanguinaires

C-Bonifacio Strait

Na Plana 10
Na Pobra 10
Na Foradada 10
Estell de Ss
Estell d'en Terra

Formentera
Espalmador
Gastavi 0
Sa Torre
Pouet
Redona
Na Pelada 00
Na Moltona 00
Na Guardis 00
Pentaleu
Sa Torre
Alcanada
Sa Porrasa

Menorca 11
Colom 0

Ses Sargantanes

Bledes 0

L'Aire 0 1
Porros=Sa Nitja
Grande de Addaia

Binicodrell

Mezzu Mare
Petit Tlot du Fazzio=Fazzuolo Piccold

10

10

10
1&

Oa
1
0 0O

B-Mallorca

C-Girolata, Scandola

C-Lavezzi

Santa Eularia

Sal Rossa

Negres

Bleda na Gorra=Pequefia

Bleda na Bose=Mayor

Mallorca 1
Malgrat 01
Conills=Malgrat Petit n 1

Toro 10

Sa Dragonera 11

Curt=Caragol 00

Terra 0 0O

Gargalu 1 0

Garganellu

Palazzu 0
Porri 0 0

Lavezzu 0

llot A=Luigi Giafferri 1 0

llot B=Giacinto Paoli 1 00
llot C=Silene 00

llot D=Gian Pietro Gaffori 00
llot E=Pasquale Paoli 0

llot F=Cala della Chiesa ®
llot G=Andrea Ceccaldi

llot H=Cala di Giunco

llot K=La Sémillante 00

llot L

Cavallo 1 00
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C-Calvi
C-Cap Corse

F-Cannes, Lérins

F-Fréjus

F-Hyeres

Grand ilot du Fazzio=Fazzuolo
Grande

Saint Antoine
Grain de sable
Grand flot Bruzzi
Senetosa=Scoglio Longu
Piana di Portigliolo

Spano
Giraglia
Finocchiarola
Mezzana
Pietricaggiosa
Toro Grande=Grand Toro
Toro Piccolo=Petit Toro
ler Rocher du Toro Piccolo
2e Rocher du Toro Piccolo
La Folaca
La Folachedda

Rocher NW de la Folachedda
Sainte Marguerite
Saint Honorat
La Tradeliere
Saint Féréol

Lion de terre
Lion de mer
D'Or
Les Vieilles

Grand Ribaud
Portugais N
Petit Ribaud
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C-Palombaggia

F-La Ciotat-Sanary

San Bainsu 1
Sperduto 0
Porraggia Grande 0
Porraggia Piccole 0
Ratino 1

Piana di Cavallo 0

Vacca

Forana

Maestro Maria

Piana

Les Cristaux=Christaou
Cap Taillat=Cartaya
Porquerolles

Le Levant

Port-Cros

Bagaud

Gabiniére

Petit Langoustier

Gros Sarranier

Petit Saranier

Rascas

Rousset

Deux Freres des Médes N
Deux Freres des MédesS 0

oooooOI—\Hl—‘Hool—‘ol—\l—‘
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Bendor 0
Rousse=Pierreplane 0
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Grand Rouveau 0
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F-Marseille, Riou

F-La Ciotat-Sanary

Redonne
Longue
Ratonniéere
L'Esterel

Les Fourmigues de I'Escampobariou

Léoube
L'Estagnol S
L'Estagnol N
Endoume S
Maire
Les Cristaux=Christaou
Cap Taillat=Cartaya
Porquerolles
Le Levant
Port-Cros
Bagaud
Gabiniére
Petit Langoustier
Gros Sarranier
Petit Saranier
Rascas
Rousset
Deux Fréres des Médes N
Deux Freres des Médes S
Verte
Bendor

Rousse=Pierreplane
Embiez

Grand Rouveau
Petit Rouveau
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F-Marseille, Frioul

F-Marseille, Riou
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Ratonneau
Pomeégues
Tiboulen de Ratonneau
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Endoume N
Chéateau d'If
Endoume N
Endoume S
Maire
Tiboulen de Maire
Pharillons
Jarron
Jarre
Plane=Calseraigne
Riou
Grand Congloué
Petit Congloué
Empereurs=Impériaux S
Empereurs=Impériaux N
Moyade
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Ventotene
Santo Stefano
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San Domino
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F-Marseille, Frioul

M-Alboran Sea
M-Chafarinas

Ma-Malta

S-Aguilas
S-Alicante

S-Cabo Nao

Croisette
Deux Fréres N

Ratonneau
Pomegues

Tiboulen de Ratonneau

Montecristo
Porto Ercole
Capraia
Pianosa
Giglio
Palmaiola
Elba

Peraiola
Topi
Alboran
Congresso
Rey
Isabel I
Malta
Gozo
Fungus
Comino
Cominoto
Filfla
El Fraile
Benidorm
Mitjana
L'Olla
Portichol=Portitxol
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S-Cartagena
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S-Girona, Medes
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Sa-Alghero

Sa-Capo Altano
Sa-Capo Carbonara
Sa-Capo del Falcone

San Nicola
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Capraia=Caprara
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Perdiguera

Las Palomas
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La Ferrera
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La Meda Gran
La Meda Petita
Les Feranelles
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S-Cabo Palos

Sa-Golfo di Palmas

Sa-La Maddalena

Sa-Olbia

Hormiga Grande
Grosa
El Farallon
Sujeto
Nibani E
Nibani W
Mortorio
Camere E
Camere W
Soffi

La Vacca
Torro

Spargi
Spargiotto
Budelli
Razzoli
Santa Maria
Barrettini
Corcelli
Piana de Corcelli
Stramanari W
Stramanari E
Carpa
Caprera
Maddalena

Figarolo=Figarello

Molarotto
Molara
Porri
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Si-Trapani, Stagnone
Si
Si-Pelagie
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Mal di ventre
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Vulcano
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Salina
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Stromboli
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Ustica
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Levanzo
Favignana
Grande=Lunga
Pantellaria
Linosa
Lampione
Lampedusa
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Chapitre 3

RATS ET OISEAUX MARINS : INTERACTIONS AUX
CAVITES, CAPACITES DE PREDATION ET

EVALUATION DE L'IMPACT

L. Ruffino

L. Ruffino

(a) cages de repos pour les rats capturés sudBlBagaud avant le début des tests de prédatidm Bartie
3.3.; (b) puffin yelkouan devant son terrier &idl sur la colonie du Grand Peyre de Port-Cr{g ;mise en
place des dispositifs expérimentaux pour les @stgrédation ; (d) empreintes de puffins dans idesdéposé a
'entrée d'un terrier ; (e) starique minuscudethia pusillaprédatée par un rat surmulot sur I'lle Kiska,

Aléoutiennes ; (f) rat noir consommant un ceuf enslage de paille-en-queue a brin roudehdethon
rubricaudg sur I'lle Europa.
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Avant propos

Apres un deuxieme chapitre portant sur la dimendiemporelle des introductions
d’espéces et les interactions entre rats noirdsetaox marins de Méditerranée a une large
échelle géographique, dans le chapitre 3, nous Bomsnes intéressés plus finement aux
mécanismes d’interactions entre rats et oiseauxnmaur les iles, et aux meécanismes

d’'impact des rats.

Au cours dedarties 3.1.et 3.2, nous avons étudié les interactions entre rats raiun
oiseau marin, le puffin yelkoudPuffinus yelkouanau niveau des sites de reproduction des
oiseaux, sur une ile de Méditerranée, I'lle de Boos (Var, France). Le puffin yelkouan est
une espece endémique du bassin méditerranéenedogifféctifs mondiaux seraient estimés a
guelques milliers de couples (Bourgeois & Vidal 8)0C’est une espéce de taille moyenne
(poids adulte = 350-5009), nocturne, a nidificatiypogée (Figures 6a, b), qui se reproduit
exclusivement sur les iles, a l'intérieur de cavibé terriers (Figures 6c¢, e), situés au niveau
de falaises rocheuses, zones d’éboulis et grotieaires (Bourgeois & Vidal 2007 ; Figures
6d, f). L'espece est longévive, les adultes ne pahdju’'un seul ceuf par an et le poussin
n'atteind la maturité sexuelle que vers 'age ded@his (Bourgeois 2006). Ces caractéristiques
la rendent particulierement vulnérable aux prédatétroduits, notamment les chats harets
(Bonnaudet al 2007) et les rats (e.g. Baccetti 1993 ; N. BacéttBorg, comm.pers.), aux
perturbations anthropiques et captures accideatpiée les engins de péche (Bourgeois &
Vidal 2008). L'lle de Port Cros revét un intéréttmaulier pour la conservation du puffin
yelkouan. En effet, I'archipel des iles d’'Hyeresidelle fait partie concentre environ 95%
des effectifs francais de puffin yelkouan et une panificative de la population mondiale.
La présence du rat noir sur Port Cros date probabied'une époque ancienne. En effet, un
grand nombre d’indices de présence humaine ser diilt été découverts depuis la période
chalcolithique (de -2300 a -1800 av. J.C.) a lagaer moderne (Pasqualini 1992). L’idée de
ces travaux de recherchBafties 3.1.et 3.2.) a été d'étudier les interactions entre rats et
puffins au niveau des cavités de reproduction dssaax dans deux contextes différents.
Ainsi, les interactions aux cavités ont été étusliddgrant la premiére année de contréle d’un
prédateur apical, le chat haret (2004-20@=rtie 3.1), et aprés I'opération de contrdle des
chats (2007-2008Partie 3.2), lorsque les effectifs de la population de clmtsété réduits
de maniére drastique. L'objectif principal de ctglés a été de suivre I'évolution des patrons
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d’interactions, du comportement des rats aux cadgpuffins et de I'intensité de I'impact du

rat entre les deux contextes écologiques.

K. Bourgeoi;\"‘f 2 S, v e 7 R ; “ : Legrand

L. Ruffino

Figure 6. Photos de puffin yelkouan dans sa cavité de demtoon (a) et sur la colonie du Grand
Peyre de Port-Cros (b), de cavités profondes eesses utilisées par les puffins pour la reprodaocti
(c, e) et de zones marginales de falaises, ébouligrottes calcaires sur les iles du Levant, aethip

des iles d’Hyeéres (d) et Tavolara, Sardaigne (f).

79



Les travaux qui ont été développés danBdsie 3.3.répondent a la nécessité de mieux
comprendre les mécanismes d’'impact des rats intsodur les oiseaux, et en particulier a la
méconnaissance des déterminismes de prédatiomatdesur les ceufs. Ainsi, dans cette partie
NOuUsS NoUs sommes intéresses aux capacités demidts casser et consommer des ceufs, et
aux facteurs susceptibles d'influencer leur suatesorédation. Les tests de capacités de
prédation ont été effectués sur des individus sges/aur I'lle de Bagaud, située a 500m de
Port Cros, a proximité des sites ou les rats altcépturés afin de limiter le stress lié au
transport des individus. Dans le cadre de ces grpatations comportementales, plusieurs
variables ont été testées, a savoir la taille ozuf, I'état de I'ceuf, la masse corporelle des
individus, leur sexe ainsi que leur habitat d’arayi

Enfin, au travers des travaux présentés daRaitie 3.4, nous nous sommes pencheés sur
les méthodologies qui ont été employées depuidrentaine d’années dans le but de mesurer
I'impact des rats introduits sur les oiseaux marlds grand nombre d’études attestent de
'impact du rat sur les oiseaux marins de part Ende. Comment I'impact est-il évalué ?
Quelles méthodologies semblent étre les plus adapidéa compréhension des mécanismes et
a la quantification de I'impact ? Quels sont les l@ssociés a chaque méthodologie, ainsi que
les lacunes dans nos recherches ? Nous proposams,cdtte partie, une vue générale des
outils et méthodes employées ainsi que des perggeae recherches pour une meilleure

évaluation de l'impact des rats.
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- Partie 3.1. -

3.1. INTRODUCED PREDATORS AND CAVITY -NESTING SEABIRDS. UNEXPECTED

LOW LEVEL OF INTERACTION AT BREEDING SITES

3.1. Interactions limitées entre prédateurs intitsdet oiseaux marins a nidification hypogée

aux sites de reproduction des oiseaux

Résumé :

Les mécanismes d'interaction et de coexistencee emtédateurs introduits et oiseaux
marins longévifs sont encore peu connus a I'heatgedle. Dans cette étude, les interactions
entre le rat noirRattus rattuy espece invasive dont les effets délétéres supdpulations
d’oiseaux marins sont largement reconnus, et usaaisnarin endémique de Méditerranée a
nidification hypogée, le puffin yelkouaR(ffinus yelkouan ont été étudiées sur un lot de 60
cavités favorables a la reproduction du puffin taut long du cycle de reproduction de
I'oiseau. Nos résultats ont montré que les vigitegavités par les rats sont significativement
plus fréquentes lorsque les puffins ont quitté ¢edonies que lors de la reproduction
proprement dite. Parmi I'ensemble des cavités faves a la reproduction, ce sont les cavités
les plus profondes et les plus sinueuses qui s@iénentiellement utilisées par les puffins.
Tres peu de visites de rats ont été enregistrées léa cavités occupees par les puffins et
aucun phénomene de prédation n’a été observé. Dreanattendue, ces résultats semblent
témoigner d’'un faible degré d’interaction entre tats noirs et les puffins yelkouan, ce qui
pourrait avoir facilité la longue coexistence des aeux espéeces sur certaines iles de

Méditerranée.

Cette partie correspond a l'article publié suivant:

Ruffino L., Bourgeois K., Vidal E., Icard J., Torre F. & Legrand J. (2008) Introduced predators
and cavity-nesting seabirds: unexpected low levelf anteraction at breeding sites.Canadian
Journal of Zoology86: 1068-1073.
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3.1.1. Introduction

Mammalian predators introduced on islands are kndenhave severely depleted
populations of native species, leading some, eafpetiirds, to extinction or local extirpation
(e.g. Owens & Bennet 2000; Courchamipal 2003). RatRattus sp are among the most
successful predators introduced on islands worldwimdaking them one of the largest plagues
for island avifauna, especially for small and medlisized petrels (Moors & Atkinson 1984;
Atkinson 1985; Jonest al 2008). As a consequence, humerous cases of bgetaiures,
sharp decreases in breeding population and lodapations have been reported after rat
introduction on islands (Atkinson 1985; Towetsal 2006). Even if the effects of introduced
rats on seabird populations are generally consideyebe well-known, the mechanisms by
which they interact are still under debate (Coungpat al 2003; Townst al. 2006). Indeed,
as predation is a cryptic phenomenon, direct olagiems of predation by rats are extremely
difficult in the field, especially for cavity andulrow-nesting birds (Norman 1975; Johnston
et al. 2003; Townset al 2006). However, according to their predatory-fiong behaviour, we
can hypothesise that rats may visit petrel burrewgsificantly more during the breeding
period of birds, especially when birds are the nvoherable (i.e. egg-incubating and chick-
rearing periods), compared to the bird interbreg@xodus period.

From an evolutionary point of view, recent theorfes. evolutionary and ecological trap
concepts) suggest that indigenous species thatlbageevolved without predators may falil
to rapidly evolve or learn mechanisms to cope wiladers, and predict that they could
become “trapped” by their life history traits (i.philopatry or longevity), experiencing
therefore reduced reproductive success and sur(@ailaepfeet al 2002; Battin 2004). In
the Mediterranean, ship raRdttus rattusLinnaeus 1758) have been widely introduced on
islands for a very long time (up to the Roman price. 2000 years ago) (Audouin-Rouzeau
& Vigne 1994; Vigne & Valladas 1996; Ruffingt al. 2009). In this context, the survival of
petrels and shearwaters on some of these islarggsteldiundreds or thousands of years of
ship ratpresence constitutes an amazing conservation parddoreover, most Western
Mediterranean islands where these species breedtarevaded (Ruffinet al 2009). Even if
the mechanisms by which this coexistence is maiathare not known, we can hypothesise
that this may have been facilitated on some isldnyda low level of interaction between rats

and birds at the bird breeding sites.
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In this study, we investigated the interactionswieetn ship rats and a long-lived cavity-
nesting seabird, the yelkouan shearwaRuffinus yelkouanAcerbi 1827) throughout the
annual breeding cycle of this seabird, on an islahdre rat presence has been uninterrupted
for centuries. The yelkouan shearwater is striethglemic to the Mediterranean Basin. Its
global distribution is sparse and the world popafatmay be limited to only thousands of
breeding pairs (Bourgeois & Vidal 2008). Breedinites extend from Marseille islands
(France) to Bulgarian islands (Black Sea), moghefn invaded by rats (Bourgeois & Vidal
2008; Ruffinoet al 2009).

Patterns of both shearwater and rat visits to stegar breeding-cavities were analysed in
order to (i) estimate the level of temporal int¢i@t between the two species during the
different periods of egg, chick and adult seabtherability, (ii) investigate breeding cavity
selection by shearwaters in relation to cavity ahtaristics and rat visits, and (iii) correlate
the breeding success of yelkouan shearwaters atitrigits.

3.1.2. Materials and methods
3.1.2.1. Study site and data collection

This study was conducted on Port-Cros Island (Hyerehipelago, South-East coast of
France), benefiting from National Park status sih®863. Ninety five percent of the French
yelkouan shearwater population (1,100-1,600 p#ii&P unpublished data) nest along the
coast of this archipelago, generally in rock cagitamong fallen boulders. At these breeding
sites, bird densities are quite low (i.e. 0.027upéed cavities.ii (SD= 0.002)Bourgeois and
Vidal 2007) compared to most Procellariiformes. btorer, yelkouan shearwaters do not use
the overall available set of suitable breeding ttewi(i.e. 33% $D= 3.7); Bourgeois & Vidal
2007).

Patterns of rat and shearwater visits, along wigaswater breeding success were recorded
during the 2004-2005 breeding season (November 200August 2005) in the largest
yelkouan shearwater colony of Port-Cros Island fég6). Rat capture success recorded
throughout the year on the island supported moeeedtdensities (i.e. 0.022 rat trapped per
trap night 6D = 0.010); IMEP unpublished data). This colony aev@.23 ha and we
monitored the 60 most accessible cavities. Becausetudy colony covers a small area and
home range sizes of rats are expected to be atdedarge as the study area (e.g. Hooker &

Innes 1995; Whissoet al. 2007), all the cavities monitored for this stwdgre considered to
83



be accessible to rats and thus likely to be visiigdats. The studied cavities (i.e., natural
cavities, crevices and burrows) were considerethisigi for shearwater nesting when cavity
depth and entrance height were sufficient to egtineuse and allow passage of shearwaters
(Bourgeois & Vidal 2007). Each cavity was taggedl anonitored throughout one year,
covering the whole yelkouan shearwater breedindecgod the subsequent interbreeding
exodus (Figure 6). Each cavity was checked foanat shearwater visits 24 times (6 breeding
cycle periods and 4 consecutive nights by breedyae period; Figure 6) throughout the
year (i.e. 1440 observations for the set of 60t@s)i Rat and shearwater visits to each cavity
entrance were recorded through tracks printed ne 8and. Feathers, droppings and hairs
found inside cavities were also considered as ecel®f rat and/or shearwater visits (Russell
2003; Steinkampt al 2003). Evidence of rat and/or shearwater visas vemoved after each

record. Results were analysed as frequencies {ff)rand shearwatefy visits as follows:

fr=n/(nc* Ny* )

fs=nd (Nc* Np* np)

Ny, Nssnumber of rat or shearwater visits into cavities
nc=number of cavities monitored

n,=number of nights monitored

np=number of periods monitored

Survey nights l 1 l 1 l 1

‘Nov. |Dcc. | Jan. | Feb. ‘Mar. |Apr. |May |.lun. | Jul. |Aug. |Scp. ‘ Oct. |

Yelkouan shearwater | <=——= == < o< c———————>
breeding cycle Prospecting Mating Egg Chick Chick Interbreeding
laying/ rearing fledging exodus
incubating

Figure 7. Survey nights of shearwater and rat visits to tevithroughout the breeding cycle of the

yelkouan shearwater on Port-Cros Island.
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Because many cavities were deep and winding, awcdbation chambers generally
impossible to observe directly, breeding statusadfities (occupied or not by shearwaters)
and breeding success were determined using anrgdramini camera device (Markwell
1997). Finally, the physical characteristics ofdstd cavities were measured in order to
correlate them to rat visits and shearwater breeductcess. The physical characteristics of
cavities described were (i) cavity depth (in cnonirthe entrance to the incubation chamber),
(i) presence/absence of a tunnel leading to tlsekation chamber, and (iii) tunnel shape

(straight or winding).

3.1.2.2. Data analysis

To test the difference in frequencies of rat aneasivater visits to cavities between the
different periods of egg, chick and adult shearwatelnerability to rats, we used the
nonparametric Cochra@ test for related samples. Indeed, the differenesecould not be
considered as independent because of the small airebhe breeding colony (see the
description of the studied area). Frequencies ofaral shearwater visits between two
particular periods were also compared through Mchlerohi-squared tests in 2x2
contingency tables for these temporally correlata. For these two binary tests, we applied
1 when at least one rat or shearwater visit wagrded during the four survey nights of each
breeding period, and O when no visit was recordgohferroni correction for multiple
comparisons was applied when needed. A Pearsosgadared test for independent samples
was performed to test the difference between freges of rat visits to breeding and non-
breeding cavities. To characterise patterns of dingecavity selection by yelkouan
shearwaters, mean tunnel depths between breedihgambreeding cavities were compared
by performingt-test. The proportions of cavities with a windingnel and without any tunnel
were tested between the set of breeding and nading cavities with the use of Pearson chi-
squared tests for independent samples. For Peatsesguared tests, Yates correction for
continuity was used whedf = 1 (Quinn & Keough 2002).

3.1.3. Results

3.1.3.1. Temporal interaction patterns between sheaaters and rats in cavities

Forty one (68%) monitored cavities were visited fays at least once, 46 (77%) by
yelkouan shearwaters, and 29 (48%) were visitetl bgtrats and shearwaters at least once

during the overall24 survey nights. Overall, frequencies of rat gisio cavities were
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significantly different between the six periodstbé breeding cycle of shearwaters (Cochran
Q test = 63.0df = 5, P < 0.001). Fifty four percent of rat visits (41 rasits and 31 cavities
visited) were recorded during the interbreedingderso(August). The mean frequency of rat
visits.cavity".night* was significantly higher when shearwaters had detag their breeding
cycle and left the colonie$ {interbreeding™ 0.173; McNemar chi-squared tests, significarthat

P = 0.05 level in all cases, except interbreedusgprospecting B = 0.057); Figure 7).
Shearwater visits to breeding and non-breedingtieavivere mostly recorded during egg
incubating, chick rearing and chick fledging peagifom early March to late June; Figure
72).
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Figure 8. Frequency of yelkouan shearwatBuffinus yelkouanS) and ratRattus rattusR) visits to
breeding K = 25 cavities) and non-breeding cavitias=(35 cavities) throughout the breeding cycle of
yelkouan shearwaters. Open bars are yelkouan saearar rat visits to breeding cavities, while goli

bars are yelkouan shearwater or rat visits to meeding cavities.

3.1.3.2. Cavity selection by shearwaters in relatioto rat visits

Among the set of 60 studied cavities, 15 (25%) weaséed by rats during the shearwater
prospecting and mating periods (November-Februdnygn, all but one of these previously
rat-visited cavities were not selected by sheamsdta breeding this year. That is to say that
only one of the 25 cavities used by shearwatersbfeeding was recorded to have been

visited by rats before the breeding period of birds
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3.1.3.3. Cauvity selection by shearwaters and ratsits in relation to cavity occupation by

shearwaters

Yelkouan shearwaters occupied 42% (25 out of 60}hef set of suitable cavities for
breeding. The physical characteristics of caviiekected by shearwaters were significantly
different from the unoccupied cavities. Yelkouareatwaters selected the deepest and the
most winding cavities, generally exhibiting a tuhmmtrance leading to the incubation
chamber (Table 6). Cavities selected for breediegevsignificantly less visited by rats than
non-occupied cavitiesf, (preeding cavities 0-022;fr (non-breeding cavitiest 0.081;%° = 19.9,P <
0.001). Ninety two percent of rat visits to breeflinavities occurred after shearwater
departure from the breeding site, whereas ratsvisitnon-breeding cavities were recorded
throughout the entire breeding cycle, with 43%aifwvisits observed during the interbreeding

exodus (Figure 7).
3.1.3.4. Breeding success of shearwaters in relatito rat visits

Nineteen out of 25 (76%) cavities selected by shatars for breeding exhibited breeding
success (chick fledging). Only 8% € 1) of rat visits to breeding cavities were reeatd
during the periods of egg and chick vulnerabiliggd incubating, chick rearing and chick
fledging). During the five periods when shearwatevere present at colonies (from
prospecting to chick fledging), cavities where liiag failed were not more visited by rats
than cavities where breeding was a succegsufe) = 0 rat Visit,Nuccess= 1 rat visit). When
breeding failed, neither evidence of rat predatiom rat tracks were recorded during the
periods of egg and chick vulnerability. Rat vidissthese cavities were only recorded after
shearwaters had left the colony for the interbmeggieriod.

Cavity status Statistical results
Non-breeding Breeding )
- - x P-value
cavities cavities
N 35 25
Mean depth + SE (m) 85.1+6.4 111.0+8.0 -2.5 0.65
Winding tunnel 6% 36% 9.4 <0.01
No tunnel 34% 4% 3.4 0.067

Table 6.Physical characteristics of cavities in relatiorawity breeding status (breeding or non-

breeding).
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3.1.4. Discussion

This study confirms that ship rats dwell within aheater colonies and visit their cavities,
but surprisingly, our results also showed that aai$ shearwaters rarely interact at the colony
during the breeding season. Furthermore, no padatcident was detected throughout the
entire breeding cycle despite intensive burrow rwoimg, and only one rat visit was detected
when eggs and chicks were the most vulnerable Iggggg and chick-rearing periods).
Consequently, in this colony, yelkouan shearwaseem unaffected by rat predation during
the breeding cycle. This interesting pattern oftiah interactions between introduced rats and
shearwaters may be related to the moderate raitidgsn$On Port-Cros Island, a feral cat
population (around 30 individuals) has been esthbll for at least two centuries and, by
preying mostly upon rats, cats may have contribtiwezbntrol rat populations (Bonnaetal
2007). Moreover, yelkouan shearwaters are redfritdeisland coastal cliffs for breeding,
which are low vegetated compared to inland for¥gigetation cover has been shown to
constrain rat densities since vegetation providedter and food for rats (Iguakt al 2006;
Quillfeldt et al 2008). Thus, by breeding in such marginal hakitktss favoured by rats,

shearwaters may be less vulnerable to rat impact.

Unexpectedly, rat visits to cavities were signifitg more frequent during the
interbreeding exodus (summer), when shearwaterddiathe breeding sites. In turn, non-
occupied cavities by shearwaters for breeding appeto be significantly more visited by
rats than occupied cavities, even after shearwatmideft the colony. Higher frequencies of
rat visits during the interbreeding seabird exoaiay not be related to higher rat abundances
in summer, as supported our data on rat captureessowithin shearwater colony (IMEP,
unpublished data). Indeed, high rat abundances nate expected during summer on
Mediterranean islands since the dry and harsh thrdaring this season reduces available
resources for rats (Cheylan 1988; Thibault 199%)weler, during this period of resource
scarcity, rats are more likely to search for akirre resources (e.g. Imbet al 2000), and
hence may increase their foraging movements iné@arstater cavities during summer. This
intriguing spatio-temporal segregation patternnglavith lack of predation events, is not
consistent with a predatory-foraging behaviour, mare with a bird-avoidance behaviour.
Indeed, even if burrowing seabirds have long beepowk as one of the groups most
vulnerable to alien predators (Atkinson 1985; Bur§&ochfeld 1994; Jonest al 2008),

medium-sized adult shearwaters (yelkouan shearwag¢@n body size = 416g; Zotiet al.
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1999) may be aggressive and may dissuade ratséndening breeding cavities by defending
their cavities (Townet al. 2006), and thus may reduce the foraging movenwntsts within

the colony when shearwaters are breeding. Howewamerous cases of sharp breeding
failures due to rat impact have been reported éthguan shearwaters, and even for the larger
Cory’s shearwaterQalonectris diomede&copoli 1979) on other Mediterranean islands (e.g.
Igual et al 2006, 2007; Ruffinet al.in press), but rat densities were supposed todieeh
than on Port-Cros Island. This study also suggésiisthe selection of the deepest and most
winding cavities by shearwaters for breeding mayehaelped shearwaters coping with
introduced mammal predators, such as cats andhrtis colony, by increasing concealment,
reducing accessibility and detectability to predatand thus leading to a higher breeding
success (Penlowgt al 1997; Regheet al. 1998; Bourgeois & Vidal 2007).

Our results suggest that selection patterns ofdomgecavities by shearwaters may also be
influenced by rat visits when shearwaters are motapg for suitable breeding cavities at the
beginning of the breeding cycle. We hypothesis¢ dlfactory cues (e.g., urine and faeces)
left by introduced predators inside cavities wh&itimg may induce a signal or a stress for
these birds, since petrels and shearwaters showelkdeveloped olfactory system
(Bonadonnaet al 2004; Nevitt & Bonadonna 2005) to avoid predateelling areas, as
already proven for native mammals (e.g. Dickman @@ aster 1984; Kats & Dill 1998).

Anyway, this unusual spatio-temporal segregationween ship rats and endemic
shearwaters still has to be tested in other codomied other ecological contexts before
inferring any conclusions on how this native sedlmould have co-existed with introduced
predators for hundreds or thousands of years ontdteghean islands without being driven
to extinction. As rat densities may highly constreat impact on seabird populations (Igatl
al. 2006; Quillfeldt et al 2008), it would be highly valuable to set out @amrative
experimental studies, manipulate rat densities i@elocal control) and measure behavioural
response of seabirds. More data is also neededheothotal survival and fidelity of adult
yelkouan shearwaters breeding in the less accessalities within this colony, and on the
breeding cavity selection behaviour of newly esshigld breeders.
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- Partie 3.2. -

3.2.EFFECT OF TOP PREDATOR CONTROL ON THE BEHAVIOUR AND IMPACT OF
AN INTRODUCED MESOPREDATOR

3.2. Effets du controle d'un prédateur apical sar domportement et l'impact d'un

meésopredateur introduit

Cette partie est tirée de Il'article en révision swiant :

Bonnaud E., Zarzoso-Lacoste D., Bourgeois K., Ruffo L., Legrand J. & Vidal E. Top predator
control boost endemic prey but not mesopredator. s presse dang\nimal Conservation (voir

Annexe J)

3.2.1. Contexte général de I'étude

Au cours des derniéres décennies, de nombreuseatiopé d’éradication et de controle
de prédateurs apicaux comme les chats haretséntaxiées sur les iles de la Planete dans le
but de supprimer ou réduire la menace exercéeesyrdpulations d’oiseaux marins (Twyford
et al. 2000 ; Veitch 2001 ; Nogale al 2004 ; Rodrigueet al. 2006 ; Rauzort al 2008 ;
Hugueset al. 2008). Cependant, des études ont pointé du torgque indirect associé a la
suppression de tels prédateurs apicaux sur ledaimms indigénes (oiseaux marins) lorsque
celles-ci constituaient une proie partagée parig@lus prédateurs, comme les chats et les rats
(Courchampet al 1999 ; Rayneet al. 2007 ; Dumongt al. soumis). En effet, la réduction ou
suppression complete des effectifs de prédateucawap(chats) par opération de gestion peut
conduire a un phénoméne de relache du mésoprédatda), dans un systéme ou les
populations de rats sont majoritairement contrdlpas le prédateur apical (systeme de
contrdle dit « top-down »). Cette relache de mésdgeur implique un impact plus fort sur la
proie native, et peut se manifester soit par ungmamtation des abondances du
mésoprédateur (Zavale¢d al 2001), soit par un changement de son comporte(hiergues
et al 2008).
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L'lle de Port-Cros a hébergé durant probablemenitream 200 ans (Pasqualini 1995) une
population de chats haretSefis catu$, dont I'impact de la prédation sur les populasiale
puffins yelkouanPuffinus yelkouarde I'lle a été estimé comme alarmant (Bonnaticl
2007). Dans un but de conservation des populatienpuffins de Ille, une opération de
contréle par piégeage non léthal de la populat®rcithts harets a débuté des Janvier 2004,
sur Port Cros (voir Annexe 1). L’'opération s’esblpngée jusqu’en Aolt 2005 et a conduit a
I'élimination de 28 chats harets. A cette date, dté considéré que la quasi-totalité des chats
harets avait été éliminée, du fait de I'arrét doces de pieégeage et de la raréfaction nette des
fécés de chats harets récoltés sur les chemingedévbir Annexe 1). En parallele, un suivi
fin des paramétres reproducteurs des puffins yellkdtaux d’occupation des cavités, succes
a I'éclosion, succes a I'envol, succes reproductetal) ainsi qu’un suivi des abondances de
rats noirs sur I'lle ont été effectués de Décen2®@4 a Aolt 2008, afin de suivre I'évolution
des dynamiques de populations de deux proies pales du chat : les puffins et les rats noirs
(les rats noirs sont présents dans 79% des fécébale récoltés entre Février 2000 et Aot
2004 ; Bonnauckt al. 2007). Par ailleurs, un suivi des visites de aats cavités de puffins a
été entrepris durant la premiére année de conttée chats (2004-2005) et reitéré apres
'opération de contrble des chats (2007-2008) dEnsut de mettre en évidence un

changement éventuel de comportement des ratsasudentrle des chats.

L’étude des patrons d’interactions aux cavitéseerdts noirs et puffins yelkouan qui a été
réalisée durant 'année 2004-2005, a révélé unefalbgré d’interaction entre rats et puffins
selon des patrons de visites de rats aux cavitéstphattendusKartie 3.1). D’'une patrt,
alors que les cavités non occupées par les pusfihgté régulirerement visitées par les rats
durant les principales phases du cycle reprodudeliviseau, celles occupées par les puffins
pendant leur reproduction n’ont été que trés rantmisitées. D’autre part, les fréquences de
visites moyennes des rats aux cavités se sontes/éltre significativement plus importantes
durant la période internuptiale, lorsque les oigegtaient absents de la colonie. Ainsi, la mise
en place d’'une opération de contrble intensif dedscsur Port Cros de Janvier 2004 a Aot
2005 a représenté une opportunité intéressanterivéirer cette étude de suivi des patrons de
visites des cavités de reproduction des puffindgmrats, 28 mois aprés la fin de I'opération
de contréle des chats (soit de Décembre 2007 a A008). Notre question est donc la
suivante : le contréle intensif des chats haretBal® Cros s’est-il traduit par un changement
dans le comportement de visites de rats aux cagtégsuffins et par un impact plus fort des

rats sur les puffins?
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3.2.2. Méthodes

Au cours du cycle annuel 2007-2008 de reprodudies puffins yelkouan de Port Cros,
les patrons de visites de cavités par les rat®@nsuivis au niveau de 61 cavités présentant
des caractéristiques favorables a la reproductsnoiseaux. Parmi ces 61 cavités, 23 ont été
utilisées pour la reproduction des oiseaux et aiitlfobjet d'un suivi régulier du succés
reproducteur. Le suivi des visites de rats a l@ntle chacune des 61 cavités s’est effectué 24
fois dans I'année, soit durant quatre nuits suceesgl observation par nuit) au cours des six
phases principales du cycle de reproduction duirpybécembre 2007 = prospection des
cavités ; Février 2008 = accouplement ; Avril 2G0Bicubation ; Mai 2008 = éclosion ; Juin
2008 = envol des jeunes; Aolt 2008 = internuptiBlgure 8), pour un total de 1461
observations pour I'ensemble des cavités duranydde annuel des oiseaux. Les visites de
cavités par les rats ont été observées grace apreares laissées apres leur passage dans un
sable fin posé a I'entrée de chaque cavité. Lettesret poils laissés dans I'entrée des cavités
ont également été considérés comme des indices isieke Wde rats. L'utilisation
complémentaire de dispositifs photographiques raiafige mis en place devant I'entrée d’'un
lot réduit de cavités nous a permis d’'identifier #mimaux visitant les cavités et de confirmer
les visites de rats (Figure 9). Les indices ddeide rats ont été retirés aprés chaque visite, et
les empreintes dans le sable effacées. Les ré&sohaité analysés en tant que fréquences de
visites de ratsf{) suivant la formule suivantef;: = n/(nyncnn), oun, représente le nombre de
visites de ratsp, le nombre de périodes suiviey, € 6), nle nombre de cavitési{ = 38 ou
23) etn, le nombre de nuits de suiviy(= 4). Des testg* de Cochran et de McNemar pour
échantillons appariés ont été appliqués pour coenplas distributions de fréquences de
visites de rats entre plusieurs périodes du cyckntre deux périodes, respectivement. Des
testsy? de Pearson pour échantillons indépendants ont étégaggl pour tester la difference

entre les fréquences de visites de rats entrecies ahnées de suivi.

Oct. | Nov. | Déc. | Jan. | Fév. Mars | Avr. Mai | Juin | Juil Aodt | Sept.

— - e — —
Cycle Prospection Accoupl. Ponte Eclosion Envol

Figure 9. Phases principales du cycle de reproduction etidigcvocale du puffin yelkouan (d’aprées
Vidal 1985 et Zotier 1997).
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Figure 10. Photos prises grace aux dispositifs d’appareil phofrarouge, disposés devant I'entrée
d’'une cavité naturelle utilisée par les puffins ptaireproduction. La photo (a) montre un rat noir
entrant dans la cavité n°26 le 4 Avril 2008 a 23tetda photo (b) montre un puffin sortant de cette

méme cavité la méme nuit a 02h10.
3.2.3. Résultats
3.2.3.1. Patrons temporels de visites des cavitéar pes rats

La totalité des 61 cavités suivies en 2007-200&8 avigitée au moins une fois par les rats
durant les 24 nuits d’observations le long du cyelgroducteur des puffins. Au total, 364
visites de rats ont été enregistrées, soit une mmyde 0,242 visite.cavitéwit®, alors qu'en
2004-2005, la fréquence moyenne de visites deétaisde 0,054 visite.caviténuit®, soit 4,5
fois moins élevée. Pour 'année 2007-2008, lesopatde visites de cavités par les rats ont été
significativement différents entre les six périodkes suivi (CochrarQ = 77.4,P < 0,001 ;
Figure 10). En particulier, les fréquences de essitle rats ont été significativement plus
importantes durant la période de prospection dssaax f, = 0,561) que durant les cing
autres périodes (McNemaf, toutes les valeurs d@ > Peor. gonferror). LeS périodes d’envol
des poussind(= 0,066) et internuptiald,& 0,113) ont enregistré les fréquences de visikes d
cavités par les rats les deux plus faibles, compaxéquatre autres périodes du cycle (Figure
10).
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Figure 11. Fréquences de visites par les rats des cavit&gesliou non pour la reproduction par les
puffins au cours de la premiere année de contrédeathats harets sur Port Cros (2004-2005) et 28

mois apreés la fin du contréle (2008-2009).

3.2.3.2. Patrons de visites des rats aux cavitéslisees par les puffins pour la
reproduction

En 2004-2005, durant la premiére année de contigdechats, les fréquences de visites de
cavités par les rats ont été significativementédédhtes entre les cavités utilisées par les
puffins pour la reproductiorf,(= 0,008) et celles non utiliséefs £ 0,048) (voirPartie 3.1),
alors qu’en 2007-2008, apres contrble des chatsyrau différence significative n'a été
enregistrée entre les deux types de cavit€gegoduction)= 0,217;f: (non reproduction= 0,257 ;
Pearson/”= 1.77P > 0.05). La fréquence moyenne de visites de ratscavités utilisées par
les puffins pour la reproduction a significativernangmenté entre 2004-2005 et 2007-2008
(Pearsory?= 70,P < 0.001). En 2004-2005, seule une cavité de rejtash a été visitée par
les rats (4%n = 25 cavités suivies) durant les trois périodesvalaérabilité des ceufs et
poussins (incubation, éclosion, envol de poussalejs que 87% des cavités de reproduction
(n = 23) ont été visitées par les rats au moins e én 2007-2008 durant ces mémes
périodes. Durant ces périodes de vulnérabilitéodets et poussins, la fréquence moyenne de
visites des cavités de reproduction par les ratgasignificativement plus élevée en 2007-
2008 §; = 0,156) qu’en 2004-2005; £ 0,003 ; Yates cor. Pearsph= 30.1,P < 0.001). En
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2007-2008, six cavités (25% sur les 61 cavitésissjont rencontrées un échec reproducteur
et quatre (17%) en 2004-2005. Durant les deux anrme suivis, aucun cas d'échec
reproducteur n’a pu étre attribué a la prédationraty et les cavités ayant subi un échec
reproducteur n’ont pas montré un taux de visitesatie plus important que les cavités ou la
reproduction a réussi, que ce soit durant I'ensentll cycle reproducteur (2004-2006 :
succesi= 0,002, (¢checy= 0 ; 2007-2008 f; (succes= 0,219,f; schec)= 0,208), ou durant les trois
periodes de vulnérabilité des ceufs et poussins4€2005 :f; (succesy= 0,004, f; (schecy= O ;
2007-2008 f; (succesi 0,487 frechec= 0,375).

3.2.4. Eléments de discussion

L’étude des interactions entre rats noirs et paffielkouan au niveau des sites de
reproduction des oiseaux, 28 mois apres I'opérafiercontrole des chats harets de I'lle de
Port Cros, a révélé des patrons de visites dearatscavités significativement différents de
ceux précédemment observés durant la premiere alméentrble des chats. D’'une part, les
fréequences de visites de rats aux cavités ontfgigtivement augmenté apres le contrdle des
chats, notamment au niveau des cavités utiliséepguffins pour la reproduction. D’autre
part, le schéma temporel des visites de rats pinédtendu observé en 2004-2005, montrant
des fréquences de visites nettement plus impodagrepériode internuptiale, n'a pas été
observé durant 'année 2007-2008. Ces changememsitdons de visites des cavités par les
rats pourraient s’expliquer par deux phénomenegindis ou synergiques: (1) une
augmentation des abondances de rats sur I'lle guitntrdle du prédateur apical (Zavaleta
et al 2001 ; Russelet al 2009), ou (2) un changement de comportement alssdans
I'exploitation de I'habitat suite au contréle duédateur apical (Hugest al 2008). Le suivi
des abondances moyennes de rats qui a été efiatidrt Cros de 2004 a 2008 (Figure 11)
ne montre pas d’augmentation nette des abondamcestgisur I'lle apres contréle des chats
(r2 =0,196). Au contraire, les fluctuations du sgcde piégeage des rats enregistrées pendant
et aprés le contrble des chats s’inscrivent passifluctuations saisonniéres et annuelles
fréequentes enregistrées au cours de ces 20 derraéwreces (Granjon & Cheylan 1993).
Durant la période de suivi des visites de rats aaxités aprés contrble des chats, de
Décembre 2007 a Aot 2008, le succes de piégeageate reste modéré, mais apparait
cependant plus élevé que durant I'année 2004-206pendant, les données disponibles ne

nous permettent pas de trancher entre I'’hypoth&se caugmentation d’abondance et celle
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d’'un changement de comportement des rats pourgerli’augmentation des fréquences de
visites de terriers aprés contrble des chats. Heurg, durant I'année 2007-2008, la
décroissance des fréquences de visites de ratssdeppériode de prospection des puffins
jusqu’aux peériodes d’envol des poussins et intealepsuivantes pourrait étre liée a une
diminution des abondances de rats a ces peériodeame le suggere la diminution
conségquente du succes de piégeage des rats emntterédd2007 et Aolt 2008 (Figure 11).
Enfin, malgré des patrons temporels de visite®ubfits, voire inverses, entre les deux années
de suivi, les fréquences de visites moyennes de aatpériode internuptiale, lorsque les
puffins sont absents des colonies, restent damsélme ordre de grandeur entre les deux

années.

De maniere intéressante, malgré une augmentatgmifisative des interactions entre les
rats et les puffins entre les deux années de steiin indice ne nous a permis d’attribuer les
échecs reproducteurs des puffins a la prédatiotepaats en 2007-2008. Par ailleurs, le suivi
des paramétres reproducteurs de 100 couples daguai la colonie d’étude entre 2003 et
2008 révele un succes reproducteur globalemené @egc peu de variations inter-annuelles
(succés moyen a I'éclosion = 0,849 + 0,043 ; suooégen a I'envol = 0,901 + 0,021 ; succes
reproducteur moyen = 0,763 + 0034) ; particulienetygour I'année 2007-2008 ou il atteind
son maximum (0,853 ; voir Annexe 1.). Ces vale@sulcces reproducteur sont relativement
élevées si I'on se réfere aux autres iles de Mediiée, pour le puffin yelkouan (Montecristo,
Italie, Baccetti 1993-1994 ; Tavolara et Molaragda#ggne, N. Baccetti comm.pers. ; Malte, J.
Borg comm.pers.) ou pour le puffin cendré (CabrBag¢ares, Amengual & Aguilar 1998 ;
fles Chafarines, Iguat al 2006 ; Zannone, Italie, Corbt al 2005) et démontrent donc un
impact insignifiant des rats noirs sur les popalaide puffins yelkouan de I'lle de Port Cros.
Méme si les patrons d’interactions entre rats éfimsusemblent avoir changé au niveau des
cavités de reproduction, le contrdle des chatsthate I'lle de Port Cros ne s’est pas traduit
par une relache du mésoprédateur, le rat noir, dampact sur la productivité des puffins

reste globalement faible depuis cing ans.

Cette étude confirme que le contrdle d'un prédadgical comme le chat haret sur les iles
ne se traduit pas systématiquement par une aughoende I'impact du prédateur secondaire,
comme les rats sur les populations indigénes coisenarins (Coopegt al. 1995; Girardet
et al 2001).Grace a la modélisation des dynamiques de popokatitune espéece d’oiseau
marin et de deux prédateurs introduits (chatste},rRusselket al (2009) ont montré que le
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phénomeéne de relache de mésoprédateur aprés eoddl populations de chats ne se
produisait qu’en situations ou les chats exercaienfort contréle sur les populations de rats
(contréle de type «top-down »). En effet, les papons de rats introduits sur les iles sont
reconnues pour fluctuer largement entre les saiginannées, selon lI'abondance et la
disponibilité des ressources (Clark 1980 ; MollerCaig 1987 ; Miller & Miller 1995).
Ainsi, dans le cas de Ille de Port Cros, avantdetréle des chats harets, il est probable que
les populations de rats étaient plus fortementrét¥gs par I'abondance et la disponibilité des
ressources (contréle de type « bottom-up ») quelgparédation par les chats (contréle de
type «top-down »). De maniere générale, les résutte ces expérimentations conduites sur
I'lle de Port Cros rejoignent les récentes inteat@mms au sujet de la nature réelle de I'impact
des rats introduits sur les oiseaux marins, l'istiénde cet impact et des facteurs intrinseques

et extrinseques favorisant cet impact (e.g. Toetredl 2006 ; voir ausdpPartie 3.4).

Début du contrble
des chats

Fin du contréle
0.401 des chats

0.301 ¢
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0.00 — ¢~ //
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Succeés de piégeage (nb
de rats.nuit."'piege?)

Sessions de piégeage Sessions de piégeage
(Granjon & Cheylan 1993) (cette étude)

Figure 12. Succes de piégeage de rats noirs sur I'lle de Got, avant le contréle des chats harets
(1978-1987; Granjon & Cheylan 1993), durant et sjeecontréle des chats (2005-2008; cette étude).
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- Partie 3.3. -

3.3. LIMITED PREDATION CAPACITIES ON BIRD EGGS BY INVASIVE RATS: AN
EXPERIMENTAL APPROACH

3.3. Capacités de predation limitées des ratsdaott® sur les oeufs d'oiseaux marins: une

approche expérimentale.
Résumé:

Les prédateurs introduits sur les iles sont compuug affecter négativement la productivité des
oiseaux insulaires et leurs dynamiques de popultiRécemment, certains questionnements ont
émergé concernant les mécanismes d'impact deintetduits Rattusspp. et la sévérité de I'impact
causé par la prédation sur les oiseaux. Dans égitle, il a été question d’évaluer les capacités de
prédation du rat noiR. rattussur des ceufs d’'oiseaux, grace a I'utilisationefst comportementaux
de capacités de prédation réalisés sur des indiypdilevés sur une ile de Méditerranée (Bagaud, S-E
France). Cinq variables suceptibles d’affecter decés de prédation des rats sur les ceufs ont été
testées : la taille de I'ceuf, I'état de I'ceuf, lasee corporelle des rats, leur sexe ainsi quehksuitat
d’origine. Les résultats montrent que les rats tifient les ceufs comme une source de nourriture
potentielle, mais de maniére surprenante, il sevgue les rats sont globalement incapables de
consommer des oeufs intacts de taille moyenne gagitaille) et de large taille (ceuf de poule)salo
gue les ceufs intacts de petite taille (ceufs derasmnt trés largement consommés. Par contraube t
de réussite a la consommation d’ceufs augmentefisaiiement lorsque les ceufs sont au préalable
endommageés. Ces résultats sont en accord aveottigge que les capacités de prédation des rats sur
les ceufs d'oiseaux puissent avoir été quelque peastimées et donnent également de I'importance
au comportement de charognard des rats visantnisootamtion d’'ceufs endommagés. Nos résultats
suggeérent que les capacités de prédation des umtess ceufs pourraient étre liées a des facteurs
mécaniques ou physiques et soulevent I'hypothésd'edéstence de techniques complexes de
prédation dans le but de casser et consommer dsdriacts d'oiseaux. Une compréhension plus fine
des mécanismes d’'impact des rongeurs introduitBastifaune insulaire est susceptible d’apporter de
précieux éléments pour une gestion plus adaptéedgsurs introduits et une meilleure conservation

des populations d’'oiseaux insulaires.

Cette partie correspond a l'article en préparationsuivant:

Zazoso-Lacoste D., Ruffino L. & Vidal E. Limited predation capacities on bird eggs by
invasive rats: an experimental approach. En préparion pour Conservation Biology
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3.3.1. Introduction

The impacts of alien predators on island nativeciggehave been studied extensively and
invasive rats Rattusspp.) are considered as major contributors to deaied extirpations
and extinctions of island avifauna (Atkinson 198birger & Gochfeld 1994; Courchangh
al. 2003; Blackburret al.2004). The global-scale and strong impact of ileagats on island
bird populations are mainly related to their poinio prey on birds at different life stages
(eggs, chicks and adults), and to affect, for thestmvulnerable species, both breeding
parameters and adult survival, leading to shard pwpulation declines (Atkinson 1985;
Boothet al. 1996; Penlouget al. 1997; Robineet al. 1998; Travesett al. 2009).

Understanding the mechanisms of rat impact andtdyiaig the effects of rat predation on
bird populations are often challenging. Indeed, tnposdation is cryptic, occurs by night and
sometimes underground, and leaves few signs, edlyefcir burrowing seabirds (Jones et al.
2008). As a consequence, rat impact is often asddbsough indirect methods, such as the
monitoring of bird breeding parameter change beéoré after the experimental removal of
rats (Igualet al 2006; Jouventiret al 2003; Pascatt al 2008). However, even with this
widely-used approach, the mechanisms by whichresty affect birds still remain unclear.
In the light of these questionings, identifying wafpr a more reliable estimation of rat
impacts and their real predatory capacities on eggsears necessary (Priedb al. 2003;
Townset al 2006).Experimental tests with artificial nests in thedyitonducted by Prietet
al. (2003), showed that ship rats only managed tg ppon seagull eggs when eggs were
experimentally damaged, suggesting thus that ttemsity of rat predation on eggs may have
sometimes been overestimated. Experimental appesacking behavioral tests or feeding
trials conducted on wild populations under congwlconditions offer an alternative way to
study predation processes and to test for posdiikers of predation capacity and success
(DeGraff & Maier 1996; Whelaet al. 1994; Bramleyet al. 2000), yet these methods remain

too poorly used.

In this paper, we tested the predation capacitiebi@ eggs of one of the most damaging
invasive rat species, the ship mt rattus. Wild-trapped rats were subjected to several
predation trials in captivity. We particularly aithat testing the effects of five factors likely
to influence rat predation success, namely egg eg®g state, rat body mass, rat sex, and rat’s
habitat of origin. Better understanding the mec$iasi of impact of so cryptic predators like
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rats is necessary to evaluate and thus mitigate theeats to island avifauna and help
designing appropriate conservation strategies.

3.3.2. Material and methods

3.3.2.1. Study area

This study was conducted on Bagaud Island (43°04@°21'45 E; total area = 58 Ha), a
natural reserve within the Port-Cros National P@ikéres Islands, France), 7.5 km of the
French Mediterranean coast. This island culminatég® m and is covered by a dense native
scrubland mainly composed Bistacia Lentiscus, Myrtus communiBhillyrea angustifolia
andErica arborea.A colony of ca. 460 pairs gfellow-legged gullsl{arus michahellis nest
on the island from February to August.

Ship rats were wild-trapped on a 4.25-ha trappind gf 117 permanent trap stations
covering the southern part of Bagaud Island. Tragppivas conducted from February to
August 2009 and was part of a 24-month capture-iregépture survey of ship rat population
dynamics and movements, in which ratsre individually marked using subcutaneous PIT
tags (type FDX-B, IER Paris, Franc@). Ruffino in prep). Traps were baited with petainu

butter, set before dusk and checked early in thenimg.

3.3.2.2. Feeding trials

Wild-trapped rats were weighed, sexed and indidigueept in captivity during 24h in
wire-mesh cages (29 x 10 x 10 cm) containing coliedding for acclimatization. Feeding
trials were performed within a building (small fogresent on Bagaud Island, reducing thus
the stress induced by animal translocation fromtridugping area to the testing zone. Each rat
was individually subjected to a series of four fegdrials which were performed on days 1,
2, 3 and 4 from 8:00 to 12:00. Feeding trials weparated by periods of rest (with water and
sunflower seedad libitum) followed by periods of fasting (at the end of theal, food and

water were removed until the next morning) (Masseail. 2002; Meyer & Shiels 2009).

Five variables were tested for their influence loa tapacity of rats to prey on eggs: egg
size, egg state, rat body mass, rat sex and ralbifah of origin. First, to assess the capacity of
rats to depredate different egg sizes, three tgfesggs were proposed to rats: hen eggs
(56.18 = 1.63 x 43.49 + 1.17 mm), quail eggs (35:3B85 x 27.17 + 0.77 mm) and canary
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eggs (18.40 +1.03 x 14.16 + 0.42 mm). Secondetteet of the egg state on the frequency of
egg depredation was tested by offering rats peaddrar intact (not damaged) hen and qualil
eggs. Perforated eggs were punctured with a 2-namelier circular hole at the apex (Masseli
et al. 2002). In addition, the effect of the punctureipos was investigated by comparing the
frequency of egg depredation between eggs puncatrdte apex and eggs punctured on the
side. Tests were also realized on cracked (dambgedot perforated) eggs, and on intact
eggs coated with yolk and albumen, to check whetiger depredation frequencies differed
from those of punctured eggs and non-coated eggpectively. Third, the effect of rat body
mass was tested by comparing egg depredation ineguer two classes of rat weight : (1)
110-170 g £ 5¢g (i.e. immmature and sub-adult indraid), and (2) > 220 g (adults). Finally, the
effect of the habitat of origin of the tested natss investigated by comparing egg depredation
frequencies between rats captured in two diffehaitats: (1) a seabird habitat comprising a
yellow-legged gull colony during the breeding pdriavhere the egg resource (intact or
damaged) was usually available to rats, and (Qraseabird habitat (native scrubland), 150
to 500 m away from the gull colony, where the eggpurce was absent. A long-term capture-
recapture of rats conducted during the 24 previmosiths on Bagaud Island provided the
history of captures for each rat and revealed V@ny probabilities of movements between
habitats (L. Ruffino soumis), which make us confidezhen assigning the origin of rats to

one or another habitat (s€bapter 4.).

Feeding trials were performed in rodent cages (86 x 28 cm) with floor covered by fine
sand. During each feeding trial, rats were offeoe¢ egg. Eggs were proposed to rats in
decreasing order of predation difficulty to limiiet effects of learning from one test to another
(Trial 1: intact hen egg, Trial 2: intact quail egbrial 3: perforated hen egg, Trial 4:
perforated quail egg). Eggs were protected undestipl covers which were simultaneously
removed five minutes after rats were placed in arpental cages to synchronize the
beginning of the experiments. Masking devices wdeeed between cages to prevent any
visual contact among rats during trials. Eggs amgkes were always manipulated with latex
gloves to reduce human scent (Whelan 1994). Atiehdeeding trial, sand was removed and
cages were cleaned with alcohol and then ventild&adh feeding trial lasted four hours and
the egg fate (consumed, cracked, moved, intact)raaded at the end of each trial. Intact
eggs were considered depredated when left operacked. Perforated eggs were considered

depredated when their existing hole was signifigegxpanded by the rat (Massial. 2002;
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Prietoet al. 2003). After each feeding trial, evidence of pteaattempts was recorded on

the shell of intact eggs (licking, tooth marks @ve marks).
3.3.2.3. Data analysis

Chi-square tests for independent samples were tsecbmpare frequencies of egg
predation attempts between rats trapped in botlidtabNon-parametric Cochran Q tests for
temporally correlated data were performed to compghe frequencies of depredated eggs
among the four successive feeding trials (Triale 4). McNemary’ tests for related samples
were performed to test for differences in freques®f depredated eggs between two factors
(egg size, egg state, rat body mass, rat sex,abatfitorigin), in 2 x 2 contingency tables.
Bonferroni adjustments for multiple comparisons evapplied when necessary (Quinn &
Keough 2002).

O
O

. .
D. Zarzoso-Lacoste D. Zarﬁo-Lacoste

k

Figure 13. Photos du dispositif experimental mis en placerples tests comportementaux de
capacities de predation des rats noirs sur lessokat photos (a) et (b) montrent les cages desrepo
expérimentale ainsi que le systeme de cloche quége I'ceuf avant le début de I'expérimentation. La
photo (c) montre un rat noir consommant un ceuflgbament endommagé, et la photo (d) montre 6
ceufs de poule de taille moyenne perforés a lew dp@ trou de 2mm de diametre.
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3.3.3. Restllts

At least 60% of the intact eggs showed evidencpreflation attempts whatever the egg
size (hen eggs: 63%,= 65; quail eggs: 67% = 102; canary eggs: 90%,= 19; Figure 12).
Frequencies of predation attempts were not sigmitig different between rats captured in the
gull colony (62%:n = 78) and rats captured in the non-seabird sonab(B0%;n = 108) §* =
1.3,P>0.05).
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Figure 14. Frequencies of predation attempts Rgttus rattuson intact henr( total = 65), quail i
total = 102) and canary eggstptal = 19). Numbers of depredated eggs are iteticabove each bar.

For all the 104 tested rats, the frequencies ofetigiion on intact eggs were 0% for hen
eggs O = 102), 3% for quail eggs = 89) and 90% for canary eggs% 19). The frequency
of depredation on intact eggs was not enhanced vedggs were coated with yolk and
albumen and remained nufl € 21) (Figure 12). However, the frequencies ofrddption on
perforated eggs were higher than 90% for both heng§4) and quail eggs € 95).

The frequency distributions of depredated eggs wigificantly different among the four
feeding trials (Trials 1 to 4), whatever rat bodgss class, sex and habitat (Cochgatests;
all P values < 0.001). In particular, the frequenciese@f depredation were significantly
lower for intact eggs (Trials 1 and 2) than perfedaeggs (Trials 3 and 4), whatever rat body
mass, sex or habitat (McNemgaf tests; allP values < 0.001). The frequencies of egg

depredation did not differ significantly betweemlw quail egg, whatever rat body mass, sex
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or habitat (McNemaqv2 tests; allP values >P gonterron). IN turn, neither sex, rat body mass nor
habitat significantly affected the frequencies gf elepredation (males: 53%= 55; females:
47%,n = 49; rats from the lowest body mass class: 46%,48; rats from the highest body
mass class: 39% = 41; rats from the seabird colony: 4986+ 51; rats from the scrubland:
51%,n = 53; McNeman(2 tests; allP values >P gonferroni). Finally, the puncture position on
eggs (top- or side-perforated) had no significdfdgot on the frequencies of egg depredation
(Ntop-perforated = 18 [91%]; Nside-perforated= 84 [100%)]; Figure 15). The frequencies of egg
depredation did not differ between cracked andopatéd eggs, whatever the egg size (88%
for hen eggsn = 16; 100% for quail eggs,= 6; y* = 0.6,P > 0.05).

Frequency of depredation
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Figure 15.Frequencies of egg depredationRyrattuson eggs of varying sizes (hen, quail or canary
eggs) and states (intact, perforated or crackedggys coated or not by yolk and albumen, and on
eggs perforated at the top or on the side.
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3.3.4. Discussion

Several aspects of interactions between introdywedators and native insular species
remain poorly understood. In particular, the medas of invasive rodent predation on
native species would be worthy of more investigatespecially for birds with cryptic nesting
behavior such as burrowing seabirds. This studyfiros the potential of experimental
approaches with behavioral tests on wild individutd offer interesting possibilities for
studying rat predation. However, results from oaptrials should always be interpreted with
caution, since experimental biases could resthiet relevance of extrapolated resultsirio
natura conditions. In this study, the potential methodatal biases were limited by (i)
testing wild-trapped rats instead of laboratorys réleyer & Shiels 2009), (ii) conducting
feeding trials on the same island where rats wayguced in order to reduce the stress
induced by animal translocation, and (iii) usingrstardized protocols for experiments in
captivity (DeGraff & Maier 1996; Masset al.2002).

Our results showed that, whatever egg size and stgig (intact or damaged), rats
identified eggs as a potential food resource. phaisern was consistent between habitats and
independent from the fact that rats could have em&ved bird eggs in their habitat of origin
before. Indeed, rats coming from the non-seabititiiadid not show significantly lower
frequencies of predation attempts on eggs thancatsng from the seabird colony, where
eggs were abundant during the breeding season.oMemealthough olfaction plays an
important role in the foraging behaviour of ratsal@ & Heiber 1976; Galet994; Bramley
et al.2000), here, olfactory cues (odors released by gntk aloumen of coated eggs) did not
seem to be necessarily required for the identiboabf eggs as a food resource or to trigger

egg predation.

Almost all the canary eggs were successfully pestidty rats. This confirms the strong
vulnerability of small birds (e.g. passerines)dabpredation (Atkinson 1985; Steadman 2006).
Conversely, rats showed strong difficulties to kraad prey on intact eggs of both large-size
(hen eggs) but also, surprisingly, medium-size i{ceggs) eggsThis pattern may be related
to mechanical limiting factors such as rat jaw {apGraaf & Maier 1996; Prietet al. 2003)
or bite force (Andersomrt al.2008), or to a lack of predation skills, as sugeedty Prietcet
al. (2003). Social learning is important in rodentalEg & Whiskin 2001) and has been
shown to be determinant to learn complex feedinlisskuch as pine cone stripping behavior

in a pine forest habitat in Israel (Terkel 1994),egg removal and eating in Bonin petrel
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(Grantet al.1981) and little shearwater colonies (Boethal. 1996) on Midway island and in
New Zealand, respectively. Moreover, no significafiect of the habitat of rats’ origin was
identified on egg predation success. This couldyssigthat on Bagaud Island, no apparent
learning behaviour was developed by the rats dmelin the seagull habitat to prey upon
eggs. However, it is plausible that the aggresbwieaviour of gulls defending their nests,
along with the large size of gull eggs, may hawduced the access of intact eggs to rats and
decreased the possibility that they may have ajr@a@naged to consume intact eggs in the

wild.

Egg predation success substantially increased thecegg presented a tiny notch on the
shell (cracked or perforated on the apex or orsitie), allowing rats to get caught in the egg
shell and break it. These results reinforce andrekto small-sized birds the idea raised by
Prietoet al. (2003) that the egg state (intarstdamaged) is a key driver in determining the
success of egg predation by rats, and suggesatpatt of predated eggs by rats in the wild
could have been cracked or failed eggs i.e. eggs would have not hatched. Another
implication of this result would be that hatchingge are particularly sensitive to rat impact,
especially when eggs are left unattended by thenpar Our findings also support the
propensity of rats to scavenge food, particulaailetl eggs, and raise the hypothesis that the
food acquired by feeding on dead avian materialddceepresent an under-estimated part of
the diet of invasive rats. Unfortunately, scaveggiras too poorly been mentioned as an
alternative hypothesis of predation (but see Nord@rb and Harper 2007), rarely observed
(but see Witmeet al. 2006 and Quillfeldet al. 2008) and quantified in the field. However,
evaluating how much of the food ingested by raty & acquired by scavenging should be
highly valuable to provide complementary data far interpretation, often difficult, of results
of conventional diet studies and signs of mortdktys in the field (Harper 2007), and hence
should contribute to avoid over-estimation of ptemtaand alarmist conclusions (Norman
1975).

In the other hand, our results did not exclude attmyer mechanisms of rat impact on bird
eggs. For example, a rat rolling an incubating egigide the nesting chamber would have the
same impact on the bird breeding success than aggaredation event (Estradtal. 2002)
since the rolling egg, even when not consumed, avbelneglected by the parents and would
not hatch (Seto & Conant 1996; Whtiwoedhal. 2005). To elucidate whether rats could prey
on intact eggs using learned skills such as edmgolexperimental approaches with artificial
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nests coupled with video surveillance could be tged (e.g. Bootlet al. 1996; Thompson
& Burhans 2004).

The existence of a threshold in the rat body mggskze ratio beyond which egg
predation success may be enhanced have been hsigatite (Prietcet al. 2003). In our
study, the non-significant effect of rat body maasegg predation success could indicate that
this threshold was not reached, and that the poedaticcess on intact eggs of the size of
those of small petrels by adult black rats of 200-8 may be far from being obvious. This is
why, it could be interesting to perform these fegdirials on the three other invasive rodent
species, the Norway r&attus norvegicyshe Pacific raRattus exulanand the house mouse
Mus musculusalso known as egg predators, but with differemtiybsizes, ecologies and
behaviors, and therefore different predation cajacie.g. Bootlet al. 1996; Imberet al.
2000; Majoret al. 2006; Angelet al. 2009). Results of these experiments could help to
prioritize bird conservation actions on island degpieg on rat species and bird species in
presence (Jonex al.2008).

This study leads us to question on the real mesh@nand the intensity by which invasive
rats affect bird population dynamics. The mecharisand magnitude of the direct and
indirect impacts of invasive rats on birds are rggtg likely to vary among island contexts.
Furthermore, bird sensitivity to rats is relatedcamplex confounding factors, such as rat
population densities (lguak al. 2006; Quillfeldtet al. 2008), rat learning behaviour (Graatt
al. 1981), and the presence of other introduced spéeigs Imberet al. 2000; Igualet al
2009). Combining appropriate methods and usingiptelsources of corroborating evidence
should promote a better overview of the processesiving bird population declines and

design relevant conservation strategies.
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- Partie 3.4. -

3.4.RAT IMPACT ON SEABIRDS : DO WE NEED BETTER DATA ?

3.4. Impact des rats sur les oiseaux marins: amons-besoin de meilleures données?

Résume :

Les espéces introduites sont impliquées de facgaumadans la crise d’extinction et de
raréfaction d’espéces, en particulier au niveau @mxsystemes insulaires. Les r&attus
spp., introduits sont considérés comme une menagjeune pour les oiseaux marins sur
'ensemble des iles de la Planéte. Dans ce contéxépparait indispensable d’évaluer la
pertinence des méthodologies mises en ceuvre paluedVimpact de ces rongeurs introduits
sur les populations d’oiseaux marins. Ici, nousnavoonduit une synthése puis une analyse
de I'ensemble des articles scientifiques publigaude1980 ayant étudié I'impact des rats sur
les oiseaux marins afin de faire le point sur ledhmdologies employées pour évaluer cet
impact, pointer du doigt les biais liés a chaquéhodologie, afin de proposer de nouvelles
perspectives de recherche. Toutes les méthodolegiptoyées ne permettent pas d’affirmer
I'existence d’un impact, et d’évaluer les mécanisml'intensité de I'impact. Le couplage de
sources d’information variées semble vivement @meunander afin de limiter les erreurs
d’interprétation de résultats issus de certainesthoa®logies. Certains outils ou
expérimentations restent encore peu usités, conmutiésation de la vidéo ou de tests
comportementaux en situation controlée, pourtarscequtibles de fournir de précieuses
informations. Enfin, la prise en compte et I'étutks situations de coexistence entre rats et
oiseaux marins pourraient contribuer a une medledvaluation des criteres de vulnérabilité

des oiseaux face aux rats a une échelle globale.

Ce travail correspond a I'article en préparation suvant :

Ruffino L. & Vidal E. Rat impact on seabirds: do we need better data? En préparation pour

Conservation BiologyRubrique Diversity < 2000 mots).
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3.4.1. Introduction

On islands, introduced predators are identifiech &y driver of species endangerment,
extirpations and extinctions, especially for bi(Bsackburnet al 2004; Rickettet al 2005;
Steadman 2006). The conservation status of sealirgsrticular, has become alarming in
the last 20 years (Butchaed al 2004) and nearly one third (30%) of the 334 selafpecies
are currently recognized as globally threatenedCNU2008). For decades, a growing
literature has pointed to pervasive effects of #ive rats Rattusspp.) on many seabird taxa
in most archipelagos of the world (e.g. Joeesl 2008) and rats are often identified as a
leading cause of seabird extinction risk (e.g. %4 of petrel and shearwater species, IUCN
2008). Most of the impact of rats on seabirds feenlreported through rat predation on eggs
and chicks, the two most sensitive early life stafgesmall introduced predators (Joeésl
2008).

Despite the apparent well-recognized major impacais on seabirds, recent questionings
have emerged on the deficiencies in our knowledgganding the mechanisms and the
magnitude of the impact of so cryptic predatore liits (e.g. Townst al 2006). Some recent
papers have highlighted the long-term persisteficeabird populations to persist despite the
presence of invasive rats on islands (Catral 2007; Quillfeldtet al 2008; Ruffinoet al
2008, 2009). Some others have moderated the abilitwasive rats to prey on bird eggs, and
have given much importance on the contribution cdvenging in the food habits of rats
(Prietoet al. 2003; Zarzoso-Lacostd al in prep; see alsBart 3.3). Moreover, modeling of
long-lived seabird population dynamics suggesteadi tthe effects of egg and chick predation
by rats on seabird population decline should bdowefest concern compared to factors
specifically affecting adult survival, such as kngtroduced predators (Le Corre 2008) or
long-line fisheries (Iguatt al 2009).

Concern over the island biodiversity crisis hasnmuted scientists to quantitatively model
species extinction probability and pinpoint speaesigher imminent risk for management
prioritization. Reliable predictions should be astad by obtaining robust data and a detailed
understanding of the processes of species endaageby introduced predators. The global
critical status of seabirds and the growing intei@s the impacts of invasive rats have
prompted us to investigate how the effects of catseabirds has been assessed for the last 30
years (Which methods were most commonly used?pirtpoint gaps in our research and
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biases related to each method, in order to drawrdutesearch perspectives for a better
understanding of the mechanistic causes of sepbpdlation decline and extinction risk.

3.4.2. Literature review

We reviewed published papers describing eitherifsdgnt or non-significant impacts of
any introduced rat specieR.(rattus, R. norvegicus, R. exulpos any species of the seabird
group, from 1980 to 2009. We searched electrongines (Web of Knowledge, Science
Direct, Google Scholar) using combinations of tiéofving keywordsRattus, ratsseabirds
impact effect eradication island nestingbreeding succespredation extinction We also
searched for relevant sources in the referenceofigtach paper found. Grey literature and
unpublished reports were excluded and we onlyiotstl our search to peer-reviewed papers.
The methods used by authors to investigate rat émpa seabirds were assigned to ten
categories: (1) experimental manipulation of ratgitees (monitoring of changes in seabird
breeding parameters before and after rat contraleoroval), (2) monitoring of causes of
seabird breeding failure though the record of pmessigns of mortality left in the field
(disappearance of eggs, chicks, birds from nestsroains of eggs, chicks, adult birds found
inside or around the nest), (3) rats’ diet studsemacal or faecal content analyses, stable
isotope analyses), (4) direct observations of predgphoto- or video-monitoring, personal
observations), (5) seabird distribution patternsstends (rat-free/s rat-invaded islands), (6)
subfossil records and zooarcheological data (Tcgat nest techniques, (8) feeding trials or
behavioral tests, (9) population dynamic model{i§) meta-analysis.

A total of 48 papers fit the criteria for reviewafle 7, and see also Supplementary
material). 54% of the reviewed studies were based monitoring of the causes of seabird
breeding failure and the extrapolation of theirsem) as a unique wag € 4) or combined
with other methodsn(= 22), to evaluate the impact of rats. 35% of i&sicxperimentally
manipulated rat densities. 23% of studies used dats analyses and 10% compared seabird
distribution patterns on rat-free and rat-invadethnds. Only a few studies cited direct
observations of rat predation or used artificiabteeor behavioral tests (Table 7). Eleven
studies used a multi-source approach to investigatenpact, by combining for example the
monitoring of seabird breeding failure with eithdiet studies or direct observations or the
experimental removal of rats or the comparison isfridution patterns on islands with or

without rats.
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3.4.3. Pinpointing some methodological biases

Rat predation is generally elusive, because itnofiecurs by night, sometimes below
ground for burrow-nesting seabirds, and left fewynsi in the field. One of the most
straightforward methods to quantify rat impact @atsrds remains the monitoring of a
relative index of seabird breeding parameter chabg®re and after the experimental
manipulation of rat densities or the complete reahaf rats from an island. Even if the
reduction or complete removal of the rat threat cawmeal positive effects on seabird
populations, neither the mechanisms nor the candestiect relationships are clearly
demonstrated. Long-term monitoring {0 yearsn = 6 studies reviewed) of the population
dynamics of long-lived seabirds is therefore sttpmgcommended to overcome intrinsic and
extrinsic confounding effects on seabird populataemography, such as those of food
shortage, mortality at sea and predation by or @&titipn with other introduced mammals
(Imberet al 2000; Jouventiet al.2003).

Diet studies are common ways to investigate theastgpof rats on seabirds. From our
review, of the 33 studies that concluded to majegative effects of rats on seabird
populations, five studies (15%) only used gut conte stable isotope analyses without any
other sources of corroborating evidence that preddias occurred. Although diet approaches
allow the identification of ingested or assimilatiedd, they are in any way surrogates of
direct observations of predation. Rats could aeqgtheir consumed food from scavenging
(e.g. Quillfeldt et al 2008), especially on large seabird colonies whidead birds or
abandoned eggs are abundantly available to scansef\y&meret al 2006). One major issue
in diet analyses stands in the inability to refabjuantify the relative parts of the food
scavenged and prey on in the diet of consumerse giredation and scavenging yield similar
gut contents and stable isotope ratios (Stapp 26&#zper 2007). Faulty evidence and
speculation at this most important stage of ingesion could have important implications in
the evaluation of the severity of rat impact. Tlmnbination of multiple techniques (e.g.,
direct observations, rat removal, breeding sucosssitoring, feeding trials) should provide
more conclusive results on the propensity of shitp to scavenge seabird remains left in the
field (e.g. Harper 2007).

Estimating the implication of introduced rats inalsed extirpations or extinctions by
comparing the timing of rat arrival with that ofetldisappearance of seabirds is likely to

generate misleading conclusions since the appargatimstantial relationship between
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species disappearance and rat incursion is oftenplicated by additive or synergetic
confounding factors such as human hunting, moytatisea, food shortage, climate change or
the presence of other introduced species (Stead®@6). Such cumulative factors should
also be carefully taken into account when compadistgyibution patterns of seabirds between
rat-free and rat-invaded islands, especially flamds with different biogeographical contexts,

species compositions and disturbance regimes (M€it2000).

3.4.4. Future research directions

The several potential biases associated with eaathad reviewed should prompt us to
question on the adequacy of the methods used t@earss particular question (How do rats
affect seabirds? What is the magnitude of the &f®)¢ on the relevance of the parameters
measured to answer this question and of the caonasisinferred from the parameters
analyzed, in terms of rat predation rate, the isdatontribution of rats in seabird population
decline and extinction risks. Moreover, bearingmimd that the impact of rats may vary
among island contexts (Martet al. 2000) or species (Jonesal 2008) and that invasive rats
do not systematically lead to significant negatimpacts on seabird populations and species,
future research should dwell on the mechanisméttdoig the persistence of seabirds in the
presence of rats, which is likely to provide a é&etiverview of the global vulnerability of
seabirds to invasive rats. Studies on rat impacbfien motivated by conservation goals and
island managers and researchers focus their efbortthe situations where they expect or
know that rats negatively affect seabirds. Ourifeels that published papers are generally
biased towards some types of interactions or sqraeias (e.g., predation upon chicks or the
most susceptible species may have a greater negaetie than others; Jonesal 2008) and
towards studies showing a negative effect of kaksch at a global scale unfairly vilifies rats.
Cause-and-effect relationships between the pemeiveeat on seabirds and the real
implication of rats in the decline of seabird paiidns are often complex and equivocal
because of other additive or synergetic factorenEwhen effects are demonstrated, their
mechanisms are usually unknown. In conclusion, @gres with multi-sources of
corroborating evidence are strongly recommendedvtnd faulty estimations of extinction
risks. Over-estimation of the effects of rats mafiuence endangerment status by IUCN
criteria, management directives and prioritizatioaad hence fail to invest funding and
efforts on the most critical conservation context#hile under-estimation of seabird
vulnerability may precipitate the decline of sedlpopulations if management efforts are not

expended to overcome the real risks.
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Some methods are still underused. For example, ude of automatic video and
photographic equipments remains the only way toenMes interactions between species,
distinguish between predation and scavenging, tiftediming and mechanisms of predation
and identify signs left by predators, especially éoyptic predators (Sanders & Maloney
2002; Johnstoet al 2003; Thompson & Burhans 2004). The lack of expental studies in
controlled situations in the field or at lab (adié&l nests, feeding trials, behavioral tests) is a
significant gap in our current research. They stigubvide, however, useful means to look at
the propensity of rats to use scavenged food, dyahis behavior and test for the factors
likely to affect predation rate and capacity (&gg size, egg type, rat body size; Prietal
2003; Zarzoso-Lacostet al in prep.; see alsBart 3.3). Finally, other types of interactions
such as competition for habitat or the consequergghysiological stress induced by the
presence of introduced predators are rarely meediom the literature as alternative
mechanisms of rat impact on seabirds, yet theiromamce have probably been under-

estimated.
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Information

N
reviewed Mechanisms uantification of the
Methods . . Q .
studies - X impact at the population
Consumption Predationvs
(%) . level
scavenging
« Monitoring of the 26 (54%) Requires a thorough  Difficulty to distinguish - Difficulty to quantify without
causes of seabird interpretation of the predation from other sources of corroborating
breeding failure signs left in the field scavenging without evidence
and a precise direct observations or  _ |ntrinsic and extrinsic
identification of the reliable evidence synergetic factors should be
consumers involved overcome
- Often difficult to distinguish
the effects of multiple native or
introduced predators (cats,
mongooses, stoats often co-
occur on islands).
« Rat 17 (35%) NO NO YES - Long-term studies are
control/removal recommended
« Gut content 9 (19%) YES NO NO
analyses
« Stable isotope 6 (13%) NO NO NO
Analyses
* Direct 6 (13%) YES YES Requires a large enough sample
observations size
« Distribution 5 (10%) NO NO Requires a small study scale
patterns and similar island contexts for a
thorough comparison of the
level of rat impact among
islands
 Zooarcheology 2 (4%) NO NO NO
* Modeling 2 (4%) NO NO YES - Needs to be applied to
field data
» Meta-analysis 1 (2%) NO NO NO
« Artificial nests 1 (2%) YES - Only if coupled YES Precautions needs to be taken
with direct observations when extrapolating results il
naturaconditions
* Feeding trials 1 (2%) YES YES NO - Precautions needs to be

Behavioral tests

taken when extrapolating results
to in naturaconditions

Table 7.Description of the methods used in the 48 reviestadies on invasive rat impact on seabirds

and their potential to reveal the consumption hg & eggs or birds, distinguish predation from

scavenging, and quantify the impact of rats astgabird population level.
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Chapitre4.

INFLUENCE DE L' HETEROGENEITE DE L'HABITAT,
DES RESSOURCES ET DE LA DISPONIBILITE
HYDRIQUE SUR L'ECOLOGIE TROPHIQUE, LA

STRUCTURATION ET LA DYNAMIQUE DE
POPULATIONS INSULAIRES DE RATS NOIRS

P.E. Chaillon

P.E. Chaillon | P.E. Chaillon

(a) autopsies dans le fort de Ile de Bagaud ;aihdlyse de régime alimentaire de rats a la bimdeuj (c)
plume d'oiseau et (d) épiderme de fruit de salssifp@robservés au microscope ; (e) radiotéléméfffierat noir
équipé d'un collier émetteur ; (g) lecture du trgoredeur sous-cutané ; (h) prise de note sur laiteyi(i) fruit
de Carpobrotusspp. consommé par les rats noirs sur Bagaudat(j)oir consommant un fruit dearpobrotus
spp. sur Bagaud ; (k) tri de contenus stomacalpxat(noir ; (m) fort de Bagaud.
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Avant propos

Dans le cadre du chapitre 4 suivant, nous nous ssmniéressés au fonctionnement des
populations insulaires de rats noirs, a partir dauivi de leur écologie (utilisation des
ressources et de l'espace) et leur dynamique sfaatiporelle de populations sur le long
terme (trois années de suivi). Les rats noirs senbnnus pour avoir une écologie tres
généraliste (e.g. Harpeat al 2005), capables d’exploiter un grand nombre dthéb et
environnements (Jonest al 2008), et un large spectre de ressources (CR8R 1 Campbell
et al 1984 ; Miller & Miller 1995 ; Quillfeldtet al. 2008). C’est également une espece que
'on rencontre sur des iles aux conditions enviesnantales parfois drastiques (absence
permanente d’eau douce sur I'lle, faible abondateceessources ; e.g. Clark 1980 ; Cheylan
1988 ; Cautet al 2008). Peu d’études sur les dynamiques de popoutainsulaires des rats
introduits ont été conduites sur plusieurs saistr@nées. Or, les dynamiques de populations
de rongeurs, notamment celles de rats, sont reesnpour subir des fluctuations trés
fréquentes au cours de leurs cycles annuels et-antaiels, en fonction des conditions
climatiques et de la disponibilité des ressourCxark 1980 ; Moller & Craig 1987 ; Miller &
Miller 1995). Dans le but de mieux comprendre lactionnement des populations de rats
introduits et de développer des opérations adaméedficaces a leur gestion, il apparait
nécessaire de suivre I'évolution de leurs poputatisur plusieurs générations, identifier les

facteurs influencant leur dynamique de populatetrcomprendre leurs mécanismes d’action.

Depuis quelques décennies, les iles de Méditerrantsubi des changements importants
dans leurs conditions trophiques. Ces changementsasifestent par I'apport de ressources
d’origine allochtone (i.e. provenant de I'extériau systeme insulaire), par I'intermédiaire
notamment (1) des colonies doiseaux marins a esipandémographique d’origine
anthropique, comme les goélands leucophées, quhidrant sur les iles, apportent des
nutriments enrichis en azote, phosphore et carljgades dépdts de guano et les déchets ;
Vidal et al 1998 ; Ellis 2005 ; Wait al. 2005), ainsi que des ressources riches en pestéin
(via les carcasses, ceufs abandonnés et rejetmdridhtion ; Stapp & Polis 2003), et (2) des
plantes succulentes envahissantes, comgeve spp., Carpobrotusspp. ouOpuntia spp.
(Hulme 2004), représentant des ressources alimestpbtentielles pour les rats introduits.
Les ressources enrichies dorigine allochtone somtnues pour fertiliser les chaines
trophiques des iles de faible productivité et fesmrles dynamiques de populations de leurs
consommateurs (Polis & Hurd 1996; Sanchez-PineRn8s 2000 ; Andersoet al 2008). Si
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un grand nombre d’études ont montré les bénéfieesed apports d’origine allochtone sur les
chaines trophiques indigénes des iles, aucuneesejasqu’a présent attardée sur l'influence
gue ces ressources enrichies pouvaient avoir sdiyrlamique de populations envahissantes
de rongeurs. Or, lidentification des mécanismescsptibles d’influencer le maintien
d’espéces aussi dévastatrices que les rats neoitessiles revét un intérét majeur en matiere
de conservation de la biodiversité insulaire. Riéewas, dans le contexte particulier des iles
méditerranéennes ou le rat noir a été introduitodgue date, il se pourrait que I'apparent
equilibre que I'on observe aujourd’hui entre lepylations d’oiseaux marins et les rats noirs
soit menacé par certains facteurs exogenes, commeapports de ressouces d'origine
allochtone, qui, indirectement, pourraient favaridempact des rats sur les oiseaux.

Ainsi, dans le cadre des trois parties suivantegsmous sommes intéressés a analyser (1)
la plasticité alimentaire d’'une population insutaite rats noirs ainsi que celle des individus,
sur une petite ile oligotrophe de Méditerranéelaodisponibilité et la qualité des ressources
varient entre habitats adjacents et en fonction s#esons Rartie 4.1), (2) les effets des
ressources d’origine allochtone ainsi que ceuxcdeslitions climatiques sur la dynamique de
populations du rat noir, en particluier sur lesxtae croissance des individus, leur masse
corporelle, les parametres reproducteurs et lesitdsnPartie 4.2), ainsi que (3) sur la suvie
des individus Partie 4.3).

% Présentation du site d’étude, I'lle de Bagaud
Géographie, caractéristiques physiques et climagqu

L'lle de Bagaud (43°00°42 N ; 6°21'45 E) est sit@kOuest de I'lle de Port-Cros, au sein
des eaux du Parc National de Port Cros (Var, Frakggure 16). Cette ile de 58 ha présente
un relief peu escarpé, culminant & 57 m. Ses &damaritimes ne dépassent pas 30 m et
guelques pointes rocheuses se dressent le long lilgne de créte, plus prononcées au nord
gu’au sud. Le substrat est formé de quartzitesoddes, de phyllades gréseux a chloritoides et
de micaschistes (Médail 1998).

L’archipel des iles d’Hyeres est soumis a un climediterranéen subhumide tempére.
L'lle de Bagaud se situe a la limite entre les &sathermo et méso-meéditerranéens. La

période séche couvre les trois mois d’'été, et leegq qui peuvent étre tres abondantes au
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printemps et a 'automne, n'excédent cependanupashauteur totale annuelle de 602.5 mm
en moyenne pour la période 1998-2008 (station mdltdgique du Levant). L'insularité et la

situation meéridionale conferent a I'archipel undritempéré et une forte humidité relative de
I'air, méme en été. La température moyenne annasilede16.5°C pour la période 1998-
2008. Les températures moyennes annuelles attei§remt 24.7 °C pour les mois les plus
froids et les plus chauds, respectivement. Les mmaxguotidiens estivaux dépassent
frequemment les 30°C. Sur l'archipel, le vent d'este Mistral (nord-ouest) sont les vents

qui soufflent le plus frequemment (Parc NationaPadet-Cros 2002).

Parc National de Port-Cros
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Figure 16. Photographie de Ile de Bagaud depuis Port Crpse(acartographies représentant la

situation géographique de I'archipel des iles ditdgéb) et I'lle de Bagaud (c).
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Satut juridique et occupation humaine

Le Parc National de Port-Cros couvre 700 ha dedeémergées et 1288 ha de surfaces
marines. Crée le 14 décembre 1963, c'est 'un dms ¢lus anciens parcs nationaux de
France et le premier parc marin européen. L'lleBagaud, aprés avoir été propriété du
Ministére de la Défense, appartient aujourd’huiGanservatoire du Littoral. Sa gestion est
assurée par le Parc National de Port-Cros, etd’ tiecemment été classée en réserve intégrale
d’apres le décrét du 9 mai 2007. Le débarquemambalrage a la cote, la pénétration et la
circulation des personnes y sont interdits, sauisdie cadre d'études scientifiques et
opérations de gestion.

La période précise de premiére colonisation de lde Bagaud par 'Homme reste
inconnue. Cependant, de nombreux indices de préskomaine sur l'lle de Port-Cros,
voisine de 500 m, sont datés des époques chalgokh(de -2300 a -1800 av. J.C.) et
romaine (surtout durant le§ bt 1™ siécles ap. J.C. ; Pasqualini 1992). Plus tard, %Y,
lors de la succession d’Espagne, cet ilot vu leadpiement de la flotte anglo-hollandaise et
de ces102 batiments (Bernard 1989). Par la suitsye petits forts y ont été construits entre
1794 et 1813. En effet, a I'époque de Napoléon ytétiX ™ siecle), Ile de Bagaud,
comme I'ensemble des iles d’Hyeres, a représentaterstratégique pour défendre la rade
d’'Hyéres face a l'invasion des troupes anglaisésnd. des batteries fut restaurée en 1860
pour accueillir les soldats mis en quarantaine gsamte des maladies contagieuse a leur
retour du Tonkin. Durant les 200 dernieres anrlégxopriété de l'lle a frequemment changé,
passant propriété de I'état, a celle de particsilien encore du ministere de la défense
(Bernard 1989).

Flore et faune

La végétation de I'lle est majoritairement repré&emar un maquis méditerranéen élevé et
dense, composé notamment Baus halepensjsPhyllyrea spp., Arbutus unedp Erica
arboreg Myrtus communigMédail 1998 ; Figure 17a, b). Les zones littorakss particulier
la cbte occidentale soumise aux vents forts, soovertes de buissons bas Hestachia
lentiscuset Juniperus phorniced.es plantes succulentes envahissantes du @ampobrotus
spp. ont recouvert une large partie du littoral'le (Passettiet al 2009). Une large tache
(environ 1500 m?) formée p&arpobrotus acinaciform|C. eduliset des hybrides se trouve

sur le secteur sud-est de l'lle, en contre-basdgatterie Sud (Figure 15c, d). Sur le secteur
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extréme sud de I'lle se trouve une colonie de guisldeucophées, composée d’environ 120
couples (recensement 2006 ; C. Duhem inedit), quipiétinement, déjections de guano et
apports de nutriments enrichis, contribuent & niedid composition spécifique des plantes et
arthropodes de ce secteur, formant ainsi un miewert dominé par des plantes ornitho-
coprophiles rudérales (Médail 1998) et insecteypdages et nécrophages (Orgeasal
2003) (Figure 15e, f).

L'lle de Bagaud héberge une population de ratssnseule espece de mammiferes non
volants de Ile. La période d’introduction du nadir sur I'lle n’est pas connue, mais la
présence ancienne de 'Homme sur I'lle voisine de Bros durant I'époque romaine ainsi
que l'occupation fréquente de I'lle de Bagaud ffdoiinme au cours des derniers centenaires
laissent penser que la présence du rat noir ste tetest relativement ancienne. Enfin, la
présence sur Bagaud des deux espéces de puffirenhiur les iles voisines de l'archipel, les
puffins yelkouan et cendrés, est relictuelle, eirdeeffectifs seraient en déclin depuis les

dernieres décennies (Pascal 2006).
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Figure 17.Vues des trois types d’habitats principaux de ié¢eBagaud : I'habitat de maquis élevé et
dense (a, b), I'habitat colonisé paarpobrotusspp. sur le secteur sud-est de I'lle en contredeas
Batterie Sud, dont I'emplacement est marqué par fleehe (c, d), et I'habitat colonisé par les

goélands leucophées sur la pointe sud de I11.(e,
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- Partie 4.1. -

4.1.L oW INDIVIDUAL DIET PLASTICITY IN A GENERALIST INVAS  IVE FORAGER

4.1. Plasticité alimentaire resteinte chez dewidds d’'une espece généraliste invasive

Résumé:

Les capacités des especes introduites a ajuster patrons d’exploitation des ressources
en réponse aux changements des conditions troghismet souvent mises en avant pour
expliquer leurs succes d’invasion, notamment ssifilles ou la disponibilité des ressources
fluctue fortement dans le temps et I'espace. Damadire de ce travail, nous avons examiné la
plasticité alimentaire d’'une espece au régime altaiee généraliste, le rat ndRattus rattus
sur une petite ile de Méditerranée, Bagaud (S-Exdea ou les ressources fluctuent en
abondance et en qualité au cours des saisonssetrad’habitats différents, mais spatialement
tres proches. La plasticité alimentaire du rat reieté testée a deux échelles, celle de
I'individu et celle de la population, en couplantgieurs méthodologies complémentaires :
des analyses de régime alimentaire de féces etotopes stables a des échelles de temps
variées, et une étude de capture-marquage-recapure24 mois pour évaluer les
déplacements des individus entre habitats adjacaatcours de l'année. Les résultats
d’analyse de régime alimentaire et des déplacenilbugtrent la capacité du rat noir, en tant
gu’espéce, a exploiter un large spectre de resssuwtcd’habitats. Cependant, a I'échelle de
I'individu, la plasticité dans l'utilisation desgsources et des habitats apparait beaucoup plus
restreinte. Les rats n'utilisent quasi-exclusivetragre les ressources qu’ils trouvent dans leur
habitat d’origine. Trés peu d’individus se déplacemire les habitats dans le but d’exploiter

dans leur environnement proche. Ces résultats esamtritifs suggérent que les interactions
intra-spécifiques pourraient restreindre la mobidles rats. Ils suggerent également que méme
sur des fles de petite taille, I'accessibilité dessources de haute qualité, mais a distribution
ponctuelle n’est pas systématique pour tous lesitdhub d’'une méme population. Ce résultat
a d'importantes implications pour la quantificatide I'impact des rats sur des espéces a
distribution restreinte, plus particulierement tpre des méthodes indirectes sont utilisées,
comme les analyses de régime alimentaire, en tansgbstituts aux observations directes de
prédation.

Cette partie correspond a l'article soumis suivant

Ruffino L., Russell J., Pisanu B., Caut S. & VidaE. Low diet plasticity in an invasive generalist

forager. Soumis aPopulation Ecology
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4.1.1. Introduction

In a constantly changing world, species must comally adapt their behavior, at both the
individual and population level, in order to suatee their environment. Intrinsic attributes
that may predispose a species to be successfgearrally related to niche breadth (Ehrlich
1989; Williamson 1996; Vasquez 2005) and may inelumkhavioral flexibility (Sol &
Lefebvre 2000; Sakt al. 2002) and dietary or habitat breadth (Ehrlichg,38rousseaet al.
1996; Vasquez 2005; Jeschke & Trayer 2006; Blacklmiral 2009). According to the
optimal foraging theory, generalist foragers shaxgloit the food that maximize the net rate
of energy intake by focusing on high-quality andiradant resources (MacArthur & Pianka
1966; Pykeet al 1977). A non-specialized forager can opportucediy switch to alternative
resources, as a result, for example, of seasorsduree fluctuations or of drastic
environmental changes (Ben-Dawtal 1997; Begget al 2003; Stapp & Polis 2003; Dell-
Arte et al. 2007; Popa-Lisseanet al. 2007). This is particularly true when the diffetre
resources are becoming available to species initheiediate environment (Pylat al. 1977;
Boutin 1990; Lin & Batzli 2001).

Invasive mammals have established on islands abwsrenvironmental conditions and
their impacts on native communities are often dexasy (e.g. Courchampt al 2003).
Island systems often undergo marked spatio-temparé&tions in resource availability, often
driven by the seasonal pulses of enriched resoufoesexample the seasonal patterns of
seabird or sea turtle island nesting (Petisll 1997a; Caugét al. 2008a), or the seasonal flush
of plant productivity such as fruit and seed ripgnie.g. Poliset al 1997b; Gregory &
MacDonald 2009). Therefore, identifying specificrdging and habitat use strategies in
invasive species that help them maintaining omaddaand coping with sometimes extreme
temporal variation in trophic conditions is crudalbetter understand their impacts on native

communities.

The three species of invasive r&attus rattusR. norvegicusR. exulansare among the
most successful vertebrate invaders on islands r@@ampet al. 2003). Rats have been
introduced on more than 80% of the world’s arctdagek (Atkinson 1985) and are identified
as a leading cause of decline, extirpation andhettin of island species (Towes al 2006;
Joneset al. 2008). Dietary flexibility and ecological plasticihave been suggested to explain
their wide introduced range, from wet tropical tdarctic toundra (Courchamgi al 2003;

Cautet al 2008a; Jonest al. 2008). Rats feed on various parts of plants (Ieastems, fruits,
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roots; Daniel 1973; Clark 1981; Grant-Hoffman & Beza, in press), macro-invertebrates
(Palmer & Pons 1996; Ruffaut & Gibbs 2003; Tovetsl 2009), reptiles (Townst al. 2003;
Towns et al. 2007), birds (Imber 1975; Blackbumt al 2004; Jonest al 2008), and
probably some mammals (Harris 2009). Rats are lalovn to preferentially select food
items with high energy and nutrient value, suchfrags and seeds (Clark 1981; Grant-
Hoffman & Barboza in press), and also animals sagleggs, birds and sea-turtle hatchlings
(Imber 1975; Jonest al 2008; Cauet al 2008a). Moreoverhe spatio-temporal variability
of such high-quality resources has recently beepotingsized to affect rat movements,

implying individual dietary shifts towards the higt profitable resource€éutet al. 2008a).

Because of their widespread distribution and opymastic feeding habits, black rats are
excellent models for testing adjustments in thenaging behavior to the spatio-temporal
variability of resource availability and quality.o@parative analyses of naturally occurring
stable isotope ratios of carboH@/*‘C, expressed a¥>C) and nitrogen’eN/**N, expressed
as 8'°N) between consumers’ tissues of different turnaates (e.g. livevs muscle) are a
powerful tool to determine seasonal diet shiftehaf same individuals (Phillips & Eldridge
2006; Crawfordet al 2008), especially when resources differ in tregrbon origin (e.qg.
marinevs terrestrial or @ plantsvs C, plants) and trophic levels (e.g. N-enriched habita
within seabird colonies on shoveoligotrophic inland; Caugt al. 2008a). The ability to track
seasonal dietary or habitat shift in individualewd be improved by combining analyses of
resource use and individual-based movements owaraeperiods of resource availability
(Crawford et al 2008), yet this approach of combined methods resr been used for

invasive rodents.

In this study we investigated diet breadth andtjig for a generalist forager, the island-
invasive black ratR. rattus on a small Mediterranean island where resourcese w
differentially available in quality and time withiswdjacent habitat patches. We selected three
small habitat patches in very close proximity teume that resources would be successively
available to rats in their immediate environmentr#&ispecifically, we tested for the level at
which plasticity (i.e. the capacity to opporturtslly switch diet when higher quality
resources are available) became apparent by anglygsource use by individuals at various
time scales (i.e. individual-level plasticity) armbmparing diet among individuals (i.e.
population-level plasticity) from different habisaind during different seasons, over three

years. To investigate patterns of resource andtdtabse by rats, complementary methods
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were used. Diet and trophic analyses were usedetsryl tracers and spatial markers at
successively increasing time scales: traditionat dnalysis (reflecting the daily diet) and
stable isotope analysis of liver (reflecting thetdof the previous week; Kurle 2009) and
muscle (reflecting the diet of the previous moriyle 2009). These resource use analyses
were combined with a two year capture-mark-recapsurvey and one month radio-tracking
study of rat movements within and among adjacemtitéizs. As opportunistic generalist
foragers, we hypothesized that rats would succelysivse different resources, according to
their availability and quality, to maximize energyake, especially during drastic seasons.
We expected diet breadth and plasticity would vairyhe individual level and rats would
move among adjacent habitats through seasons.

4.1.2. Materials and methods
4.1.2.1. Study site

This study was conducted on Bagaud Island (58 A&, Km long, 0.59 km wide), a natural
reserve in the Mediterranean Sea, lying 7.5 km fthensoutheast coast of France, within the
Port-Cros National Park (Figure 18). The islananainly composed of acid rock substrate
and lies 57 m above sea level at its highest péilgan monthly temperatures range from
9.5°C to 24.7°C. Total monthly precipitations vdrgm 1 mm to 151.6 mm (Levant Island
Meteorological Office 1998-2008). The black rat vpasbably introduced during the Roman
times (Ruffinoet al. 2009) but persists as the only non-volant manonahe island, despite

no permanent fresh water.

For this study, we identified three contrasted taabiin close proximity and without any
geographical barrier among them (Figure 18), varyseasonally in the availability and
quality of their resources: (1) the gull habita¢r@afterGU) comprises a yellow-legged gull
(Larus michahelliy colony with a ruderal grassland mainly composkéabaceae, Poaceae
and Juncaceae. In this habitat, plant and arthropmdmunities were expected to be
substantially enriched in nitrogen (especiafiyl) due to high guano deposition (Videtl al
1998; Orgeast al 2003). March through May is the gull breedingigerand, thus, are the
three months of the year when gull influence is immax (e.g. high input of marine-derived
nutrients, adults feeding chicks, egg/chick caregss2) the iceplant habitat (hereaft€)
was identified as a 1 500 m2 patch of the mat-fagh@arpobrotusspp. (Aizoaceae). This
invasive plant abundantly produces large fleshy, fapriched i°C, energy (310 kJ/100g dry
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mass) and water (80% water; Vila & D’Antonio 1998) thamature during the dry
Mediterranean summer; (3) the scrubland habitateéieer SO, a native dry Mediterranean
mattoral, was identified as a lower-quality habitatnpared taGU andIC. This habitat is
composed of a dense high-elevated mattoral dondragé’inus halepensj<rica arborea
Myrtus communisArbutus unedand Phyllirea spp. (Médail 1998) anda much less dense
low-elevated scrubland, dominated Bystacia lentiscusand Juniperus phoeniceéFigure
16). In each habitat, resources were seasonalauable at the same time and differentially
enriched in nutrients (e.g. marine-derived nutsentGU; fresh water and energy If). On
Bagaud Island, the black rat population dynami&s ¢lensity, reproductive output, individual
growth rates) have been shown to be substantinhamced by the enriched resources found
in GU andIC (L. Ruffino unpublished). This is why those resms were considered of high-

quality for rats.
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Figure 18. Map of Bagaud Island (43°00'42 N; 6°21'45 E), PGrbs National Park, south-east
France, showing the main habitats and trap locgtion= iceplant habitatiGU = gull habitat,SC=

scrubland habitat).
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4.1.2.2. Diet analyses

4.1.2.2.1. Rat trapping

In 2006-2007, three kill-trapping sessions weredemted to assess resource use by rats.
Rat trapping was conducted within the three stualyitats GU, IC, SQ during three seasons
(spring: early May 2006, hereafter MAY; summer: lgeeptember 2006, hereafter SEP;
winter: early February 2007, hereafter FEB). 25ectrgps (BTS-Mécanique, Manufrance,
Saint-Etienne, France) were set in each habitahgluwo or three consecutive nights. Traps
were baited with peanut butter before dusk, chetkézk a night to avoid rapid digestion of
gut contents, and closed each morning. Rats weteued to collect faecal contents and
tissue samples for diet and stable isotope anakgsgrectively. Classic biometric measures
for rodents were recorded: body length, body msesss and maturity.

4.1.2.2.2. Faecal content analysis

Rats are nocturnal and discrete small rodents wirieblude the use of direct observations
for diet determination, and traditional analysese s®mach and/or faecal contents analysis
(Hansson 1970; Jordan 2005). Rat faecal contente vextensively analyzed under
microscope lenses for the three habitats duringhhee sampling seasons in 2006-07. The
three terminal faeces of each rat were removed framgut and thoroughly rinsed with water
through a 250 um mesh sieve to remove the smaltaginents. For each rat, three
microscope slides were extensively analyzed (meamber of items analyzed per rat = 259 +
96 SD) and plant items were identified to the lovwsmstematic level possible with the use of
a reference collection of the epidermal parts okihpmants found on the island. A relative
abundance index for each consumed item was catcuéet the mean individual abundance of

each item for each habitat-season combination.

4.1.2.2.3. Stable isotope analysis

Effort was made in the field to extensively sanmglleavailable potential food items for rats
during each season and for each habitat. Samplest fer and muscle were preserved in
70% alcohol before being processed. All samplesswiied and ground to fine powder.
Specific parts of plants identified to be consunbgdrats were treated separatelyotopic
analyses were performed by a spectrometer Deltau¥ (Service Central d’Analyses, CNRS

Solaize, France). Stable carbon (C) and nitroggnd®ope ratios were expressed as:
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613C OFSlSN = [(RsampléRstandaa - 1] x 1000
whereR = *C/*°C or >N/*N for §°C or&™N respectively.

The standard for C is the IAEA-NBS 21 (graphite8-43%.) and for N the IAEA-N1
(+0-4%0) and IAEA-N2 (+20-3%0). Ten replicate assajsinternal laboratory standards
indicated measurement maximum errd@®)(of + 0-15%. and + 0-2%. for stable carbon and

nitrogen isotope measurements, respectively.

Since iceplant figs have a well-distinct isotopignaiture compared toz®lants and other
resources on Bagaud Island, we used the SIAR packdgR to assess the relative
contributions of figs in the diet of rats frolf@ and SC across seasons. By quantifying the
assimilated proportion of figs in the consumer’stdithis method overcomes the possible
biases related to faecal content analysis whichoo#nquantify excreted proportions of seeds
or pulpe in the diet. No attempt was made to rotojsic models for rats trapped @Gl since
no evidence of fig consumption was recorded in hlaisitat with traditional diet analysis (see
results). SIAR package uses Bayesian inference and allowsaalices of variation and
uncertainty (i.e. standard deviations in consunmat source signatures) to be propagated
through the model to return a true probability mlsttion of estimated dietary proportions
(Jackson etl. 2009). liver tissue was used to reconstruct resource usatbybecause the
turnover rates of stable isotopes are high in liaed reflect recent diet (Kurle 2009). As
discrimination factors depend on several sourcegaoftion (e.g. taxon, environment and
tissue; Cauet al 2008b), discrimination factora¥’C andA'®N) for rat liver were calculated
by using specific regression equations between lixa@r A¥C and A™N and their
corresponding diet isotopic ratios (Cattal 2008b).

4.1.2.3. Movement analyses
4.1.2.3.1. Capture-mark-recapture

In 2007-2009, we investigated whether rats wouldven@among adjacent habitats
according to the seasonal resource availabilitgnFApril 2007 to April 2009, 19 capture-
mark-recapture sessions were conducted, each ssghénal-3 months. During the two years
of study, 117 trap stations (BTS-Mécanique, Mamdea Saint-Etienne, France) were set
permanently to cover the three study habit&§ GU, IC; 4.25 ha) and record movements.

Geolocalized traps were set every 20-25 m, depgnoimthe vegetation cover. Traps were
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baited with peanut butter before dusk, set betwiand 8 consecutive nights depending on
weather conditions, and all checked before 9amvtodareleasing rats too late in the day.
During cold and humid seasons, bedding material prasided inside traps. Rats were
individually marked using subcutaneous PIT tagpgtyDX-B, IER Paris, France), sexed,
weighted to the nearest 2.5 g, checked for sexa#iny and released after capture. Software
Ranges7 (Kenward, South & Wal®)06) was used to calculate distances moved between

subsequent captures.
4.1.2.3.2. Radio-tracking

In August 2008, a radio-tracking survey was coneldicth combination of diet analyses and
capture-recapture to precise the foraging behaarat habitat use of rats at a finer scale
(night, week). The nightly movements of a subsepibtagged individuals were monitored
aroundIC during the period of maximum availability and atfiveness of fleshy figs (i.e.
summer). Over the 11 radio-tracked individuals,esewere collared within the 100 - 200 m
boundary strip arountC. Cable tie radio-collars (Biotrack Ltd, Dorset, Jeighting less
than 5% of the animals’ body weight (Kenward 20@&re fitted to individuals. Animals
were tracked on foot during 21 nights ([2-5] fixgs night, mean number of fixes per rat =
40 [20-54]) usinghand-held TR4 receiversand a flexible three-element Yagi antenna
(Telonics Inc., AZ, USA). The 50 % home-range Fixazinels (FK) were estimated to locate
the core areas of each animal and check whethgrwoeld overlaplC. Maximum home
range widths were obtained from 100 % minimum canpelygons (MCP). Both 50 % FK
and 100 % MCP were estimated with Ranges?.

4.1.2.4. Statistical analysis

The consumed food by rats identified by faecal ysislwere assigned to the following
groups: G Plants (i.e. use enzyme Rubisco to fix LFOC, Plants (i.e. fix CQ@ with
phosphoebolpyruvate carboxylate; only formeddarpobrotusspp. on Bagaud), Arthropods
1 (low-order consumers), Arthropods 2 (high-ordensumers) and Gulls. For each season,
the effect of habitat 08**C and&**N of consumed food (all groups combined per season)
and on both rat liver and muscle, were tested ARIOVAs. Dependent variables were tested
for normality of their distribution before conduagi parametric tests. To detect significant

interactions between habitats and seasons, postiweffe tests were performed.
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To identify whether a seasonal diet shift occurredrats towards gull and iceplant
resources during the periods of maximum availabdid attractiveness (i.e. spring: peak of
gull resources and summer: peak of fig ripening, performed several statistical analyses.
First, centroid hierarchical cluster analyses (Elieh distances) were performed on both rat
liver and muscle isotopic ratios for each habitdson combination to (1) identify groups of
individuals that could be clustered in three isatojmiches’, related to the three study
habitats, then (2) identify marginal individualsiaiihmay have switched habitats in one week
or one month time scales. Before clustering, respaariables were standardized to a mean
of 0 and a standard deviation of 1. Second, we emetpthe magnitude of variation of both
isotopic ratios of the same rats over one montlkesmaong habitat and seasons to pinpoint
any shift of isotopic signatures. The depletiorenrichment of isotopic ratios between tissues
were calculated as follows: &Y = 8*Y (oie) - Y musciey@and B3N and B3'*C mean values
were compared among habitats and seasons with aramptric bootstrap estimates of
confidence intervals. 1000 values were randomlypdadhwith replacement for each habitat—
season combination from our data and 95% confidereevals were calculated from these
bootstrap distributions. Finally, Spearman rankrelations between empty body mass (i.e.
digestive tract removed) of individuals and botst I and 3'*C were applied to test for a
relationship between isotopic ratio variation armdiy weight (relative age). Non-parametric
Mann-Whitney tests were also performed to test hdreE5'°C or D5*°N may differ by sex.

Mann-Whitney tests were performed to test diffeemnm (1) mean distances moved by
animals between subsequent captures between sexle$2h mean distances moved by
animals between subsequent captures within the samging session and between different
sessions. Spearman rank correlations were usesstdar a relationship between distances
moved between different sessions and time betwabgreguent captures (we expect large
distances indicate range shifts by animals). Imhligl movement probabilitiesp) between
habitats were estimated by calculating a statesifian matrix based upon records of rat
captures by habitat. This matrix is only partiablgserved (the habitat of an uncaptured rat
during a session is unknown), and so we imputesingsvalues using a Bayesian approach

with a Dirichlet (1,1,1) prior on our state-tramsit matrix yqn for probabilities of movement
3

between sessions from habiggto h (where ngh =1 forg=1, 2, 3) (see Schofield, Barker
h=1

and MacKenzie 2009)We estimatedyy, in WIinBUGS 1.4 with the first 1 000 iterations

discarded as burn-in, and a further 5 000 iteratimm statistical summary of the stationary
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posterior distribution. This method assumes sutvigaconsistent across habitats, which
appeared to be true (JCR Russell unpublished).

4.1.3. Results
4.1.3.1. Resource use

In total, 163 rats were captured for diet analysi2006-2007 (51 rats in May 2006, 76 in
September 2006, 36 in February 200it)e analyses of faecal contents of a subset o&®&7 r
revealed that, across the population, rats conswanedie range of food throughout habitats
and seasons (Table 8). The animal part in thevaast low, mostly represented by terrestrial
arthropod remains; their relative abundance rarfiges 3 - 6 % to 17 - 20 % according to
season and habitat. In May 2006, bird feathers weaitg recorded inGU. Plant material
dominated in the diet with an overall mean numbetifferent plant taxa consumed ranging
from 7 SD = 3) to 9 6D = 4). The main eaten species varied with seasodsware
characteristic of the habitat where rats were wdpmainly formed by Fabaceae, Poaceae and

Juncaceae iU, Cyperaceae, Rubiaceae and Smilace&Cjrand Aizoaceae ilC.

For each season, isotopic ratios of consumed fgodats significantly differed among
habitats for bott**C (F,g,= 4.06,P < 0.05) and™N (F2g,= 31.83,P < 0.001; Figure 19).
Results of ANOVAS on isotopic ratios of rat livemcamuscle for each season all revealed a
significant effect of habitat on bo#°C and3™N (all P values < 0.001; Figures 19, 20).
Overall, Scheffe tests showed significant inteawibetween habitats for both ratios and all
seasons, except the differencedtiC SGGU for liver in MAY, for muscle in FEB and in
MAY. For each season, both rat tissues were sigmifly enriched in5™N in the gull-
influenced habitat @U) compared tolC and SC (Figures 19, 20). In SEP, during the
maximum availability of fleshy figs, both rat tiesiwere significantly enriched &°C inIC
compared t&CandGU (Figures 19, 20).
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Site GU SC IC

Diet FO IA+ SE FO IA+ SE FO IA+ SE
MAY 2006 (N=7) N=11) N=12)
Arthropoda exoskeleton 86 29+01 100 17.0+4.0 100 11.1+23
Chordata Aves feathers 57 49+3.4 0 - 8 0.02 £0.02
Coniferopsida  Pinus halepensis cones 0 - 27 1.0+0.9 0 -
Aizoaceae Carpobrotussp. seeds 0 - 27 04+04 58 28.5+9.3
Asteraceae Senecio leucanthemifolius leaves 29 15+13 9 0.1+0.1 25 0.3+0.1
Cyperaceae Carex haleriana seeds 29 0.7+0.6 45 18.9+8.9 8 1.0+£1.0
Euphorbiaceae Euphorbia pithyusa floral part 43 0.3+0.2 27 46+28 58 1.6+0.6
Fabaceae Lotus cytisoides leaves

Vicia bengalensis leaves 43 35+1.3 36 17.5+8.2 66 215+7.4

Trifolium sp. leaves
Liliaceae Asparagus acutifolius leaves 0 - 18 0.6+0.5 16 0.3+0.2
Oleaceae Olea europaea leaves 0 - 0 - 8 0.03£0.03
Orobanchaceae Orobanche sanguinea leaves 0 - 0 - 17 0.4+0.3
Poaceae - inflorescences 100 75.7+6.4 91 16.9+6.5 100 15437
Rubiaceae Rubia peregrina leaves 0 - 55 59+3.0 33 0.7+0.4
Ruscaceae Ruscus aculeatus leaves 0 - 91 27+0.7 67 40+1.8
Smilaceae Smilax aspera leaves 0 - 0 - 17 0.1+0.9
Undefined items (animals + plants) 100 105%43 82 14.4+45 92 15.1+5.7
SEPTEMBER 2006 (N=10) N =10) N=9)
Arthropoda exoskeleton 100 19678 100 134+34 100 58+1.6
Coniferopsida  Pinus halepensis cones 30 6:2+54 50 0.3+0.2 0 -
Aizoaceae Carpobrotussp. seeds 0 - 10 0.1+0.1 78 52.8+13.6
Fabaceae Lotus cytisoides vegetative part 70 6.7+3:0 0 - 0 -
Frankeniaceae Frankenia laevis leaves 50 0.9+0.6 0 - 0 -
Juncaceae Juncus acutus stems-seeds 80 16.4+5.9 0 - 0 -
Liliaceae Asparagus acutifolius vegetative part 0 - 10 0.2+0.2 0 -
Oleaceae Phyllyreasp. fruits 20 0-8+0.6 90 59+20 11  0.06 £0.06
Poaceae - vegetative part 100 24.7+6.3 30 0.2+0.2 56 -
Rubiacea Rubia peregrina vegetative part 20 0.6+0.6 100 0.9+0.5 0 -
Ruscacea Ruscus acleatus leaves+seeds 0 - 100 0.2zx0.1 30 0.3+0.2
Smilaceae Smilax aspera leaves-fruits 40 2316 100 57.9+10.0 100 31.9+11.6
Solanaceae Solanum nigrum leaves-seeds 20 3.8+3.8 0 - 0 -
Undefined items (animals + plants) 920 18.0t5.1 100 209+7.3 56 9.1+5.6
FEBRUARY 2007 (N=8) N=10) (N =10)
Arthropoda exoskeleton 38 25+13 100 5.1+25 80 1.2+04
Chordata Aves feathers 0 - 0 - 60 76+7.0
Coniferopsida  Pinus halepensis cones 0 - 70 9.3+6.9 10 0.1+0.1
Aizoaceae Carpobrotussp seeds 0 - 30 86+7.7 100 57.7+7-8
Araceae Arisarum vulgare vegetative part 0 - 0 - 30 1.7+0.9
Capryollaceae Lonicera implexa fruits 0 - 0 - 20 0.2+0.2
Cistaceae Cistussp. stems 0 - 0 - 20 0.3+0.2
Cyperaceae Carex haleriana stems 0 - 50 28+1.7 50 1.8+1.0
Ericaceae Arbutus unedo fruits 0 - 30 0.9+0.6 10 0.2+0.2
Fabaceae Lotus cytisoides vegetative part 88 47.6+12.3 10 50+5.0 40 0:3+£0-2
Frankeniaceae Frankenia laevis vegetative part 13 25+25 0 - 0 -
Juncaceae Juncus acutus seeds 88 12.0+8.0 0 40 0-3+0-2
Liliaceae Asparagus acutifolius vegetative part 0 - 0 - 50 1.3+0.8
Myrtaceae Myrtus communis fruits-seeds 0 - 50 2010 20 0.4+0.2
Oleacea Phyllyreasp. leaves-fruits 0 - 50 35+27 20 0.4+0.2
Poaceae - vegetative part 75 154+7.6 30 1.7+11 60 8141
Rubiaceae Rubia peregrina vegetative part 0 - 100 43.3+9.3 60 0.8+0.5
Ruscaceae Ruscus aculeatus vegetative part 0 - 50 0.9+05 30 14+1.2
Smilaceae Smilax aspera fruits 0 - 30 13.4+9.1 80 10.7+6.9
Solanaceae Solanum nigrum seeds 38 6.6 +4.0 50 1.8+1.0 0 -
Undefined items (animals + plants) 75 13.4+115 80 3.6+2.0 90 6.8+25

Table 8.Diet micro-histological analyses of faeces of blaats in the three habitat&y = gull, SC= scrubland,
IC = iceplant) during the three seasons (May 200pte®eber 2006, February 2007) on Bagaud Isl&alis for

percentage of occurrence aidfor mean relative abundance (+ SE), both in %.
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Figure 19. Mean isotopic signatures (carbon and nitrogen $asidC and3™N respectively) of black
rats and their preys with standard errors, in thraleitats (blue symbols: gull habitat; red symbols:
iceplant habitat; green symbols: scrubland habdatjng three seasons: May 2006 (a), September
2006 (b) and February 2007 (c). Preys were idextifiy analyses of rat fecal contents.

Centroid hierarchical cluster analyses revealed shmme three main clusters for each
season (Figure 20). Each cluster was mainly contposéndividuals captured in one of the
three study habitats. Overall, very few marginalividuals were identified to switch habitats
in one week or one month time scale: only 3 raapgded in a habitat other th&l or IC
were clustered for their liver isotopic signatuvagh individuals trapped iU or IC (Figure
20a, c, e), and the isotopic signatures of 4 rhiiesl from a habitat to another between
tissues (Figure 20b, d, f). For each season, sotheiduals trapped ihC were clustered with

some individuals trapped BC
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Figure 20.Results of centroid distance clustering analysestable isotope signatures of liver (filled
symbols; a, ¢, e) and muscle (open symbols; b, af, fats trapped in each of the three habitatse(bl
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September 2006: ¢, d; February 2007: e, f). Siitjylavsetween each pair of plots indicates little

change in individual diet in one month scale. la=itsymbols are clustered in the same group.
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To run SIAR modelslC was split in two groups (Table 9), according te therarchical
cluster analysis results (see abou€)-1 was related to individuals trapped i@ whose
isotopic signatures were clustered in an independeoup (red triangles in Figure 20),
whereaslC-2 was related to individuals trapped I but whose isotopic signatures were
clustered with those of individuals trapped in $€d(circles in Figure 20). SIAR estimates
showed that rats from adjacd@tandSCsignificantly diverged in the assimilated proponts
of figs across seasons. In particular, the modiinated a large relative contribution of figs
in rat diet forlC-1 for all seasons, but more specifically for SRfRJ a very low proportion of
figs in the diet of rats fronC-2 and adjacer8C(Table 9).

Season May 06 September 06 February 07

Habitat Group Mode Mean CI2.5%C197.5% Mode Mean CI2.5%Cl97.5% Mode Mean Cl2.5% CI97.5%

IC 1 0.34 0.36 0.08 0.64 0.43 047 0.20 0.77 0.36 0.390.14 0.66
2 0.03 0.13 0.00 0.35 0.02 0.07 0.00 0.18

1+2 0.20 0.20 0.00 0.40 031 0.28 0.02 0.50 0.2623 0. 0.00 0.44

SC 0.01 0.04 0.00 0.10 0.03 0.08 0.00 0.21 0.02  0.090.00 0.22

Table 9. Estimates of relative contribution (with 95% crddibntervals) of iceplant figs in the
assimilated diet of rats trapped in the icepld@) @nd scrublandSQ habitats during three seasons.
IC was split in two groups, according to the hierazahcluster analysis results (Figure 18):1 is for
individuals represented by red triangles in Figli8e andIC-2 is for individuals represented by red
circles in Fig.ure 18 (see Result-Resource ustuftier details).

Variation in isotopic ratio values between rat uiss (i.e. variation through the previous
four weeks before sampling:38fC and 3'°N) was lower than 1%. for all habitat-season
combinations, except iU for D5'°N in MAY and SEP and for 8°C in FEB (Figure 21a,
b). Through April (i.e. MAY), during the middle d¢tfie gull nesting period, the enrichment in
meand™N of rats trapped i6U was significantly higher compared to the two othabitats
during the same season and the two other seaso@dJf@Figure 21b). In summer (i.e. SEP),
during the peak of fig ripening, the depletion irean §*°C of rats trapped ilC was
significantly higher than the two other habitatspecially SC (Figure 21a). No correlation
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was found between empty body mass of individuatstasth 33*°C (Spearmams= 0.14,N =
138) and B*N (Spearmams= -0.01,N = 138). Neither B**C nor D5"°N were significantly
different between sexes (Mann Whitney teBts, 0.05).
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Figure 21.Variation in3"°C (D5'*C: 3a) and™N values (B™N: 3b) between muscle and liver of rats
from each habitatGU = gull, IC = iceplant, SC= scrubland) — season (MAY06 = May 2006; SEPO06 =
September 2006; FEBO7 = February 2007) combinations

4.1.3.2. Habitat use

From April 2007 to April 2009, 19 capture-recaptsessions gave 2236 captures and 610
rats marked. Nearly half the marked rats were tecag in at least two different trapping
sessions. Mean and maximum distances moved bybedtgeen subsequent captures were
respectively 30 m3D = 37) and 451 m. Mean distances moved betweerequbat captures
were significantly higher for males than for fensa{emean digtae= 36 m £ 42SD, Ny = 210;
mean distemae= 23 m = 30SD;, N = 196,Z = -3.9, P < 0.001). Mean distances moved

between subsequent captures were significantlyenigd = 9.4,P > 0.001) for animals
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trapped during different sessions (33 m +£3D, N = 290) than trapped within the same
session (14 m £ 15D, N = 402). Spearman rank correlations showed a stightelation
between distances moved between sessions and ¢twedn subsequent capturds< 596,
Spearmams = 0.22,P < 0.001).

The habitat transition matrix revealed low probiéibd of movement between habitats
(Table 10). However, the probability for rats ofyghg within the same habitat between
subsequent captures was greater than 0.87 in edutath The 50% FK core areas of all
radio-tracked individuals remained in the same taalvhere they were collared and trapped
by capture-recapture. Estimated 100% MCP showedanrhome-range width of 133 m + 51
SD. The seven rats collared further than 100 m froeni¢eplant patch were never recorded in

the patch.

Estimates Mean SD Cl25% CI197.5%
¥Gu,GU 0.93 0.02 0.89 0.96
WGu,sc 0.05 0.02 0.02 0.08
Wau,ic 0.02 0.01 0.01 0.04
Wsc.GL 0.07 0.02 0.03 0.12
Wsc.sc 0.87 0.03 0.80 0.92
¥sc.ic 0.06 0.02 0.03 0.11
¥ic,Gu 0.02 0.01 0.00 0.04
¥ic,sc 0.02 0.01 0.00 0.04
¥icic 0.97 0.01 0.93 0.99

Table 10.Posterior probabilitiesy) of rat movement between habita®{ = gull, SC= scrubland|C
= iceplant) with standard deviation (SD) and 95%ddsle intervals (Cl).

150



4.1.4 Discussion

At a small spatial scale, the isotopic signaturfesesources varied locally among habitats
on Bagaud Island. Gulls substantially enriched lltrcgohic webs int°N during their breeding
season in spring and iceplant produced figs eniche*C during summer. These nutrient
enrichments seemed to persist in the local foodsvesten when gull and fig resources were
much less or no longer available. For each seaabisotopic signatures were similar to the
isotopic value of their immediate habitat and tighH°N and**C enrichment in their tissues
indicated that high-order consumers like invasiats 1on islands were locally subsidized by
gulls and figs, respectively.

Faecal content and stable isotope analyses fronstady both agreed with the generalist
foraging behavior (diet breadth) &. rattusand the ability of the species, as a whole, to
exploit a wide range of resources and establishainitats of variable quality (Clark 1981;
Harperet al. 2005; Townst al. 2006; Cauet al 2008a). The dietary and habitat breadth of
the species should have facilitated its succegsvasion on islands of various environmental
conditions, even when drastic (e.g. Caual 2008a). On Bagaud Island, within each habitat,
rats selected different food items across seasprahably in relation to their seasonal
phenology, abundance, nutritional value and pailatafClark 1981; Grant-Hoffmaret al in
press). However, diet plasticity of rats was faroaer at the individual level. Surprisingly,
even when habitats were only tens of meters affaatdiet of rats was substantially distinct
among adjacent habitats for each season. Moreweey, few individuals moved among
adjacent habitats in pursuit of higher-quality @ses when they became available, despite
the marked influence of gull-derived resources d@od lesser extent figs, on rat population
dynamics (e.g. higher individual growth rates, keiglheproductive output and density; L.
Ruffino unpublished), especially during drastior@dite conditions (i.e. dry years with low
terrestrial productivity)This specific pattern of resource use was congisteer successively
larger time scales (i.e. days, weeks, and monthd)reflected the specific or even exclusive
use of resources by rats found in the habitatttiet closely occupy. Gull and fig resources,
in particular, were extensively used by rats whieeytbecame available but only benefit

resident individuals.

Live-trapping studies are prone to biases whemesitng habitat use by animals and their
home range span with successive records of trappwents. Here, the possible biases in

estimating distances moved by rats with live-tragpstudies were overcome by combining a
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long-term capture-recapture survey with the momtpiof individual movements by radio-
tracking at a finer spatio-temporal scale. Our gedacking results reinforced the apparent
high residency rate of black rats and showed thhbagh rats had a home-range span large
enough to reach alternative habitats during thesdrgmer, they remained in the surrounding
scrubland. Even though our capture-recapture sundigated higher mean travel distances
by rats with time between captures, distances mogathined low (< 40m), suggesting no
apparent range shift with time. Unfortunately, nndual-based movement studies on rodent
populations covering a long period of time with s@a@al fluctuating resources remain scarce
(but see Moller & Craig 1987), although very usatuhighlight habitat or dietary shifts over
time. The apparent low distances moved by black lbatween captures and low individual
dispersal towards unfamiliar areas (i.e. outsidgrthome range area) were consistent with
some other capture-recapture studies on rodergs Niller and Craig 1987; Jones 1989).
However, the capacity of small mammals to move ayaifferent habitats and disperse long
distances may depend on the spatial distributi@n fiatchiness) and temporal availability of
resources (Dowding & Murphy 1994; Tobeh al 1996; Gauffreet al. 2008), the presence of
geographical corridors or barriers (Krohne & Hoc899), or metapopulation dynamic
processes (Krohne 1997; Lin & Batzli 2001).

The variation in isotopic ratios of the same rat®roone month scale (i.e. variation
between tissues) was low and only a few individwadse identified to switch habitats when
the availability of high-quality resources was tireatest. This switching by some individuals
was not linked to either age or sex, and may beudtome of other population processes such
as being forced out of territories. Even the ratelting in the immediate interface between
scrubland and the iceplant patch only slightly ufgd during the dry summer, while the
resident rats from the fig patch strongly reliedtbis resource at that time (Figure 18, Table
10). Food supplementation experiments and manipak&bf habitat quality in the field often
encourage immigration towards food supplementedsam higher-quality habitats and
increase residential times of newly establishedividdals (Boutin 1990), especially
omnivorous rodents (Banks & Dickman 2000; Lin & Ba001; Van Aarde & Jackson
2007). Therefore, our finding is counterintuitiver 2 generalist invasive forager which may
have had access to higher-quality resources iregiweximity throughout the year. These
unexpected findings are likely to be related to eotlpopulation processes, such as
intraspecific territorial interactions, that maynlt the access of high-quality resources to
subordinates.
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There is extensive evidence that some speciesobbgical generalists, which use a large
diversity of resources, are in fact formed by hmgeneous groups of individuals using
narrower ranges of resources (Bolnatkal 2003;Brooke MacEacherat al. 2006; Bolnicket
al. 2007; Quevedet al 2009. However, studies demonstrated distinct foragingtegies in
individuals of generalist species occupying smalbitat patches in close proximity are rare
(but seeBrooke MacEacherret al. 2006). Decrease in niche breadth in individuals of
generalist species may minimize intra-specific cetitijpn by reducing resource use overlap
(Bolnick et al.2007), and is observed in heterogeneous landseayolegatchy habitats, and in
individuals exhibiting a strong territoriality (Aegojornet al 1994; Urton & Hobson 2005).
R. rattustend to be strongly bounded to their feeding sitesaining within their territory
boundaries to defend food and mates (Worth 1950 TEO66). Territory defense (e.g.
through scent marks) and/or agonistic behavior tdsv@anfamiliar conspecifics may provide
a plausible explanation for the low mobility of gaand the privileged access to enriched
resources by dominants and residents, as predigtéae ideal despotic distribution (Fretwell
& Lucas 1970) and already demonstrated for othdemts (Spencer & Cameron 1983; Gray
et al. 2002; Jensent al 2005). Moreover, when the high-quality food seuis clumped in
space, e.g. patchy habitats, dominant individuads/ rend to monopolize food sources
(Boutin 1990). In this sense, the larger body makgats foraging on gull-subsidized
resources on Bagaud Island (compared to rats idahat have access to these enriched
resources; L. Ruffinonpublished could favor social dominance and aggression $ipencer
& Cameron 1983).

By combining diet and trophic analyses at varionnetscales with an intensive individual-
based movement monitoring all over several rat ggioms, we were able to examine how
habitat heterogeneity at a small spatial scaletaadseasonal fluctuation of resource quality
within habitats affect diet breadth and plasti@atythe individual and population levels, in a
generalist forager. The diet-switching ability etroduced rodents to benefit from seasonal
high-quality resources is often proposed to expth&ir wide invasion success and diverse
impact from arctic to tropical islands (Stapp 2082app & Polis 2003; Majoet al 2006;
Townset al. 2006). Cauet al (2008a) recently demonstrated a dietary shifRimattusdiet
on a dry tropical island between seasons, but didtrack individual rats. Whether diet
plasticity is attributable to marked shifts in imdiual diet, or alternatively differences
between sub-populations remains unclear. ConversglyBagaud Island, we found that

individual rat diet was relatively consistent wilte resources available in their immediate
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habitat across seasons, despite the very closenptgf fluctuating resources of differential
quality in the wider environment. The differencdserved between the two systems may be
related to multiple intrinsic and extrinsic factaach as rat local population density, the

attractiveness of resources, climate conditionstoaspecific interactions.

4.1.5. Conclusions and implications

The pattern of resource use observed in our stadidde considered surprising for such a
successful invader, renowned for its ecologicakifigity and diet plasticity. Although our
results support high species- and population-lefet breadth and plasticity, they show a
much narrower diet and habitat breadth of indivisueonstrained by complex mechanisms
probably related to social organization and teryitdefense behavior. Restricted diet breadth
of R. rattusindividuals along with limited rat movements betmehabitats may promote
differentiation among sub-populations in dynamios atructure, reinforcing the benefits of
enriched resources (L. Ruffino unpublished). Ondtieer hand, our results add to growing
evidence that invasive black rats can occupy varibabitats, even those of low quality,
which should explain their wide invasion success islands, especially on drastic
environments. Our results also suggest that eves small island, the accessibility of patchy
and high-quality resources to rats from the whapypation is not systematic, a result which
has important implications when quantifying invasivat impact on patchily distributed
species, especially when studies use indirect ndstsach as diet analyses as a substitute for
direct observations of feeding habits. To conclude, underline here the usefulness of
coupling methods and the need of carrying out nhamg-term individual-based monitoring
studies to assess both resource and habitat useasive species at different spatio-temporal

scales in changing environments.
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- Partie 4.2. -

4.2. CLIMATE MEDIATE THE EFFECTS OF ALLOCHTHONOUS SUBSIDIES ON AN INSULAR
INVASIVE RAT POPULATION

4.2. Les conditions climatiques modulent les effdes apports de resources d'origine
allochtone sur une population insulaire de rat®dhits

Résumé:

L’identification des facteurs susceptibles d'aféectles dynamiques de populations
d’especes envahissantes et d’accroitre leurs impa®Et un intérét majeur en matiere de
conservation des communautés insulaires indigéress is. Au cours des derniéres
décennies, I'accroissement des activités humaiess tsaduit par d’importants changements
trophiques au niveau des écosystémes insulairepaHiculier, les apports anthropiques de
nutriments d’origine allochtone ont modifié la sfiwre trophique des communautés
insulaires. Ces apports sont susceptibles deigertiles consommateurs de derniers ordres en
déclenchant un contréle des chaines trophiquegpde« bottom-up », surtout sur les iles de
faible productivité trophique aux conditions clingaies seches. Dans le cadre de ce travail,
nous avons testé I'effet des ressources anthropidlogigine allochtone sur une population
insulaire d’une des espéces les plus ravageusesade, le rat noifRattus rattussur une file
oligotrophique de Méditerranée, Bagaud (S-E Franth) suivi par capture-marquage-
recapture des dynamiques de population du rat an@ité réalisé durant deux années aux
conditions climatiques contrastées, dans le butudiér (1) la réponse des dynamiques de
populations du rat noir aux apports de ressourt@mggohe allochtone, (2) le réle du climat
dans la modulation des effets de ces ressouraahtihes, et (3) le réle de I'hétérogénéité et
de la proximité spatiale des habitats dans le pamgles nutriments allochtones par les rats.
Nos résultats montrent un effet plus prononcé desaurces allochtones sur les dynamiques
de populations des rats durant 'année seche. tiets @les apports de nutriments par les
goélands anthropophiles sur les dynamiques de atipos de rats apparaissent plus forts que
ceux des plantes succulentes envahissantes, dnufprtsur les taux de croissance des
individus, et dans une plus faible mesure, suplametres reproducteurs et les densités de
rats. Cependant, ces effets sont spatialemeng&bmiuggérant que sur Bagaud, les rats noirs
sont de faibles vecteurs de nutriments allocht@ngavers les habitats, méme lorsqu’ils sont
spatialement proches. Dans une perspective dimatibn du climat en Méditerranée, le fort
potentiel des apports de ressources d’origine laiboe dans I'atténuation des effets négatifs
des conditions environnementales drastiques poyseaticiper a stabiliser les fluctuations
inter-annuelles des dynamiques de populations e maintenir les populations sur le long
terme et indirectement, accroitre I'impact des satsles communautés insulaires.

Cette partie correspond a l'article en préparationsuivant :

Ruffino L., Russell J. & Vidal E. Climate mediate te effects of allochthonous subsidies on an

insular invasive rat population. En préparation pou Oecologia

159




4.2.1. Introduction

Island systems, even the most isolated ones, raf@hgtion independently with
neighboring ecosystems (Poésal. 1996, 2004). Ecologists are increasingly recogiizhe
important direct and indirect effects that inputé mutrients (e.g. carbon, nitrogen,
phosphorous) and energy from outside the focal (&iée allochthonous inputs) have on
recipient abiotic and biotic components (Polis &had 1996; Anderson & Polis 1999; Wait
et al. 2005; Stapp &Polis 2003b; Ellis 2005; Marczetkkal 2007; Paetzolet al 2008).
Allochthonous inputs on islands come from maring.(enarine sprays, algae drift, marine
carrions, seabird guano; Poéisal 2004) and/or terrestrial areas (e.g. naturabéstanent of
terrestrial organisms, species introductions by dmsh The transport of materials and
nutrients occurs from organisms either naturalgpdrsing across ecosystem boundaries (e.g.
birds, insects, mammals or reptiles, Pelisal. 1997a) or transported by humans (i.e. species
introductions), and/or from abiotic factors (e.gnek tidal action, Poliet al 1997a, 2004).

During the last decades, many studies have doceaetihe important role of
allochthonous (mainly marine) subsidies in enhagpdottom-up controls of island trophic
dynamics (Polis & Hurd 1996; Sanchez-Pinero & Pal®0; Andersoret al. 2008) and in
subsidizing native island communities, such astpléifarinaet al. 2003; Ellis 2005; Elliet
al. 2006), arthropods (Sanchez-Pinero & Polis 2000rkieall & Daugherty 2002; Paetzold
et al. 2008), reptiles (Markwell & Daugherty 2002; Batret al. 2005), marsupials (Wolfet
al. 2004), small (Stapp & Polis 2003a, 2003b) anddargammals (lasoet al 1986). The
potential for allochthonous resources to subsidezpient food webs should vary with the
productivity gradient between donor and recipiemmpartments (Poliset al 1997a;
Catenazzi & Donnelli 2007; Paetzaddl al 2008) and climate conditions (Stagpal 1999;
Stapp & Polis 2003a; Andersagt al 2008). On islands where the naet situ primary
productivity is low (e.g. arid and/or oligotrophislands), a shift in trophic structure and
community functioning is expected between climdiyeeontrasted years (Stapgt al 1999;
Andersonet al 2008). During wet years, when heavy rainfall palstimulate terrestrial
productivity and increase the overall resource laldity for high-order consumers,
allochthonous resources should contribute littlastand population dynamics. Conversely,
during dry years, island communities should relyatgreater extent on inputs of enriched

allochthonous resources that may help the persisten island consumers, sometimes by
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allowing large population densities that would e possible based on low productive
terrestrial resources alone (Stapp & Polis 2003a).

In the Mediterranean, human-induced changes in les®dand increased trade activities
have accelerated the rate of anthropogenicallyedriflows of allochthonous nutrient inputs
on islands, modifying the trophic structure of mlacommunities. For example, the
anthropogenically-driven demographic increase itloyelegged gull Larus michahelliy
populations in the north-western Mediterraneanrb@gidal et al 1998a) indirectly lead to
substantial changes in native plant (Vidahl 1998b) and arthropod communities (Orgets
al. 2003) in guano-fertilized areas on offshore idiarfFood scraps, cracked eggs, dead chicks
or adults also fuel scavengers. In addition, théespread introduction and expansion of alien
succulent plants (e.gCarpobrotus spp., Opuntia spp., Agave spp., Hulme 2004) along
continental and island coastal sites of the Meditezan have provided new allochthonous
resources to island consumers, especially duringhser, when fleshy fruits ripen (Bourgeois
et al. 2005). Given the wide distribution of alien ink@smammals on islands, their overall
generalist foraging behavior and large impact aivaeasland communities (e.g. Courchamp
et al. 2003), the potential for allochthonous resourceanthropogenic origin to help them
persist in the long-term despite sometimes low pectide environments, and hence to

increase their overall impact may have importarglications for island conservation.

We selected a dry Mediterranean island, Bagaudndslawhere anthropogenic
allochthonous resources were found in close spatiakimity, to conduct a long-term
capture-recapture survey on one of the most pemasiroduced mammals on the world’s
islands, the black raR@ttus rattus The potential effects of ongoing climate changgh
expected longer dry season in summer and moredngqlrastic events in the Mediterranean,
on invasive rat population dynamics were investéidatver two years of contrasting climate
conditions (the driest and one of the wettest yeatbe last decade). The aims of the study
were three fold. First, we assessed the effecssipér-abundant gulls and introduced iceplant
both occurring seasonally on Mediterranean islaodsat population dynamics and structure.
Given their generalist foraging behavior and thegh-elevated trophic position on Bagaud
Island, black rats are expected to be stronglyobottip driven by allochthonous subsidies.
Second, we investigated the role of climate in ntamithg the effects of allochthonous
resources on rat population parameters. We hypatteshat rats would benefit much more
from allochthonous inputs during dry (i.e. lemvsitu productivity) than during wet conditions
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(i.e. highin situ productivity). Third, we assessed the effects abitat heterogeneity in

structuring the spatial distribution of allochthaisosubsidies. Given the very close spatial
proximity of different allochthonous resources oagBud Island and the generalist foraging
behavior of black rats, we expected that rats wdnddan effective vector of allochthonous

nutrients across adjacent habitats.
4.2.2. Materials and methods
4.2.2.1. Study site

This study was conducted on Bagaud Island (5848, Km long, 0.59 km wide), a natural
reserve of the Port-Cros National Park in the Medinean Sea, lying 7.5 km from the
southeast coast of France and 500 m from the riasla@sd (Figure 20). The island is mainly
composed by acid rock substrate and reaches 57one aea level at its higher point. The
black rat was probably introduced during the Rormares (Ruffinoet al. 2009) but persists
as the only non-volant mammal on the island, desmtpermanent fresh water.

100 Meters TRAPS
200 -..
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® GU

FRANCE
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m Gull-subsidized grassland

- High-elevated scrubland
|:| Low-elevated scrubland
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Figure 22. Map of Bagaud Island (43°00'42 N; 6°21'45 E), POrbs National Park, south-east
France, showing the main habitats and trap locgtion= iceplant habitatiGU = gull habitat,SC=
scrubland habitat).
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4.2.2.2. Habitat description

The southern study site was selected for the cpwe&imity of three distinct habitats
differing in their resource availability and seaalitty (Figure 22). First, the gull habitat
(hereafterGU) comprises a yellow-legged gulLgrus michahellis colony with a ruderal
grassland mainly composed of Fabaceae, Poaceaduandceae. In this habitat, plant and
arthropod communities are substantially enrichedifrogen (especially i°N; Ruffino L.
submitted) due to high guano deposition (Viéalal 1998b; Orgeagt al. 2003). March
through May is the gull breeding period and, trars, the three months of the year when gull
influence is maximum (e.g. high input of marineided nutrients, adults feeding chicks,
egg/chick carcasses). Second, the iceplant hahegataftedC) was identified as a 1 500 m?2
patch of the mat-formingCarpobrotus spp. (Aizoaceae). This succulent invasive plant
abundantly produces large fleshy figs, enriched®@ (Ruffino L. submitted), energy (310
kJ/100g dry masy and water (80% water; Vila & D’Antonio 1998) thatature during the
dry Mediterranean summer season. Third, the sandblteabitat (hereafte8C), a native dry
Mediterranean mattoral, does not receive any dlmsious inputs and was identified as the
non-subsidized habitat. This habitat is composea @énse high-elevated mattoral dominated
by Pinus halepensjsErica arboreg Myrtus communisArbutus unedoand Phyllirea spp
(Médail 1998) ané much less dense low-elevated scrubland, domitgt@istacia lentiscus
andJuniperus phoeniceg@rigure 22). In each habitat, resources were sehsomavailable at
the same time and differentially enriched in nutise(e.g. marine-derived nutrients G,
fresh water and energy I€).

4.2.2.3. Rainfall patterns

The study was conducted during two years with @stéd climate in the total amount and
timing of rainfall. The annual rainfalls for 200Théh 2008 were 403.4 mm and 803.6 mm
respectively (Figure 23). The mean annual rainfi@lthe decade 1999-2008 was 625.1 +
187.1SD mm (Levant Island Meteorological Office). 2007 whe driest year of the last
decade. 2007 had also the driest summer of theléstde (15.8 mm for June-September in
2007; mean summer rainfall for 1999-2008 = 1058248 SD mm) and the driest autumn of
the last decade (133.8 mm for October-Decembernnaedumn rainfall for 1999-2008 =
351.0 £ 151.35D mm). 2008 was among the rainiest years of thedasade, particularly in
autumn with a total rainfall of 502 mm (Figure 23). addition, spring 2008 had more
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homogenous monthly fresh water inputs and duridgnger period of time, while spring
2007 had lower monthly rainfall with sudden largesh water input.
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Figure 23. Monthly precipitations and mean monthly tempermeguwn Bagaud Island (data courtesy of
Levant Island Meteorological Office). Bars showatanhonthly precipitations and the line shows mean

monthly temperatures.
4.2.2.4. Rat isotopic signatures

In 2006-2007, three rat trapping sessions werewted to analyze the isotopic signatures
of rats within the three study habitaBU, IC, SO during three seasons (spring: early May
2006, summer: early September 2006, winter: eaelgriary 2007). BTS-Mécanique cage
traps (29 x 10 x 10 cm, Manufrance, Saint-Etierifrance) were baited with peanut butter
before dusk, checked and closed each morning.tah, tb63 rats were captured (51 rats in
May, 76 in September, 36 in February) and euthanidamples of liver were collected for
stable isotope analyses and preserved in 70% dlcalh@amples were dried and ground in
fine powder. Analyses of stable isotope ratios afbon {*C/*‘C, expressed a&~C) and
nitrogen {°N/**N, expressed as'®N) were performed by a spectrometer Delta V Plus
(Service Central d’Analyses, CNRS Solaize, FrariRajios were expressed &#C or§*°N =
[(RsampldRstanda) - 1] x 1000 wherR="C/**C or *®N/**N for §'°C or 6'°N respectively.The
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standard for C is the IAEA-NBS 21 (graphite: —28sd)3and for N the IAEA-N1 (+0-4%o)
and IAEA-N2 (+20-3%0). Ten replicate assays of imékrlaboratory standards indicated
measurement maximum errors (SD) of + 0-15%. and2%dfor stable carbon and nitrogen
isotope measurements, respectively. For all thvichadals sampled, the effects of habitat and
season on their mean trophic level (mé&&iN signature of liver samples) were tested with a
multivariate ANOVA. As&™N may vary with nutritional stress (Hobsen al 1993) and
indicate diet preferences between sexes, a GLMused to investigate the effects of habitat,
season, empty body mass (i.e. digestive tract redjoand sex of*N of individuals larger

than150g (considered as adults).
4.2.2.5. Rat population dynamics
4.2.2.5.1. Rat trapping

To investigate the influence of allochthonous reses on rat population dynamics, 117
permanent trap stations with one BTS-Mécanique tra@ were set from April 2007 to
January 2009, covering the three study habi@ts (C, SO. Fourteen trapping sessions were
undertaken, separated byl-3 months and repeatib@ same period of year during the two
years. Traps were set every 20-25 m, dependindn@iveégetation cover. Traps were baited
with peanut butter before dusk, set between 3 acmh8ecutive nights depending on weather
conditions, and all checked before 9am to avoidashg rats too late in the day. During cold
and humid seasons, bedding material was providsidiantraps. Rats were individually
marked using subcutaneous passive integrated tradep tags (type FDX-B, IER Paris,
France), sexed, weighted to the nearest 2.5 gkellefor sexual maturity and released after
capture. Reproductive activity was assessed foesnhl the record of the testis position
(abdominalvs scrotal) and for females by the observation ofrthiagina (perforate or not)

and nipples (developed or not). Gestating and tiagtdemales were systematically recorded.
4.2.2.5.2. Rat population demography

Variation in rat population density (D) across semswas estimated in the three study
habitats for each trapping session. Maximum-likedith spatially explicit capture recapture D
was used to estimate D from closed population captcapture data using prograraN3ITY
(Borchers & Efford 2008). By incorporating a sphtatection function, the model estimates

the probability of detection of individuals in réta to the center of their home ranges. Home
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range centers follow a Poisson distribution, wkille probability of capture from home range
centers (o) to variably located trap locations) (follow a normal distribution. This approach
overcomes the many problems related to the esbmaii an effective trapping area and can

be reliably applied to non-standardized trappiryglas such as on Bagaud (Figure 22).
4.2.2.5.3. Reproductive output and juvenile dispeed

100 % of females and 75 % males autopsied in 20084re considered as immature
individuals when weighting less than 120g. This giiwas therefore used as a threshold
below which individuals were considered juvenil@he number of juvenile recruits was
recorded for each trapping session and reported gsoportion of the total number of
individuals trapped during each session. Youngkbtats weighting 30-40g were estimated to
be 3 weeks old, and to weight 70-80g at 8 weekgFdaigier & Pascal 2006). We used these
age-weight relationships to evaluate the appro@mage of young rats, newly trapped in each
habitat, and estimate the most likely period ofrtheth. The relative age of each recaptured
individual was then estimated by taking into acdotle time between two captures. We
focused on the timing of births rather than repoddun since lactation is more energy
demanding for females than gestation (Randelphl. 1977; Millar 1978) and hence could be
related to resource richness and availability. €ffects of habitat, season and year on the
proportions of juveniles trapped were investigatgth a multivariate ANOVA. Prior to
analysis, proportions were arcsin-transformed t@trmormality. We also investigated the
importance of juvenile dispersal from the two sdix@d habitats GU and IC) and we

searched for any recaptures of rats first trappgd\aeniles inGU andIC.
4.2.2.5.4. Body mass and growth rate

The growth rate (g.d&y of the juveniles was assessed as the mean cirabgey mass of
the same individuals between two subsequent captareughout their first six months of
life. Since some individuals could be captured ntben once during each trapping session,
we used the body mass at first capture of eachoseas the reference body mass for the
session considered. The effects of habitat, yedrsax on the mean growth rate of juveniles
were tested with a multivariate ANOVA for repeatadasures, with habitat, year and sex as
independent fixed effects and individual incorpedatis an independent random effect. The
effect of habitat on the growth rate of individudess assessed by performing slopes of linear

regression between rat body mass and their relatieeforGU and SCduring the driest year
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(2007) with a Studertttest. The relative age was determined with an @baa the basis of
data found in the literature (e.g. Faugier & Pa2€l6, see above for details) and successive
recaptures of the same individuals. Not enough ptecas were available to calculate a

regression equation fo€.
4.2.3. Results
4.2.3.1. Rat trophic level and resource use

Results of ANOVA revealed no significant effect sfason or8™N of rat liver but a
significant effect of habitatF; 129= 186.7,P < 0.001) and a significant interaction between
habitat and seasor{129 = 4.4, P < 0.01). Post Hoc Scheffe tests showed that, foh ea
habitat-season combination, me&drN of rat liver coming fronGU was significantly higher
compared tdC and SC Meand™N of rat liver coming fromlC was significantly higher
compared t&Cfor May06 and September06 (Figure 24). GLM on m#aN for rats >150g
revealed the same habitat and habitat-season eHsatlid the previous ANOVA. However,

no significant effect of sex or empty body mass feamdon mears**N.
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Figure 24. Mean stable isotope ratios of carboi’Q@l(%.)) and nitrogen (AN (%)) of rat liver from

the three habitat$3U = gull; IC = iceplant;SC= scrubland) during three seasons (triangles = Mgy
squares = September 06; circles = February 07).
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4.2.3.2. Rat population dynamics

From April 2007 to January 2009, 14 capture-reaapsessions gave 1972 captures of 582
marked rats. 66%MNemale= 187,Nmaie= 197) of marked individuals were recaptured astea
once and 66% Ntemale = 131, Nmae = 122) were recaptured during at least two differen
trapping sessions. Maximum number of captures efsdime individual was 20 (during six
different sessions) and the maximum number of eesswhere the same individual was
trapped was 11 (17 captures). 24Bo= 138) of all marked individuals were recapturéd a

least 5 times, and 5%\ (= 32) at least 10 times during the 14 captureptra sessions.
4.2.3.2.1. Demography

Estimates of rat densities in the three habitaiged from 3 to 37 rats.Hand varied little
across habitats (Figure 25). Rat densities wergfgigntly higher inGU in June 07 $5%ClI
= 12.3-29.3) compared 1€ (95%Cl= 2.5-8.8) and5C(95%ClI= 6.8-12.0), higher iU in
July 07 @5%CI = 10.2-24.4) compared &€ (95%CIl = 2.7-9.2), higher irGU in July 08
(95%Cl = 27.8-50.4) compared & (95%CIl = 8.8-26.3) and5C (95%Cl = 7.9-14.6), and
higher inGU in August 08 95%CI = 12.6-27.7) compared 1€ (95%CI = 1.5-8.7). A peak
in rat density was recorded in the three habitat3anuary 2009 of the high rainfall year but
did not appear during the previous driest year(la@®5).

4.2.3.2.2. Reproductive output and juvenile dispeed

Results of ANOVA on proportions of juvenile recaiishowed a significant effect of
seasonKs;24=11.6,P < 0.001) and nearly significant effects of hab{f&{,,= 2.9,P = 0.07)
and year 124 = 4.0, P = 0.07). Juvenile recruitment during each yearkpdain spring
(Figures 26, 27). An important birth pulse occurdediing autumn 2008 in the three habitats.
In GU, juvenile recruitment seemed to be more relateal $easonal pattern compared to the
two other habitats. During spring 2007, reprodiwetvtput was higher iGU but this pattern
was not clearly observed during the following s@r{@008). InIC, young individuals were
recorded throughout almost all the year. Nearlyyaling individuals born during summer

were trapped itC.
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Figure 25. Estimated rat density from closed population captecapture data using maximum-
likelihood spatially explicit capture recapture immented in program ENSITY. Densities are
calculated for each of the 14 trapping sessiortheanthree habitats<5U = gull; IC = iceplant;SC =

scrubland). Bars indicate standard errors.
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Figure 26. Proportions of juveniles (individuals < 120 g) aaed during each of the 14 trapping
sessions in the three habita®J = gull; IC = iceplant;SC= scrubland).
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Figure 27. Proportions of rat births estimated for both ydarshe three habitats5U = gull; IC =
iceplant;SC= scrubland). Relative proportions are calculateer the total number of births for each
year. Large bars indicate relative proportions idhb > 15%, medium bars between 5 and 15% and

dashed lines < 5%.

During both years, 49% of the 95 young rats trappe@U for the first time were never
recaptured in any of the three habitats. Rats taoeg at least once were trapped on average
during 3.6 different sessions in 2007 and 2.8 sassin 2008, spanning an average of 7.6
months in 2007 and 4.8 months in 2008. Only ondaahale of 130g) was recorded 150 m
(in SO away fromGU, 13 months after its first capture in this habi&% of the 48 young
rats first captured idC during the two years were never recaptured in @inyhe three
habitats. All the recaptured rats frol@ were recaptured within the 50m-boundary strip

aroundIC.
4.2.3.2.3. Body mass and growth rate

Results of the ANOVA on growth rates of young regsealed a significant effect of
habitat £2,147= 8.8,P < 0.001), yearKy 147= 44.7,P < 0.001), sexK; 147= 4.7,P < 0.05) and
the interactions habitat*year{147= 25.5,P < 0.001) and sex*yeafF( 147= 5.6,P < 0.05).
During the dry 2007, the mean growth rate (g'Yayf young rats (all sex combined) was
significantly higher inGU compared t¢C andSC and significantly higher ilC compared to
SC(Figure 28). Conversely, there was no signifiadifierence in the mean growth rate of the
young rats of the rainy year 2008 among habitatdeb(all habitats combined) grew faster in
2008 than in 2007 compared to females. The slopesgoession equations of rat body mass
on their relative age were significantly differdsgtweenGU and SC (GU: y = -2886.50 +
28.9%; SC y =-1189.68 + 12.59t = 8.9 >t(0.95, 159)P < 0.05). At 8-10 months-old, the
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mean body mass of rats froBlJ was 215.493%D = 28.8; max
(SD=23.4; max = 230q) for rats froBC(Table 11).
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Figure 28. Mean growth rates of young rats during the sixt fironths of their lives in the three

habitats GU = gull; IC = iceplant;SC= scrubland) during two years (07 = 2007; 08 =800

GULL ICEPLANT SCRUBLAND

Mear Mear Mear

body body body
Year Month N 0-150 151-250 >250 mass SE Max N 0-150 151-250 >250 mass SE Max N 0-150 151-250 >250 mas: SE Max
2007  Apr 23 0.00 035 065 2645 91 310 21 0.33 0.62 0.05 2079 104 275 16 0.25 0.56 0.19 216.7 12.0 295
May 6 0.17 0.33 050 2625 247 295 8 0.00 1.00 0.00 1838 87 210 2 0.50 0.50 0.00 230.0 0.0 230
June 30 0.70 0.20 0.10 231.7 138 315 14 0.21 050 0.29 2182 141 300 8 0.00 0.88 0.13 214.4 10.1 260
July 33 0.67 033 0.00 1772 75 225 12 0.50 042 0.08 216.7 153 270 10 0.00 0.80 0.20 2255 15.4 320
Aug 17 0.35 0.65 0.00 1965 9.2 230 11 0.73 0.27 0.00 196.7 13.7 200 26 0.31 0.62 0.08 203.3 7.8 280
Oct 15 0.60 0.40 0.00 1908 54 220 13 0.46 0.54 0.00 2004 9.0 227 25 048 052 0.00 186.1 6.5 230
Dec 15 0.33 0.47 0.20 2329 11.8 283 12 0.17 0.83 0.00 1887 7.7 238 16 0.31 0.69 0.00 186.7 6.0 228
2008 Jan 19 0.11 0.42 047 2450 7.6 295 16 0.25 0.75 0.00 206.3 6.7 242 19 0.05 0.89 0.05 198.9 8.7 280
Apr 14 0.14 0.36 050 256.9 123 300 8 0.38 050 0.13 2276 153 270 20 0.00 0.95 0.05 207.3 6.5 250
June 19 0.74 0.00 0.26 2534 220 307 10 0.70 0.20 0.10 226.7 421 310 16 0.31 0.31 0.38 248.1 13.6 305
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July 53
Aug 32
Oct 16

2009 Jan 35

0.74

0.44

0.19

0.40

0.23

0.81

0.34

0.04

0.03

0.00

0.26

205.9

195.4

188.3

234.5

9.9

8.3

8.5

275

290

235

300

18 0.67 0.28

10 0.60 0.40

13 031 0.54

37 0.89 0.08

0.080.2

0.005.@@

0.197.2

0.284.0

21.7

20.6

131

300

246

270

255

37 051 0.38

33 0.58 0.36

26 0.50 0.42

46 037 0.61

0.11 2311 8.2

0.06 216.0 10.7

0.08 197.7 11.4

0.02 211.2 53

290

263

273

270

Table 11 Body masses (g) of black rats from the three thbiduring the 14 capture sessions. The

table indicates the percentage of individuals bgilogpto each of the three body mass classes (0-150g

151-250g; >250g), mean body masses with standests€lSE) and maximums (Max).

4.2.4. Discussion

4.2.4.1. The role of climate in modulating the effis of allochthonous resources

We found strong support for a subsidizing effecasthropogenic allochthonous resources

on rat population dynamics. However, the way tlzds responded to these allochthonous

resources varied between years. The benefits mdviay allochthonous subsidies were

particularly striking during the dry 2007 year ftre mean growth rate of young rats,

substantially lower in the unsubsidized habitatallesser extent, the gull subsidies allow rats

to achieve higher reproductive outputs and demssitiespring 2007 compared to the very low

levels supported elsewhere during the same year.abllity of trophic subsidies, especially

those of marine origin, to positively affect thepptation dynamics of consumers has been

demonstrated to be particularly strong in unprodeacsystems (Polis & Hurd 1996; Pobks
al. 1997b; Sanchez-Pinero & Polis 2000; Catenazzi &riadli 2007). In such systems of low

in situ productivity, the net primary productivity and pdgtion dynamics cannot be sustained

without inputs of allochthonous nutrients (Paisal. 1997a). Therefore, by providing energy

and nutrients of high quality and abundance to &udlverse array of consumer populations,

enriched allochthonous resources may be centrathéo dynamics and functioning of

oligotrophic island systems by helping species damyy the negative effects of low

productive trophic webs, especially during dry geétapp & Polis 2003b; Andersen al.

2008).

The marked effect of internal allochthonous reseurgut variation on rat population

dynamics recorded between habitats during the @@y 3ear were not evident during the wet
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2008 year, driving more homogenous monthly rainfalspring, a shorter summer drought
period and substantially rainier autumn and winBerting the wet 2008 year, growth rates of
young rats nearly reached the same levels withartlihee habitats, suggesting that rats were
no longer food-limited in the less productive sd¢amol habitat during rainy conditions.
Previous studies conducted on arid seabird islanBsja California have shown that rainfall
pulses can release a larger amount of guano-denudtients compared to drier climate
conditions (Stapet al 1999; Andersort al 2008) and, hence, translate into larger increases
in consumer numbers during fresh water pulses fS&apolis 2003a). We found that these
results are not limited to Baja California and amergent to other dry island systems such as
in the Mediterranean. On Bagaud Island, rat desssipeaked higher in the gull-subsidized
habitat after spring breeding in 2008 comparechprevious year. However, whether such
differences were related to two distinct patterhsamfall and resource availability in spring
(more homogenous monthly fresh water inputs dugnignger period of time in 2008s
lower monthly rainfall with sudden large fresh wataput in 2007) or to intrinsic-rat-
population regulating factors remain unclear. Cosely, subsidized habitats did not
experience higher rat densities after rainfall esilgn winter 2008. This may be related to a
differential timing between winter rainfall pulsaad the periods of maximum availability of
allochthonous resources (i.e. spring for gull anchmer for iceplants), or rats may have

already reached carrying capacity in subsidizedttsan winter 2008.

The rapid response of rat populations to rainfallsps confirms the potential for the
population dynamics of a high-level and generalistsumer to be strongly bottom-up driven
by increases in terrestrial productivity, by growifaster, adjusting its timing of reproduction
and increasing in numbers. Rodent population dyosihave already been related to pulses
of primary productivity lagging behind heavy pretagions in arid systems (Clark 1980;
Madsen & Shine 1999; Ernesttal 2000) or on islands experiencing El Nino eveBtagpp &
Polis 2003a). Even though it has often been assuhadrecipitation leads, with relatively
short time lags, to germination, growth, and repaidn of plants, and the resulting increase
in food supply in the form of seeds, fruits, anavies lead to increase in rodent populations,
the relationship between the three componentsféthin primary productivity - consumer
abundance) often remains non linear and complexedtet al 2000), especially when long-

term time series are considered (Brostral. 1992; Meservet al 2003).
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4.2.4.2. Population responses to allochthonous resoes

Because of their capacity to exploit a broad ranfjeresources and the cumulative
enrichment of nutrients up trophic chains, top-leared generalist consumers are known to be
strongly affected by enriched allochthonous resemirRose & Polis 1998; Stapp & Polis
2003a; Catenazzi & Donnelli 2007; Darimoett al 2009). We found that gull-subsidized
resources, and to a lesser extent iceplant figiectel many rat population dynamic
parameters, such as the growth rate of young ratsbady mass of adults, the timing and
intensity of reproduction and local population dgndRapid growth of young rats may stem
from an energy maximizing strategy driven by sétectfor rapid reproductive maturity to
increase reproductive success before cold seasgrsaand reproduction ceases (Eierd.
2003). However, this was not likely to occur on Bag Island since no juveniles were
observed to breed during the first months of theas. A more likely hypothesis may be that
young individuals dwelling in subsidized habitat@yminvest relatively more energy into
growth, allowing them to persist during harsh seasawhereas young rats that did not have
access to subsidized resources suffered from ddyham summer and cold and resource-
scarce winter by growing slower, losing weight awéntually dyeing off. Rats foraging in
the gull-subsidized habitat frequently reached bodgsesip to 300 g after one year (Table
11). Such large body masses have been reportedttodwelling in seabird areas (J. Russell
& G. Harper, pers. comm ) and may favour social iamce and aggression (e.g. Spencer &

Cameron 1983), helping competition for resource8agaud Island.

Food supplementation experiments, fruit or seedtneasnts, and marine-subsidized
resources have generally been reported to produdeceease in rodent population size, due
to a combination of enhanced reproductive output iammigration into high-quality areas
(Doonan & Slade 1995; King & Moller 1997; Lin & Badit 2001; Banks & Dickman 2002;
Stapp & Polis 2003b; Ruscoet al. 2004). On Bagaud Island, the fluctuations in rat
population densities followed breeding periods. Bamsities always peaked higher in the
gull-subsidized habitat after spring breeding coragao the two other habitats. Peaks in
density in early summer can only be attributedetmruitment of juveniles in spring since, on
Bagaud Island, rats did not often move among htbaacording to resource availability
(Ruffino L. submitted) and immigration of new indiwals in each habitat was rarely
recorded (Ruffino L. unpublished). Given that radietundity is highly sensitive to the level
of available nitrogen and soluble amino acids (&/gite 2002), our results suggest that the

174



high-quality of seabird-derived resources can eoddmgh reproductive output and hence
high local population densities during maximum &lality of gull resources. Interestingly,
in the fig habitat, spring breeding extended thimug summer for both years. Even though
the number of births recorded was quite low, bnegdh summer in the Mediterranean is rare
enough to warrant explanation. High temperaturegemwand food stress during summer in
the Mediterranean are the main factors for exptginvhy breeding ceased during this season.
It is possible that adult rats that have accedgyfoin early summer may take advantage of
this source of water, energy and protein to alldato reproduction, especially during the
energy-expensive period of lactation for small rddemales (Randolpbt al 1977; Millar
1978).

4.2.4.3. Transport of allochthonous nutrients by rés across habitat boundaries

The transport of allochthonous nutrients acrosstétaboundaries by island consumers
depends in part on the spatial scale under coradider(Polis & Hurd 1996; Stapp & Polis
2003b), the life-history traits of individuals (i.mobility, degree of diet specialization; Stapp
& Polis 2003b; Farinat al 2003; Paetzoldt al. 2008), community structure and competition
for resources (e.g. Stapp & Polis 2003b). Surpgiginthe effects of allochthonous resources
on the trophic level and population dynamics of raere spatially limited among nearby
habitats, even when only tens of meters apart. tenng movement and diet analyses of
black rats on Bagaud showed a low level of indigldidiet plasticity and a low probability of
movements among adjacent habitats when high-quedggurces became available, which
could be related to intra-specific relationshipsiffiRo et al submitted, see aldeartie 4.1).
This suggests that, on Bagaud Island, rats are pmaduits of subsidized nutrients across
habitats. The hypothesis that seabird-subsidizeddis, by providing high-quality resources,
may be a source of rat-assisted dispersal to laqality areas has often been put forward
(Stapp 2002; Mayoet al. 2006). From our data, it is difficult to conclude the capacity for
young rats to disperse substantially further inlamd to transfer subsidized nutrients over
longer distances since nearly half of the juvenibearked in these habitats were never
recaptured anywhere (whereas the other half wasrenaptured in the same habitats).

4.2.5. Conclusion — Implications for invasives’ imact

Our results add to growing evidence to the contiglou of allochthonous resources,

especially seabird-derived nutrients, to insulardfevebs worldwide (lasoet al. 1986; Ellis
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2005; Andersoret al. 2008). We show in this paper that invasive roslexuich as black rats
can substantially benefit from allochthonous inpats Mediterranean islands, where the
native scrubland habitat appeared to be the lasproductive one, especially during dry
years. Our findings have three major implicatidfisst, the strong potential for allochthonous
resources to dampen the negative effects of dramtironmental conditions on rat
populations may help stabilize inter-annual flutias in population dynamics and increase
the probability of long-term persistence by promgla minimum level of resource availability
(MacCannet al. 1998), especially for generalist invasive conssngelolt & Barfield 2003).
Second, our results reinforce the capacity of imeaspecies to interact with one another in
their novel environment and their potential to leaccumulative pervasive effects on native
communities (‘invasional meltdown’; Simberloff & VidHolle 1999, Simberloff 2006). Third,
in the perspective of climate change towards exdndrastic events in the Mediterranean,
increase in gull population demography and expanefoexotic succulent plants, it is likely
that human-induced trophic changes may indirectintiibute to potential increases in
invasive rat impacts onthese naturally low prooctbut vulnerable island native
communities. Finally, our results confirm the styopropensity for invasive black rat
population dynamics to fluctuate between seasorts y@ars, but also among adjacent
habitats, which emphasize the need to monitor akd into account long-term changes in
population parameters when studying the impactnefsive rodents on island systems,
known to be highly susceptible to strong unpredietasariation in resource availability in

space and time.
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- Partie 4.3. -

4.3. THE ROLE OF SPATIO-TEMPORAL RESOURCE VARIATION ON THE SURVIVAL OF

ISLAND INVASIVE BLACK RATS

4.3. Le role de la variation spatio-temporelle @éisponibilité des ressources sur la survie de

rats noirs insulaires introduits

Résumé:

Les fluctuations spatio-temporelles des apportged®urces saisonnieres au sein d’un
ecosysteme jouent un rble déterminant dans les nigu@s de populations des
consommateurs. Les effets de ces fluctuationsepatiporelles de ressources sont reconnus
pour étre tres importants au niveau des ecosyst@rsgsaires, dont le fonctionnement semble
étre majoritairement contr6lé par des processugsyde « bottom-up », dont le maillon
« prédateurs » fait souvent défaut, et qui subtsseea variation saisonniére et inter-annuelle
importante des conditions trophiques. Dans le cddree travail, les variations de la survie
mensuelle des individus d'une population de ratsrsnd&Rattus rattus introduits et
consommateurs de niveau trophique élevé ont été/saes sur une fle oligotrophe de
Méditerranée. Un modele multi-états pour populaidarmées couplée a une approche
bayésienne hiérarchique a été développé dans lal’bualuer l'influence relative de la
variation spatiale (entre habitats) et temporadlgre saisons) des ressources sur la survie des
individus. Nos résultats montrent que la survie delvidus varie significativement en
fonction des précipitations mensuelles. L'appor¢adi douce en grande quantité (fortes
précipitations) semble gommer les effets mineurkadeariation spatiale des ressources entre
habitats. Nous suggérons ainsi que les conditidimmatiques constituent un facteur
primordial gouvernant les dynamiques de populatassongeurs sur les fles oligotrophes, et
que les effets des variations spatiales de la tguaddis ressources sur la survie des individus
sont susceptibles d’étre atténués par les varmarsonniéres des ressources gouvernées par
les patrons de précipitations. Ces résultats oatimaplication forte en termes de gestion des
especes envahissantes et de conservation des spideérables occupant des
environnements aux ressources saisonnieres, eeigagnt a étre testés sur d’autres especes
introduites de niveaux trophiques supérieurs.

Cette partie est tirée du travail suivant :

Russell J. & Ruffino L. The role of spatio-temporalresource variation on insular rat population

dynamics. Soumis &cological Applications
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4.3.1. Introduction

Recent research has highlighted the cascadingresleurce subsidies, and their spatio-
temporal variation, play in the regulation of commities (Orret al 2005; Bissonette &
Storch 2007; Marczakt al 2007; Yanget al 2008). The population dynamics of any given
species in a community will be governed by its higpposition and the dominant mode of
regulation at that trophic level (Hunter &Price 299Island ecosystems tend to be strongly
bottom-up regulated environments, with marked seglsand multi-annual variation in
resource inputs, often driven by marine-terrestinérfaces in resource exchange, such as
seabird-driven allochthonous resource inputs (Séné&hfiero & Polis 2000) and climatic
patterns (Poliet al 1997b). The impact of these inputs on populatdgnamics can differ
among habitats with resource quality and availgbi{Btapp & Polis 2003; Raynest al
2007). The population dynamics of higher-order comsrs on such islands is therefore likely
to be strongly driven by spatial and temporal waain these resource inputs (Andersn
al. 2008), although the relative contribution of edaohcommunity regulation is less well
known (Holt 2008). Spatial heterogeneity in reseurdistribution can also influence
individuals by affecting their foraging behavioweproductive output, densities and dispersal
rates (Marczalet al 2007). Individual movement among habitats als® draimportant role
in subsidy dynamics (Polist al. 1997a; Holt 2008). Establishing movement ratesvéen
habitats and populations is therefore imperativemimvestigating population dynamics. The
interaction between spatial and temporal resouacgtion, with animal movement, can lead
to especially complex impacts on island biotas sagldietary shifts (Cauwdt al. 2008) and

ecological facilitations such as seed dispersau(Beoiset al. 2005).

Introduced rats are a generalist higher-order amesdound on many islands throughout
the world. The population dynamics of small rodesnts well-studied, and hence they are a
common model for investigating population regulatigvhere small rodent populations have
co-evolved with higher-order predators, such as hagh-latitude continents, predator-
mediated cycles generally dominate population meee (Hansket al. 2001). In tropical
continental regions however, rainfall-mediated egchppear to dominate (O’Connell 1989,
Madsen & Shine 1999). In this paper we model theattlg survival of black ratsRattus
rattus), the highest-order consumer, on a dry Meditemanésland. Black rats were
introduced to most Mediterranean islands over 2)@#s ago (Ruffinet al. 2009). Despite

their historical introduction, they continue to laan ongoing negative impact on island
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ecosystems (e.g. Martiet al 2000). Over the last century, the nature of thegeacts has
changed due to direct and indirect anthropogenichiven changes upon islands. Human
land-use and its intensity has increased on mdands, increasing introductions of alien
plants, and subsidising gull populations, whosdudisnces on their roosting and nesting
areas lead to substantial changes in native flgrda( et al 1998). These changes can be
interactive, possibly leading to facilitated ecotad meltdown on some islands (Bourgeeis
al. 2005).

We test the relative contributions of bottom-upvdn spatial (habitat) and temporal
(climatic) resource fluctuations by modelling theiontributions to rat survival, while
accounting for additional variation due to age, sexinexplained individual effects. We fit a
multi-strata model; one where at any time eachviddial exists in a uniquely distinguishable
and identifiable, although not always fully obseatyseries of states, such as age-classes, and
habitats (Brownieet al. 1993; Shwaret al 1993; Dupuis 1995). Multi-strata models allow us
to realistically consider the spatial and tempastalicture of the complex island environment
in which the rats live. We take a fully individua&sed approach where survival depends
upon biological (sex and age), temporal (month) apdtial (habitat) states. We take a
hierarchical approach which facilitates coping withmplexities in the data such as non-
constant between session times and modelling exbian and monthly specific covariates
upon them. The entire model allows us understaedutiderlying survival process in the
population. We fit the model using recently develdpBayesian hierarchical methods
(Gimenezet al. 2007; Royle 2008; Calvest al. 2009; Schofieldet al 2009). Bayesian
hierarchical approaches allow complex systems tdro&en down into a series of more
simple conditional relationships, where the liketkd can be broken down into tractable

conditionings upon only certain components (e.dqno8eld et al. 2009).

4.3.2. Materials and methods

4.3.2.1. Data

Black rats were capture-mark-recaptured on Bagalmhd (43°0IN, 6°22'E, 58 ha;
Figure 29) in Port-Cros National Park (SE Franeard4 sessions spanning 22 months from
April 2007 to January 2009 (Appendix 2), in 81 pan@nt trap stations (BTS—Mécanique,
Manufrance, Saint Etienne, France) over three riisthabitats (4.25 ha). Sessions were

separated by 26 to 122 days, and within each tngplaisted from 3 to 8 nights. All rats
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captured were marked with a unique sub-cuticleggtEDX-B, IER Paris, Frangeweighed,
sexed, assigned as either juvenile or adult, alehsed. A total of 395 unique individuals
were captured 685 times. The open yellow-legged @a#rus michahelliy (1.00 ha) and
iceplant Carpobrotussp.) (1.25 ha) habitats are highly subsidized gpomath seasonally
varying pulses of enriched resource input from gefiroduction (spring) and plant fruiting
(summer) respectively. The intermediate scrublah0Q( ha) habitat does not provide any
marked annual variation in resource availabilityd aserves as a baseline. Rainfall was
measured monthly on nearby Levant Island Meteorcébétation.

Vhe
. @ |ceplant
=+ Scrub
A Gull

Bagaud |

Port Cros National Park - South East France

Figure 29.Bagaud Island in Port-Cros National Park.
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4.3.2.2. Model

We constructed an individual effects hierarchicailltirstate model of capture probability
and survival over our 14 primary sessions. The rioderporates survival rates and capture
probabilities for each session, and movement piibbab between each of the three habitats
that are assumed constant through time. Both sainamd capture probabilities may be
affected by age, sex, habitat, and individual ramdeffects, while rainfall is allowed to

impact survival but not capture.

Our model formulation follows Royle (2008) where foindividuals overj sessions we
treatX; as the binary detection (capture) matrix, @&pcs the underlying binary state matrix
of alive or not. We wish to make inference @y survival from timej to j + 1. We note
similarities with Gimenezt al (2007) and Schofielét al (2009). TheZ; matrix is only
partially observed as an individual's state is okiypwn if it is captured. Similarly, we treat
age classA;, and habitatH;;, as additional partially observed state variabddserved upon
capture. For age classes we can impute missindp$eneed) values based on the well-known
rapid maturation of rats relative to our time betwesessions. SeS, is assigned upon first
capture. To account for potential additional indual heterogeneity in survival and capture
probability, we considered random effects in oudeloRandom effects were assumed to be

N(0,6°), but because of poor mixing we re-parameteribethttos.N(0,1) in our model.

We model the fixed effectss, of sex (FEMale), age (JUVenile) and habitat (GUII
SCrubland & ICeplant), and individual random effgat, as covariates on capture and

survival. This is achieved using a logistic geniseal linear mixed models framework:

4,
Iog[l ”67 ]:a’ + Bee + BagA + BraHy +€  Where =por @
-9,

1-6.

J

. 6. ), . .
and the intercept, = Iog( ! J(l.e. the log-odds ratio when all covariates am@ye

Because the time between sessions is not consiaestimates of survival are not directly
comparable, and so we transform them to comparablethly rates ¢ for j = 1,...,12),
although these estimates are not associated wytimamth in particular. This is achieved by

taking thek™ root of between session survival estimates:
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O =Ko

wherek is the fraction of months between sessions

Monthly survival estimates were strongly correlatath log(rainfall) (range 0 — 5.15, =
0.49,P = 0.10, monthly rainfall weighted by time betwesassions; Appendix 1). Therefore,
we includediog(rainfall) as a covariate on survival. Rainfallnmdelled as a fixed effect on

the logit scale of our monthly survival estimatés, estimate a monthly survival rate

incorporating the effect of rainfalyf; forj =1,...,12 sessions):

| &“i
og B
1-¢,

J =a; + B, log(rain* ) where rain* = weighted rainfall

and the intercept, = Iog(lﬂj (i.e. the log-odds ratio when rainfall is zero)

mj

We then estimate a mean monthly survival acrosseatire study weighted by the time

between sessiongy. ) and incorporating the effect of monthly rainfall.

Model selection in a Bayesian framework is diffitowshen missing data or random effects
are present in a model specification (Celetral 2006; Schofielet al 2009), both of which
we have. We focused on building a biologically isted model incorporating covariates
which are reasonably expected to have an influemceodent population dynamics (and
where data were available). For the random effduigiever, we used the model selection
method proposed by Royle (2008 Web Appendix 5),relme we include binary indicator

variables for the random effects and allow the mtmlehoose them as required.

In our population, migration in to or out of ounudy area during the two year study is
confounded with capture probability and survivalspectively, but we assume such
movements on the boundaries of our arbitrary sarég are random and rare, only affecting
our precision without bias (Kendall 1999). Tempgramigration between primary sessions
will negatively bias capture probability (Kendell al. 1997), but we treat capture probability

only as a nuisance parameter. We assumed a claatdl opulation within secondary
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surveys, i.e. that an individual did not move bewastates (i.e. habitats). This was not true
for individuals 6 = 18) who did move between habitats within sessiovhere we took the
first location of capture within a session as timémal’s closed state for that session. By
discarding within session trapping information fréms closed model we lose only the extra
information to more accurately estimate the proligbof capture accounting for alN
possible individuals (Kendakt al 1997). Our estimates of capture probability andy o
applicable to those individuals captured within our study, and will laéfected by the
number of trapping nights within each secondargises Additionally, confounding in the

last session prevents estimation of the final sahénd capture probabilities (Royle 2008)

Our model formulation gives a total of 40 indepemdparameters to estimate.
Following others (Dupuis 1995; Gimenetal 2007; Royle 2008), we use uniform priors for
base-line monthly survival rate and capture prditgbiPerceivably uninformed priors on
covariates of logistic models can substantiallyeratihe distribution of the response (bi-
modally weighting it towards extremes; Van Dong€l®&). We do not expect survival or
capture to change drastically (greater than tlogit kscale) with covariates, and so we use
conservative prior distributions appropriate to dimary state variables in order to retain
relatively uninformed prior distributions on suralvrate and capture probability when
incorporating covariates (Appendix 3); N(0,1) psiofor fixed effects parameters and
Uniform(0,5) for random effect variances. We rar timodel as two chains for 55,000
iterations discarding the first 5,000 iterationseafch chain as burn-in. We performed model
analysis entirely in WinBUGS (v. 1.4), followed laysuite of standard MCMC diagnostics
(Cowles and Carlin 1995), and testing sensitivdycbvariate priors. We considered fixed
effects significant if their 95% credible intendid not include zero. From the results of our
survival model we are able to estimate the meansifan and maximum age (< 1% survival)

of black rats on Bagaud Island.

4.3.3. Results

Rainfall-inclusive monthly survival estimates radgeom 0.63 to 0.96 (Table 12), with
seasonal variation (Figure 30). Model selection fandom effects showed full support
(100%) for unexplained heterogeneity in capturebphbality, but almost no support for
unexplained heterogeneity in between session salr¢826). We therefore only included a
random effect for capture probability in our fullbdel (Appendix 4). Mean session-specific

capture probabilities for the individuals in our study ranged from 0.10 to 0(@2ble 12;
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Figure 30), most commonly around the average o2,0bBit significantly lower in Spring

(April).

Capture Mean SD ?5% g; 506 Survival Mean SD ?5% g; 506
p1 0.1 0.06 0.03 0.24 % 0.81 0.14 0.49 0.99
P2 0.15 0.07 0.05 033 ¢, 0.89 0.12 059 1

ps 0.36 0.11 0.17 0.58 % 0.63 0.11 0.42 0.86
P4 039 01 0.21 0.6 % 0.72  0.09 0.54 0.89
Ps 041 0.1 0.23 0.6 B 0.94 0.04 084 1

Ps 042 0.1 023 063 s 0.87 0.06 0.74  0.97
p7 042 01 0.23 0.61 (én? 0.96 0.04 0.86 1

Ps 041 0.11 0.21 0.64 % 0.87 0.05 0.77 0.97
Po 0.2 0.07 0.08 0.37 o 0.86 0.09 0.66 0.99
P10 0.31 0.09 0.16 0.5 Bao 0.92 0.06 076 1
P11 037 01 019 057 @, 074 0.09 058 0.92
P12 0.31 0.09 0.16 0.1 Brao 0.83 0.09 0.63 0.99
B-FEM,, 0.06 0.29 -052 0.64 pB-FEM, 0.03 0.18 -0.32 04
p-IUV, -0.56 0.31 -1.19 0.04 p-JUV,4 0.33 0.37 -0.34 1.12
p-GU, 0.12 0.33 -0.55 0.76  p-GU4 -0.09 0.24 -0.56 0.38
p-1C, -0.17 0.37 -09 055 B-IC, -0.05 0.27 -0.57 0.48
o 125 0.26 0.77 181  p-log(RAIN%), 0.69 0.21 031 111

Table 12.Posterior parameter summaries for capture andwalrgstimates with standard deviations
(SD) and 95% credible intervals (Cl).
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Capture probabilities did not depend on the nundfetrapping nights in each session
(Spearman’s correlatiop, = -0.13,p = 0.68,). Of the fixed effects for sex, age, hatband
rainfall, only log(rainfall) on survival was significantly differeritom zero (95% credible
interval; Appendix 3), although this variable alsad high auto-correlation within the MCMC
chains. Juvenile rats had a lower probability gbtaee, and higher probability of survival,
although with some confounding £ -0.25). Habitat and sex had no significant dffat rat
survival or capture probability (Table 12). Fixeddarandom effects were robust to more
uninformed prior distribution specifications (N(0)Ifor fixed effects, Unif(0,10) for random
effects) and although more uninformed prior disttibns on logistic model covariates
heavily informs the prior distribution of the rese (Appendix 3), estimates of survival rates
and capture probabilities remained the same. Barsenur mean monthly survival estimate,
the mean life-span of rats on Bagaud Island is @thsy and rats seemed not to live longer

than 28 months.
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Figure 30. Upper plot: Rat survival including the significagffect of rainfall and capture probability
estimates. Error bars indicate 95% credible interveower plot: Monthly rainfall. April 2007 —
September 2008 (months indicated).
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4.3.4. Discussion

Although both spatial and temporal resource pulgg® regular in our study, the temporal
resource subsidy external to the island systemfaigi had the strongest effect on survival of
a higher-order consumer. Spatial resource variatignto habitat had no discernable effect on
survival. The absence of a significant influencespétial resource variation may in part be
because plant and lower-order consumers in theerdiit habitats were themselves
simultaneously responding in a similar manner ttemal temporal resource pulses. Studies
of dry islands in the Gulf of California have showrat pulsed rainfall events and seabird
colonies interact to impact the growth of plant plations (Andersoret al. 2008), and
trapping rates of rodent populations are spatia#iierogeneous, and increase by a factor of
1.5 to 4 during years of intense rainfall, leadiognvasion of less preferred habitats (Stapp &
Polis 2003). However, in the Galapagos correlatibesnveen rainfall pulses and rodent
abundances were not systematic within the samadshkut depended mostly on habitat
characteristics, such as vegetation cover or ldeakate (Clark 1980). In their study of insular
rodent responses Stapp & Polis (2003) similarlyntbthat the generalist speciéesromyscus
maniculatusresponded most strongly to temporal rainfall sdies, while the specialist
Chaetodipus rudinorislepended more strongly on spatial habitat sulssidie

By constructing a hierarchical model of a rat pagioh on a small Mediterranean island,
we were able to determine the relative roles ofiesit and intrinsic resource subsidies on
survival. The hierarchical modelling approach akowus to partition complex model
components into simple conditional components tacwiwe could specify relationships
(Calvertet al. 2009). Rat survival increased by a factor of aplt5 with intense rainfall
events, which could vary by a factor of up to 28@hf winter to summer. This relationship
was logarithmic (i.e. non-linear), suggesting ttanhfall immediately enhances rat survival,
but this effect rapidly becomes saturated. The arhand timing of this pulsed freshwater
input may benefit rats by enhancing plant and aepgbd abundances. Studies on arid
continental systems have also shown a boost ingpyimpproductivity lagging behind rainfall
pulses and generating bottom-up processes, suaficiEases in rodent abundances, when
propagating up trophic chains (Ernedtal 2000; Brown & Ernest 2002, Previtadt al
2009). In contrast, habitat variation, and assediaesource fluctuations, accounted for only
small variation in the odds of rat survival (0.91d&0.94 fold between scrubland to gull and
iceplant habitat respectively; back-transformeditldixed effects). This lesser impact of
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habitat dependent resource enrichment is not sumgrias local food supplementation does
not usually lead to an increase in rodent survf@lbert & Krebs 1981; Banks & Dickman
2000). Perhaps because spatial variation in resosubsidies varied simultaneously with
external temporal subsidies, individual black ditsnot benefit from moving among habitats
tracking resources (Holt 2008), contrary to othensumers who may increase mobility in
response to pulsed resources (Yamal 2008). The random effect for capture probability
compensated for significant unexplained heteroggratie to non-random trap placement,
where individuals were exposed to different levefstrapping intensity. Incorporating
individual-based effects and model selection wases®ary to encompass otherwise
unmodelled heterogeneity.

Introduced rats play a major role in island ecaamyst. Not only do they have direct effects
on other species, both as predators (e.g. Taved 2006) and prey (Bonnawet al 2007),
but through these strong direct effects they haseading top-down indirect effects on other
ecosystem components, such as invertebrates (Tetvals 2009) and plants (Muldest al
2009). The magnitude of these indirect effects alao vary spatially (Raynest al 2007).
Given dominant bottom-up regulation of introducatsron islands, resource pulses leading to
rat irruptions may generate strong direct effeatshsas extinctions of vulnerable native
species (Harper 2005), and also indirect effeatt s1$ increased food abundance for higher-
level introduced predators, where present (Bonretwal. 2007). On Bagaud Island, the low
probability of movements recorded among habitatapns the potential for rats to disperse
iceplant seeds over long distances, reducing thtenpal for invasional facilitation
(Bourgeoiset al 2005), but vulnerable seabirds no longer breedsiply attributable to the
abundant black rats (Martiat al 2000; Ruffinoet al. 2009). Our work suggests the rat
population is most limited during the dry summernting, which would be the optimal time

for an eradication program.
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Chapitre 5

SYNTHESE, DISCUSSION GENERALE ET

PERSPECTIVES DE RECHERCHE

W. Anderson

R. Wanless §§})

Island Conservation

(a) rat noir consommant un ceuf de paille-en-queudike Europa ; (b) colonie de sternes fuliginesis
Onychoprion fuscatusur I'fle Juan de Nova, Océan Indien ; (c) Tlesetiques du Golfe de Californie ; (d) Tles
pacifiques ; (e) souris griddus musculuslevant une carcasse de pétrel atlantlgeeodroma incertaur I'lle
Gough ; (f) prédation enregistrée par vidéo.
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5. SYNTHESE, DISCUSSION GENERALE ET PERSPECTIVES DERECHERCHE

5.1. Synthese et discussion générale

5.1.1. Intégrer la dimension temporelle des introdctions d’especes permet de mieux
comprendre leurs effets sur le long terme, et les éoanismes favorisant la persistance

des especes natives

La synthése des connaissances archéozoologiqwastfanention de restes de rats noirs
datant d’ages anciens sur les iles de Méditerrammis d’appuyer sans équivoque I'un des
postulats majeurs de ce travail de these reposaning présence ancienne et généralisée du
rat noir sur les iles de Méditerrandeaftie 2.1). Méme si la période exacte d'arrivée de
I'espéce sur les rives orientales du bassin méditéen ainsi que celle de son accession au
statut d’espéce commensale restent encore a dghihtie fait aucun doute que le rat noir a
débuté sa colonisation des iles du bassin Méditéera dés I'époque romaine, occupant a
I'heure actuelle 99% des iles de Méditerranée ectale dont la surface est supérieure a 30
ha Partie 2.2).

Comment se traduisent alors les effets du rat sarstructuration actuelle des populations

d’oiseaux marins aprés une présence aussi anciedoegat sur les iles ?

En travaillant a une large échelle géographique,usulot important d’iles et ilots aux
caractéristiques physiques, écologigues et anttuepi variées, nous avons pu mettre en
évidence qu’aprés 2 000 ans de présence du raémdiréditerranée, sa présence actuelle sur
les iles ne conditionnait pas celle des quatre cespde pétrels et puffins. Ce schéma est
particulierement frappant pour les trois espeécegsufiens qui nichent quasi exclusivement sur
des iles qui hébergent des rats, parfois mémergeslalensités. Seules les abondances de la
plus petite espece, le pétrel tempéte, sembleatsétnsiblement affectées par la présence du
rat, confirmant ainsi le statut de vulnérabilitéigplaccru des oiseaux de petite taille pour
lesquels tous les stades démographiques peuvenafétctés par la prédation (Imber 1984 ;
Joneset al 2008). Les difféerentes analyses de ce jeu deé@Bmregionales nous permettent
de suggérer le réle important des contextes ingslarariés dans le maintien de certaines
populations d’oiseaux sur des iles présentant de®ws moins accessibles aux prédateurs
introduits, comme des falaises élevées et escarpgésscavités profonde®.(yelkouanest
reconnu pour avoir de fortes affinités cavernicptasdes grottes calcaireB.(mauretanicus

P. yelkouanet H. pelagicusnichent fréquemment dans des grottes calcairetde Gypothese
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de cantonnement en « secteurs moins risqués #trégsi observations faites sur les patrons
de structuration des communautés d’oiseaux mamssatichipels du Pacifique, ayant subi,
comme en Méditerranée, des perturbations ancieah@sécurrentes par 'Homme et son
cortege d’especes introduites (Steadman 2006). &manla sélection préférentielle par les
puffins yelkouan de Port-Cros de cavités proforetesnueuses, ou le succes reproducteur est
meilleur que dans des cavités plus accessiblesrgBois & Vidal 2007), laisse penser que
cette stratégie ait pu permettre de limiter I'iitié® des interactions avec les rats noirs
introduits Partie 3.1). Toutefois, méme si I'on peut trés probablemeariser que ces zones
marginales et ces cavités confinées offrent aujburdles secteurs a 'abri des prédateurs
introduits, il ne nous est pas possible de nousm@reer sur le role exact du rat dans le
cantonnement des oiseaux au niveau de ces seciersmiombreux autres facteurs de
dérangement ont également pu conduire les oiseasy @&éfugier, comme la présence
d’autres prédateurs introduits (e.g. chats) massiacelle de 'Homme, qui en Méditerranée
exerce une pression anthropique forte depuis pltssimillénaires (destruction de I'habitat,
chasse, et plus recemment dérangement par legegtivultiples sur terre et en mer). Enfin,
malgré cette situation d’ « apparent équilibre tuel¢ il n’est évidemment pas a exclure que
les rats aient joué, en synergie ou en additior akeutres facteurs de dérangement, un role
régulateur important dans la régression des effeglobbaux de populations d'oiseaux et
I'extinction de populations sur certaines iles aurs de I'histoire de son invasion (Vigee

al. 1991 ; Alcover & Florit 1992).

Quels sont alors les processus qui ont permis awatge espéces de pétrels et puffins de
Méditerranée de persister durant si longtemps achiélle du bassin méditerranéen malgré

une présence ancienne du rat ?

L’approche que nous avons entreprise au travelauskyse des patrons de distribution et
d’abondances des oiseaux a une échelle régioRaldid 2.2), ainsi que des patrons de
sélection des cavités par les puffins yelkougarije 3.1), ne nous permet pas d’identifier les
mécanismes exacts qui ont permis aux oiseaux dwaasetenir durant plusieurs centaines
d’années de présence du rat, et notamment dedglistirentre une sélection « passive » des
sites de reproduction par les oiseaux (i.e. nogdasr I'évaluation par les oiseaux du risque
de prédation comme un critere de bonne ou maugaigité de I'habitat), et au contraire une
sélection « active » (i.e. le risque de prédatisincensidéré par les oiseaux comme un critére

de bonne ou mauvaise qualité dans le choix des) site
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Une premiere hypothése serait que la structuraties populations d'oiseaux marins
actuelle résulterait d'une « sélection passives»dies de reproduction face aux risques liés a
la présence de prédateurs introduits (Schlaegifat 2002 ; Battin 2004 ; Iguadt al 2007).

Les Procellariidés sont des oiseaux qui peuveningdra de cavités ou terriers assez
frequemment aprés un échec reproducteur tout eéantedans la méme colonie (Bried &
Jouventin 1999 ; Iguadt al 2007). Ainsi, apres avoir subit plusieurs échexggoducteurs
dans les cavités moins confinées, un couple peuetseuver a nicher dans une cavité de
meilleure qualité (moins accessible aux rats), maiguement par hasard. L'effet négatif de
la prédation n’est pas percu comme un signal quinenter le choix des oiseaux vers une
cavité « plus sOre », mais agit plutét comme uret@heur de changement de cavité, dont le

choix s’opéere de maniere aléatoire.

Une seconde hypothése impliquerait une « sélectative » des sites et cavités pour la
nidification des oiseaux, face aux risques liésapiésence de prédateurs introduits (e.g.
Schlaepfeet al 2005). Dans le but de maximiser la fithess ddsvidus, le colt nécessaire a
opérer ces choix vers des secteurs préférentiefleviait pas étre plus important que le co(t
induit par la prédation que 'oiseau pourrait suir choisissait de nicher dans des secteurs
plus «a risque » (si le colt est plus importaiiaditat choisi devient alors sub-optimal,
Schlaepferet al. 2002). Par ailleurs, une sélection active imm@igit que les individus
percoivent au travers de stimuli variés (échecadycteur, stimuli visuels et/ou olfactifs) le
risque lié a la prédation, pour ne pas se repredians les secteurs les plus « a risque », et
suggererait donc le développement de mécanismeptatifia (Stockwellet al 2003 ;
Schlaepfeet al 2005).

En absence de prédateurs sur les iles, la sélatg®sites de reproduction par les oiseaux
se base essentiellement sur des stimuli relatiisedbonne qualité de I'habitat (e.g. la qualité
des cavités, la compétition pour les cavités aveates espéces d'oiseaux, l'attraction
sociale, la philopatrie natale, la présence deupsations) et ayant conduit, au cours des
temps évolutifs, a une meilleure fitness (Lack 19&&nchinet al 1998 ; Warham 1996 ;
Bried & Jouventin 2002 ; Parejet al 2005). La modification de I'environnement par
I'Homme, et en particulier I'arrivée d’un prédateniroduit, modifie la qualité de I'habitat (il
devient de moins bonne qualité pour les oiseauk)siAdes individus qui ne parviendraient
pas a s’'adapter a la présence de cette nouvellaaaere percevraient pas le risque associé a
la prédation et reviendraient se reproduire summéses secteurs, jusqu’a présent de bonne

qualité. On dit alors que ces individus sont pisigides pieges évolutifs, et cette théorie
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permet, entre autres, d’expliquer pourquoi les espéndigénes des iles sont si vulnérables
aux prédateurs introduits (Schlaepétral. 2005). Les récentes études qui ont été menées sur
les colonies de puffins cendrés des iles Chafafenetarge du Maroc) tendent a suggeérer une
« sélection passive » des sites de reproductionallgt al. 2007). En effet, les auteurs
suggerent, au moins sur ce site des fles Chafanuesles puffins ne parviendraient pas a
distinguer les zones a fort risque de prédatiorigsarats des zones les moins sensibles. Ainsi,
certaines populations continueraient a se repredir des secteurs ou le risque de prédation
est important (densités de rats élevées). Commlerd aes populations se maintiennent-
elles ? La clé pourrait résider dans le fonctioneimmeéta-populationnel des puffins, les
fluctuations temporelles fréquentes des densitégatle sur une méme file, et la faible
sensibilité de la fithess des oiseaux longévifa affaiblissement du succes reproducteur. Sur
les les, la dynamique de populations de ratsastrhent sujette aux fluctuations liées a la
variabilité saisonniére et inter-annuelle des nesss du milieu (Clark 1980 ; Moller & Craig
1987 ; Miller & Miller 1995 ; Russelét al 2009a). Ainsi, les colonies de puffins pourraient
profiter de périodes temporaires de moindre imfas a de faibles densités de rats ou a une
abondance plus importante de ressources alteragiou les rats) pour se « rétablir » grace a
un meilleur succés reproducteur et un apport dignamts (i.e. prospecteurs pour la
reproduction). De plus, I'impact de la prédatiors dats sur des espéces de tailles moyenne a
grande (de 350 a 800 g) comme les trois especqgsuffi@s présentes en Méditerranée,
affectant principalement le succes reproducteufgogeunes), la survie des adultes et leurs
capacités de dispersion ne sont que peu touchéd(yet al 2004 ; Le Corre 2008 ; Igual

et al 2009), ce qui pourrait apporter une hypotheséiaddelle pour expliquer la persistance

des populations d’oiseaux marins sur le long terme.

5.1.2. Rats et oiseaux marins : interactions aux ¢#és, capacités de prédation et

évaluation de I'impact

Des interactions limitées aux cavités entre ratsirsoet puffins yelkouan. La situation

atypique de I'lle de Port-Cros

Sur I'lle de Port-Cros, les six années de suivi da I'évolution de la dynamique de
population du puffin yelkouan suggérent un impagt rdt noir tres limité sur le succes
reproducteur des oiseaux, alors méme qu’apres esgipn du prédateur apical, le chat haret,
la fréquence d’interactions potentielles aux caviténtre rats et oiseaux s’accentue

significativement Parties 3.1. et 3.3. La situation de cette ile pourrait paraitre ioide et

197



inattendue au regard du statut de prédateur reloleufiae posséde ce mammifére envahissant.
Toutefois, les informations complémentaires suigamteuvent permettre de nous éclairer sur
les mécanismes mis en jeu dans la persistancetdecoonie de puffins : (1) le rendement de
piégeage des rats sur I'lle reste faible a moddinast les années (de 0.008 a 0.354 rats par
nuit*piege aussi bien avant, pendant et aprés lar@e des chats), (2) la probabilité
d'immigration et de dispersion des puffins entréon@s semblent étre forte (Bonnaetdal.
2009), (3) les rats noirs de lile de Bagaud, ésine de 500 m de Port-Cros, présentent une
grande difficulté a consommer des ceufs intacts ed’taille similaire a ceux de puffins
yelkouan Partie 3.3), et (4) la production de glands de chéne ventsbént jouer un rble
important dans les préférences alimentaires desstatPort-Cros (Cheylan 2006). En ce qui
concerne ce dernier point, méme si des ressoueties tjlue des ceufs et poussins d’oiseaux
présentent un apport énergétique élevé, leur atquiseprésente un colt non négligeable
(engagé par la recherche de ces ressources diffieiit accessibles, la confrontation avec les
parents quand ils sont présents, et les moyengmisuvre pour consommer la ressource), il
serait particulierement plausible d’envisager ges khts qui auraient facilement acces a une
ressource prédictible et abondante, comme dess fauitgraines, puissent éviter d’aller se
risquer dans les cavités d'oiseaux pour augmeetes lbénéfices énergétiques. Le cas de l'ile
de Port-Cros n’est pas unique et fait échos a dawituations de par le monde ou le rat
n'occasionne qu’'un impact trés faible sur d’autespeces de Procellariidés, comme par
exemple sur les iles Falkland (prion de BelchetryGat al 2007 ; Quillfeldtet al 2008) et en
Nouvelle-Zélande (puffin fuligineux, Gaze 2000, plar 2007 ; puffin a pieds pales, Gaze
2000). Globalement, les situations de faible impdictrat sur les oiseaux marins restent
encore trop rarement répertoriées et étudiéesgicerent car elles ne sont pas considérées
comme un intérét majeur pour la conservation dpées menaceeBdrtie 3.4). Cependant,
occulter ces situations de « coexistence » poureainir non seulement a passer a cété de
processus clé de persistance des oiseaux, mais auwsstribuer a surestimer 'ampleur

générale de I'impact des rats et fournir une egtonaiaisée des risques d’extinctions.

Prendre conscience des différents biais méthoddjogis - Préconiser des approches

adaptées a une meilleure estimation du degré dengrabilité des oiseaux face aux rats.

Le statut actuel de conservation alarmant de namskse espéces d'oiseaux marins et

I'identification des rats comme l'un des facteursjenrs de risque d’extinction de ces
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especes, plus particulierement des puffins et Igéti@urnissent des arguments de taille pour
la mise en place d'opérations de gestion et deerwason. Durant les deux dernieres
décennies, 332 éradications des quatre especesgdeurs introduits ont été entreprises sur
les iles de la Planete (Howakt al 2007) et la surface des iles dératisées ne ahsse
s’accroitre. Chaque opération de gestion représenteolt considérable (en termes de
moyens financiers mais aussi de temps et d’effautmains). Il est donc essentiel d’avoir
recours a des études d’'impact pertinentes et reys@s (que cherche t-on a montrer et/ou a
quantifier?) et adaptées aux especes cibles (ulditstoire de vie, facteurs intrinséques et
extrinseques de fluctuations de leurs populaticaf®) d’évaluer au mieux le degré de
vulnérabilité des populations d’oiseaux, concengsrefforts et moyens sur les situations les
plus « a risque », accroitre I'efficacité des opérs de conservation et préserver au mieux la
biodiversité. La synthese des méthodologies courmmmmployées depuis les 30 dernieres
années pour évaluer I'impact du r&®aftie 3.4) révele avant tout que toutes les approches
expérimentales ne permettent pas d'identifier aceditude les meécanismes d’impact
(comment les rats affectent-ils les populationss#aux ? Les effets observés sont-ils liés a
de la prédation ou a d'autres types d’interacti®nsde quantifier précisément cet impact
(quelle est 'ampleur de I'impact sur les populatial’oiseaux ?) et souvent d’estimer la part
relative de I'impact du rat dans le déclin des patpons par rapport aux effets des facteurs
intrinséques et extrinseques additifs et/ou sygers. En outre, certaines méthodologies,
comme celles des études de régime alimentairegmegttent en aucun cas de conclure sur le
moyen d’acquisition de la ressource : y a-t-il @&dation ou consommation de cadavres ou
d'’ceufs non viables/abandonnés ? Or, une erreurtediirétation a ce stade critique
d’évaluation est susceptible de conduire a deslgsionis erronées sur le réle du rat dans le

déclin des populations d’oiseaux.

Par ailleurs, nous avons souligné l'intérét du mes@ des méthodologies jusqu’a présent
tres peu usitees, comme [utilisation d’équipememgéo ou les expérimentations
comportementales en situation contréldear{ie 3.3); ces dernieres représentent une
alternative possible aux méthodologies indirectésaluation de I'impact, et permettent de
pallier les difficultés d’observations directesdet quantification du phénomene de prédation
en milieu naturel. Il convient cependant de repreident dans I'extrapolation des résultats
des études comportementales en situation contréiee conditionsin natura du fait
notamment des biais possibles liés au stress er@ggrat le maintien en captivité des
individus, de la quantification de l'impact en cdmhs naturelles a partir de données
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expérimentales (Meyer & Shiels 2009), des carastigries d’'ceufs proposés aux animaux
testés différentes de celles présentes en conslitiaurelles (Haskell 1995 ; Yahner &

Mahan 1996 ; Lindell 2002) ou de l'utilisation ddividus de laboratoire au lieu d’individus

sauvages pour les tests comportementaux (e.g. Metsak 2002). De maniere générale, le
couplage systématique des sources d’informatioroboratives est fortement recommandé
afin de limiter les erreurs d’interprétation etféifzer les estimations d'impact (Harper 2007 ;

Cautet al 2008).

Rats, prédateurs d’ceufs ou charognards ?

Grace a la mise en place de tests comportementauges individus sauvages, nous avons
pu tester les capacités de prédation réelles drandgnombre de rats noirs sur des ceufs
(Partie 3.3). La réponse des rats noirs testés quant a lapecités de prédation sur des ceufs
intacts et préalablement perforés est particuliergnbien tranchée. En effet, quelle que soit
leur masse corporelle, leur sexe et leur habi@tglhe, les rats ont montré une difficulté tres
importante a casser et consommer des ceufs intactailtes similaires a ceux d’oiseaux
marins de taille moyenne (assimilable au puffinkgabn) et méme de petite taille
(assimilable au pétrel tempéte). La simple préseoependant, d'une petite perforation ou
félure au niveau de la coquille suffit & augmerités largement le taux de réussite a la
consommation, qui passe de 2% pour les ceufs inda®3% pour les ceufs perforés. Ces
résultats sont a la fois quelque peu inattendu&rsise reporte au statut dévastateur des rats
sur l'avifaune marine et aux mentions assez frégsede prédation sur les ceufs (e.g.
Atkinson 1985), mais ils sont également en accoat des quelques études expérimentales
qui ont mis en évidence l'incapacité de certairgmeees de rongeurs, commPeromyscusp.
(DeGraaf & Maier 1996 ; Marini & Melo 1998 ; Rangehal 2000),R. rattus(Prietoet al
2003) etR. norvegicugMasseiet al 2002) a consommer des ceufs intacts de cailledgas
Peromyscusp.) et poule (cas deattusspp.). Par ailleurs, nos résultats accordent gius
poids a I'hypothése alternative d’'un comportementipllement charognard fréquent chez les
rats introduits, avérée, mais pourtant trop souvesgligée dans les études d'impact car
difficilement quantifiable Partie 3.4). Ces résultats renforcent avant tout la légindes
recommandations de prudence quant aux interpregasiouvent équivoques des restes d’ceufs
consommeés trouvés a proximité des cavités et desltaés de régime alimentaire
conventionnel. Plus globalement, ils Iégitimentdanent les récents questionnements émis au
sujet de lintensité de I'impact de la prédation rdt sur les oiseaux marins (Priedb al

2003 ; Townset al. 2006 ;Partie 3.1). Par contre, ces résultats n’écartent pas lalpbigsde
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I'existence d’'un comportement d’apprentissage dehrtigjues particulieres de prédation
(Grantet al. 1981 ; Boothet al. 1996 ; Seto & Conant 1996), la plus forte vulnéitgbdes
ceufs laissés sans protection qui pourraient étieefiaent déplacés hors des cavités (Imber
1984 ; Boothet al 1996) et un taux de prédation élevé sur lesjén@ses poussins d’oiseaux
marins (Thibault 1995 ; Iguat al 2006), et les adultes d’oiseaux marins (Major daek
2005) et ceufs d’oiseaux terrestres de petite td@litdertsoret al. 1994 ; Penloupt al 1997 ;
Robinetet al. 1998 ; Kerbiriowet al. 2004).

5.1.3. Influence de I'hétérogénéité de I'habitat, & ressources d’origine allochtone et des
apports hydriques épisodiques sur I'écologie troplgue, la dynamique et la

structuration spatiale des populations des rats ingaires.

L’identification des facteurs susceptibles de faeanrle maintien et les abondances des
populations envahissantes et d’accroitre leurs @tspaur les communautés insulaires est
essentielle afin de mettre en place des solutiateptaes pour la gestion des especes
envahissantes. Au travers des travaux exposeés apitreh4, nous avons montré que les
apports trophiques d'origine allochtone (ressourdésvées des populations de goélands
leucophées nicheurs et d'une plante envahissaatgriffe de sorciéres) exercaient une
influence nette sur la dynamique de populationade moirs d’'une petite ile de Méditerranée,
en particulier sur les taux de croissance des ithdsy les taux de reproduction et les densités
(Parties 4.2.et 4.3). En outre, les effets de ces nutriments alloatgasont particuliérement
plus marqués durant I'année séche, comparativetnkaminée pluvieuse, suggérant fortement
un roéle « compensatoire » de ces apports allochtengériode ou les conditions climatiques
sont drastiques, et ou seule la productivité prien@ndogéne de I'lle ne permettrait aux
paramétres de la dynamique de population de i (e croissance, densités de population,
productivité) que de se maintenir a des niveauddai De maniére surprenante, les effets des
ressources allochtones sont spatialement limitésesteints a chaque habitat. Malgré la
proximité spatiale d’habitats de qualité variabldos les saisons sur Bagaud, les rats
présentent un faible degré de plasticité alimeataiféchelle de l'individu par rapport a celui
de I'espéce ou de la population entiere de I'llgggerant ainsi I'importance du réle des

interactions intra-spécifiques dans la structurasipatiale des populationBdrtie 4.1).

Les effets des apports allochtones sur la surve iddividus ne sont toutefois pas
significatifs (Partie 4.3). Ce résultat parait plutét surprenant car lex @& croissance des

jeunes individus occupant la zone de maquis sottément plus faibles durant la période
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séche, et la perte de poids de certains individusoars de I'automne et hiver suivant suggéere
un taux de mortalité assez fort a cette période ifidividus ne sont plus recapturés par la
suite ;Partie 4.2). L’absence d’effet significatif des ressourcdsaitones sur la survie des

individus entre les années et les habitats estaptelment liée a une taille d’échantillon

réduite lorsque I'on estime les paramétres de syvar session, milieu et année (un modele
prenant en compte l'interaction année*habitat*sessa été construit au préalable et n'a
estimé que des parametres de survie avec desalsrde confiance tres larges), ainsi qu’a
un effet confondant des classes d’age (seuls l@segede I'année issus de I'habitat non

enrichi, le maquis méditerranéen, semblent subtaur de mortalité important).

Grace a un suivi de la dynamique de populationade sur 21 mois, couvrant plusieurs
générations, des saisons variées et deux annéasoaditions climatiques contrastées, nous
avons pu mettre en avant la forte propension dpslations de rats noirs insulaires a fluctuer
au fil des saisons et années. Nos résultats senligigalement I'existence d’'une régulation
forte des populations de type « bottom-up » chette cespéce qui figure parmi les
consommateurs de dernier ordre sur Bagaud. Cefidatéon semble étre gouvernée par
I'apport soudain d’eau douce en grande quantitdefa reconnu pour contréler 'abondance
des ressources de milieux ou la productivité teéeesst faible (Clark 1980 ; Polist al
2007 ; Brown & Ernest 2002).

Ces résultats soulignent avant tout le fort postigkes populations de rats noirs insulaires a
exploiter et interagir avec des ressources isslagres especes envahissantes et de milieux
perturbés. Certaines populations d’oiseaux anthpiojes, comme les goélands leucophées en
Méditerranée, mais aussi les goélands mariresué marinu¥ et cormorans a aigrettes
(Phalacrocorax auritusdans le nord de I'Atlantique (Ellist al. 2006), les grands cormorans
(Phalacrocoraxcarbo) en Scandinavie (G. Kolb, comm. pers.), les gafdaargentés sur les
cotes du nord et nord ouest de I'Europe (Pons 200d3ubit depuis ces dernieres décennies
une explosion démographigue marquée qui conduibisegux a s’installer en masse sur les
fles. Ainsi, nos travaux suggérent que la modiiicatensible de la composition spécifique et
des chaines trophiques des iles ou ces oiseaustalent est fortement susceptible de fournir
aux populations introduites omnivores, détritivoetsméme herbivores ou granivores les
moyens de se maintenir sur des fles, ou la quatlit@bondance des ressources sont souvent
peu élevées et leur disponibilité hautement vagiail non prédictible. Enfin, ces résultats
suggerent que le maintien sur le long terme desllptipns de rats introduits sur les iles

méditerranéennes pourrait étre favorisé par laifpration des ressources anthropiques
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d’origine allochtone, malgré I'évolution annoncée dimat en Méditerranéen prédisant une
augmentation de la fréquence des évenements dimestidrastigues (Lejeused al sous

presse).

5.2. Perspectives de recherche

5.2.1. Comment tester les stratégies de sélectioe thabitat de reproduction par les

oiseaux marins?

Les mécanismes de sélection des sites de reprodytdir les oiseaux marins paraissent
assez complexes a appréhender (problemes inhaentsffets confondants, a la nécessité de
disposer d’'un large jeu de données couvrant pltsigénérations sur un minimum d’'une
dizaine d’années pour des espéces aussi longéyietes Procellariidés, e.g. Bradlelyal
1991 ; Cuthbert & Davis 2002 ; Jouventh al. 2003). Cependant, la compréhension des
patrons de sélection des sites de reproductior dffs pistes de recherche précieuses pour la
conservation des oiseaux et la mise en place déégies pertinentes pour la gestion des
facteurs de perturbation, notamment les prédatetnsduits (e.g. Bried & Jouventin 1999 ;
Igual et al. 2006, 2007). Avant tout, il est nécessaire de pwousoler les effets du rat dans le
choix des sites de reproduction par les oiseauximmdgen simple de tester cela serait de
comparer les caractéristiques des cavités séleé@mentre deux colonies semblables en
terme de couvert végétal et de disponibilité dabitat, mais différant par la présence du rat.
Cependant, en Méditerranée le rat noir est présantla plupart des iles et ilots de
Méditerranée (c.fRuffino et al. 2009). Une alternative serait d’effectuer la canagson entre
des secteurs dératisés et des secteurs non derétisés présentant des caractéristiques
physiques semblables), ou encore entre deux sihsfpré- et post-éradication. Dans un
second temps, dans le but de distinguer entretg#lec« passive » et « active » des cavités
par les oiseauy, il serait nécessaire de mettrelation des données de fitness des individus
(succeés reproducteur et survie) avec celles relatia la qualité de I'habitat (condition
corporelle des adultes et des jeunes, poids des),cetifau recrutement et a la dispersion des
individus (changement de cavités, de colonies)allgtal. 2007). L'acquisition d'un tel jeu
de données nécessite bien évidemment la mise a® pla programmes prolongés de
baguage, de captures et recaptures nombreusesuretsdivi robuste des parametres
reproducteurs sur plusieurs générations. Enfinpiivient d’insister sur le fort potentiel des
études phylogénétiques dans la compréhension desdfindividus entre colonies et des

patrons de structuration des populations de pétetlspuffins a I'échelle du bassin
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méditerranéen (Austiet al 1994 ; Crochet 1996 ; Dearboet al. 2003 ; Genovartet al
2007).

5.2.2. Comment mieux évaluer les mécanismes et teémsité de I'impact des rats sur les

oiseaux marins ?

La compréhension des mécanismes d'impact d'un feadaussi cryptique que le rat sur
des oiseaux aux meceurs discrétes passe obligatoitgrae la mise en place de protocoles
expérimentaux rigoureux et d'outils adaptés auxc@seus que l'on souhaite mettre en
évidence. Les apports de chaque méthodologie mags kurs biais respectifs, ainsi que les
lacunes de nos recherches ont été traités danarti@ g du chapitre 3. Je souhaiterais ici
pointer du doigt deux perspectives de recherche pguirraient contribuer a affiner la
compréhension des mécanismes d’interactions efppd@ndu rat sur les oiseaux marins, mais

qui jusqu’a présent n’ont été que tres peu, voaegu tout, examinées dans cet optique.

Mieux évaluer le comportement charognard des ratssen importance dans leur mode

d’acquisition des ressources

Une premiéere perspective de recherche concernaléé&u comportement charognard des
rats introduits du genrRattuset la quantification de ce phénoméne. La quaatificn de la
part relative des ressources dérivées d'oiseauinmgorotéines animales) acquises a partir
de matériel mort dans le régime alimentaire dunfatjamais été estimée en milieu naturel.
Seules quelques mentions ou hypotheses figuretraaers de rares articles (e.g. Witnatr
al. 2006 ; Harper 2007 ; Quillfeldit al 2008), certainement du fait de la difficulté dripoir
quantifier ce phénoméne en milieu naturel, et degrces derreurs inhérentes a une
interprétation parfois hasardeuse des résultaterdan, de régime alimentaire ou d’analyses
trophiques (Stapp 2002 ; Harper 2007 ; Quillfeidal 2008). Or, au sein des colonies
d’'oiseaux marins, on trouve, parfois en grande tjiéandes cadavres, carcasses, ceufs
abandonnés, félés, jonchant la proximité des cawiténids d'oiseaux, et il semble probable
que les rats vivant a proximité de colonies d’'aiseenarins acquierent une partie de leurs
ressources a partir de matériel mort. Quantifecduisition de ressources a partir de matériel
mort (comportement charognard) et de proies viafpeédation) apparait primordial pour
une premiere étape d’étude d'impact. En effet, il@ddpminance de I'un ou l'autre des
comportements change complétement la donne, laiprédation) impliquant un impact sur

les individus, et l'autre (le comportement charaghan’impliquant aucun impact sur les
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populations d’oiseaux marins. Le moyen qui parait gdlus direct pour visualiser ce
comportement charognard et obtenir une idée depleun du phénomene reste la vidéo.
Ainsi, il serait particulierement intéressant depdiser des systémes d’enregistrement vidéo a
proximité des cadavres frais d’oiseaux ou d’ceutmdbnnés, félés, ouverts, sur des colonies
d’oiseaux marins ou les rats sont présents. Celagitrait dans un premier temps de savoir si
les cadavres et ceufs laissés ou endommagés sbsésufpar les rats et d’observer leur
comportement pour I'acquisition de cette ressoficceonsomment-ils sur place ? quels sont
les moyens mis en ceuvre pour la consommer, et nuainfaciliter sa consommation
[déplacement, roulage des ceufs en vue de lesisexiP). L'installation de dispositifs vidéo
pres des nids et a l'intérieur des cavités (biea pjus compliquée a mettre en ceuvre) doit
eégalement étre favorisée afin de visualiser ledrontations entre rats et oiseaux (parents ou
jeunes) et les moyens développés par les rats @durper la ressource hors de la cavité
(Boothet al 1996 ; Sanders & Maloney 2002 ; Jonhstval 2003 ; Thompson & Burhans
2004 ; Wanless 2007). L'utilisation d'équipement&léo reste cependant co(teuse et
demandeuse en temps (hotamment pour le tri deseshaDe plus, cette méthodologie reste
sensible a la faible probabilité d’occurrence dpridation et donc d’enregistrement vidéo du
phénomene, ainsi qu'a la difficulté d’obtenir urallé d’échantillons assez large afin de
pouvoir quantifier le phénomene (voir cependantetnet al. 1994 ; Sanders & Maloney
2002 ; Thompson & Burhans 2004). De maniere altemaet afin d’obtenir une taille
d’échantillon plus large, le comportement charognguourrait étre visualisé par
'intermédiaire de nids ou terriers artificiels pesdans le milieu naturel mimant les
caractéristiques des nids et terriers naturelss dasquels seraient disposés la ressource
proposée (ceufs intacts, perforés, cadavres) etsmdinn dispositif vidéo. Un systeme
d’identification individuelle des rats pénétrantndales cavités pourrait étre également
envisagé afin d’enregistrer les fréequences de passet d'identifier des individus
spécialistes. Enfin, comme nous avons pu le metirévidence, les tests comportementaux
sur individus sauvages en situation contrlée slast moyens intéressants pour tester les
capacités de prédation et les mécanismes impliDé&raff & Maier 1996 Partie 3.3).

Les tests de prédation sur des ceufs gagneraidrdg aténdus a d’autres especes de rongeurs
introduits plus petites que le rat noir, comRweexulanget M. musculusreconnues pour étre
des prédateurs redoutables d'oiseaux marins, etedpgces plus grosses, comiRe
norvegicusdont la taille d’ouverture de machoires et la éomusculaire pourraient leur

faciliter la consommation d’ceufs intacts de petitenoyenne tailles.
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Agents de stress physiologique et compétition plkabitat : deux alternatives a I'impact

causé par la prédation ?

Une seconde perspective de recherche intéressandévelopper concerne le réle
d’interactions autres que la prédation pour exgidlimpact des rats sur les oiseaux marins,
comme par exemple celui du stress induit par lagpgion (visuelle ou olfactive) d’'un
prédateur, et celui de la compétition pour I'habi@es phénoménes n’ont jamais été testes
dans le cas d’interactions rats-oiseaux marins,m@me réellement formulés en tant
gu’hypotheses complémentaires a l'impact de la giféd, mais reposent pourtant sur des
bases théoriques cohérentes. Chez les animauwntgévolué en présence de prédateurs et/ou
compétiteurs, la détection de leur présence irahat I'animal un stress physiologique et une
réponse comportementale de défense ou de fuits &&tll 1998 ; Schleuerleiet al 2001 ;
Cockrem & Silverin 2002). Au contraire, les animagui n’ont pas évolué en présence de
prédateurs et compétiteurs (animaux dits naifapnge les espéces indigénes des iles, ne
sembleraient pas capables de s’adapter a I'ardegaédateurs ou compétiteurs introduits, et
de ce fait ne développeraient pas de comportematitpeedateur (Blumstein 2002 ;
Blumstein & Daniel 2005). Chez les iguanes marires dsalapagos Agblyrhynchus
cristatug, Rold et al. (2007) ont montré que le stimulus induit par tésgnce d’un nouveau
prédateur ne générait pas de réponse physiologingee ces reptiles naifs ayant vécu entre 5
et 15 millions d’années en absence de prédatearscdhtre, une confrontation répétée au
facteur de stress permettait rapidement aux repdidedévelopper une réponse physiologique,
mais n’induisait pas de réponse comportementale pobapper a la menace. Les auteurs
suggerent ainsi que méme si les especes indigareslas qui ont longtemps évolué en
'absence de prédateurs pouvaient étre douées deriaine plasticité physiologique, leur
plasticité comportementale restait certainementitédUn stress accru et répété, n’induisant
pas de réponse comportementale pour I'éviter, pdugénérer des troubles physiologiques et
comportementaux (e.g. perturbation du succés reptedr, Schleuerleiet al. 2001). Des
pistes de recherches intéressantes se dessinesit d@ins le domaine des interactions
prédateurs introduits-oiseaux marins. En effet, @seaux marins de l'ordre des
Procellariformes sont reconnus pour posséder ums s#e l'olfaction particulierement
développé, gu'ils utilisent notamment pour ideetifieurs terriers et partenaires (Bonadonna
et al 2003; Bonadonna & Nevitt 2004) et localiser letgssources alimentaires (Nevitt &
Bonadonna 2005). Il serait donc probable que et olfactives laissées par les prédateurs
introduits (urine, féces) lors de leur prospectan niveau des sites de reproduction des
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oiseaux puissent étre percus par les Procellandgsr comme signaux de «danger », et
puissent induire un stress physiologique chez issaox, se traduisant par une baisse des
parametres reproducteurs, de la condition cormoaellpar un évitement des sites occupés par
les prédateurs. Ainsi, il serait intéressant d'&uda réponse physiologique des oiseaux
marins a la vue et I'odeur d’'un prédateur tel guedt par la mesure de la production de
corticostérone suite a une exposition seule ettéépagu prédateur, et de déterminer si cette
réponse correspond a un réel agent de stressS@pglskyet al. 2000 ; Rodket al 2007). Si

la perception du prédateur induit une réponse mEssstphysiologique chez loiseau, et le
facteur de stress a bien été identifié (la vue @uédateur, un/des composé(s) chimique(s)
émis par ces prédateurs), il deviendrait alorsiqdigrement intéressant de conduire une
expérimentation en milieu naturel, en soumettant @iseaux marins les agents de stress
identifiés (un composé chimique, de l'urine ou &cde prédateur), puis en mesurant leurs
effets sur les paramétres reproducteurs ou latg@tedes sites de reproduction par exemple.
La mise en place de ce type d’expérimentation sotsndrait de travailler au niveau de
colonies d'oiseaux marins de grands effectifs etce&l$ especes peu ou pas menacées pour
eviter les effets négatifs des agents stressanta synamique de population. A ce stade de la
réflexion, tout cela n'est que de I'ordre de la@pation mais ces quelques pistes paraissent

prometteuses.

Enfin, outre les effets de la prédation et du stigsysiologique, I'impact des rats sur les
oiseaux marins pourrait également se manifester’iptarmédiaire d’'une compétition pour
I'habitat. En effet, dans leur comportement de eeche de nourriture et d’abris, les rats
affectionnent tout particulierement les terrierayites et crevasses, qui représentent des
endroits de choix pour la nidification de la plupaes pétrels et puffins (Ruffinet al. 2008 ;
voir aussiParties 3.1. et 3.3. L’hypothése soulevée ici est que les oiseauxrp@mnt étre
capables d’identifier les indices de présence tkepgaur éviter les cavités déja occupées ou
prospectées par des compétiteurs supérieurs queajgmi représenter les rats (cette réponse
induirait donc une réaction comportementale d’énéat et pourrait étre considérée comme
une réponse adaptative, contrairement a ce quiéadéveloppé précédemment). Ces
hypothéses pourraient étre testées par la miselaae ple dispositifs expérimentaux en
« labyrinthe » (Bonadonnat al. 2004) et I'observation du comportement de I'oisegii,
placé a la base a 'embranchement du dispositidfrpd étre confronté a deux tunnels, 'un
comportant I'odeur de sa cavité, et I'autre, 'odda sa cavité a laquelle serait ajoutée I'odeur

du compétiteur.
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Les impacts attendus des deux processus - l'infliedu stress physiologique et de la
compétition pour I'habitat - sur les populationgideaux marins seraient sans doute moins
intenses mais additionnels a ceux de la prédabamid (2003) et Gurevitch & Padilla (2005)
soulignent que les interactions de compétition itedu par les espéces introduites ont
rarement été identifiées comme agents d’extinctibespeces indigénes et notamment
d’'oiseaux, et suggerent ainsi que le phénoméneod®eétition demanderait un temps tres
long pour conduire une espece a l'extinction comepléu que les extinctions seraient plus
susceptibles d’étre provoquées par de la préedadontransmission de pathogenes par
exemple. En plus des capacités de dispersion deswi et de la moindre sensibilité des
especes longévives a une réduction du succés rapenn, de telles interactions impliquant
un impact moins fort sur les populations que celeila prédation, pourraient peut-étre
expliquer pour partie la persistance de certairgsifations et especes d’oiseaux marins en
présence de rats durant plusieurs centenaires lt#naiies. Ces processus liés au stress et a
la compétition pour I'habitat pourraient notammémie impliqués dans les réactions fortes
des populations d'oiseaux marins enregistrées qonee a I'éradication des rats
(augmentation importante du succés reproducteur aigsaux, augmentation du taux
d’occupation des sites favorables a la reproductiecolonisation de sites délaissés par les
oiseaux en présence de rats) en situation de temzes ancienne, comme sur les iles
méditerranéennes (Amengual & Aguilar 1998 ; Cettal 2005 ; Iguakt al 2006 ; Pascadt
al. 2008).

5.2.3. Mieux comprendre les processus d’extinctiorst le rle des « invasives » dans les

extinctions passées afin de mieux évaluer les risgmifuturs

Le groupe des oiseaux insulaires a subi depuistdesps préhistoriques un taux
d’extinctions d’'espéces liées a l'impact direct mdirect de I'Homme trés important
(Steadman 2006). La vulnérabilité de ces oiseace &x prédateurs introduits, en particulier
aux rats, qui ont été introduits sur la plupart dles de la Planéte, est mondialement
reconnue. Sur les 134 especes d'oiseaux éteinfesisdd500, 71 cas seraient liés aux
prédateurs introduits, dont 58% € 41) directement liés aux rats (Birdlife Inteinatl
2008). Toutefois, du fait de la variabilité de ketnaits d’histoire de vie, le groupe des oiseaux
insulaires présente des degrés de vulnérabilithlas suivant les taxa. Par exemple, les
oiseaux terrestres (e.g. rales, passereaux, piggensiches), aux capacités de dispersion
limitées, ont subi sur les iles du Pacifique urxtdiextinction d’espéeces équivalent a 30% si

I'on se base sur le nombre d’extinctions d’espédeatifiées, et allant jusqu'a 78% si I'on
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prend en compte le grand nombre d’espéces étankedaxonomie indéterminée, alors que
seulement de 7% a 14% des espéces d'oiseaux nsarigsraient éteintes (Table 13). Plus
globalement, 'UICN répertorie cing especes d’oiseaarins éteintes depuis 1500, contre
129 espeéces d'oiseaux terrestres éteintes (UIC)2@k constat semble aller a I'encontre
des estimations de risques d’extinction d’espétgisahux marins imputés aux rats (d’'apres
les criteres UICN, les trois espéeces de rats imitedsont identifiées comme un facteur de
risque majeur d’extinction chez 70% des espéecegeéttels et puffins). Les oiseaux marins
seraient-ils moins vulnérables a I'extinction ? liden les processus d’extinction sont-ils plus
longs que pour des espéces aux capacités de dispkmstées ? La vulnérabilité des oiseaux
marins face aux rats introduits se serait-elle wEalurant ces dernieres décennies avec

I'intensification des activités humaines ?

Oiseaux terrestres

Oiseaux Toutes
marins especes
Non Passereaux Total P
passereaux
(A) Nombre d’espéces 261 246 507 130 637
vivantes
(B) Nombre d’espéces 152 25 177 10 187
éteintes connues
(C) Estimation du 623-1758 102 725-1860 22 747-1882

nombre total
d’especes éteintes
(D) Estimation du 884-2019 348 1232-2367 152 1384-2519

nombre total
d’espéces (A+C)

Table 13. Estimation du nombre d’espéces d'oiseaux insulaiteantes et éteintes sur tous les
archipels de I'Océanie, excepté les iles hawaiier{d@prés Steadman 2008 estimation intégre

'’ensemble des taxa reconnus comme éteints maisaxdnomie non identifiées.

Les processus d’extinctions sont souvent complegesls découlent rarement d’'un seul
facteur (Burbidge & Manly 2002 ; Burney & Flanne2@05 ; Trevinoet al 2006). Les
facteurs d’extinctions, aussi multiples qu’ils @m&st étre, sont souvent confondants, agissant
en synergie ou addition d’autres facteurs, si lgae la quantification du réle de chaque
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facteur dans l'extinction de la population ou despéce en question apparait souvent
énigmatique (Steadman 2006). C’est particulierémesi pour les oiseaux marins qui sont
soumis aux menaces et dérangements a la fois emaigrussi sur terre (Gaze 2000 ; &ro

al. 1999, 2004 ; Buckelew 2007 ; Igual al. 2009). Par ailleurs, le temps nécessaire pour
gu’un prédateur introduit conduise une populatiarune espéce a I'extinction compléte varie
selon les traits d’histoire de vie des especesduites et menacées (temps de renouvellement
des générations, capacités de fuite, d’expansituidles stade(s) démographique(s) affecté(s),
et des différentes « vagues » d’introductions yagide différentes especes a des périodes
différentes, ou introductions répétées de la méspeae dynamisant ainsi son invasion) (e.g.
Steadman 2006 ; Buckelew 2007). C’est pourquol,adrsence d'études robustes ou d'écrits
rapportés par les témoins des extinctions pasteegtermination des causes d’extinctions
devient un vrai challenge. La solution alternatp@ur une meilleure compréhension des
déterminismes des extinctions passées et futusés lfanalyse et la modélisation de bases de
données a une large échelle afin de pointer dut desggroupes d’especes les plus a risque,
les traits d’histoire de vie de ces taxa qui lesdemt vulnérables, mais aussi ceux qui
favorisent leur maintien, ainsi que les caractigjsts des iles favorisant I'extinction, comme
les facteurs abiotiques (surface de I'lle, topobmpsubstrat, isolement, climat), biotiques
(diversités animale et végétale, présence de masrasifterrestres) et culturels (présence de
’'Homme et intensité de son occupation, présenespces introduites) (Jonesal. 2003 ;
Duncan & Forsyth 2006 ; Trevirgt al. 2006 ; Steadman 2006 ; Table 14 ). La rechercke de
déterminants et processus d’extinctions est grapdefacilitée par la mise a disposition par
'UICN d'une base de données (liste rouge) listentstatut de conservation d’'un grand
nombre d’especes animales et végétales, ainsi epi@dpeces reconnues comme éteintes
depuis 500 ans. Enfin, les territoires d’outre-fimancais, répartis dans les principaux océans
du monde, occupent une place de choix parmi lesspuis de biodiversité insulaire et
figurent comme des sites de privilégiés pour I'étdés patrons de raréfaction et d”extinction
d’espéces.
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Favorisent Retardent
potentiellement potentiellement
['extinction ['extinction
FACTEURS ABIOTIQUES
- Surface de I'lle Petite Grande

- Topographie

- Substrat
- Type de sol
- Isolement

- Climat

Plat, faible altitude

Sablonneux, non calcaire
Riche en nutriments
Trés isolée

Aridité saisonniere

FACTEURS BIOTIQUES INDIGENES

Diversité végétale

- Diversité animale

- Présence de mammiféres
terrestres

- Présence de ressources
marines

- Traits d’histoire de vie des
espéeces

FACTEURS CULTURELS

Occupation humaine
- Intensité de I'occupation

- Accroissement de la
Population humaine

- Présence de plantes
introduites

Présence d’animaux
introduits

Pauvre

Pauvre

Absence

Pauvre, acces difficile

Aptérisme, meeurs terrestres,

Altitude ébey présence de
falaises

Calcaireabcawnique abrasif
Pauvre enmetrts
Peu isolée

Climat peu sec tdiganée

Riche (retard saolart terme
seulement)

Riche (retard sumlercterme
seulement)
Présence

Riche, acceés facile

Espéces ailées, de petite taille,

grande taille, naiveté, plumage comportement anti-prédateurs,

coloré

Permanente
Etendue

Croissance rapide, densités
élevées

Beaucoup d'especes,
populations envahissantes

Beaucoup d’espéces,
populations envahissantes

vivant dans la canopée,
plumage peu coloré

Temporaire
Restreinte

Croissante lente, densités
faibles

Peu d’espéces, populations non
envahissantes

Peu ou pas d’especes, pas de
populations envahissantes

Table 14.Facteurs favorisant et retardant les extinctiorthrapogéniques de vertébrés sur les iles

océanigues du Pacifique (d’apres Steadman 2006).
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5.2.4. Eclaircir les facteurs favorisant le maintia des populations de rats introduits sur

les iles et leurs impacts sur les oiseaux marins

Dans le cadre des travaux présentés au chapitneus avons pu démontrer les effets
importants des ressources d’origine allochtondesupopulations de rats noirs et les capacités
des rats a répondre rapidement aux apports deuressopulsées. Cependant, deux axes
essentiels restent a approfondir. (1) Les appdasgihe allochtone (e.g. dérivés d’oiseaux
anthropophiles ou d’especes proies introduites)ianue les ressources épisodiques
prédictibles (e.g. pluie de graines ou de fruitegiences d’insectes) ou imprédictibles (e.qg.
accroissement de I'abondance des ressources dilit® @récipitations intenses) pourraient-ils
indirectement accentuer I'impact des rats intragiir les communautés insulaires ? Cette
augmentation de lintensité de I'impact pourrait reanifester par une amélioration de la
dynamique de population de rats par rapport auwulpdpns qui n’auraient pas acces a ces
ressources allochtones ou épisodiques enrichiebatdantes. Pour tester ces hypotheses,
'idéal serait de pouvoir travailler a I'échelleudi archipel présentant a la fois des files
recevant des apports substantiels de nutrimertshatines (par exemple via la concentration
de larges colonies d’oiseaux pélagiques ou mantig@pophiles) ou recevant une production
massive de graines, fruits ou insectes, et dem@éescevant pas ces apports (e.g. Markwell &
Daugherty 2002 ; Stapp & Polis 2003 ; Barrettal 2005). Ces files devront également
héberger des populations d’especes vulnérablémpatt du rat, a la fois sur les Tles recevant
ces apports enrichis et sur celles n'en recevast () Par ailleurs, il serait fortement
enrichissant d’étendre I'étude des mécanismes igamtrle maintien des populations de rats
sur des iles aux conditions environnementalesqudigrement drastiques (peu de ressources,
climat aride) en approfondissant le réle de depesyde facteurs sur la survie des individus :
(1) celui des ressources d'origine allochtone (dioe anthropique ou non) et des ressources
épisodiques (d’origine exogene ou non), et (2)iaddula plasticité trophique individuelle des
rats, en particulier leur capacité a opérer degdrments (« shifts ») alimentaires pour
compenser I'absence temporaire d’'une ressourceipaile. Les expérimentations meneées sur
Bagaud nous ont fourni un apercu intéressant desimmsimes susceptibles de jouer un role
important dans le maintien des populations de gatsle long terme, mais semblent aller a
'encontre d’autres contextes insulaires (commle Burprise dans I'Océan Pacifique, ou le
maintien des rats noirs semble étre lié a leursactgs a s’orienter vers des ressources
alternatives lorsque les ressources principales amsentes et a se déplacer d’'un habitat vers

un autre; Caukt al. 2008). C’est pourquoi, notre connaissance meéiitela s'étendre a
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d’autres systémes, en particulier beaucoup plusstiqees en termes de conditions
environnementales, en vue d'une meilleure évalnates mécanismes de maintien des

populations introduites et de leurs impacts suct@amunautés indigénes.

Enfin, au vu de la forte structuration spatiale uhekvidus observée sur I'lle de Bagaud, il
serait intéressant de poursuivre les recherches lsesir mécanismes d’'interactions
intraspécifiques, mais aussi interspécifiques (dEnsas de coexistence entre plusieurs
rongeurs introduits) dans les patrons d’utilisatid® I'habitat et des ressources par les
rongeurs introduits. Quels sont les facteurs duemiindicateurs d’'une bonne ou mauvaise
gualité d’habitat (couvert végétal, abondance egloalité nutritionnelle des ressources) ? Les
interactions entre individus sont-elles gouverrggrsde la compétition pour I'exploitation des
ressources (effets indirects de l'utilisation milleuele ressources limitées), ou par de la
compétition par interférence (agression ou défehseerritoire ; e.g. Harris & MacDonald
2007) ? Ces différentes questions pourraient étperdées par la mise en place
d’expérimentations en milieu naturel. Tout d’abola, manipulation expérimentale de la
gualité et quantité des ressources du milieu ef®U’habitat permettrait d’enregistrer les
réponses démographiques des individus ou especes ahangements, et d’identifier les
compétiteurs (classes d'ages, sexe, especes) augé(Banks & Dickman 2000 ; Lin &
Batzli 2001 ; Harris & MacDonald 2007). Par aillsuda suppression progressive (par
piégeage léthal) des compétiteurs d’un habitai gue le suivi successif du temps nécessaire
a la recolonisation et des réponses des autrecesspen termes de dynamiques de
populations, fitness et patrons d’exploitation dessources et de I'habitat, est susceptible de
fournir des informations complémentaires sur lairatet I'intensité des interactions intra- et
inter-spécifiques (Harris & MacDonald 2007). Enfitilisation de I'outil génétique serait a
préconiser afin d’identifier les relations de paéeantre individus et groupes sociaux (Russell
et al 2009b), les phénoménes de dispersion et leuestitins entre habitats hétérogéenes
(Gauffre et al 2008), ainsi que les groupes sociaux ayant dppélodes stratégies
particulieres dans l'acquisition des ressourcesnnae pour la prédation sur des oiseaux
marins (Abdelkrimet al. 2009).
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ANNEXE 1.

Top predator control boost endemic prey but not mespredator
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France

Corresponding author: Elsa Bonnaud. elsa.bonnaud@eaanne.fr
Top-predator control on islands

Sous presse da#siimal Conservatiom la date du 20 Mai 2010.

Abstract

Introduced predators on islands are responsibladarerous extirpations and extinctions of nativecgs. Cat
predation is particularly detrimental for seabirds, cat control or eradication is generally thet lmggtion to
reduce negative impact on native fauna. Howeveential cascading effects such as the mesopredsaase
effect need to be monitored after cat removal. ©rt-Bros Island, a cat control campaign was unéert&o
eliminate the strong and recurrent threat fromlfeah predation to the small yelkouan shearwatquugadion,
though allowing for the persistence of a neutereahektic cat population. To evaluate the consematigcess
of an endemic and endangered species, using secimamon management campaign, the diet and impabeof
remaining cats were studied through scat analysistapping-success. Moreover, to evaluate thevesgoof
the seabird population and detect any potentiabpresiator release effect, shearwater and rat piqusawere
monitored simultaneously with cat control. Althoughly live traps were used, most cats were trappetie
first year of cat eradication and the last incided cat predation on the yelkouan shearwater oeduthe
following year. The recovery of the shearwater pafon, occurring the first year of cat control, svmainly
attributable to the settlement of new breeder&éndolony. Simultaneously, rat population dynanfiiestuated
widely (increasing and decreasing) but, even thaihghinteractions between rats and shearwaterseatling
cavities increased, no evidence of rat predatiorstiearwaters was recorded. Thus, cat control or@os
Island is a success for native species conservafimving that such management strategy can induce
increase in the population of the endemic spediese the yelkouan shearwater, without any evidefce
mesopredator release effect.

Key words: Conservation management, Mesopredator releaseteRattus rattus Felis silvestris catus
Puffinus yelkouanSeabirds.
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Introduction

Alien species are now recognized as one of thaegtthreats to biodiversity worldwide (Vitouselgdpe &
Adersen, 1997; Chapiet al, 2000) and the principal threat to island biotallfgson, 1996; Whittaker, 2007).
Indeed alien mammals, especially predators, hadephaticularly severe effects on native island faumeing
responsible for several extirpations and extindiaf mammals, birds and reptiles (Courchamp, Chlagui
Pascal, 2003; Donlan & Wilcox, 2008). This is paurtarly true for domestic cat&¢lis silvestris catys which
have been associated with humans since 9500 Bignd€¥t al, 2004), following them to most of the world’s
islands, where they generally succeed in estahlisféral populations (Courchang al, 2003). Feral cats are
adaptable and opportunistic predators preying ativeiand endemic species, but also on introducedl an
commensal species, like rodents (Turner & Bate2600; Twyfordet al, 2000). The feral cat is recognized as
one of the most detrimental alien predators fobsda on islands (Moors & Atkinson, 1984; Blackbwtnal,
2004), particularly for petrel and shearwater sp&civhich are often naive and clumsy when on toergt
(Mayol-Serra, Aguilar & Yésou, 2000; Ainlegt al, 2001; Keittet al, 2002; Martinez-G6mez & Jacobsen,
2004).

Over the past decades, conservation practitioreere developed efficient techniques and methodadoigie
control and remove non-native mammals on islands/iging a powerful conservation tool for endangere
native species. Thus, several islands have beeressfolly freed from their feral cat populationso@dles,
Martin & Bernier, 2004 ; Aguirre-Munoet al, 2008; Hughes, Martin & Reynolds, 2008) with gedigrrapid
positive effects on native biodiversity, especialith respect to seabirds (Veitch, 1985; Cooeteal, 1995;
Cété & Sutherland, 1997; Bestet al, 2002; Keitt & Tershy, 2003; Ratcliffet al, 2009). However, some
recent studies have pointed out the risk that whative species are the shared preys of severaldunted
predators (namely cats and rats), the removal efintroduced top-predator (cat) could possibly Iteisuthe
expansion of the introduced mesopredator (rat) ladipn (Zavaleta, Hobbs & Mooney, 2001), while rate
known to be highly detrimental for native specibaf(tin, Thibault & Bretagnolle, 2000; Howakt al, 2007;
Joneset al. 2008). The ecological release of the introducedapeedator and the subsequent increase in impact
on the native prey has been termed “the mesopredaase effect” (MRE) (Courchamp, Langlais & Suga,
1999; Zavalet&t al, 2001; EImhagen & Rushton, 2007). It would suggleat for intraguild predators, the top-
predator may protect the shared prey from mesopicegand therefore removal of top-predators alwoeild
not be advisable (Polis & Holt, 1992; Courchaet@l, 1999).

Unfortunately, MRE has mostly been investigatedulgh pure theoretical modeling approaches and there
to the best of our knowledge, little few convincifigld evidence that such detrimental cascadingodf are
likely to occur after cats are removed from islarfdat see Rayneet al, 2007; Bergstronet al, 2009).
Moreover, in the case of petrels, which are longdispecies living in age-structured populatioop;fredators
and mesopredators do not necessarily impact the §tarstages, which greatly complicates the priaficof a
putative MRE (Le Corre, 2008; Russetlal, 2009). Indeed for burrowing shearwaters, catdikety to mainly
affect the adult breeding stage (survival rate)levhats, which enter the breeding burrows, mainipact eggs
and young chicks (reproductive success). Seabivtigh have long lifespans and low reproductive satere
generally very sensitive to changes in adult saivbut less sensitive to a decrease in their raptizh rates.
This may suggest that the negative impact of aiplesburst in mesopredator populations is likehbtlargely
compensated for by the strong positive effect pfioedator control.

On Port-Cros Island, previous studies had shownh (fh@ats consumed a large number of introducesl ra
(0.950 rat preyed ddycat corresponding to 7000 rats preyed yemat populatioff, see Bonnauet al, 2007)
and preyed upon the yelkouan shearwater, a protestd endemic long-lived Mediterranean seabird @hd
before cat control, cat predation on shearwatessstrang (0.059 shearwater preyed Hagt' corresponding to
431 shearwaters preyed yéacat populatiort, Bonnaudet al, 2007), recurrent year after year and occurring
throughout the shearwater breeding cycle (Bonrawad, 2009). Due to the strong cat predation on ratstha
apparent unlimited resources for rats represent@tieblarge amount of acorns produced by the osdsfmf the
studied site, we hypothesized a top-down systerdefised by Russedt al. (2009). In this case MRE can occur
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but even if a burst of rat population appears ont-Bwms Island we argue that rat impact on the gadin
shearwater will be less detrimental than thoseats (Le Corre, 2008; Russell al, 2009).

The aims of this study were (i) to document a cdgwpaf feral cat control conducted on a small
Mediterranean island to prevent endemic shearwaénction, while maintaining a neutered domestit c
population for the inhabitants, (ii) to study thietdand the impacts of the remaining cats (iii)et@luate the
effects of cat control on the population dynamind ¢he breeding parameters of the former preyetigemic
yelkouan shearwateP(iffinus yelkouanand (iv) to investigate possible changes in abnod and/or behaviour
of introduced ship ratRattus rattuyfollowing cat control.

Materials and Methods

Study site

This study was conducted on Port-Cros Island (&8, protected by National Park status since 1863
located in the north-western Mediterranean Sead@IBF, 6°21'E). This hilly island has a maximum edg¢ion of
196 m above sea level and is 15 km from the madhl@timate is sub-humid, temperate Mediterraneah am
average annual rainfall of 582.4 mm and an aveaageial temperature of 16.5°C (Levant Island Metiegioal
Office, 1997-2007). This siliceous island is 80%aed by mixed forests of the sclerophyllous o@keercus
ilex andQ. suberand the pind’inus halepensidPort-Cros Island has long been home to introdwegtkbrates,
especially cats (for 2 centuries; Pasqualini, 198%) rats (at least since Roman period, Cheyla84)1%nd a
Mediterranean endemic seabird of particular coratem interest, the yelkouan shearwater.

Cat control

The huge amount of bird killed per year constitutedermanent threat to this shearwater populaténgb
reduced to a very low number of individuals (onB0Olbreeding pairs). Despite the apparent stabilityhe
breeding population, the risk of population extioctand its vulnerability to environmental stoclet was
high (Jones, 2002). Thus, a cat population managercempaign was conducted on Port-Cros Island from
January 2004.

Due to the presence of inhabitants and therefoidoafestic cats, the removal of feral cats was uaklen
using only non-lethal methods and complete catieaidn was not possible. The trapping campaigis wa
initially concentrated near the shearwater colotoesatch feral cats visiting shearwater breeditessand then
extended along all island paths, especially wheme scats were found. A sterilization campaign was
simultaneously conducted on the domestic cats tbhméa domestic cats arriving were checked forikzation.

Feral cat diet and monitoring of cat impact

The diet of feral cats was studied through scatyaisa(Konecny, 1987; Fitzgeralket al, 1991; Clevenger,
1995). Scats were opportunistically collected froetober 2003 to August 2008 on the same pathseoistand
and localised by GPS (Global Positioning Systermcé&all scats found in the field were removed aey old
ones excluded, we assumed that each samplingmesented the diet of feral cats for the two presimonths.
Scats of cats were dissected, and the contentsase@dnto prey categories. Scats were analyseddshing
over a 0.5-mm sieve, separating and determiningteatis such as hairs, feathers, bone fragments), tand
insect chitin (Nogalest al, 1988; Furet, 1989). To detect any change in possumption by cats, before and
after cat control a pearsoyf test for independent samples was used to comparéw periods, and then
randomisation tests were used to compare eachcpresumption, since they allow the comparison ohexery
small percentages (PD = observed percentage diffese Manly, 1997). We reported the number of scats
removed for each sampling period (a total of 30@amg periods during the nearly 5-year study) ardann-
Whitney U test was run to compare the number oEcats removed before and after cat control. Therextent
of cat predation on the yelkouan shearwater pojpulatvas determined for each sampling period. This
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representative sample allowed us to compare catapom patterns with the shearwater breeding phfmes
several annual cycles. Since no identical remaiom ftwo or more yelkouan shearwaters were founthén
same scat, all shearwater remains found in ondesiszpt were assumed to belong to one single bings
assumption is supported by the fact that evencditeeats only 50% of a yelkouan shearwater in weigB2g),
leaving behind wings, feathers and head (CuthBe@2; Keittet al, 2002), this prey supplies it with enough
food for one day (mean daily biomass consumed Bgr&Cros feral cat = 201g; Bonnaatial, 2007).

Monitoring of shearwater and rat populations

A set of 100 cavities suitable for shearwater birgge@vas monitored on colonies on Port-Cros Islandng
six consecutive breeding seasons (2003 to 2008e#sure the percentage of occupied cavities anoré&seling
success of the yelkouan shearwater. Yelkouan shéarsy like most of seabirds, have low reproductive
dynamics: they start breeding around 6 years, gdpdirst attempts of breeding fail and they prodwnly one
egg per year (e.g. Brooke, 1990). They arrive airtbreeding sites in late October or early Noven(bédal,
1985; Zotier, 1997), which corresponds to the peotpg period. Egg laying is from mid-March to gaflpril,
hatching in May and fledging in July and early AagytA miniature infrared camera placed on a stfbdal was
“snaked” down each cavity to determine the presesfcpairs, eggs or chicks (Bourgeois & Vidal, 2007)
Cavities were checked nine times during each bngesiéason (end of the pre-laying period, start, anid end
of the laying and hatching periods, 15 days bethecbeginning and at mid-fledging period). A laseck was
done at the end of the breeding season to findildessorpses and confirm chick fledging (Bourge@ep6).
Randomisation test was used to compare the peotectupied cavity between the first year (2003) tre last
year (2008) of our census. Then, added to the prefga set, older data on shearwater breedingessdoom
previous studies conducted when the cat populat@s not controlled (Vidal, 1985; Zotier, 1997). &y, we
compared the data for cat predation on shearwdiefsre and after cat control, by running a Manniindy U
test.

Even if no clear evidence of rat impact on the siater population before the beginning of the attiol,
the high probability of a top-down ecosystem codpldth the harmful effect of rats on native spedies.
Joneset al, 2008) required rat population survey. The ratytaion was monitored by setting two lines of 30
traps in two different areas of the island. We usezltraps set every 10 meters during four conseeunights,
for 19 trapping sessions spread from December 2004ugust 2008 at three or four months intervale. T
compare trends in rat population demography bedock after cat control, we used data on rat trappuagess
from previous studies before cat control (Granjo@€Beylan, 1993) and we ran a Mann-Whitney U test.

Monitoring of interactions between rats and sheariges

Interactions between rats and shearwaters at Igedbvities (patterns of rat visits) were invedigain the
largest yelkouan shearwater colony of Port-Croanidlduring (2004-2005) and after (2007-2008) catrob
Breeding cavities (n = 25 in 2004-2005, n = 23®2-2008) were checked for rat visits 24 timesudgtwmut the
breeding cycle of shearwaters and subsequent ietting exodus (6 breeding periods: prospectindinga
egg-laying, hatching, fledging and interbreedingd & consecutive survey nights). Rat visits to eeatity
entrance were recorded through tracks printed rie and and droppings and hairs found inside eaviti
(Ruffino et al, 2008). Results were analysed as frequencied ofsits ;) as followsf, = n/(ngncny), wheren, is
the number of rat visits to cavities, the number of periods monitorgd, = 6), n. the number of cavities
monitored . = 25 or 23) anch, the number of nights monitored,(= 4). A Pearsory? test for independent
samples was used to test the difference in frequehiat visits to cavities from year to year.
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Results
Cat control

Cat control started in January 2004, giving a tofa28 feral cats trapped over two full years. Adstantial
trapping-campaign was conducted, mainly during firgt two trapping sessions (January—April 2004 and
September—December 2004) (Fig. 1a). Then, trappicgess progressively decreased, becoming nil inyadg
2006 despite regular new trapping sessions oveladiehree years. We consider that cat control eeesplete
in August 2005 because the last two cats were ¢anggr the village and were very young. Subseqyeotily
neutered domestic cats were seen wandering outsideillage and were photographed by trail cametased
near paths. Moreover, no sign of recovery of thepopulation was observed, indicating that evea fiéw feral
cats remained on the island this population wastoall to reproduce.
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Fig. 1: (a) Cat-trapping success during the feadleradication and the cumulated number of catgped (b)
Monitoring of scats collected on the paths of Rémts Island and number of shearwaters found perosea
five years of shearwater breeding cycle.
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Feral cat diet and monitoring of cat impact

The feral cats of Port-Cros Island preyed mainlyiraroduced mammals, rats being heavily preyedreoynt
to rabbits, and birds were secondary preys.

The diet of feral cats showed different patternfoiee(October 2002 to December 2003) and afterdiomt
2005 to August 2008) cat controf?( 76, p < 0.001). After cat control, consumptionadif the introduced
mammals increased, except for #hpodemus sylvaticushese percentage differences being significanetx
for the rat and the unidentified mammals (Fig. [2a,Conversely, total bird consumption decreasedpming
nil for the yelkouan shearwater; these percentéfferehces were significant. No significant diffaces in prey
consumption were found for reptiles and insects.

The number of scats found on sampling paths deedelasm before to after cat control (respectivel§31 +
0.119 scats/day and 0.177 + 0.022 scats/day; U p=2,0.001). Peaks in predation on yelkouan shearaa
occurred during autumn and winter (October—Novembed December—February), corresponding to the
prospecting period of these seabirds (Fig. 1b)erAMtugust 2005, no shearwater remains were foumatiscats
and from August 2004 to August 2005 only 1 scaty{@05) containing shearwater remains was found.
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Fig. 2: (a) Diet of feral cat expressed in freques®f occurrences before and after cat contrdlrebults of the

diet comparison before and after cat control usangdomization tests, percentage difference andlyesaare
indicated.
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Monitoring of shearwater and rat populations

During previous monitoring (Vidal, 1985; Zotier,94P), shearwater breeding parameters varied stromitihy
a decrease in 1984 (means of hatching successt & TR065, fledging success: 0.806 + 0.148 anddinge
success 0.608 + 0.141) (Fig. 3a). From 2003 to 288ding parameters were high with low variatitmeans
of hatching success: 0.849 * 0.043, fledging sw&c@901 + 0.021 and breeding success 0.763 * .034
Between the periods before (previous studies ana filam our shearwater monitoring: 2003) and after
shearwater monitoring: 2006-2008) cat control the@ege no statistical differences when comparingltiat
success (before and after cat control; U = 2, p181) fledging success (before and after cat chritre 5, p =
0.453) and breeding success (before and afterocatad; U = 4, p = 0.294). The percentage of ocedpavities
(data only available from 2003 to 2008) was 35.7%.% on average and increasing: 22.7% at the bimgjnn
(2003) and 38.8% the end (2008) of the study, ithisease being significant (PD = 0.185, p < 0.00he
number of pairs of shearwaters was low during thevipus monitoring (but these monitoring were not
exhaustive), whereas our shearwater monitoring shativat the number of pairs increased by more 4@
(Fig. 3b). The number of breeding shearwaters &mdpercentage of occupied cavities on the moniorin
colonies showed a maximum increase just afteritbieyfear of cat control.
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Fig. 3: Monitoring of yelkouan shearwater populati@) number of pairs of shearwaters, (b) trendshef
different parameters of shearwater breeding su¢d®&3 and 1984 data collected by Vidal (1985)).
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Rat trapping success on sampling lines varied daogrto season and year but remained low during bot
previous studies and our monitoring (Fig. 4). Frb@mcember 2004, peaks of rat trapping success agpear
during spring and summer (except for 2005 and 2@08xys followed by a significant decrease durintuenn
and winter. A slight increase in rat trapping swsceas noted after cat control began (r2 = 0.107 349, p =
0.094). Rat trapping success fluctuated over aeasfgvalue that was largely the same before (deden f
Granjon & Cheylan, 1993; min: 0, max: 0.220, meaA68 + 0.024 rat caught per trap-night) and gffestober
2005 to August 2008; min: 0.013 max: 0.354 meahl®.+ 0.026 rat caught per trap-night) cat contvith
non-statistical differences (U = 44, p = 0.231).
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Fig. 4: Trends in rat-trapping success on Port-Tstand, without cat control (1978-1987; GranjorCheylan
1993) and following feral cat eradication (2005-20this study).

Monitoring of interactions between rats and sheariges

The mean frequency of rat visits to shearwater dingecavities was low in 2004-200% € 0.008) and
significantly increased in 2007-2008 after cat coinff, = 0.217, Pearsoyf = 70, p < 0.001) (Fig. 5). During the
three periods of egg and chick vulnerability tosrétying, hatching and fledging periods), only dmmeeding
cavity (4%, n = 25 cavities monitored) was visitedrats during cat control, whereas 87% of breedagties
(n = 23) were visited by rats at least once afétrcontrol. During these periods, the mean frequerficat visits
to breeding cavities was significantly lower duriogntrol § = 0.003) than after controf, & 0.156, Yates cor.
Pearsony” = 30.1, p < 0.001). Six cavities (25%) exhibite@dxling failure during cat control and four (17%)
after cat control. In both years, no case coulccdeclusively attributed to rat predation, and dasitwhere
breeding failed did not show a higher visit ratarttcavities where breeding was a success, neliheughout
the breeding cycle during contrdldccess 0.002 faiurey= 0) and after controfs,ccessi 0.219, failure)= 0.208)
or during the three periods of egg and chick maxmwulnerability during controlf(successi 0.004 f; raiture) = 0)
and after controlf{(successr 0.487 fi(raiturey= 0.375).
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Fig. 5: Percentage of shearwater cavities visitgddis according to the different stages in theashater
breeding cycle.

Discussion
Cat control

This feral cat management campaign was, to the dfestir knowledge, one of the first conducted ie th
Mediterranean basin (Genovesi, 2005; Lorvelec &Ra005) and one of the few successfully develafe
using only non-lethal trapping and (ii) conserviagdomestic population of neutered pet cats on shend
(Nogaleset al, 2004). Usually it is better to eradicate becagrsalication leads to permanent, more effective
results and often at lower cost than control (Mgitt985; Besteet al, 2002; Veitch & Clout, 2002; Rodriguez,
Torres & Drummond, 2006). Moreover, only few ce#s threatened a native population of seabirdsti(l€ei
al., 2002; Peclet al, 2007).

However in our case, where total eradication was pussible due to the presence of a domestic cat
population, non-lethal trapping proved to be susfigsin eradicating feral cat populations and répid
preventing cat predation on a native species, therendemic yelkouan shearwater. No feral cats wiserved
or trapped on the island for the two following y&&irom August 2006 to August 2008), despite a cedubut
continuous trapping-campaign, which provides cosigkl proof of cat control success on Port-Crosntsla
(Copson & Whinam, 2001; Bestet al, 2002).

Feral cat diet and monitoring of cat impact

The analysis of cat scats shows that these predpateyy mainly upon introduced mammals especially on
black rat (nearly 80% frequencies of occurrencethéncat diet, Bonnauet al, 2007), and much less on rabbit
due to its low abundance on the island. Thus, btatkvas the staple prey of cats providing an abohdnd
easy food resource that probably increased thédataurvival rate and claimed for a top-down sxc(Ritchie
& Johnson, 2009). Simultaneously, this top-pred#hioeatened other prey species like native seabiegitiles
and insects.
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The yelkouan shearwater, an endemic seabird dfigditerranean basin, was the bird most preyed Ugyon
cats. This strong predation, calculated to more #@0 birds per year (Bonnaed al, 2007; Bonnaudbt al,
2009), occurred especially during the prospectiegod (late autumn and winter). Thus, cat predati@s
responsible for high predation pressure on progmgathearwaters, limiting the settlement of potdntiew
breeders (Cuthbert, Fletcher & Davis, 2001; Keital, 2002, Martinez-Gomez & Jacobsen, 2003; Bonretud
al., 2009). The diet of the remaining cats after aattiol showed that the last cats consumed moredntred
mammals and fewer birds than before cat contrggssting that the cats caught first were bettee &blprey
upon native preys, especially on birds. Indeedpoadation on the yelkouan shearwater quickly desed when
trapping was selectively conducted around shearwealenies, suggesting that the first cat cauglghthave a
selective predatory behaviour focused on a spen#fsource, here yelkouan shearwaters. The absdncat o
predation on this seabird for the past two yeaspitie a remaining cat population (i) supports tiqgdthesis that
some cats have a specialised predatory behavial(igrconfirms that most of the predation impaeinche
effectively removed when traps are set in selecieas.

Before cat control, cat scats were commonly fouonda@all the island paths and on shearwater cotoriibe
number of scats found clearly decreased afterargtal, indicating that the feral cat populationswvaduced to a
very low number of individuals. Scat monitoring apps to be an accurate and easy field indicattreobverall
trend of cat population dynamics. Regular monirif cat scats on paths is still being conductedhenisland
to detect any recovery of the cat population (Twgfet al, 2000; Veitch, 2000). With respect to the last two
years of the cat monitoring, it seems that thel fempopulation has remained at low density, pobptoo low
to mate (Rauzoret al, 2008). Moreover the few scats recently found lom island probably belong to the
domestic cats that sometimes wander outside thegeiland have already been caught several timasps.
This hypothesis is reinforced by the fact that @@lf cat was caught after October 2005.

Monitoring of shearwater and rat populations

The overall monitoring conducted during previousnitaring and this study showed that the valueshef t
shearwater breeding parameters were high for thpailation (except for one “accidental” year in 1p8hen
compared with other related speciBs(ffinus tenuirostrisServenty & Curry, 1983 uffinus auricularis newelli
David et al, 2001, Puffinus pacificus Dunlop et al, 2002). This seabird breeding population seembeto
composed of “experimented” pairs breeding insides¢hcavities, which are deepest and less accedsible
predators, thus ensuring a high degree of breesliogess (Bourgeois & Vidal, 2007). This means thast of
these birds can escape feral cat predation andveutlespite several decades of predation preskimeever,
the very small size of the yelkouan shearwater [atjon (180 breeding pairs) on Port-Cros Islandpitesan
available and suitable habitat and abundant mdoioé resources may indicate a possible relictiadestand a
current risk of extirpation.

Feral cat control, which mainly resulted in theidajncrease in numbers both of occupied cavitied ain
breeding pairs on the colonies studied, confirmedt tcat predation, being mainly concentrated on the
prospecting period, probably limits the recruitmehiyoung breeders by focusing on prospecting bjkastt et
al., 2002; Massaro & Blair, 2003; Peekt al, 2007). Indeed, prospecting birds are considéoete more
vulnerable to cat predation due to their behaviaamndering on the ground, cooing and calling oet&idrrows
to find a partner, rather than entering the burrapidly after landing (Storey, 1984; James, 198%0Re, 1990;
Bretagnolle, Genevois & Mougeot, 1998; Ristow, 1,9B8urgeoiset al, 2008; Bonnaudckt al, 2009). Thus,
feral cat control on this island boosted shearwatgulation dynamics, especially since new breeders able
to settle, while the shearwater population of Rinds Island had been stable for over 20 years (VIB85;
IMEP, unpublished data).

Rat-trapping success on Port-Cros Island remainedenate before and after cat control, comparedata d
from other studies (Blackwelt al, 2003) and despite cyclic variations in rat popata dynamics (Alterio,
Moller & Brown, 1999; Blackwell, Potter & Minot, 21). Even though a transient increase in rat-trappi
success appeared a couple of years after the legiof cat eradication, essentially due to an etioapl
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increase during summer 2007, rat-trapping succakges were similar to previous values already m@bron
the island before cat control (Granjon & Cheylaf93). This suggests that cat control, while dintimg
predation pressure on rats, has not led to a signif increase in the rat population. Despite th@down
process exerted by high cat predation on ratsethesults showed that rat population on Port-Cstatl seems
to be controlled also by a bottom-up process (Russal, 2009). Even if oak acorns represent a food resour
for rats, their nutritive value appeared low anel $learcity of water, especially during the sumneaissn, lead to
limit the extend of this rat population (articles @ranjon et Chelyan).

Monitoring of interactions between rats and sheariges

Despite the significant increase in interactioresabetween rats and shearwaters, when rats vesding
cavities, no breeding failure could be attributedrat predation (no mark of rat teeth or claws Qgs}.
Moreover, the high values of shearwater breedingrpaters showed that rat impact on shearwater imgeed
success was insignificant. Even if rat impact otkgean shearwater was not clearly demonstratedréefat
control, as (i) rats were proven to be highly deémtal for seabird survival (e.g. Jonstsal, 2007) and (ii)
interactions between rats and shearwater incretisedisk of rat predation on shearwaters was highus, this
study confirms that cat management does not auicaligitiead to a MRE (Coopeat al, 1995; Girardet, Veitch
& Craig, 2000, Ratcliffeet al, 2009), especially when mesopredators are regulatea bottom-up process and
can access to an alternative food resource diffdlean seabirds. Moreover, rat impact on seabisdsiiich
lower than cat impact (Lecomte, 2007; Le Corre,&0@ontrary to what was asserted by Rayateal. 2007.
Despite potential rat predation on seabirds, maiotysed on eggs and chicks, it is cat predatioseabirds,
mainly focused on adults, which is much more dedrital to the seabird population growth rate (Ler€or
2008; Russelkt al, 2009). Thus, cat management is highly advantagyémuseabird population dynamics. As
rat predation is still a threat for seabirds (Jouve Bried & Micol, 2003; Towns, Atkinson & Daugttg, 2006;
Cautet al, 2007, Jone®t al, 2008), continuous monitoring of rat populationsd aheir impact on native
populations is advisable (Nogalesal, 2004; Russekt al, 2009).

Implication for conservation

In multi-invaded islands housing both introduceddators and native preys, it is commonly admitteat t
the best solution is the simultaneous eradicatfantooduced top and mesopredators to avoid arkyafaVIRE
(Bell, 1989; Simberloff, 2001; Zavaletat al, 2001; Courchampet al, 2003; Blackburn, 2008). When
simultaneous eradications are not feasible, sondiest have indicated that MRE can be more detriahdat
native species (Pontiet al, 2002; Zavaleta, 2002; Rayretral, 2007), but the level of risk varies depending on
the species and species interactions considere@dbee, 2008; Russedit al, 2009). When long-lived seabirds
are threatened by introduced predators, top-preslditee cats have more detrimental effects on trsessbird
population dynamics. Moreover, top-predator popoifet are not the only means of regulating mesopoeda
populations (Blackwelet al., 2003). While “bursts” in mesopredator populati@as appear after top-predator
removal (Raynert al, 2007; Bergstronet al, 2009), several other factors can interact (sfifation of
mesopredator populations, lack of resources, didegmtentially leading to a regulation in mesopited
populations.

However, when even top-predator eradication isfeasible, this study shows that a control strategyirst
substantial and focused on specific areas and gqubstly reduced and spread over the whole islam Jead to
the same results as total eradication while avgidiny risk of a MRE. As Intraguild predation is quax and
often multiple trophic interactions have to be taketo account (top-down or bottom up processeskdmi et
al. 2006; Elmhagen & Rushton, 2007; Ritchie & Johns2009), each management action should be planned
after a full review of the main biotic interactioascurring in the ecosystem considered, so astimige native
species conservation (Zavaleta, 2002; Bonretwal, 2009, Russeltt al, 2009).
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ANNEXE 2.

Capture-recapture data and rainfall (Partie 4.3).

Session dates, monthly and session weighted rhi{fadurtesy of Levant Island
Meteorological Office), time; since start of last session, number of individwapturedn;,
and the total number of marked individuis;

Weighted
Year Month Rainfall Rainfall Session ti N Misq
Apr 12.6 12.6 1 0 53 53
May 128.0 128.0 2 26 13 61
Jun 2.2 2.2 3 36 60 114
Jul 1.0 1.0 4 34 54 149
2007 Aug 10.2 10.2 5 39 34 159
Sep 24
134 6 55 38 169
Oct 24.4
Nov 78.6
53.5 7 54 40 183
Dec 28.4
Jan 91.2 91.2 8 48 43 196
Feb 8.0
Mar 52.4 38.9 9 86 35 208
Apr 56.2
May 46.0
45.8 10 42 42 238
Jun 45.6
2008
Jul 1.2 1.2 11 43 106 321
Aug 1.0 1.0 12 42 49 334
Sep 354
46.6 13 40 35 340
Oct 57.8
Nov 188.4
Dec 220.4 173.2 14 112 91 395
2009 Jan 110.8
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ANNEXE 3.

Influence of covariate priors on logistic models.

Perceivably uninformed priors on logistic model efix and random effects can have
substantial influence on the prior distributiontbé modelled response variablg ) despite

the prior on the baseline (y) being Uniform(0,1lim6&lations are fon = 10,000 draws on a

binary predictor variable (x = 1) wheme= Iog(%} (see Van Dongen 2006 for further
-y
discussion).
B=N(0, 1) B=N(0,1) e=U(0,5)
s - |k g _
© 1 __— ~
o M —
& 7] 7 e T
o - o -
[ I I I I 1 [ I I I [ |
00 02 04 06 08 10 00 02 04 06 08 10
9=oc+[3x 9=oc+[3x+e
B=N(0,10) B=N(0,10) £=~U(0, 10)
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& S:
b= o
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ANNEXE 4.

Prior and posterior distributions for praintai and oy.

Estimated posterior distributions for tleg(rainfall) fixed effect on survival and the random
effect on capture probability.

Prior = Normal(0,1) Prior = Uniform(0,5)
o _ o _
N N
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ANNEXE 5.

WinBUGS code for Bagaud Island model.

nodel {

# James Russell (jrussell @erkel ey. edu)
# nsess = 14, nind = 395, nstate = 3

# data are X[ij], Alijl, Hijl, Sil],

# rain.weight[j], first[i], btwj]

# priors for tinme dependent p and ph

for (j in 1:(nsess-2)) {
p[j]~dbeta(1, 1)
Iplj]l<-lTog(p[il/(1-p[j]))

phi . nmonth[]j] ~dbeta(1, 1)

# build in nonthly (weighted) rainfall nodel
| ogit(phi.nonth.nodel [j]) <- logit(phi.nmonth[j]) +

b.rain*log(rain.weight[j])

phi[j] <- pow(phi.nonth.nodel[j],btw]/30)

I'phi[j] <- log(phi[j]/(1-phi[j]))

p[ nsess-1] ~ dbeta(1, 1)
| p[ nsess-1] <- log(p[nsess-1]/(1-p[nsess-1]))
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| phi[nsess-1] <- 0

for (i in1:2) { # 1 =p, 2 = ph

b.sex[i] ~ dnorn{0,1)

b.age[i] ~ dnorn{0,1)

# fixed effect for each habitat (relative to habitat two)

b. hab[i, 1] ~ dnorm(O, 1)

b. hab[i, 2] <- 0

b. hab[i, 3] ~ dnorm(0, 1)

b.rain ~ dnorm(0, 1)

# random ef f ect

sigma ~ dunif(0,5)

tau <- 1/ (sigma*si gna)

# transition matrix priors (rows sumto one)

for (i in 1:3) {

al pha[i] <- 1

psi[i,1:3] ~ ddirch(al pha[1:3])

# deternmine missing values for habitat

for (i in 1:nind) {
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for (j in (first[i]+1):nsess) {

# habitat matrix

Hi,j] ~ dcat(psi[Hi,j-1],1:nstate])

# survival nodel

for (i in 1:nind) {

z[i,first[i]] ~ dbern(1)

# reparamateri se random effect for better m xing

eta[i] ~ dnorm(O0, 1)

for (j in (first[i]+1):nsess) {

logit(P[i,j-1]) <- Ip[j-1] + 1/sqgrt(tau)*eta[i] + b.sex[1]*F[i]

+ b.age[1]*Ali,j-1] + b.hab[1, Hi,j-1]]

logit (PHI[i,j-1]) < Iphi[j-1] + b.sex[2]*S[i]

+ b.age[2]*Ali,j-1] + b.hab[2, Hi,j-1]]

mu2[i,jl<-PH[i,j-1]*z[i,]-1]

z[i,j]~dbern(mi2[i,j])

mulli,j]<-Pli,j-1]*z[i,]]

x[i,j]~dbern(ml[i,j])
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# forcing rest of matrix to stochastic prior

for (i in 1:nind) {

for (j in L:(first[i]-1)) {

z[i,j] ~ dbern(0)

# cal cul ate average phi with error propagation

for (k in 1:(nsess-2)) {

phi.wei ght[ k] <- phi.nonth. nodel [ k] *btw k]/30

n.wei ght[k] <- btwk]/30

phi . nmean <- sum(phi.weight[1:nsess-2])/sunmn.weight[1l: nsess-2])
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Ecologie, dynamique de population, comportement éinpact d’un rongeur introduit, Rattus rattus sur les
iles de Méditerranée

Résumeé

Les rats introduits du genr@attus spp. sont reconnus a I'heure actuelle comme utedaanajeur de raréfaction
d’espéces d'oiseaux marins et de risque d’extinctie pétrels et de puffins. Cependant, le fonctiorere des populations
insulaires de rats ainsi que les facteurs favorigams impacts sur les écosysteémes insulairesnieshcore mal connus. Des
interrogations persistent sur les mécanismes e¢disntensité d'impact du rat sur des oiseaux moeurs aussi discretes que
certains oiseaux marins. L'idée générale de calirae thése s’inscrit dans la nécessité d'unelewgg compréhension de
I'écologie, de la dynamique de population des romgéntroduits, des mécanismes d'impact du ratlesioiseaux marins,
mais aussi de persistance d’especes, afin de looatra la construction de bases scientifiques e®kuh vue d’une meilleure
évaluation du degré de vulnérabilité des especds & mise en place de stratégies de conservagidimentes et efficaces.
Dans le cadre d'un premier axe de recherche, nous sommes intéressés a la dimension temporelleindasions
biologiques. L'analyse d’'une base de données coanéta. 300 iles et ilots du bassin méditerranéen octalerpermis de
souligner que la persistance sur le long termepéé=ls et puffins de Méditerranée, malgré unegmés ancienne des rats
noirs sur ces Tles, a pu étre facilitée par ladit€ de contextes insulaires aux caractéristidpiegéograghiques variées.
Dans un second temps, une étude plus fine des mgwmd’interactions et d’impact a révélé, de mangontre-intuitive,
des interactions limitées entre rats noirs et paffielkouan au niveau des sites de reproductiopatfiss de I'lle de Port-
Cros (Var), ainsi que des capacités de prédatioitéls des rats noirs sur des ceufs d’oiseaux mami@sie de petite taille.
En outre, une synthése bibliographique des métogdrs employées depuis les 30 dernieres annéesépalurer I'impact
des rats sur les oiseaux marins appuient I'existeleclacunes dans nos outils, illustrant ainsofeefnécessité de combiner
les sources d’information variées afin d'évitertaers biais méthodologiques qui pourraient congiba une mauvaise
évaluation de I'impact des rats, et par conséqdemntegré de vulnérabilité des espéeces. Enfin,d&te I'écologie trophique
d'une population de rats noirs, combinée a un ssini deux années de leurs dynamiques de populagiopatrons de
déplacements sur une petite Tle de Méditerranésgptant une hétérogénéité spatio-temporelle mamgrgs la disponibilité
des ressources, a permis de souligner la faibktigit® écologique et alimentaire des individusnparativement a celle de
la population entiére, ainsi que l'importance difste des apports hydriques et des ressourcesgiierallochtone sur le
fonctionnement des populations de rats. Des pidiasestigations nouvelles sont suggérées qui peraient de mieux
appréhender les processus impliqués dans 'impextrats sur la faune insulaire, dans les extinst@iaspéces mais aussi
dans leur coexistence durable parfois observée.

Mots clés : Dynamique de population, écologie trophique, espéceasives, extinctions, Tles méditerranéennepaat) oiseaux marins,
prédation Rattusspp.

Ecology, population dynamics, behaviour and impactof an invasive rodent, Rattus rattus on
Mediterranean islands.

Abstract
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RatsRattusspp. are considered as a main driver of seabiefaetions and a leading cause of petrel and shearwa
extinction risk. However, the functioning of insulat populations and the factors likely to afféoeir impacts on island
ecosystems are still poorly understood. Indeedstipréngs have been recently raised on the reahamsms and the
magnitude of rat impact on some seabirds with gptier nesting behaviours. The general idea of Bfi® work lies on the
necessity to better understand the ecology, thellptpn dynamics of invasive rodents, the mechasisinrat impact on
seabirds but also of species persistence, in doderovide a robust scientific knowledge for a bettvaluation of the degree
of species vulnerability and designing accurate affitient conservation strategies. As a first sgsh axis, we were
interested in the temporal dimension of biologio&hsions. The analysis of a databaseaf300 islands and islets from the
western Mediterranean basin allowed to underliret the long-term persistence of petrels and she¢arsyadespite the
longstanding introduction of black rats on thedands, may have been facilitated by various bioggmigical contexts.
Secondly, the study of the mechanisms of interastinetween rats and shearwaters, and more partjctia mechanisms
of impact, revealed unexpected limited interactibasveen black rats and yelkouan shearwaters rsfger breeding sites
on Port-Cros Island (SE France), along with limipgddation capacities on seabird eggs, even of sizas. Moreover, a
literature review of the methods used during tte¢ 89 years in studies on rat impact on seabirgsstd the existence of
deficiencies in our research, which illustrate #wng necessity to combine multiple sources ofotmrative evidence in
order to avoid some methodological bias which mawtribute to under- or over-estimate the impactrats, and
consequently the degree of vulnerability of spediésally, the study of the trophic ecology of ltaats, combined with a
long-term survey of the population dynamics and ement paterns on a small Mediterranean island, avittarked spatio-
temporal variation in the availability of resourcedlowed to underline the low individual diet piaity of black rats
compared to the population level, and the imposarfche effects of fresh water inputs and thosalloththonous resources
on the functioning of insular rat populations. Faetuesearch perspectives should focus on bettearstachding the processes
involved in the impacts of rats on insular bioiasspecies extinctions but also in their long-tewexistence.

Keywords: extinctions, invasive species, Mediterraneamiia population dynamics, predatiétagttusspp., seabirds, trophic ecology.
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