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La science pour nous c’est bien, mais POUR TOWSt encore mieux.

A un moment donné de leur vie, de nombreuses espiedeent quitter le confort du cocon familial et
par conséquent, se déplacer, pour aller fonder fanelle ailleurs: c’'est ce qu'on appelle la
dispersion.

Chez de nombreuses espéces, de vertébrés notanmeshtiorsque le duvet de moustache
commence a pousser (dans le cas des mammifere'd 83§ essentiel de disperser. Bien évidemment,
la dispersion ne touche pas uniqguement les makis,aoncerne aussi les femelles, comme c’est le cas
chez les oiseaux. Ce mécanisme essentiel évitmdividus de rentrer en conflit pour la nourrituge
les partenaires reproducteurs. D’une maniére gknédea individus d‘'une méme espece qui exploitent
les mémes ressources sont en compétition. Imagimomsonde ou la dispersion n’existerait pas, les
freres et sceurs d’'une méme portée se disputetagentémes ressources. Et quoi de plus terrible pour
des parents que de voir leurs deux enfants serdeplignon pour le dernier dessert qui restelaur
table ? Mieux vaut piquer le dessert du voisin gelei de la frangine ! De cette maniere, éviter la
compétition, c’est avoir de meilleures chancesrd'@&ans de bonnes conditions pour survivre et se
reproduire. Au final, les individus qui dispersemit des petits en bonne santé qui ont de bonnes
capacités a se reproduire et donc a perpétuerropartement. C’est ainsi que le comportement de
dispersion peut se répandre dans une populatiom.laDnéme maniére, a travers la dispersion, la
reproduction entre apparentés est minimisée. Leodejgtion entre individus génétiquement proches
mene a une augmentation de la consanguinité seiseed par I'accumulation de tares génétiques
provoquant une diminution de la survie des indigidu

Cependant, il n'est pas toujours évident de faoe baluchon pour quitter sa famille et
construire sa propre vie, certains préférerontereprées de papa-maman alors que d’autre plus
téméraires partiront. Il faut étre conscient qudispersion impose des colts non négligeableste®uit
son domicile, c'est augmenter le risque de se faienger par des prédateurs, de périr lors du
déplacement (traversée de route par exemple), daswrouver de coin ou se loger et se nourrinede
pas se faire accepter par ses nouveaux congénélesrester sans partenaire de reproduction. Mais,
du point de vue des génes et a I'échelle de lalptipn, il y a bien souvent plus a gagner a voker d
ses propres ailes !

La dispersion est un processus clef pour la sudese populations car elle permet leur
connectivité. La dispersion est donc d’autant phogortante a maintenir lorsque les populations ont
des effectifs faibles et fragmentés. C’'est pourdjusst essentiel de I'étudier afin d’établir déans de
gestions et de conservation les plus adaptés. @edtse s'inscrit dans cette démarche, mieux
comprendre le déplacement des cistudes pour mésuysrbtéger ! En avant et Kawabunga !

Cha Ché POUR VOUS OT’ mes ptits quinquins, mes ditichins.

Si t6 un Tio Biloute et que té comprind rin a chdispersion, bha jva t'expliquai! Et pis t'inquigie,
y n'a d’autres qui sont po Ch'’ti et qui comprenea’tin quin méme !

Eul dispersion ché kbi ? Imaginons kt'es a't baealec eut famille, tes parents et tes fréres et
cheeurs. Ché bien eud viv' chez ti comme cha, pgueet’as pd bsoin eu’d ker eun aut’ barak, té
dépinse rin, pis ya person’ qui va eu't piquerdirez t6i ! Eul probleme, chi té part pd, ché queaé
finir par faire des galipet’ avec eu't choeurs, B ché po bin. Bha ouais, chinon t vas avoir des
mongolito din ‘t famille | Par contre, chi té parbquer ailleurs, bha la tes tio biloute y chronttto
bieaux, y loucheront méme pd ! Té vois, on comprviibel pourquoi ché importint de dispercher pour ti
et seulement pour ti, tu tin fou ben des au't.

Bha chez les tio biloute cistudes, ché pareil !pBéix avoir un avantach’ a dispercher. Et
pourquoi k'’ché importin d’'a’regarder cha té va rnadx Bha ché bin din min métier de comprindre
comment k’sa fonchionne chi on veut faire quekopear ché ptite tortues. Par eximple, si té
recueilles at barak un cat, t va pas lui donneectér I'herbe, sinon i va claquer s'giff. T luibdne
po d’herbe parce que té sais, t'as appris, quardw del viande. Bha ché pareil pour mi, chi jveux
prindre des mesures efficace eud conservation, daltord comprindre comment fonchionne ché
populations et commint les individus y bougen'trerglles. Ché Comprindre pour mieux protéger.

Ta compri ? Té vois, té po un Boubourse ! Chiratvé po grave, té viendra a'm barak, avec
deux-trois picon biére, cha ira bin mieux pour canyire !
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Résumé

La dispersion, caractérisée par les mouvementglididus dans I'espace conduisant a la
production d'un flux de génes, permet la connegiviles populations. L'étude de la
dispersion est devenue d'une importance primordgdar prédire les conséquences des
changements globaux sur la structure et la dynamides populations. Les especes a
dispersion limitées, comme les chéloniens, sonttiqudierement menacées par ces
phénomenes. Cette étude se propose d'analysesgdardion chez la Cistude d’Eurofar(ys
orbicularis), en régression en Europe, dans un contexte denéatation d’habitats et de
déterminer les causes de ce comportement via Yamale la dynamique et de la génétique
des populations. Nos résultats montrent, d'une, pae les temps de générations lents chez
les cistudes (environ 12 ans) peuvent ralentipfE&nomeénes d’érosion génétique par dérive.
Cette érosion lente est accentuée en présenceaddegr populations méme en milieu tres
fragmenté. D’autre part, la sélection aurait fas@ei la philopatrie chez les femelles cistudes
dans les milieux peu riches en site de ponte daitée densité d’individus car elles ont un
avantage a la territorialité. A l'inverse, le c@ita dispersion diminuerait pour les males car
ce comportement éviterait la consanguinité. Letudes semblent donc tres sensibles a la
compétition intra-spécifique. En effet, la relagatide la densité-dépendance des adultes
permet un recrutement important de juvéniles. Gfteemique favoriserait une récupération
rapide des effectifs aprés une importante pertimbate qui est surprenant pour une espece

longévive dont les temps de résilience sont suFplesds.

Mots clefs

Conservation, capture-marque-recapture, densitérdigmce, dispersion, dynamiguemnys

orbicularis, fragmentation, génétique, metapopulation.



Abstract

Dispersal, characterized by the movements of iddais in space leading to gene flows,
allows populations to connect. The study of displelhss become of essential importance to
predict the consequences of global changes on dpalgtion structures and dynamics.
Species with limited dispersal, such as cheloniars, particularly threatened by these
phenomena. Our study aimed at analyzing the digpefsthe European pond turtl&rys
orbicularis), in decline in Europe, in a habitats fragmentatamntext and determining the
causes of this behavior through analysis of pomulatlynamics and genetics. Our results
show, firstly, that the slow generation timeEmys orbicularigabout 12 years) may slow the
genetic erosion by drift. This slow erosion is attoated with large populations such as
Kerkini populations, even with a strong fragmemtatiOn the other hand, selection would
have favored philopatry in females in habitats Wét nesting site and deers, because they
have the advantage of territoriality. In contrabi cost of dispersal decreases for males
because this behavior allows inbreeding avoidafte. European pond turtles seem very
sensitive to intra-specific competition. Indeede trelaxation of adult density-dependence
allows for a significant recruitment of juveniléghis dynamic promotes an unexpected rapid
response of the population after a major disturbarmecause chelonians are long-lived
animals with a late age of first reproduction aedywhigh generation time, therefore, the time

of resilience to perturbations is also expecteetdigh.

Keywords

capture-mark-recapture, conservation, density-digrere, dispersal, dynamicgmys

orbicularis, fragmentation, genetics, metapopulation.
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lignées haplotypiques (a gauche) climys orbicularis D’aprés Fritz et al. (2007) et
Pedall et al. (2011).

1.1. (a) Map of Greece with location (black squarejhaf Kerkini area (from Chelazet al,
2006). (b) Map of Kerkini area before dam constang. Dotted area: mountains. Light
grey: floodplain). (c) Map of Kerkni area after daonstructions formation (1932 and
1982). Dashed line shows the initial delimitatiohtloe lake after first dam building.
Shaded area: agricultural patches (Crivelli et 8995a,b). 1: Sidirokastro Bridge; 2:
Vironia Bridge; 3: Dam. (d) Location of sampledesit(black circles and ellipses). See
Table 1 for details.

1.2.The simulation of future pairwise population difatiation (square for L1-L2, triangle

for L1-L3 and ring for L2-L3) vidstVvalues for different patch capacity (2000, 700 and
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200 for L3, L2, L1, respectively) and sex-ratio®5b to O from 100 generations without
dispersion between siteskimys orbicularis

2.1. Location of the three study sites at theEofiys orbicularisat the Tour du Valat, in the
Camargue, France. Esquineau and Faisses (blaekhgéet) were both studied for CMR
and genetics while Draille (shaded area) was osbdufor genetics. The stars are the
location of the higher number of fixed two-trappisites. The aquatic corridors between
the two sites are highlighted in dark blue. Modiffeom Olivier et al. (2010).

2.2. Schematization of the probabilities of transitignstandard errors) between Faisses and
Esquineau and their respective ghost site for tmefiean pond turtle€Mmys orbiculari
at the Tour du Valat, South France. Values in laoid in italic represents females and
males transition, respectively.

2.3. Summary barplot of estimates of Q: the estimatemmbership coefficients for each
individual in each STRUCTURE cluster. Each indiatius represented by a single
vertical bar broken into K colored segments, wehdths proportional to each of the K
inferred clusters. The numbers (1, 2 and 3) comegdpo the sampled sites (1=Esquineau,
2= Faisse and 3=Draille).

3.1. Characteristics of the different management p&rte Esquineau European pond turtle
population (Tour du Valat) from 1997 to 2013. Thanber of cows reflects cattle grazing
intensity: low (one), moderate (two) and high (#)réAreas in grey show the presence of
water and blank areas its absence. Flooding of reargn autumn was artificial and in
winter was natural.

3.2. Number of European pond turtle births per yeaesisnated from the age of the newly
marked individuals oEmys orbiculariscaptured at the Tour du Valat for each study site

(the Esquineau in dark and the Faisses in greyhéthree different management plans.
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3.3. Population size (+x SE) dEmys orbicularisat Tour du Valat, for the three different
management plans. (a) For adults. (b) For juverfdg$-or the whole populations. Black

square curve are for the Esquineau and white anoéefor the Faisses site.
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Introduction générale

La dispersion est définie par les mouvements diiddis (ou de propagules) dans I'espace qui
conduisent a la production d’'un flux de genes (Ror&007 ; Clobert, 2001). La dispersion
permet donc la connexion des populations vivans dkes habitats favorables, encore appelés
patchs, et séparées par une matrice qui leur éstatéble. Ce comportement est donc un
ingrédient essentiel de la dynamique des métaptipuga La métapopulation se définit alors
comme une population structurée spatialement enésundistinctes (sous-populations)
connectées par des mouvements de dispersion (L.€b&® ; Hanski and Gilpin, 1997).
Sous l'influence de la stochasticité environnementa démographique, les sous-populations
subissent tour a tour des extinctions locales strdeolonisations (Levins, 1969). Ainsi, les
métapopulations ne peuvent que persister du faitédeilibre entre extinctions locales et
recolonisations (Hanski, 1998), a condition que debanges d’individus disperseurs entre
sous-populations soient suffisamment fréquents.

L'importance de I'étude de la dispersion a été ditnée des la fin des années 1960
par Charles Krebs et al. (1969). Ces auteurs olé es populations de campagnols par une
barriére les séparant de populations naturelle;isDin premier temps, les effectifs des
populations captives se sont accrues de manieseirtrgortantes jusqu’a des valeurs non
rencontrées dans les populations naturelles adgeans un second temps, ces effectifs se
sont écroulés jusqu’a I'extinction des populatioaptives. Krebs et al. ont ainsi montré que la
dynamique d'une population de rongeurs pouvait @ravement impactée lorsque les
individus ne peuvent pas se déplacer (I'effet Krebd'effet barriére). La dispersion a alors
commenceé a susciter un intérét grandissant, gonduit a la caractérisation de deux types de

dispersion liés a I'age des individus : la dispmrshatale et la dispersion de reproduction
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(Greenwood and Harvey, 1982). Chez certaines espeoenme les oiseaux coloniaux par

exemple, les individus prospectent parmi différenp@pulations (i.e. colonies) avant leur

premiéere reproduction, choisissant ensuite de m®deire soit dans une nouvelle population

(i.e. dispersion natale), soit de retourner nictk@ns leur population natale (i.e. philopatrie

natale). Chez d’autres espéces, c'est au stadecagué les individus dispersent, le plus

souvent aprés un échec de reproduction (apréesuréeau les ressources alimentaires ont
été insuffisantes pour nourrir les jeunes, ou alrgsédation des ceufs, par exemple) et vont
ainsi rejoindre une nouvelle population (i.e. disp@n de reproduction).

L’étude de la dispersion s’est généralisée et djulté de ce comportement parmi les
organismes laisse supposer que ce mécanisme apportportants avantages sélectifs
(Greenwood, 1980 ; Clobert, 2001). Aujourd’hui, fasteurs qui favorisent I'évolution de la
dispersion peuvent étre groupés en 3 catégoridacteurs : écologiques, génétiques et
sociaux (Clobert et al., 2004). Le facteur habigécifique (i.e. écologique) regroupe
'ensemble des parametres biotiques et abiotigeesgnt motiver la dispersion comme la
disponibilité de nourriture et/ou la présence dédpteurs, de parasites ou encore de
compétiteurs inter-spécifiques. Ainsi, la capadeé disperser peut s’avérer essentielle aux
individus pour persister dans un environnement geant. Lorsque les conditions climatiques
sont variables, ou lorsque I'habitat est partigelgent fragmenté, les espéces capables de
disperser ont I'avantage d’avoir une probabilitéspiorte de retrouver un habitat de meilleure
gualité (Clobert et al., 2008). Le second factewofisant la dispersion est lié au choix du
partenaire et a donc des causes génétigues. Enlaffisspersion permet dans un systeme trop
fermé d’éviter la consanguinité. Le flux génique@& par la dispersion permet d’augmenter
la diversité génétique a lintérieur d’'une popuwati(Greenwood and Harvey, 1982). Le
dernier facteur, social, regroupe tous types dations intra-spécifiques (coopération,

compétition intra-spécifique asymeétrique,...) qui et étre considérées comme des sources
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de la dispersion densité-dépendante. En effetitddent de la compétition intra-spécifique
est avancé comme l'un des principaux bénéficesaddidpersion. Ainsi, les individus qui
dispersent d’un site fortement peuplé a un sittaalensité est plus faible sont susceptibles de
trouver un lieu avec des ressources plus abondattgeu de compétiteurs, ce qui leur
confére un avantage certain en termes d’'aptituéagpique (Clobert et al., 2008). Bien sar
ces catégories ne sont pas cloisonnées et il gairiamt de considérer que des interactions
existent entre ces 3 facteurs. De méme, la capadligperser ne peut étre considérée comme
un trait fixé, c'est-a-dire que tout individu dent@tapopulation aurait la méme probabilité de
disperser avec succes. La dispersion varie aveéaineraspects de la condition individuelle,
comme l'age (vu précédemment) ou le sexe.

La dispersion biaisée pour le sexe, c'est-a-die @usont soit les males ou soit les
femelles qui dispersent dans de grandes proportiestsobservée chez un grand nombre
d’espéece (Clobert et al., 2004). Parce qu’ils n& pas sujets aux mémes pressions sélectives
(notamment par sélection sexuelle), méles et fanask différencient, en plus de leur genre, a
de nombreux égards: morphologie, physiologie empmrtement (Gross, 1996). En
particulier, les femelles ont une production de g&® limitée et par conséquent vont
maximiser la qualité des jeunes a travers le ngsage et/ou le choix du partenaire. A
l'inverse, les males sont plus limités par le noente partenaires disponibles (Andersson,
1994). Le type de régime d’appariement (monogamddyandrie,...) pourra restreindre la
facon dont la sélection sexuelle agira sur chagxe ®t, par conséquence, influencera sur
I'investissement respectif dans lI'acquisition dessources et des partenaires. Sur la base de
ces hypotheses, Greenwood proposa en 1980 quaisedei dispersion selon le sexe observé
chez les oiseaux et les mammiféres soit lié anddealité, fondée sur les ressources, et
uniquement présente pour I'un des deux sexes. #etne dit, pour Greenwood, le sexe

territorial serait le sexe philopatrique. Ainsi,slgeunes du méme sexe que le parent
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philopatrique qui ne dispersent pas ont une prdi@ibinportante d’hériter du territoire de ce
parent. En ce sens, les avantages du sexe phitpmatsont importants : connaissance de
'habitat et évitement de la compétition pour urriteire. La progéniture de sexe opposé
aurait également des avantages dans de tellesisiecmwes, mais la probabilité de s’accoupler
avec un proche parent serait importante et parécuent ces jeunes devraient payer le colt
de la dépression de consanguinité (Ebert et d02RTes jeunes auraient donc un avantage a
disperser. Sujet a controverse, I'évitement deol@sanguinité serait de nos jours le principal
moteur permettant d’expliquer la dispersion biaipae le sexe. Il faut toutefois préciser
gu’'une large majorité des especes ont une propod®® disperseurs appartenant aux deux
sexes suggérant que d’'autres facteurs, commediéeit de la compétition entre apparentés,
entrent aussi en jeu (Perrin and Goudet, 2001).

L’étude de I'évolution de la dispersion se dirigend de plus en plus sur l'action
combinée de plusieurs facteurs pouvant expliqueroceportement (Baguette and Van Dyck
2007 ; Baguette et al., 2013). Perrin and Mazal®89 ; 2000) ont considéré par exemple
gue I'évolution de la dispersion biaisée par leesest dlie aux effets joints de I'évitement de
dépression de consanguinité et de la compétiticaldopour la ressource et le partenaire
reproducteur. De nombreuses études empiriquessaeaypar Clobert et al. (2001) montrent
gue la décision de quitter sa population localeeddpde la qualité de I'habitat en termes de
ressources alimentaires, de la quantité de refudes, prédateurs, des parasites et des
compétiteurs intra et inter-spécifiqgues. La plupdet espéces étudiées semblent avoir une
réponse de dispersion état-dépendante aux chantewheda qualité de 'habitat. Ainsi, la
dispersion dépendrait des décisions d’individussdanespace donné, a une période donnée.

Cette hétérogénéité peut conduire a la différelmciaimorphologique entre les
individus disperseurs et philopatriques. Par exemghez le lézard a flancs macul&sa

stansburiang, les individus ont des couleurs de gorge quied#ht selon leur schéma de
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dispersion (Sinervo and Clobert, 2003). Cependahtz la majorité des espéeces, les
différences entre individus disperseurs et non etigurs sont bien plus subtiles et sont
d’ordre physiologique ou comportemental. Chez ®gagnols par exemple, les individus
asociaux sont prédominants parmi les dispersenrs, (1990). Cette disparité nous montre
gue ces deux stratégies, disperseurs ou philopafjgpeuvent étre sélectionnés. Par
conséquent, la dispersion implique des colts et pge contre-sélectionnée. L'individu
disperseur s’expose, lors de la phase de transéitre sites, a la prédation (Ims and
Andreassen, 2000) et aux autres dangers liés alacdépent (Ronce, 2007) : naturels
(conditions climatiques extrémes...) ou artificiederasement par les véhicules, noyade dans
des filets...) augmentant considérablement la megtalde plus, le milieu colonisé peut se
révéler sans ressources ou sans partenaires repgackicompatibles risquant de rompre des
complexes de genes coadaptés (Wiener and Feld®@8). Par ailleurs, dans certains cas, la
philopatrie permet d’augmenter les chances d'héditen territoire parental de haute qualité
favorisant I'acces au partenaire reproducteur pamgle, comme c’est le cas chez les espéces
se reproduisant en lek (Petrie et al., 1999). Ertlesion, I'évolution de la dispersion, comme
tout comportement en écologie, est dépendante deal@nce entre colts et bénéfices
permettant dans certains cas la sélection de cpaement et d’en autres, la philopatrie (Fig

1).
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Facteurs sociaux
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Bénéfices>colits
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Colits>bénéfices

| » Facteurs écologiques

Facteurs génétiques

Figure 1. Multiples causes qui agissent sur I'évolution dedispersion. Chaque cause est
associée a des codts et des bénéfices. Le zélessaxes symbolise le point ou les codts et les
bénéfices sont contrebalancés et le point noirullaye global entre colts et bénéfices.
L'évolution de la dispersion peut résulter de teutes pressions de seélection agissant
ensemble, selon la maniere dont la dispersion @eatconsidérée comme un trait bien défini
ou au contraire, révéler de comportements distismis le controle de différents mécanismes.

Modifié a partir de Hanski and Gaggiotti (2004).

Depuis le milieu des années 1990, I'étude de Igpedsson a subi un nouvel
engouement. En effet, comprendre pourquoi et corhrfemn animaux et les plantes se
déplacent est devenu d'une importance primordialar porédire les conséquences des
changements globaux et de la fragmentation adifecides habitats sur la structure et la

dynamique des populations (Bowler and Benton, 2003 fragmentation d’origine
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anthropique constitue une des plus grandes meaatgslles pour la biodiversité. Elle a pour
effet de réduire la capacité des organismes a mispesntre les différents patchs. Par
conséquent, elle conduit a isoler des populatiensionc a augmenter le risque d’extinction
par dépression consanguine ou par stochasticitégi@mphique (Harrison, 1991). Les espéces
ayant des capacités de dispersion limitées sontatiaplus menacées car incapables de réagir
a une telle dégradation de leur environnement. Daeiere géographique, telle qu’'une
matrice d’habitat infranchissable, peut constituarréel obstacle a la reproduction et a la
survie des individus. Dés lors, on comprend midnérét croissant pour cette problématique
en biologie de la conservation. En effet, I'enjee dette discipline dépend de la
compréhension du fonctionnement et de la strualese populations qui permettent de tirer
des conclusions éclairées sur I'échelle a laquelietéger les espéces ainsi que les
écosystemes dont elles dépendent.

Les zones humides comptent parmi les écosysterseglus fragmentés et les plus
dégradés a I'échelle mondiale (World CommissiorDams, 2000), ils sont donc fortement
menacés. Depuis 2008, un groupe d’experts surctesystemes au sein de I'UICN s’attache a
développer les fondements scientifiques pour usteLRouge des Ecosystémes sur laquelle
seraient inscrites les zones humides (Keith et2411,3). L'objectif est de coordonner un
processus de consultation menant a [I'élaboratiomned’ méthodologie mondiale pour
I'évaluation de I'état des écosystemes, de marid@ogue a la Liste rouge des espéces
menacées de I'UICN (www.iucnredlist.org/). Parms lespéces vivant dans les zones
humides, de nombreux reptiles, amphibiens et pogssmt des capacités de dispersion
limitées (Knutson et al., 1995). On considere gq6ea4s57 % des tortues d’eau douce sont
hautement menacées par la destruction des zonesddsiniBohm et al., 2013). La

connectivité de ces milieux fragmentés est doncne&’umportance cruciale pour la
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conservation de ces espéeces. Déterminer le degréd®nges entre patchs et I'échelle
spatiale a lagquelle ces interactions ont lieu@std&mental pour une gestion efficace.

L’étude de la dispersion chez les tortues d'eawceldgomme chez la plupart des
especes) peut étre considérée sous deux aspeutpauix : la connectivité démographique,
prenant en compte les flux de disperseurs entrailgipns par analyse de données de
capture-marquage-recapture (CMR) ou de radiotackih¢p connectivité génétique, prenant
en compte les disperseurs efficaces, c'est-a-dine qui se sont effectivement reproduits dans
la population d’accueil.

Les études de dynamique des populations montemtles tortues aquatiques sont
trés fideles a leur site et ont des mouvementgdsniMitro, 2003 Roe and Georges, 2007 ;
Roe et al., 2009). Cette philopatrie peut étre iclémée comme stable et durable. Une étude de
capture-marquage-recapture (CMR) s’étalant surnt@es montre ainsi que 'Emyde a dos
en diamantNlalaclemys terrapiprestent fideles a leur sit&ibbons et al., 20Q1et parfois
méme, pour certaines especes, a une superficiaalgugs m2 (Roe and Georges, 2007). Les
femelles semblent montrer un degré de fidélité physortant que les méles, notamment lié a
la disponibilité et a la qualité des sites de pdB@wvne et al., 2006) . Une étude montre que
33 a 40 % des femelles ont été trouvées a moirk de de leur lieu de premiére capture au
cours de deux saisons de reproduction, leur sglhcEment étant lié a la recherche de site de
ponte (Szerlag-Egger and McRobert, 2007). Les males ositcdenportements exploratoires
plus prononcés, notamment pour la recherche deraré (Bower et al., 2012 ; Chelazzi et
al., 2007). D’'une maniere générale, la majorité d&slacements pour les deux genres sont
provoqués par la recherche de zones plus favoraldermes de ressources (alimentaires,
sites de refuges et de thermorégulation ; Coserdgtnal., 2010 ; Roe et al., 2009) et de
disponibilité en eau (Roe and Georges, 2008). Baséaruent, les tortues peuvent se déplacer

souvent a l'intérieur d’'un domaine vital qui resoeitefois restreint (Bowne et al., 2006).
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Cependant, il faut noter que les males et les flesialont capables d’effectuer d’'importants
déplacements en milieu aguatique comme en milieasiee pour trouver un site de qualité
(Herman et al.,, 1995 ; Stone, 2001). Ainsi, de fa¢@s ponctuelle, on peut relever la
transition entre deux sites d'une femelle sur ples5 km (Gibbons et al.,, 2001) ou des
déplacements par les males de plus de 25 km (Betwaty 2012)

En raison de la forte fidélité globalement obsenlgs échanges entre populations sont
supposeés faibles. La fragmentation artificielléstprésente chez les tortues d’eau douce, ne
fait qu'accentuer ce schéma. Plusieurs études metteavant 'augmentation de la mortalité
des femelles due a I'écrasement par les voitunesde la recherche de site de ponte (Steen
and Gibbs, 2004) et leur impact sur la structure pgpulations (Laporte et al., 2013). Ainsi,
de plus en plus de populations ont des sexe-rdtiasés par une majorité de males.
Actuellement, de nombreuses populations fragmerdée®rtues n'ont plus une dynamique
de population suffisamment forte pour permettreetalonisation des sites voisins (Tucker et
al., 2001). Cette absence de connectivité est amse en avant dans plusieurs études de
génétique des populations (Escalona et al.,, 2086uyza et al., 2002). Elles montrent
indirectement, par l'utilisation de marqueurs génés, que les flux de génes sont limités par
les barrieres induites par la fragmentation (Modkfet al., 2007). La fidélité au site est
également mise en avant génétiguement et le plusesbassociée a des modéles d’isolation
par la distance (Escalona et al., 2009). Dans gagsages moins fragmentés,
’lhomogénéisation de la diversité génétique estvgmaée par la dispersion des males
(Sheridan et al., 2010). Ainsi, les biais de disjwar observés pour les méles (Hart, 20§19
forte fidélité au site pour les femelles (Freedbetrgl., 2005) dans les études démographiques
sont également révélées par les marqueurs molgeslaD’autres études concernant les
tortues aquatiques montrent au contraire de faibigsaux de différenciation suggérant

d’'importants flux de genes par une dispersion plysortante qu’elle n’est supposée chez les
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tortues aquatiques (Castellano et al., 2009; Lamd Avise, 1992 ; Silva et al., 2011).
Cependant, certains auteurs comme Hauswaldt amth@05) expliquent que I'absence de
différenciation dans ces populations est due aagesgations de reproduction ou males et
femelles se retrouvent dans un milieu favorable axoouplements a une période trés précise
de l'année. Ainsi, ces regroupements peuvent exgtig la fois la philopatrie observée et
'absence de différenciation génétique. Ces méma®ues supposent également une
dispersion natale des tortues aquatiques non médlig. Pour expliqguer I’homogénéité
génétique, Sheridan (2010) et Davy (2013) mettenaveant I'importance de la taille de la
population et du temps de génération important cesztortues d’eau douce dans le
phénomene de différenciation. En effet, ces dewarpatres ralentissent le phénoméne
d’érosion génétique par dérive. Par conséquempbict de la fragmentation sur les flux de
genes peut étre masqué (Shanas et al., 2012). ietusmn, les modalités de la dispersion
chez les tortues d’eau douce sont presque auséesajue peut I'étre la dispersion dans sa
globalité. Néanmoins, un schéma de dispersion serebl dégager dans la majorité des
publications : une forte fidélité au site, notamimee la part des femelles, dépendante de la
gualité du milieu, et un flux de génes assuré gamales. Cette absence de grandes capacités
de dispersion est renforcée par la fragmentatidificaglle qui isole de plus en plus les
populations. Nous pouvons également noter que lyaaade la dispersion chez les tortues
d’eau douce peut se faire par I'analyse de la gfuitdes populations de leurs parasites
(Verneau et al., 2009) ou par I'analyse des graineslles propagent (Burgin and Renshaw,
2008).

La Cistude d’Europe Emys orbiculariy est une espéce emblématique des zones
humides européennes. C’est certainement I'espedertiee (avec la tortue d’Hermann) la
plus étudiée en France et en Europe. Il faut toiggbréciser que la Cistude est la seule

espece de chélonien largement répartie sur toterdpe, ce qui suscite de nombreuses
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études. Cependant, le vif intérét pour ce chélowmient aussi probablement du fait que c’est
également le reptile qui a le plus régressé ergv® kBt 1990 avec une réduction de plus de 2
% de son aire de répartition (Servan, 1999). Qétteession d’aire reflete I'impact de toutes
les perturbations anthropiques contemporaines sw aspéce a dispersion limitée :
disparition et altération d’habitat, pollution, tlestion directe, prélevements d’individus,
fragmentation... De nombreuses études se sont penchgela phylogéographie de cette
espece (Fritz et al., 2007 ; Lenk et al., 1999;aed al., 2011 ; Sommer et al., 2009 ), offrant
aujourd’hui une connaissance accrue de la rémartile I'espéce et de sa dynamique
temporelle sur toute son aire de répartition erofgmais aussi au nord de I'Afrique et au

Moyen-Orient (Fig. 2).
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Figure 2. Aire de distribution actuelle des populations naitasd’Emys orbicularis(au sud
de la ligne noire) et localisation d’échantillorbfassiles datant de 'Holocéne (points noirs).

D’aprés Sommer et al. (2007).
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La caractérisation des haplotypes chez des indvaahuels, mais aussi subfossiles, a
permis d’identifier les refuges glaciaires et denpeendre les voies de recolonisation de
I'Europe, notamment aprés la derniére grande dlani@Fig. 3). La répartition prépondérante
de la lignée haplotypique Il (associé a la soug@sh. orbicularis orbicularig sur tout le
continent indique un épisode majeur de recoloriradi partir d’'un refuge glaciaire situé au
niveau de la Gréce. Les cistudes auraient utiéiséilieres et les étangs a travers les Balkans
pour de grandes dispersions (Sommer et al., 2@@Hjtéant la colonisation des pays Baltes et
du nord de I'Europe (Allemagne, Danemark, Norvégegleterre) et aurait ensuite colonisé la
France par le nord (Bourgogne, Auvergne) par diesspgéplacements (50 km parcourus pour
100 ans; Sommer et al.,, 2007) jusqu’'au Pyrénéepassant par la Camargue. D’autres
refuges glaciaires ont été déterminés, caractépiaeta présence de lignée haplotypique bien
définie, en Espagne (lignée VE. orbicularis fritzjuergenobs}j au sud de [ltalie
(comprenant la Corse, la Sardaigne et le sud dé&rdace, lignée V,E. orbicularis
galloitalica), au niveau du littoral Adriatique (lignée ¥, orbicularis hellenicd et au nord

du Moyen-Orient (lignée E. orbicularis orbicularis.
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trinacris

fritzjuergen-
obsti

galloitalica
lanzai
hellenica capolongoi

30



Figure 3. Réseau haplotypique (ADN mitochondrial, cytochrdonea droite) et distribution
des lignées haplotypiques (a gauche) dBew/s orbicularis D’aprés Fritz et al. (2007) et

Pedall et al. (2011).

D’autre part, de plus en plus d’études de dynam@fude génétique des populations
nous montrent le fonctionnement des populationasnenseignent sur leur structure et leur
connectivité et, qui par conséquent, analysentdpedsion, le plus souvent dans un contexte
de fragmentation (Pereira et al., 2011). La cistndesemble pas échapper au schéma que
nous avons défini précédemment. En effet, 'esp&reble trés fidele a son site (Ayres and
Cordero, 2007 ; Cadi and Miquet, 2004 ; Lebboraom €helazzi, 1991) et posséde de faibles
capacités de dispersion (Sommer et al., 2009).feémelles sont caractérisées par une plus
forte philopatrie (Bona et al., 2012) et on receds®s mouvements de dispersion plus
important de la part des méles (Olivier et al., ®01a fidélité des femelles est également
dépendante des sites de pontes, mais peut vaoerles individus (Mitrus, 2006).

La quasi-totalité de ces découvertes vient ded@étde populations de faibles effectifs
et vivants en zone protégée (Réserve Naturelle, Raturel Régional,...). Tres peu d’études
ont examiné l'impact de la fragmentation sur laciire des populations non protégées et non
gérées. Par le biais de ce travail de these, noussasouhaité aborder ce point. Ainsi, et ce
sera l'objet du premier chapitre, nous avons déterriiimpact de la fragmentation sur des
populations de grands effectif, dans une zone Ramma gérée, en Grece au niveau du lac
Kerkini. Cette zone a subit la construction de dbarages (en 1932 et 1982) favorisant la
rétention d'eau pour l'agriculture et provoquant thsparition de la zone humide
précédemment présente au profit d’'un grand lacopubf Cette rétention s’est suivie d’'un
intense endiguement. Nous supposons que la plaim@ndation représentait un

environnement tres favorable aux cistudes et quiisgarition a provoqué un éclatement des
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populations dans les refuges favorables (marggreivsitués uniqguement en quelques points
autour du lac de barrage. Aujourd’hui, nous pensgue ces populations ne sont plus
connectées et que cette fragmentation a un impada structure génétique des cistudes. Pour
répondre a notre hypothése, nous avons étudiéniaectivité des populations situées autour
du lac Kerkini, par l'utilisation de marqueurs gégées mitochondriaux (cytochrome b) et
nucléaires (microsatellites). Par ailleurs, nousnavproposé un modele de I'évolution de la
structure génétique de ces populations grecquadem®00 prochaines générations.

D’autre part, comme nous l'avons vu précédemmégttjde de la dispersion ne peut
étre dissociée de I'étude des métapopulations.t®uyupeu d’études sur les chéloniens d’eau
douce (Gibbs, 1993) prennent en considération haedsion métapopulationelle. Dans le
chapitre 2, nous avons souhaité étudier la disperdémographique et génétique de trois
noyaux de populations de cistude en Camargueaséskerve Naturelle Régionale de la Tour
du Valat, suivies par capture-marquage-recaptupeigdel 997 (pour deux d’entre eux). Nous
avons supposé que ces deux noyaux suivies par @iants d'1,5 km et connectés par de
nombreux corridors biologiques, étaient liés pae importante dispersion provoquant une
homogénéisation génétique. Pour répondre a cetigtiqn, nous avons utilisé des modeles de
dynamique des populations permettant de quantdeemouvements de transition entre deux
noyaux. Par ailleurs pour déterminer si ces mouwnesn@menés a la production d’un flux de
génes entre les noyaux, nous avons utilisé des umars; génétiques nucléaires
(microsatellites) et mitochondriaux (cytochrome b).

Pour finir, en plus de ces deux objectifs concetriianalyse de la dispersion chez la
cistude, nous avons souhaité développer une étlute appliquée, exposée dans %3
chapitre et montrant la facon dont la dynamique pigsulations peut étre utilisée par des
gestionnaires d’'espaces protégés dans un contextgestion intégrée. L'objectif de la

biologie de la conservation étant de fournir desgywes et des outils pour la préservation de
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la diversité biologique (Besnard, 2013), nous nmmwgrcomment estimer, par l'utilisation de

modeéle CMR, I'impact des changements des plansdion d'eau et d’intensité du paturage
sur les tailles de populations de cistudes de la @a Valat. Cette démarche alliant sciences
et gestion, nous a permis en paralléle d’estimegéddience des populations longévives face a

une perturbation.
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Chapitre 1

Impacts of dam construction on the genetic structug of a
long-lived species, the case of the European ponattle

(Emys orbicularis) in Kerkini (Northern Greece)
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Abstract

The European pond turtl&mys orbicularisis a long-lived freshwater turtle species,
characterised by a large generation time and I@petsal abilities, is affected by home range
reduction due to loss of favorable habitats, cortipatwith invasive species and landscape
fragmentation. We investigated the impact of damstwictions in Kerkini (Northern Greece)
using both mitochondrial DNA and microsatellite kens to assess and compare genetic
diversity levels between populations around theentdn lake, infer past and present
connections, and we tried to determine evolutionthed genetic structure of populations
through simulations for the next 100 generation® Wund high level of private allelic
richness, and no genetic differentiation for popataaround the lake. We supposed that these
populations are originating from a large historigadpulation present before the dam
construction in a favorable floodplain. The popuatsize was kept sufficiently large that the
changes in allelic frequencies due to the gendiit a@re not sufficient to reduce genetic
diversity in spite of no gene flow and the begignpopulation isolation. We estimated tens of

generations, depending of the population sizenacessary to obtain a start of differentiation.

Key words

Conservation genetickEmys orbicularisdam, genetic differentiation, long-lived species,

freshwater turtle.
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Introduction

Currently many species of freshwater turtle arenaitagly declining (Buhlmann et al., 2009).
The destruction or degradation of wetlands habitatonsidered as one the major causes of
the decline and habitat fragmentation throughffiscés on population size and connectivity is
playing a key role (Dodd, 1990; Williams and Osektp2007). Freshwater turtles require
both aquatic (feeding) and terrestrial (nestingditaés to complete their life cycle and the
impact of global change on these habitats needi tquantified in order to understand the
ultimate causes of population decline (Ficetolalgt2004).

Recently, several genetic studies have compareetigetiversity among “isolated” or
“fragmented” populations and “continuous” or “urgraented” populations (e.g. Richtsmeier
et al.,, 2008; Pittman et al., 2011; Banning-Antheamy, 2012). Other studies have
investigated the effects of predefined barriers gene flow such as dams or urban
development (e.g. Bennett et al., 2010). Thesaedighow that anthropogenic activities have
consequences on the genetic structure of the poguland produce important population
differentiation associated with restricted genavfl@.g. Sethuraman et al., 2013; Richtsmeier
et al., 2008, Selman et al., 2013), low geneticedity (Gonzalez-Porter et al., 2011),
morphological variations between populations (Gaaquet et al., 2010) and population
bottleneck (Escalona et al., 2009). However, otitedies produced contradictory results with
reduced effects of wetland destruction resultingpmm intra-specific differentiation in several
turtle species (e.g. Amato et al., 2008; McGaugil.eR008).

Population genetics response of freshwater turtlesfragmentation is poorly
understood and difficult to estimates (Alacs ef 2007). Freshwater turtles are long-lived

organisms with delayed sexual maturity, low repiiche success and large generation time
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(Couturier et al., 2011). These life-history chaeaistics may delay the genetic erosion due to
genetic drift. In addition, many species are oftdraracterized by low dispersal abilities
(Couturier et al., 2011) that might induce restéictgene flow and differentiation even in
absence of anthropogenicaly induced fragmentatimmce, for a given effective population
sizeNe, more time is needed in order to detect the impabbth drift and reduced gene flow
and modeling is often required predictive studdsuenschwander et al., 2008).

The European pond turtl&ifnys orbicularig is the reptile showing the most important
range reduction in Europe since the 1970s (Seri@89) and the species is considered in
decline (Cadi and Joly, 2004). The principal causfegond turtle rarefaction is habitat loss
and anthropisation (Rogner, 2009). Many human pest(water management, agricultural
development, road network...) have an important impadhis freshwater turtle and produce
population fragmentation (Rogner, 2009; Trakimas Sidaravicius, 2008).

The phylogeography oE. orbicularis have been extensively studied allowing to
identify glacial refugia, dynamic of inter-glaciati colonization and latitudinal gradient of
diversity (Fritz et al., 2005, 2007; Lenk et al999;Velo-Anton et al., 2008; Pedall et al.,
2011). On the opposite, population and conservagenetics of this species was only recently
approached. Population differentiation might ocatirvariable spatial scale, ranging from
geographic distance to very local scale (Velo-An¢bral., 2008). Microsatellite loci proved
useful in assigning ex situ individual to their imatnatural population (Velo-Anton et al.,
2007). Corridors assumed to maintain gene flow betwpopulations were identified as not as
efficient as expected (Molnar et al., 2001). Redudwersity and inbreeding associated with
anthropogenic pressure was identified as incregsiogortion of individuals with anomalous
shell morphology (Velo-Anton et al., 2011).

In Northern Greece, the Kerkini area, a Ramsar, bitdorically characterized by a

floodplain representing a continuous habitat Eororbicularis,was modified since the early
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30s by the construction of dams and associatedsddse well as increasing use of water for
irrigation associated with the expansion of ricétwre. As a consequence, Kerkini wetland
area has drastically reduced and has been heawmippadated with a consequent loss of
biodiversity (Pyrovetsi and Papastergiadou, 199®;eli et al., 1995a; Crivelli et al., 1995b).
The distribution of populations is now scattereduaid some restricted part of the lake
occupying now most of the original flood plain. Bothe lake itself and extension of
agriculture lands around it seem to be both detrtalfor European pond turtles settlement
and present reduced structural connectivity betweggulations. Dam lakes are known to be
associated to reduced water velocity and increasatgr depth, both and lower oxygenation,
a factor known to impact diving ability in freshwaturtles (Clark et al., 2009). Agricultural
areas are known to be less favored by freshwatdedu(Bodie and Semlitsch, 2000) and
might reduce connectivity between ponds (Bowne lgt 2006). Agricultural activities
(pesticide, harvesting) might be a source of midbytahd nesting site perturbation (Steen and
Gibbs, 2004). This Ramsar area have been extengvespected in spring and summer over
the last 14 years by one of the co-author (NT)vahg an assessment of the distribution of
sites were turtle can be observed (feeding or bg¥kirhe number of sites harbouring turtle is
limited and the remaining populations around the lanight be actually characterized by low
functional connectivity. As approximately 8 geneyas (see Material and methods) have
passed since the construction of the first dam rifight have resulted in promoting genetic
differentiation. In addition, if such fragmentatidras been associated with a reduction in
effective population size, both diversity and diffetiation by also have been impacted by
genetic drift. This situation provides an origigald pertinent model to quantify for the first
time the effect of dam-lake habitat fragmentationize genetic diversity and spatial structure

of Emys orbicularis
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Northern Greece is known to harbour two mtDNA haga lineages (I and II; Lenk
et al., 1999; Fritz et al., 2005) characterizedsbhgllow divergence (0.53-0.95 %). Lineage Il
is considered as being present since a long tirhdethe presence of lineage | is thought to
be associated with more recent post glacial coltium from the west (Lenk et al., 1999; Fritz
et al., 2007). Both haplotypic lineages are exmkettebe present in the Kerkini area. The
potential impact of the species phylogeographitohysis therefore to be taken into account
while studying contemporary population genetic duie. It has been observed in other part
of E. orbicularis distribution contact zone with either asymmetmdtrogression (nuclear
genome of one haplotipic lineage replace by theogenof another lineage) or to a lower
extends individuals with mixed ancestry (Pedallaét 2011). Alternatively, one could
hypothesized that two lineages might have mixecefarugh time to erase any differences.

The aim of our study is to investigate the impéddKerkini’'s landscape modification;
both agricultural extension and the constructiothefdams and associated lake on the genetic
diversity and its spatial distribution. First, welied on both mitochondrial DNA and
microsatellite markers to assess and compare getieérsity between populations as well as
its spatial structuration. Site along the rivertugsm of the dam-lake were sampled in order
to evaluate the spatial at which differentiatiorghtioccur in the absence of anthropogenic
action. The fact that the phylogeographic histdryhe area was not the factor explaining the
spatial structure was taken into account. Secomdfomk advantage that one of the studied
sites has been followed for more than 14 years &gt@e-Mark-Recapture (CMR) and that
over 1200 turtles were marked to estimate demographe, generation time and compared
genetic results about gene flow were to emigratime from this site. This would allow
testing if dispersal occurred over recent pastalginwe used simulation to evaluate in a
prospective framework the evolution of the gendditferentiation between populations

through simulations for the next 100 generations.
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Materials and methods

Study area

The Kerkini (41°12N, 23°09E) area is located ca k@O north of Thessaloniki in northern
Greece, close to the Bulgarian border (Fig. la,ld2ae et al., 2006). This area was
historically the flood plain of the Strymon Rivendits tributary, the Kerkinitis River. All the
area (Fig.1b) was considered at that time as beesgtable continuous habitat for pond turtle
(Crivelli et al., 1995a). Part of the land was sfammed into an irrigation reservoir-lake by
the construction of a dam and a dyke to the ea$08®2 (Fig. 1c). Following major siltation
and an increase in the area being irrigated, a heher dam was erected in 1982 (Fig. 1c),
with a new dyke to the west, and a higher eastiémm chusing further habitat and landscape

disruption (Crivelli et al., 1995a, 1995b).

Sample collection

We collected blood samples from 212 Pond turtlemf6 sites during spring 2011 (Fig. 1d,
Table 1). Three sites (L1-L3) are located aroural lthke while two sites (L4 and L5) are
located in a non-impacted area upstream the StryRiver. Turtles were caught with fish
traps or directly by hand. Blood were sampled fidorsal tail vein (or dorsal coccygeal vein)
and stored in preservative buffer (Seutin et &91). We collected blood samples of up to 0.2
ml from terrapins aged above 3-4 years old. Gen@h#é was extracted from 15ul of blood,
using a standard phenol-chloroform protocol (Hi#tsal., 1996). The resulting DNA pellets

were resuspended in 100 pl TE buffer, pH 8.
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Population demographic analysis

In 1998, we started to mark terrapins individuallymarginal scutes with hacksaw (Olivier et
al., 2010) within the L3 site at sub-sites withi2ZODm from each other. From 1998 to 2012,
we run a standardized monitoring program (CaptusekMRecapture, CMR) by trapping
terrapins every two weeks, from April to mid-Augulstr two consecutive days (see Chelazzi
et al., 2006). Morphological measures (length ef tlack and weight) were also noted. One
thousand two hundred and twenty four different athdividuals of Emys orbicularishave
been marked in 14 years (1998-2011). We took adgenotf this 14 years CMR program to
calculate demographic size using the CAPTURE prag{8@exstad and Burnham, 1991) in
MARK software (White and Burnham, 1999). To simplihe estimation of population size,
we considered that the population is closed (nih paleath and migration). CAPTURE allows
varying assumptions regarding capture probabilithetuding inter-individual heterogeneity
of capture (M), time variation in capture probability M a behavioural response to the first
capture (Mb) and the different possible combinations of effemiscapture probabilities. The
best model is selected based on the maximum vélesvéen O and 1) of a discriminate
model selection criteria specific to CAPTURE. Irddibn, we calculated the capture densities
for two consecutive days in the same period atl2Zland L3. Knowing the population size at
L3, we roughly estimated demographic size in L1 &&dby comparison of these capture
densities.

Generation time, the average age at which the degtoon is ensured, was calculated
asg = u + [§/(1-s)], wherep is the average age at first breeding armslthe adult survival rate
(Seether et al., 2005). We considered a survival (gxtof 0.89 for adult survival (Ficheux,

unpublished data). The acquisition of sexual matun Emys orbicularisvaries between
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geographical areas: in Northern areas pond tudtag reproduce being 8-12 years old
(Schneeweiss et al., 1998)hereas in Southern areas the reproduction staftd @ years old
(Lebboroni and Chelazzi, 1991). Males attain repobidn two or three years before females
(Olivier et al., 2010). The reproductive successsdoot seem to be dependent on individuals
experience but conditioned by favourable meteoioldgonditions. Therefore, we estimated
9 years old as being the average age at first brgdd) and so generation timeg)(was

estimated to be 17 years. No other estimations foered in literature.

Mitochondrial DNA data

We amplified by Polymerase Chain Reaction (PCR)81g of cytochrome b (Cytb) using
newly designed forward EM-GIuCytb-F (5'-CCACCGTTGTRARCAACTAC-3') and reverse
EM-ThrCytb-R (5'-AGTCTTCAGTCTTTGGTTTAC-3'). Thesaimers were designed from
the E. orbicularis complete genome sequence available in GenBankefiamt number
JN999703) witin tRNA flanking cytb gene. These npmmers were designed as already
published primers (mt-A and CR12H, Lenk and Win897) did not amplify in most samples
due to punctual mutations. Cytb is a classical eratio infer population genetics and
phylogeography of pond turtles (Fritz et al., 2008nk et al., 1999; Pedall et al., 2011). All
PCR reactions were performed in a total volumeQgfl2including 2ul of 1/10 diluted DNA,
1X of HotMastef™ Taq buffer (SPRIME®), 200uM of dNTPs, 200nM of kawrimers and
0.25 unit of Taq polymerase HotMastér(5PRIME®). PCR conditions were 1 min 30 sec at
94°C followed by 35 cycles of 30 sec denaturin@4ftC, 45 sec annealing at 55°C, and 45
sec extension at 65°C. Final elongation step wa@2a® for 10 min. PCR yield and specificity
was checked by running a 2 pL aliquot on a 2% agagel. PCR products were purified

with Exonuclease 1 (2 units) and Shrimp Alkaline§ithatase (1 unit) enzymes for 1 hour at
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37°C. Sequencing was performed by MACROGEN® sodrefhe Netherlands following a

Big Dye sequencing protocol. Sequencing chromatogravere edited and aligned by
manually with MEGA 5 software (Tamura et al., 2QIMlhe haplotypes la (accession number:
AJ131407), Ib (accession number: AJ131408) anddtzession number: AJ131411) were

included as references.

Microsatellite DNA data

Fourteen microsatellites loci: msEo21, msEo4l (Pedal., 2009), Emys 1, Emys 8, Emys
11 (Ciofi et al.,, 2009), GmuD16, GmuD51, GmuD55, @62, GmuD87, GmuD88,
GmuD93, GmuD107, GmuD114 (King and Julian, 2004)engsed following a M13 tailing
strategy (Schuelke, 2000). PCR conditions weretidainto mtDNA amplification except that
100nM of M13 fluorochrom (700 or 800) labelled pemand 0.45 unit of Tag polymerase
HotMastef™ (5PRIME) were used. PCR conditions were 5 min 4ftC9followed by 35
cycles of 40 sec denaturing at 94°C, 30 sec amgeali 56°C, and 1 min extension at 65°C,

followed by a final elongation step of 65°C for nm

Molecular diversity data analysis

To estimate diversity at microsatellite loci weimsited the mean number of allele (A), the
number of rare alleles (RA, frequency < 0.05 in Wiele dataset), the allelic richness (Ar)
and the number of private alleles (PAr). Both AddPar were corrected by the rarefaction
method for a common size of 32 individuals (Kalirstwy 2004; Leberg, 2002). All these
analyses were realised with HP-RARE 1.0 softwarai(l®wski, 2005). We used rarefaction

method because population sampling sizes have aacimof allelic diversity detection;
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especially for microsatellites which show many ralieles (EIMousadik and Petit, 1996, Petit
et al., 1998). The general principle is to uselalfleequencies observed initially in a sample to
determine the allele numbers in a smaller samplalifgwski, 2004; Leberg, 2002).
Differences between sites for Ar were tested wah-parametric Wilcoxon tests.

We estimated the Weir and Cockerham (1984) estimaftd-s for each site from
multiloci microsatellite data. Significant differem from zero ofFs, indicating a deviation
from Hardy Weinberg Equilibrium (HWE), was testesing 1100 random permutations of
alleles between individuals. Linkage disequilibridion each pair of loci was tested for each
site. Both analyses were implemented with FSTAT.R.9Goudet, 2002). Nomimal
significance level (5%) was adjusted with Benjam¥ekutiely corrections for multiple
comparisons (BY; Benjamini and Yekutieli, 2001)whs preferred to Bonferroni correction
as this correction is regarded as being very coatige, whereas BY provides a better
compromise between type | and Il errors (Narum,6206ive loci were discarded from the
analyses (Emys 11, GmuD16 GmuD51, GmuD55 and GmdiPd4 genotyping errors (null
alleles and/or stuttering) were detected while ypgl the program MICRO-CHECKER (van
Oosterhout et al., 2004)

To detect recent genetic bottlenecke tested the presence of an excess of
heterozygosity in the population as expected afteottleneck compared to a population at
mutation-drift equilibrium with BOTTLENECK 1.2.02Cprnuet and Luikart, 1996). After
few generations this genetic signature tends tapgisar as the population reaches mutation-
drift equilibrium again. We ran BOTTLENECK for thievo kinds of mutation models
appropriate for microsatellite data: the stepwisdation model (SMM; Luikart and Cornuet,
1998) and the two phase model of mutation (TPM;Rd)nzo et al.,1994). Following

recommendations of Piry et al. (1999), we ran tR&Twith 95% of single-step mutation and
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a variance of 12 among multiple steps, and usedym@ed-rank Wilcoxon test to assess
significance of the heterozygosity excess.

Effective population sizeNe) was estimated for each site based the bias ¢edec
version of the linkage disequilibrium method (LD,a@les and Do, 2010) using the
NeEstimator V.2 (Do et al., in press). Only allelgh frequencies >0.05 were used.

Confidence intervals (95% CI) were implemented.

Spatial genetic structure analysis

First, the potential impact of the species phylagaphy history on contemporary population
structure was studied. We hypothesized that lindaged 1l are mixing for enough time to
erase any such phylogeographic pattern or that aenmtrogression occurred. Therefore,
the drivers of the actual pattern of differentiativould contemporary processes occurring
over recent historical time scale. This hypothe#s tested in two ways. First, we checked
that the two mtDNA lineages (I and Il) were not t&dly distributed according to a
geographic pattern reflecting the suspected phwg@gphic recolonisation pattern (e.g.
Haplotype | only present in the estern part ofshalied area). Second, we compugg for
microsatellite markers according to mtDNA lineagecheck potential nucleo-cytoplasmic
disequilibrium resulting in differentiation that wiol occur according to mtDNA haplotype
lineages rather than another factor (e.g. geoglaphy

Two different approaches were adopted to deterrcor@emporary spatial genetic
structure. First, differentiation between site pdffsite centred approach”) was tested. We
first used conventional multi-lodrst by for microsatellites (Slatkin, 1995) and Byr an
analogue index for mitochondrial data (Excoffierakt 2005) implementing ARLEQUIN

version 3.5 software (Excoffier et al., 2005). ARgr might have a negative dependence on
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within-sampling unit heterozygosity, causing themapproach zero when diversity is high
(which is the case for most of our loci in the prsstudy) we also applied the index
developed by Jost (2008) as estimated for smallpksmmby Dest using GNEALEX 6.5
(Peakall and Smouse, 2006, 2012). Statistical sogimice for bothFst andDes; Were tested
using 9999 random permutations of individuals betwesites and nominal levels of
significance was adjusted with Benjamini—Yekutielyrrections for multiple comparisons.
Second, an “individual centred approach” was appliased on microsatellite data; identify
the most probable number of genetic units (K) iBagesian clustering framework grouping
individuals into populations based on both HW andkdge equilibrium. We used
STRUCTURE software, version 2.3.4, (Pritchard et 2000). Five runs (500 000 MCMC
iterations with an initial burn-in of 100 000 stgpsr each value of K (1 — 7) were performed
to assess consistency of estimations of log-likelchof the posterior probability of the data
for a givenK (In Pr(X/K)). We chose the admixture model with Aadependent allele
frequencies. We then computed the posterior valu& dPr(K/X)) following Eqg. 3 in
Pritchard et al. (2000) using R ver. 2.7.2 (Devetept Core Team, 2008). Following the
recommendations of Waples and Gagiotti (2006) wexl ukis statistic rather than Evanno’s

test (Evanno et al. 2005), as the observed leveifigrentiation was low (see results).

Prospective genetic differentiation simulations

In order to simulate the possible consequenceleotiam construction on the future genetic
structure, we performed computer simulations withUAQITINEMO software
(Neuenschwander et al., 2008). We simulated overgHherations 5 times the same abstract
model to evaluate the impact of drift on the eviolutof pairwise differentiation (as estimated

by Fsr values) for the L1 L2 and L3 populations, startimgm the currently observed
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diversity within each site. We supposed no disperdietween site, no biased sex-ratio, no

selection, random mating and mutation model byulefa
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Results

Population sizes and demographic connectivity

The most appropriate model was estimated tahNtriteria of 0.61) corresponding to the
Pollock and Otto (1983) model. Population sizeneste at L3 was 1471 (95% IC: 1355-
1684). For identical capture session, 222, 18 anah@viduals were caught at L3, L1 and L2,
respectively. Therefore, population size estimatiogre 543 (95% IC: 500-622) and 119
(95% IC: 109-137) at L2 and L1 respectively (Tadb)je

Among the 1224 adults marked in the L3 site (alirked in this site), only 17
individuals were captured in the closest site, dring the blood sampling campaign (Table

5). No other European pond turtles were found ather sites.

Mitochondrial & nuclear DNA diversity

Three haplotypes were observed out of a total @fid8ividuals sequenced for Cytb from our
5 studied sites. Both haplotypic lineage | (hagdety la and Ib) and Il (haplotype lla) were
present (Lenk et al., 1999; Table 2). Haplotypeand Ib differ on one nucleotide while a 6
nucleotides difference is observed between theohgme Ila and the two other haplotypes
corresponding to 0.4% divergence (Table 2). Alllogypes were present in all sites except
lla absent in the L5 site (Table 2). Haplotypedahe most frequent (50.8%). No haplotype
can be considered rare, the frequency of any hggetbeing greater than 5% in the total

pool of 187 individuals.
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Genetic diversity was analysed for nine microsigelbci for 212 individuals from the
5 sites (Table 3). Microsatellite loci appeared&inherited independently of each other, as
no evidence for linkage disequilibrium was found &my pair of loci. The genetic diversity
was high with an average number of alleles perdo@) of 11.82 (Table 3). Range of
variation across sites was arrow (10.7-12.8) (T&leAllelic richness (Ar) corrected for a
common size was also characterized by narrow rahgeriation across sites (9.5-9.8) and
not different among sites (all Wilcoxon tests witlvalue>0.5). The private corrected allelic
richness (PAr) was low in each site (0.37-0.60) natdifferent among sites (all Wilcoxon
tests with p value>0.5). Average number of rarel@l{RA) was high, ranging from 3.6 to 5.6.
Expected heterozygoty was high in all populatioi8%e0.87).

All populations showed no deviation to Hardy-Weirgh&quilibrium, allFs values
being not significantly different from zero (Tal3g

Bottleneck was not evidenced in any site as norbeygosity excess compared to
mutation-drift equilibrium was detected, neither the SMM nor for the TPM models of
mutation (Table 4).

The effective population siz&l€ could be estimated for four sites. Also it anyite
value could be produced for L4, tiNe of this site is thought to be very high. The four
remaining sites were characterized by a lddgealthough variable according to the site they

were all in the same order of magnitude (Tableat)ging from 145 to 657 individuals.

Spatial genetic structure

Spatial distribution of mtDNA haplotypes indicatdte presence of haplotypic lineage | in
estern part of the studied area (see above). Mitebises showed no genetic structure

according to haplotypic lineaged4r= 0.0035P=0.1613).
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No genetic differentiation was observed between gbpulations pairs around the
Lake (L1, L2 and L3), neither for microsatelliteofh Fst and Des) nor for mtDNA @sy)
(Table 5). Other pairwise comparisons only revealaty few cases of significant
differentiation, the level being always low (seéIlBe5 for details).

Bayesian clustering method found no genetic strectind indicated both maximum

likelihood and highest posterior probability forlpone genetic cluster (K=1; P (K=1) =1).

Prospective genetic differentiation simulations

The simulation of the evolution of future differgtion is approximately the same for
pairwise L1-L2 and L1-L3 (Fig. 2) reaching a moder&sr value of ca 0.1 after 100
generations. For the pairwise comparison involvimg largest populations (L2-L3), only a

third of the previous value is reached after 100egations (Fig. 2).
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Discussion

In the present study we have investigated the ilnpfia major anthropogenic perturbation,
the landscape modification through the emergenaeddm, on a historical population of the
European pond turtleEfnys orbiculariy The consequences of the dam emergence were the
fragmentation of the initial population and thel&mn of the fragmented subpopulation due
to the inappropriate habitats constituted by the dke and intensive rice cultures. Our aim
was to quantify, with molecular markers, the emeogeof a genetic differentiation among
subpopulations due to slow permissive barriersetoegflow and to predict the evolution over
100 generation of the genetic structuration amangpspulations. However, in long-lived
species, the generation time is an important paeame take into account because it can
delay the antagonist effects of genetic drift arduced gene flow for small fragmented
populations (Marsack et al., 2009, Kuo and Jan2@84, Velo-Anton et al., 2008, Bennett et
al., 2010). Freshwater turtles are particularlyeetéd by anthropogenic disturbance such as
habitat fragmentation, degradation or destructi®@ohfm et al., 2013). However, the
consequences of habitat degradation on the popnlatructure and survival of these animals
are poorly understood and difficult to estimatesa¢d et al., 2007). Moreover, freshwater
turtles are long-lived organisms with low disperaailities, delayed sexual maturity, low
reproductive success and large generation timenthagtslowdown the genetic erosion due to
genetic drift (Couturier et al., 2011).

As a preliminary step, we first showed that phymgr@aphic processes that took place
along the Holocene are not any more a driving foihe¢ could explain the present day pattern
of spatial differentiation at the studied locallscdn the part of the Balkans where the Kerkini

area in located, Holocene colonisation of individuaf mtDNA lineage | in an area
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represented by mtDNA lineage Il is known to haveured (Lenk et al 1999; Fritz et al
2009; Sommer et al., 2009). We showed both lineagesndeed present in the Kerkini area
but that the distribution of the lineages withintbifs area is not spatially structured in terms
of presence/absence and that both lineages coulfindang in almost all sites. More
importantly, differentiation for microsatellite nk@rs was not structured according to
haplotypic lineage. This pattern is congruent wdither symmetrical crosses leading to
homogenization or asymmetric introgression occgrbetween lineages enough generations
ago (along the Holocene). Indentifying which pracesccurred (introgression versus
symmetrical crosses) is out of the scope of thidysand would require extra sampling in the
Balkans in areas where both haplotypic lineagesramdlopatric distribution. Whatever the
process which occurs during Holocene it is anynaodeving force nowadays.

Mitochondrial and microsatellites data felt to detdifferentiation between the sites
surrounding the lake (L3, L1 and L2) either estmdlaby sy, Fst, or by Des; an estimator of
Jost (2008) measure of differentiation althoughgeeof markers was informative enough to
detect even low level of differentiation (as obsehfor few sites combinations). Similarly,
private allelic richness was high at these siteshé literature, is reported a wide diversity of
level of differentiation folE. orbicularis Population differentiation was reported a geogiap
scale (10s to 100s of Km, Velo-Anton et al., 200®]nar et al., 2011). However, both Velo-
Anton et al. (2008) and Molnar et al. (2011) showeith the same studies that differentiation
could also occur within a given site. To explaie @ibsence of genetic structure around the
lake, one of the first hypotheses could be thegmres of gene flow (Sheridan et al., 2010).
The gene flow involves dispersal followed by reprctibn of individuals between sites
(Stevens et al.,, 2006). Even if the terrapins die &0 disperse several kilometers, the
majority of movement is below 1000 meters (Mitr@910). However, the behavior of

dispersal and use of landscape is very variable fome species to another or from one
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population to another (Ficetola and Bernardi, 200@deed, inMalaclemys terrapin
Hauswaldt and Glenn (2005) have highlighted theék lat genetic differentiation over a
distance of more than 30km despite strong sitdifydby females. The authors hypothesize
aggregation of individuals on breeding sites prongpboth genetic mixing and philopatry.
We can imagine a similar system of mating aggregatito Kerkini. However, to our
knowledge, no aggregation site is known. In addijtibe lands surrounding the lake are used
for agriculture, which is known to negatively impalee chelonians dispersal (Bowne et al.,
2006; Rizkalla and Swihart, 2006). Furthermorefurtdes were captured within the lake over
the years, notably by fishermen and or throughikerdity monitoring. It seems that the lake
is too deep to be crossed. Clark et al. (2009) aported that the water retention lakes are
habitats unfavorable with a lack of oxygenatiomafly, since 1999, no turtles marked at L3
were found on any other site (except for L4). Hogrevt is not possible to definitively rule
out the presence of corridors, for example, thgatron channels to the east of the lake might
connect L3 and L1 sites. Indeed, Molnar et al. (3Ghowed that even corridors with good
potential structural connectivity and therefore uassd to maintain gene flow between
populations were identified as not as efficieneagected.

The second hypothesis good explain the absencetafebn sites around the lake is
the existence of a large historical population.eled] both allelic diversity and expected
heterozygosity were high for microsatellite markiarsll sites, including also high proportion
of rare alleles. The observed level of diversityinsthe upper range of what have been
observed for other population genetic studie€oys orbicularis(Pedall et al., 2011; Velo-
Anton et al., 2007; Velo-Anton et al., 2008, Molr2fx11). However it is be kept in mind that
comparison between studied for microsatellite camnighly biased by differences in the set of
loci and sampling sizes used. It could be assuratithe actual lake populations emerged

from a very large ancestral population. Indeedptgethe construction of the first dam in
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1932, the Kerkini area was a flood plain (Crivedli al., 1995a, 1995b). This plain was
probably a very favorable environment for feedimgl aeproduction foEmys orbicularis It
provided a continuous area between the Strymon Kaerdinitis rivers, with a carrying
capacity probably allowing accommodating a largpytation. If the population size was kept
sufficiently large relative to the time since thenstruction of the dam (approximately 8
generations ago), it is possible that the changedlelic frequencies due to the genetic drift
are not sufficient to reduce genetic diversity d@hdt high diversity could be maintened
(Hamilton, 2009) despite population isolation. Batemographic and effective population
size of the current populations are large and mm@greement with the ability of maintaining
high level of diversity. Demographic populationwé&deen estimated for magy orbicularis
(Rivera and Fernandez, 2004) and could be verglég. in Brenne, France; Owen-Jones et
al., unpublished data). However microsatellitesedbity for such population is unknown. To
our knowledge effective population size for micteide has never been estimated for
European pond turtles and have barely estimatefldshwater turtles in general (Spradling et
al., 2010, Pittman et al 2011). Ours simulatior®askhe importance of initial population size
in promoting genetic differentiation after isolatideading to population differentiation.
Assuming a total rupture of gene flow, the smaltestnographic population around the lake
(L2) will be differentiated from other populatiodstimes more rapidly on 100 generations.
On the other hand, tens of generations are negessabtain a start of differentiation with
larges populations (L2 and L3).

Even under a large historical population hypothesisst of the results indicate that
the upstream river (L5) is a different genetic uhén the southern and western populations of
the lake and since many generations. Only clugiaimalyzes incorporate L5 site in the same
genetic unit than other sites. However, Rodriguamio and Wang (2012), indicate that this

approach is inefficient in the case of low diffeiiation and when populations are in Hardy-
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Weinberg equilibrium (as our study). Rivers areawofable habitats foEmys orbicularis
(Ficetola et al., 2004): in our study, low summetev level due to dam located more north in
Bulgaria, and water extraction in Greece createtmstimal habitat. Upstream area is also
more anthropized: dam, road, highway and villaggsatly limiting actual dispersal.
However, this recent fragmentation of the habita$ not yet been able to impact genetic
structure and presumably genetic variations has logienced by past landscape features
(Richarson, 2012). Indeed, the upstream area is different from other sites: just the river
corridor a narrow riparian forest and absence afidso Over generations, isolation by

landscape structures could be a factor of gendterentiation.

Conclusion

The history of the species in the region, with abable large and continuous population
could have masked the impact of the dam and antigeapc pressures on populations of
European pond turtle. It will take many generatidoshave a genetic footprint of the
consequences of such construction. Our study isimioue. The same lack of differentiation
was observed foGraptemys geographicat dam in Canada, built there a hundred years ago
(Bennett et al., 2010). Larges generations timeh&lonians slow down the genetic erosion by
genetic drift. Despite their low dispersal abiltijeenhanced by the fragmentation of the
landscape, terrapins seem to show a delayed respgonglobal change compared to most
species. However, their fate is inevitable by thestant increase in human constructions. It is
therefore essential to maintain corridors betweepufations to avoid the isolation of

populations and threaten their long-term survival.
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Table 1. Sample sites dEmys orbicularign the Kerkini area in Greece. Acr.: Site Acronym.

N = sampling size.

Acr. Habitat Coordinates N  Male/Female

L1  Strymon River dowstream 41°08N, 23°13E 38 18/20
the dam

L2  Kerkinitis River and 41°14N, 23°01E 50 26/24
ponds

L3  Ponds and Strymon river 41°14N, 23°17E 51 27124

upstream Vironia bridge

L4 Ponds below Sidirokastro 41°15N, 23°19E 41 21/20
bridge
L5  River upstream 41°19N, 23°20E 32 25/6

Sidirokastro bridge
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Table 2. Distribution of nucleotidic polymorphism and hagyjoes (number and relative
frequency) based on 1428 pb mtDNA Cytb sequence48@fEmys orbicularisfrom 5
locations (L1-5) in the Kerkini area, Northern GzeeH: haplotype; Sites*: numbers refer
only to polymorphic sites relative to the haplotypepublished sequence (accession number:

AJ131407) arbitrarily chosen as a reference seeguenc

H Sites* Location

1156 7 8 9 L1 L2 L3 L4 L5 Tot

la CCCACTA 0.43 0.43 0.59 0.57 0.75 100

Ib T - - - - - C 0.03 0.17 0.18 0.16 0.25 29
lla - T T GT CC 0.54 040 0.23 0.27 O 58
Tot 35 47 44 37 24 187

-: identical nucleotide relative to the referenegugence.
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Table 3. Diversity at 9 microsatellites within Emys orbicularissites in the Kerkini area,
Northern Greece. N: sample size; A: mean numbeilelie; Ar and PAr: mean number allele
and private allelic richness corrected by rarefactihe method for a common size of 32
individuals, respectively; RA: mean number of ratiele (<0.05 in all dataset); Ho and He:
observed and expected heterozygosity, respectiviely; Hardy-Weinberg Equilibrium

measure.

Pop N A Ar PAr RA Ho He Fis

L1 38 124 9.8 047 5.2 0.81 0.86 0.082
L2 50 128 9.8 0.60 5.6 0.80 0.85 0.07%
L3 51 123 95 0.37 5.1 0.79 0.85 0.071
L4 41 122 9.7 0.64 5.1 0.80 0.86 0.077

L5 32 10.7 9.7 0.46 3.6 0.84 0.87 0.031

ns: non significant deviation

80



Table 4. Population size variations of EEmys orbicularissites in the Kerkini area, Northern
Greece. N: sample size; TPM and SMM: p value ofi&éck detection (one tailed Wilcoxon
test) for Two Phase Model and Stepwise Mutation &logkspectively. Mmo and N:

Demographic and effective population size estimatadg CMR and Linkage Disequilibrium

method respectively. In parenthesis 95% confidemesval (Cl).

Pop TPM SMM Naemo Ne (95% Cl)

L1  0.97" 0.85™ 119 (09-137) 145 (5200)
L2 063 063" 543 (500-622) 390 (103)
L3  0.82"  0.82" 1471 (1355-1684) 657 (10680)
L4  0.46™  0.82™ na o0 (115 -o0)

L5 0.21™ 0.25™ na 239 (48 «0)

ns: non significant deviation. Na : not applied
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Table 5. Connectivity as estimated through the number oitaddividual, among the 1224
European pond turtle, initially marked at L3 sitersy the 14 years of CMR, monitoring at
this site and caught during the 2011 blood samptagpaign. D: Number of days of
sampling. N1: number of individuals caught in 2@t N2 the number among N1 that were

initially marker in L3.

Site D N1 N2
L1 11 71 0
L2 4 137 0
L3 7 99 99
L4 4 230 17
L5 9 40 0
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Table 6. Differenciation between 5 sites Bimys oricularisfrom the Kerkini area, Northern

Greece. Pairwis€st values for 9 microsatellites lodDesi Estimator of Jost’'s D measure of

differentiation andlst for Cytb mtDNA sequences

Microsatellites MtDNA
Fst Dest Ost
L1-L2 0.0041 ns 0.025 ns 0.0080 ns
L1-L3 0.0042 ns 0.035 ns 0.0972 ns
L1-L4 0.0070 * 0.070* 0.0660 ns
L1-L5 -0.0353 ns 0.087* 0.3021 ***
L2-L3 -0.0008 ns 0.017 ns 0.0255 ns
L2-L4 0.0031 ns 0.027 ns 0.0066 ns
L2-L5 -0.0404 ns 0.032 ns 0.1772 ***
L3-L4 -0.0104 ns -0.009 ns -0.0230 ns
L3-L5 -0.0484 ns 0.012 ns 0.0451 ns
L4-L5 -0.0333 ns 0.024 ns 0.0709 ns

Values in bold were significant after Benjamini -eRutieli correctiond = 0.017) and at the

nominal thresholdo(= 0.05).
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Macedonia Bulgaria Turkey \ (b)

Upstream

Albania

Downstream area

Kerkini Lake

Rownstreany.ared

Figure 1. (a) Map of Greece with location (black squarejha Kerkini area (from Chelazzi
et al, 2006). (b) Map of Kerkini area before dam camdions. Dotted area: mountains. Light
grey: floodplain). (c) Map of Kerkni area after daanstructions formation (1932 and 1982).
Dashed line shows the initial delimitation of ttake after first dam building. Shaded area:
agricultural patches (Crivelli et al., 1995a,b). Slidirokastro Bridge; 2: Vironia Bridge; 3:

Dam. (d) Location of sampled sites (black circled allipses). See Table 1 for details.
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Figure 2. The simulation of future pairwise population diffatiation (square for L1-L2,
triangle for L1-L3 and ring for L2-L3) vi&stVvalues for different patch capacity (2000, 700
and 200 for L3, L2, L1; respectively) and sex-ratid@.5 to O from 100 generations without

dispersion between siteskimys orbicularis
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Chapitre 2

Study of demographic and genetic dispersal in a
metapopulation context, example of the European pah

turtle (Emys orbicularis) in Camargue, France.
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Abstract

Dispersal is an essential ingredient of metapomriadynamics. In the last decades, habitat
loss and fragmentation pose the greatest thredbsothversity and may precipitate a rapid
decline in the probability of metapopulation peieige. In this context, understanding the

dispersal in species with low movement capacitesldecome a prime importance to preserve
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their population survival. We studied the demograpand genetic dispersal in three
populations only 2 km distant of European pondle¢uin the Camargue by using capture-
mark-recapture, set up on two of the three keroeksr a 15 years period, and nuclear
(microsatellites) and mitochondrial (cytochrome rbarkers. Results show an absence of
genetic differentiation and sex-biaised dispergsahlstrong female philopatry and few male
genes flow. We supposed that the carrying capasitgot reached in ours studied sites
causing a relaxation of intra-specific competitiont promoting dispersal. The stronger
philopatry of female could be explained by the lavailability of nesting site, increasing the
cost of dispersal. In male, the avoidance of inthiregedepression could increase the benefit to
dispersal. However, we showed that the disappeararcfavourable habitat foEmys
orbicularis and the rarefaction of nesting site, can be fawositrong site fidelity and separate
populations even if they are closed geographicallyis study show the importance to
perverse the natural heterogeneity of wetland amwgerve permeable corridors allowing to
European pond turtle to move between sub-populati@hpromoting the homogenisation of

the genetic diversity by a metapopulation functigni

Keyword

capture-mark-recapture, sex-biased dispers&mys orbicularis metapopulation,

microsatellite DNA, mitochondrial DNA.
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Introduction

Habitat loss and fragmentation can have a veryndeftital effect on metapopulation
dynamics (Carlson, 2000) and are considered asgbamong the greatest threats to
biodiversity (Wilcove et al., 1998). The decline mbvements between patches and loss of
suitable habitat may have very negative conseqeenoethe dynamics and structure of
populations and endangering species persistentd$G1993). Species with limited dispersal
capacities are particularly sensitive to fragmeaitatand habitat loss because the
recolonization dynamics may be seriously alterezl/@nting the metapopulation functioning
(Cushman, 2006).

Wetlands are particularly the target of destructmm degradation. In particular,
multiple sources of degradation such as fragmemaitnvasive species or pollution have
detrimental impacts on wetland species metapopumatynamics (Marsh and Trenham, 2001)
and are responsible of the decline of many spdnidserpetofauna (Rizkalla and Swihart,
2006). The consequence of habitat loss and degwadags been well documented in
amphibians (Marsh and Trenham, 2001) but is stibrfy known in freshwater turtles. This
lack of knowledge results partly from the scarafystudies on the metapopulation dynamics
of freshwater turtle. Hence, the dispersal abditié turtles in a fragmented wetland landscape
were the connectivity are largely undetermined setal be investigated (Rizkalla and
Swihart, 2006). Indeed, Gibbs (1993) revealed tbeal populations of freshwater turtles
faced a significant risk of extinction after losk small wetlands. Freshwater turtles have
limited dispersal capacities but several studieswsta metapopulation functioning. For
example, 33% of the individuals @helodina longicollismoved among the landscape patch

(Roe et al., 2009). In a theoretical approach is slzown that the probability of extirpation
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was reduced by 42% under a metapopulation modeyestiog that dispersal between
breeding ponds is important for population persiste (Enneson and Litzgus, 2009).
However, very few studies have documented freshwattte dispersal in a landscape with a
potential metapopulational functioning.

The Camargue, the geographical zone that correspmnthe Rhone delta, is one of
the most extensive European wetland, but it isesibfl to multiple pressures that generate
habitat degradation (Picon, 2008). This area condisa floodplain of 145 300 ha, is
recognized worldwide for its diversity of habitgisalt steppes, lagoons, marshes) and its
biological richness (Mathevet, 2004). The Europpand turtle Emys orbiculari¥ one of
three French native turtle species is one of théblematic species of this complex
ecosystems. However, the species is largely imgdayediverse anthropogenic factors such
as habitat loss (drainage; Bodie, 2001), constvacbf canals, regulation of rivers and
shoreline development that generate a strong hommgen of unfavourable habitat and
fragmentation of populations (Rogner, 2009). Theorsgj impact of these human
modifications on theEmys orbicularispopulations are partly explained by the limited
dispersal abilities of this species that are sdyemeduced by impenetrable habitats (e.g.
Duguy and Baron, 1998; Olivier, 2002;Cadi et a002). Generally, female European pond
turtles showed higher site fidelity (Bona et aD12) and it seems to be dependent of nesting
site availability. Males had more important movetsaassumed to be related to mating search
and therefore favouring gene flow (Olivier et @010). Such a pattern is generally observed
in the majority of freshwater turtles (Sheridarakt 2010)

In this study, we investigated the dispersal ofe¢hikernels (i.e. area of spatial
aggregation of individuals or at high density sésding and basking) d&. orbicularison
the Natural Reserve of the Tour du Valat in the @aue, supposed to be less impacted by

human activities. These kernels, distant by 2 krmakimum, are connected by ecological
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corridors such as marshes and canals of variabletgtal connectivity. This landscape
structure suggests that the three populationsateopa metapopulation and are connected by
dispersal processes. We used two complementaryoaqpes to quantify functional
connectivity between the kernels. The first apphoa@s based on capture-mark-recapture
(CMR) to estimate population dynamics whereas tkheorsd approach was based on
molecular markers analysis. Since 1997 a CMR meliasdbeen implemented on two of the
three kernels allowing the estimation of the proliteds of individual movements between
these two units. The CMR method allows estimatirecigely the movements of transitions,
but cannot determine if this movements leads toegBow. To estimate the effective
dispersal, we used mitochondrial (Cytb) and nuc{eacrosatellites) genetic markers. These
markers were used to determine the population gems#tuctures and to identify recent
migrants between the three kernels. The phyloggbgrand post-glacial colonization of
European pond turtle are extensively studied iroger(Fritz et al., 2005; Pedall et al., 2011).
In Camargue, we suspected the presence of thrdetyyap lineages originating from three
different glacial refuges and associated with Hefee recolonization: the lineage IE.(
orbicularis orbicularis) from the Balkans, VE. orbicularisgalloitalica) from South Italy and

VI (E. orbicularisfritzjuergenobsdi from Spain (Pedall et al., 2011).
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Materials and Methods

Study area

Our study sites were located at the Tour du Valatamargue (southern France, ~ 43°30" N,
4°40' E; Fig. 1). The three kernels studied, ar&krRaway from each other, and two of them
(Esquineau and Faisses, ~1.5 km distant) have temritored by CMR since 1997 (see
below). This annual monitoring feeds a databasé witumulative total of 736 individuals
identified in 2011 for Esquineau and Faisses coathiksquineau Faisses and the third kernel
(Draille) have a total area of 250, 100 and 275réspectively. At all siteEmys orbicularis
inhabit two kinds of habitats: permanent and seenr@anent marshes managed by man-made
irrigation and drainage canals (Olivier et al., @)1Each site is composed by a unique
meadow used as a nesting site. Both sites arecameected by a network of canals and

marshes representing structural connectivitygoorbicularis(Fig. 1).

Capture-mark-recapture protocol

From 1997 to 2011, turtles of the Faisses and #wuiBeau were captured from April to
August with fishtraps and by hand. Traps were mlacecanals and marshes (22 in Faisses
and 39 in Esquineau on average, Fig.1) and wertboyp in the field, alternating weekly
between kernels, during three to five consecutagsdand were visited daily in the morning.
We also made hand captures during these dailysvMie recorded for each capture, the age,
sex and morphological measure. Sex was identifigdliiserving male secondary sexual
characteristics proposed by Zuffi and Gariboldi98)Q concave plastron, orange eyes (yellow

in females), basic wide tail and cloacae away thstpn. Turtles were classified as adults if
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they had no visible growth rings (Castanet, 1988;i€¥, 2002). We marked each individual

with permanent notches cut into the carapace margeutes with a small hacksaw (Cagle,
1939). Turtles were returned within 24 h to thecplavhere they had been collected. The
dataset consisted of capture—recapture histores 28 different adult animals (274 females

and 254 males). Juvenile data were excluded fraayses.

General framework and consideration of heterogeneyt

We used multi-state capture-recapture models tdyzmahe CMR database (Nichols and
Kendall, 1995). In these models, the status ofviddials is noted at each occasion. In our
case study of a spatially structured populatiotgtés” represent different localities (the two
kernels studied). The advantage of this multi-ségeroach is to estimate the probabilities of
transitions between states, in addition to the nooresentional estimate capture and survival
probabilities (Lebreton et al., 2003.; Choquet kf 2009). We estimated the transition
probability outside our studied site by creatingtitae “ghost site” for each kernel. The
outside transition probability allows quantifyinget probability that an individual that lived a
given site return to the site or move to the otkieg. With this method, we estimated the
indirect transitions between our kernels. To tak® iaccount heterogeneity of captures
observed in our data set, we defined two categafiesdividuals: Fidelity (only present in
real sites) and No fidelity (present in real andtitae sites). To quantified the percentage of
individuals that lived definitively the two kernsystem, we created a supplementary “ghost
site” witch estimated the movement from the kerrnelshis ghost site, without possible
returns. Finally, we defined 8 elementary statesoior dataset: Fidelity to Esquineau (F1),
Fidelity to Faisses (F2), No fidelity to EsquingdF1), No fidelity to Faisses (NF2), Out

from Esquineau (O1), Out from Faisses (02), Oundefy (OD), and Dead (D).
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The observation of an individual in the field is ament that provides information
regarding the underlying state of an individual ethimost of the time, remain uncertain
(Pradel, 2005). However, multi-event models alloadaling the probability of an individual
being in a given state depending on the eventsceded with this individual. In the field,
Emys orbicularisobservations is coded into 3 events, Not see@aoght (SO), Seen/caught
at Esquineau site (S1), and Seen/caught at Fadgeq$2). We denoted the initial stateg
the apparent survival probability from one occadgjome year) to the nexy the conditional
transition probability from the locality stateat timet to locality states at timet+1, given that
the individual survived tot1, a the probability to change of strategy (No fidelityFidelity).
Capture probability and eveptrobability for an animal reencountered in a giwtate are

defined byp. Designs matrices are given in Table 1.

Contraints

The survival probabilities per site were diffictidt estimate. To improve survival estimation
and modelling quality, we fixed the same surviallioth sites. In the same way, the survival
estimations were less precisely when we estimdtedransitions to OD. The models were
better when the probabilities to OD were fixed toT@erefore, no estimation of definitely

transition outside Esquineau and Faisses was detm

Model building

Analyses were realised with E-SURGE (Choquet, 2@0id) U-CARE software (Choquet et
al., 2005). Model building is done gradually by @@alysis of parameters on the transition,

survival, strategy and capture probabilities edtioms. Parameters tested are sex, time and
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sites. All models were compared on the AIC (Akask&iformation Criterion, Burnham and
Anderson, 2002) basis as suggest by Lebreton €1292) corrected for small sample size
(QAICc). The best model to explain our data isdahe with the smallest value. Models with a

QAICc difference less than 2 are considered asvatgnt to describe the data.

Blood sampling for the genetic analyses

We collected 196 blood samples frémorbicularisat the Tour du Valat, 64 from the Faisses
(29 males and 35 females), 71 from the Esquineaun@es and 40 females) and 61 from the
Draille (33 males and 28 females; Fig.1). Bloodeveampled from dorsal tail vein (or dorsal
coccygeal vein) and stored in preservation bufg&eutin et al.,, 1991). We collected blood
samples of up to 0.2 ml from terrapins aged abovk y&ars old. Genomic DNA was
extracted from 15ul of blood, using a standard phehloroform protocol (Hillis et al.,

1996). The resulting DNA pellets were resuspendedD pl TE buffer, pH 8.

Mitochondrial and microsatellites DNA amplification and sequencing

We amplified by Polymerase Chain Reaction (PCR)81gR of cytochrome b (Cytb) from
mitochondrial genome and fourteen microsatellices from nuclear genome. We used newly
designed forward EM-GluCytb-F (5'-CCACCGTTGTATTCAABC-3') and reverse EM-
ThrCytb-R (5'-AGTCTTCAGTCTTTGGTTTAC-3") Cytb prim&r For microsatellites, we
used primers proposed in the literature following1a3 tailing strategy (Schuelke, 2000):
msEo21, msEo4l (Pedall et al., 2009), Emys 1, EBjyEmys 11 (Ciofi et al., 2009),
GmuD16, GmuD51, GmuD55, GmuD62, GmuD87, GmuD88, B8%38) GmuD107,

GmuD114 (King and Julian, 2004). All PCR reactiovere performed in a total volume of
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20!, including 2pl of 1/10 diluted DNA, 1X of Howéte™ Taq buffer (5SPRIME®), 200puM
of dNTPs, 200nM of each primers and 0.25 (cytb)Oat5 (microsatellites) unit of Taq
polymerase HotMast8f (5PRIME®). For microsatellites, 100nM of M13 flumhrom (700

or 800) labelled primer were added. According ® EINA marker, PCR conditions were, for
cytb/microsatellites respectively, 1 min 30 sec/t rat 94°C followed by 34/35 cycles of
30/40 sec denaturing at 94°C, 45/30 sec annealib§/86°C, and 45 sec/1 min extension at
65°C. Final elongation step was at 65°C for 10/&.rsior mtDNA, PCR vyield and specificity
was checked by running a 2 pL aliquot on a 2% agagel, and PCR products were purified
with Exonuclease 1 (2 units) and Shrimp Alkaline@$ithatase (1 unit) enzymes for 1 hour at
37°C. Sequencing was performed by MACROGEN® sodreflhe Netherlands following a
Big Dye sequencing protocol. We edited and aligtieel sequencing chromatograms by
manually with MEGA 5 software (Tamura et al., 201We included as references the
haplotypes lla (accession number: AJ131411), IM&xdssion number: AJ131417) and Va

(accession number: AJ131420).

Hardy Weinberg Equilibrium (HWE) and disequilibrium linkage

The Weir and Cockerham (1984) estimatorFg§ were calculated for each kernel from
multiloci microsatellite data, and significant @fénce ofFs from zero (indicating a

deviation from Hardy Weinberg Equilibrium) was &btusing 1100 random permutations.
When HWE departure was detected, the program MICR{ECKER (van Oosterhout et al.,
2004) was used to test for genotyping errors originree loci (msEo21, GmuD93 and
GmuD51) showed significant heterozygote deficit &ir sites and were excluded from all
subsequent analyses. We estimated also potemtkage disequilibrium for each pair of loci

and for each kernel. Both analyses were implemewigd FSTAT 2.9.3. (Goudet, 2002a).
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We adjusted the nominal level of significance (5recting for multiple comparisons using
Benjamini—-Yekutiely corrections (BY; Benjamini andekutieli 2001). BY corrections
provides a better compromise between type | arefrirs (Narum, 2006) comparatively to

Bonferroni correction that is very conservative.

Diversity measures

We estimated the genetic diversity at microsasslibci by calculating the mean number of
allele (A), and the mean number of allele (Ar) gmdvate allelic richness (PAr) both
corrected by rarefaction method, for a common si&1 individuals (Kalinowski, 2004;
Leberg, 2002). All these analyses were realiseth WiP-RARE 1.0 software (Kalinowski,

2005).

Phylogeography and population structure

To demonstrate that enough time ago to allow mixiog the nuclear genome between
haplotypic lineages or complete introgression (bBseoved in otheE. orbicularis contact
zones Pedall et al 2011) and that phylogeograpiicgss is not a driving force of the actually
pattern of microsatellites differentiation, we fir¢ested that no nucleo-cytoplasmic
disequilibrium wad persisting by checkifgr according to mtDNA lineage. Consequently,
we supposed that the differentiation for microsigehot would occur according to mtDNA
haplotype lineage but rather than another facta. @ography). Then, to test than enough
ancient mixing have erased any anatomic differerms/een haploptypic lineages at the
Tour du Valat, we attempted to explain morphomatiiterentiation using length of the back

according to haplotypic lineage, sex and site (Estpu and Faisses, no data for Draille) by
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using Generalized Linear Models (GLM) with a Gaasdilistribution for the error terrive
evaluated the fit of models by checking normalitydependence and homoscedasticity of
residuals. Model selection was achieved using tkak& Information Criterion corrected for
small sample size (AICc; Burnham and Anderson, 200adel with the lower AICc value is
considered as the best model for the data at Madels with an AICc difference less than 2
are considered as equivalent to describe the @atisl were implemented in R version 2.7.2

(Development Core Team, 2008)

Genetic dispersal analysis

To compare with demographic dispersal estimatedCMR, we determined the genetic
dispersal among kernels by three different appresch

The first approach is based on comparisons of samplits (the kernels).
Differentiation for nuclear markers was assessedbfith sex combined and for male and
female separately. If connectivity for one sexighler than the other, one would expect lower
or even non-significant differentiation when measuifor this sex relative to the other
measure for combined sexes (Goudet et al., 20&bjilarly, differences in the level of
differentiation for bi-parentally inherited markefsicrosatellite) compared to maternally
inherited markers (mtDNA) could be associated wdiffierential dispersal according to sex
(e.g. lower differentiation of mtDNAvs microsatellite is expected if females are less
dispersing; Prugnolle and De Mee(s, 2002). For thésquantified differentiation level using
multi-loci Fst index for microsatellites (Slatkin, 1995) and Byr an analogue index for
mitochondrial data (Excoffier et al., 2005). Inditlg, this method allowed measuring the
global dispersal level between the kernels. Forrosatellites,Fstwas also calculatetbr

males and females separately to quantify gendearifgpelispersal. Statistical significance
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was tested with 10 000 permutations of individubétween sites. All calculations were
realised using ARLEQUIN version 3.5 software (BExteofet al., 2005) and the nominal level
of significance (5%) was adjusted with BY correnso

The second approach is to infer genetic structaréh@ same time by clustering
individuals into genetic units (calldd) and estimating the probability an individual hawoe
belong to this clustar We used the Bayesian clustering method implendent¢he software
STRUCTURE (Pritchard et al., 2000) to identify thest probable number of genetic urkts
We performed five runs for each value of simuldedbetween 1 and 5) to assess consistency
of estimations of log-likelihood of the posterioropability of the data for a giveK (In
Pr(X/K)). Our calculation were based on 500 000 MCerations with an initial burn-in of
100 000 steps. Admixture model with non-indepen@dlete frequencies were chosen Falush
et al., 2003). The posterior value Kf(Pr(K/X)) we computed following Eg. 3 in Pritchaed
al. (2000) using R ver. 2.7.2 (Development corent,e2008). We used the statistic proposed
by Waples and Gagiotti (2006), recommended espgcighen the observed level of
differentiation was low (see results), rather tBEaanno’s test (Evanno et al., 2005).

Third, we tried to identify first generation migtan(FO migrant here after)
characterised by the fact that they were producmtetically in one population but were
sampled in another one. This approach is in paatogous to the previous one but can be
based on other analytical tool and the rate at Wwhype one error could occur can be
controlled. We used GENCLASS?2 2.0 software (Pirglet2004) to implement Likelihood L
=Lorgiv Lmax using the frequencies-based method proposed étk&aet al. (1995) and the
Monte Carlo re-sampling method (Paetkau et al.,420@or a given allele frequency
distribution [72]. This likelihood was computed aoding to Paetkau et al. (2004) [72] re-

sampling algorithm for 100 000 simulations and kxina level of 0.1%.
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Results

Population dynamics

The survival is high for both sex (Table 2, M4 W5, AQAICc=35) and reach the value of
0.920 £ 0.012 for male and 0.959 + 0.007 for female

The fidelity to site is lower in males 0.036 + 060¢han in females 0.136 £+ 0.074. The
probability to change from Fidelity to No fidelitgategories is low 0.046 + 0.024 and
independent of any parameters (Table 2, M6 vs.AQAIVc= 75).

The probability of capture is on average 0.78 60Taking account the effect of site
and time on capturability reducing the QAICc (TaJeM8 vs. M9 AQAICc=21).

Movements from Faisses and Esquineau to their ceégpayhost sites, and vice versa,
are important for both sexes (0.427 + 0.071 an®3.B 0.080 for females and male on
average, respectively; Fig. 2). On the contramgaliand indirect movements between Faisses
and Esquineau are low for males (0.027 + 0.009venage; Fig. 2) and null for females (Fig.
2). Values of QAICc are better when direct (fronidsas to Esquineau, and vice versa) and
indirect (from Faisses to Esquineau via the ghitef and vice versa) transitions are fixed
equals for each sex respectively (Table 2, M1 v&, MQAICc=53) and without time effect

(Table 2, M2 vs. M3AQAICc=180).

Genetic structure

Three haplotypes, lla, IVa and Va from three hapmt lineages (Il, IV and V) were

observed out of a total of 168 individuals, segeenitom our 3 studied sites, based on 1428
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base pairs mtDNA cytochrome b sequences. We foB386, $5% and 2% of haplotypes lla,
IVa and Va at Faisses (for 63 individuals), respebt. Esquineau (for 61 individuals) is also
including the three haplotypes: 64% of haplotype B% of haplotype IVa and 31% of
haplotype IVa. Finally, we found at Draille (for 4ddividuals), 66 % and 34% of haplotype
lla and Va, respectively. Haplotype Va differed &8 nucleotides with both haplotypes lla
and IVa (1.3% divergence) while a 20 nucleotideBedince is observed between the
haplotype lla and the IVa (1.4% divergence). Hapdetlla is the most frequent (59.7%) and
haplotype IVa can be considered rare (frequentty5%).

Microsatellite loci appeared to be inherited indegently of each other, as no
evidence for linkage disequilibrium was found farygpair of loci. Therefore, eleven loci
were obtained for 196 individuals from the 3 sif€able 3). The genetic diversity is high with
an uncorrected (A) and a corrected for a commonaif1 individuals (Ar) average of 12.83
and 11.23 allele per locus, respectively. The peicrrected allelic richness (PAr) was 1.23.
All  populations showed no deviation to Hardy-WeirdbeEquilibrium. To finish,
microsatellites showed no genetic structure by dtgpic lineage Fst= 0.0005,P=0.7204).
The morphology (length of the back) of turtles veéso not explained by haplotypic lineage
but best explained by site and sex (Table 5wsl¥5, AAICc =117.8).

All measures of differentiation site pairwise foicnosatellites Esy) either for both
sexes combined or for each sex alone were signtfifdg.4). Site pairwise estimates @&t
ranged from 0.003 (between Esquineau and Draill€).992 (between Faisses and Draille)
and differentiation was revealed between Faissas Bsquineau (Table 4). Bayesian
clustering methods found also genetic structureindtated both maximum likelihood and
highest posterior probability for 3 genetic clusteorresponding to our 3 studied sites (K=3;
P (K=3) =1; Fig. 3). We note one first generatiomgmant (FO), one male, genetically

belonging to Esquineau but captured in the Faidsister. GENECLASS analyses confirmed
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this result with the same male sampled in Faisseetgally assigned to Esquineau. This
male was captured in the adult stage for the tiims¢ in 1998 at the Esquineau sub-population

and was recaptured 24 times only in the Faissepgpblation since 1999.
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Discussion

The objective of our study was to quantify the disal between populations kernels of the
European pond turtle at the Tour du Valat, in tleen@rgue, connected by potentials aquatics
corridors that would offer structural connectivitVe used data from a capture-mark-
recapture (CMR) monitoring since 15 years betwesn kernels and genetic markers
(mitochondrial DNA and microsatellites) to estimdte dispersal including a third kernel.
The contribution of molecular markers is importéetause it provides information on the
degree of differentiation among populations butnist sufficient to quantify dispersal
behaviour because population genetic structurdtseswostly from a balance between genetic
drift and gene flow (Bohonak, 1999). The CMR appfoas a pertinent complement to
guantify movements between sub-populations (Vandstijoe and Baguette, 2004).

Our starting hypothesis was that several kernelpagulation were connected by
corridors and form a unique genetic population watetapopulation functioning. Our results
do not support this hypothesis. The CMR modelsthedyenetic markers provide concordant
information for no dispersal between Faisses amiiBeau. Indeed, we found a significant
global Fst, three genetic clusters corresponding to the tktadied sites ankigh level of
private allele between populations (Kalinowski, 200 We supposed very limited
connectivity from males (with the detection of aagle FO male migrant) with a total
demographic dispersal estimated by CMR at 2.7%, vaitidl null movements estimated by
CMR and genetic assignment for females.

This observed pattern could results from phylogaphic processes. Indeed, three
mtDNA lineages have been found in Camargue (llahd V). These lineages results from

glacial refugia and their co-occurrence in Camangseilts from Holocene range expansion
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and secondary contact (Fritz et al., 2007; Pedall.2011). Assortative mating for haplotype
(i.e males with a haplotype lineage mating prefeaéy with females of the same haplotype
lineage) could exist and each lineage could owatafprivate alleles and since the relative
frequency of lineage is unbalanced in each kethi,could partially explain thEstand the
private allele pattern found. However, no evidenteassortative mating for haplotype is
known in Emys orbicularis On the contrary, in this species, the mate chaécesize
dependent. Poschadel et al. (2006) showed througimaltaneous binary choice test that
male prefers to mate with larger females. Femateirfdity is positively correlated with
female size in European pond turtles, which mayuaetfor male choosiness (Poschadel et
al., 2006). However, females did not show a prefege In addition, we showed throught a
GLM analysis that the individuals size is explaineg sex and population. There is no
significant difference of individual size according haplotype. Mate choice, therefore, is
probably not by assortative mating by haplotype.rédwer, this pattern of differentiation
involved enough mixing or complete introgressioruwadng between lineages enough time
ago as differentiation for microsatellite was notisture by haplotypic lineage.

The structuration pattern found among kernels coudde likely the results from the
behavioural ecology of pond turtle, where femaketaghly philopatric and where a male sex-
biased dispersal occurs (Sheridan et al., 201@hpwaght it seems very limited here. In
freshwater turtles, the female philopatry is expdi by nesting site fidelity (Freedberg and
Wade, 2001). At the Tour du Valat, the numbers e$timg site are limited (i.e one per
kernel). For a female, the probability to find atlfeevourable nesting sites is very low. Hence,
reproductive success of dispersal behaviour in kensaprobably very low. More generally,
female philopatry might be favoured by selectiomduse female juvenile benefit from the
territory of their mother and have good resouraas laying (Greenwood, 1980). On the

contrary, to avoid inbreeding depression, the d&glels less costly in male (Ebert et al.,
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2002) and they are advantaged by prospecting fe(Aalgres and Chambers 2006).However,
in the present study, the gene flow generated blesnia insufficient to homogenize the
genetic diversity. In addition, each kernel in study is at HWE and the level diversity is in
the upper range of what could be observed in Eamopend turtles (Velo-Anton 2007, 2008;
Pedall et al., 2011; Molnar et al., 2011). Therefdhe need to avoid inbreeding depression
might be questionable in each kernel, limiting dis@al decision taken by males. Even if the
dispersal capacities are limited in the Europeardpartle (Lenk et al., 1999), the movements
of 1 or 2 km are quite feasible for both sexes @d&b, 2000; Cadi, 2003). This ability may
be more important and has allowed the recolonimadioEurope after the last glaciation via
“long distance dispersal” of few individuals usingers, creeks, lakes and swamps, including
recolonization of South Scandinavia from the BatkéBommer et al., 2007). After northern
Europe was reached, a minimum dispersal of 50 knmilp@ years (500m per year) may be
hypothesized to explain this recolonisation sint@ 600 ans (Sommer et al., 2007).

Our pattern of differentiation is another exampte demonstrating that aquatic
connectivity of habitats does not necessarily egtatgenetic connectivity (Sheridan, 2010;
Molnar et al., 2011). Several studies showed tisgdensal is triggered by density-dependence
(Travis et al., 1999). Indeed, is the resourcesahmendant and the density of individuals is
low, the intra-specific competition is relaxed. Gequently, the philopatry is less costly that
dispersal because the probability to find anotheot@irable site is low. At the Tour du Valat,
we supposed that carrying capacity is not reacleeduse the density is moderate and food
abundant (Olivier, 2002) allowing increase of p@pian sizes (Ficheux, unpublished data).
For both sexes, it could be more advantageous ¢ev ghigh fidelity, and could allow
allocating energetic resources in the survival egroduction. The higher survival rate of
female found in our results can be explained bylsaised survival frequently found in turtle

(Litzgus, 2006; Martins and Souza, 2009). This megm allows maximizing the
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reproductive success (Litzgus, 2006). The lifednstheory provides a compromise between
survival and reproduction. In chelonians, late séxenaturity and iteroparity maximize
reproductive success of individuals and offset tigh variability of eggs and juveniles
survival (Cunnington and Brooks, 1996). This siggiecalled bet-hedging, could partly
explain the observed differences in survival betwesexes. The survival is lower in males
because the reproduction costs are more importahttiae partner research (Litzgus, 2006).
On the other part, the economy of energy resousgeemale philopatric could favorite the
reproductive success by multiple lay, two or thekeches in Camargue are frequent (Olivier,
2002). The sperm storage capacities, know in Eamopgmnd turtle (Roques et al., 2006),
allow a multiple paternity and promoting the geadliversity of these clutches.

The pattern of dispersal between the Faisses anfduineau is also observed with
the third kernel, the Draille. THestresults show a significant differentiation betwedrsub-
populations. We cannot rule out a connectivity pgob at the Tour du Valat. Although
potential corridors are abundant in Camargue, theni delta have experienced major habitat
degradation and loss associated with fragmentgfacon, 2008). Fragmentation affects in
priority species with low dispersal abilities (G#h1993). It is also quite possible that the
quality of ecological corridors i.e. their permigsmess to turtle, is poor. In a recent study,
Cosentino et al. (2010) found that the habitat lpatsurfaces, their connectivity and habitat
guality influenced the spatial dynamics of the fineater turtleChrysemys picta

ComparingFst per sex and both sexes combined as well as@uitivas inconclusive
about differential dispersal according to sex. Stedults could be explained by the over low
level of differentiation, limiting the power of sa@pproach (Goudet et al 2002, Prugnolle and
De Meels, 2002). Moreover, the CMR data identitghhtransition with ghost kernel
suggesting that the kernel are not the actualapanits of the demographic populations. In

addition, some individuals overlapped areas ofstinelied sites whereas others seemed to be
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capture within the same area over several years. ddpture heterogeneity has been taken
into account by the determination of two statestelly and No fidelity. The probability of
changing from one state to another is very lowother part, the rate of intra-population
transition, as measured by the transitions betwleesites and their ghost sites, are important.
Generally, when a pond turtle leaves the Faiss&s@uineau sites, the animal returns to their
original site. We supposed that these intra-pomraransitions pattern suggest that in some
years these individuals will be unavailable (i.et natchable, because at the periphery of
kernel) and will be considered to have tempordtrgnsited out” of the study areas.

From a demographic and genetic population pointi®v, population kernels at the
Tour du Valat are not functioning as a dynamic ipepaulation (Hanski and Gaggiotti, 2004)
with strong female philopatry and few gene flow\pded by male. Through this study, we
show that the disappearance of favourable halmtéErmys orbicularisand the rarefaction of
nesting site, can be favour a strong site fidedihd separate populations even if they are
closed geographically. Consequently, in this case@n extinction of a local population
occurs, the absence of connectivity would not altbes recolonization of the site (Cushman,
2006). On the other part, if the isolation contsiu¢he genetic diversity will decrease
producing a higher vulnerability to stochasticiBeed and Frankham, 2003). It is crucial to
perverse the natural heterogeneity of wetland amwgerve permeable corridors allowing to
European pond turtle to move from a familiar stieah alternative site and promoting the

homogenisation of the genetic diversity.
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Table 1.Design matrices of capture-mark-recaptures moaigsinitial state matrix (a) and transitions matdecomposed in survival

probabilities (b), transitions probabilities betwdecality state (c), probabilities to change o&ttgy (d) and events probabilities (e).

a) F1 F2 NF1 NF2 o1 02 oD d) F1 F2 NF1 NF2 o1 02 oD D
F1 * - - - - - - -
n 1 I * - - .
F2 - * - - - - - -
NF1L «a - * - - - - -
b) F1 F2 NF1 NF2 o1 02 oD D NE2 - o N * - - - .
F1 ¢ - - - - - - * o1 - - - - * - - -
F2 - ® - - - - - * o2 - - - - - * - -
NF1 - - ® - - - - * oD ) 3 3 } 3 } * }
NF2 - - - ¢ - - - * D ) i i ) ) ) } *
o1 - - - - ® - - *
o2 - - - - - ¢ - *
ob - - - - - - ® * e) Fi S0 S1 S2
D - - - - - - - *
F1 * B -
F2 * - B
c) 3 1:1 F2 NF1 NF2 o1 02 oD D NE1L  * B i
) ) ) ) ) ) ) NF2 = - B
F2 - * - - - - -
NF1 * o1 ) i i
- - v v - v -
02 * - -
NF2 - - v * - v v -
oD * - -
o1 - - \'j A * - - -
* - -
o2 - - \j \ - * - - b
oD - - - - - - * -
D - - - - - - - *
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Table 2. Modelling transition ¥) between localities (Faisses and Esquineau and their

respective ghost sites), for survival, strategy aapturability probabilities o, o, £

respectively) in the European pond turtEemfys orbiculariy at the Tour du valat, South

France. Results of model selection include: nunatbenathematical parameters (k), deviance

and Akaike Information Criterion value correctedr femall sample size (QAICc) and

difference of QAICc AQAICc) between models and the model with the low@aiCc for

each modelling (M2, M4, M7 and M9, respectively).

No. Models Constraints and k Deviance QAICc AQAICc
biological hypothesis
A) Model selection for localities transition
Equals indirect + direct

M2 Yindirect&direct-site.sex transition for both sex 21 5803 5845 0
respectively

M1 Ysite.sex Site and sex dependence 16 5966 5898 53
Equals indirect + direct

. . . . transition for both sex

M3 Yindirect&direct-site.sex.time respectively and time 197 5585 6023 125
dependence
B) Selection hypothesis, survival analysis

M4 gsex Survival function of sex 74 5549 5702 0

M5  gsex.time Survival function of sex g 5529 5737 37

psex. and time

C) Selection hypothesis, strategy

M7  «a Strategy independent 46 5622 5716 0

. . Strategy dependent of

M6  asite.sex.time site, sex and time 98 5584 5791 75

D) Selection hypothesis, capturability
o Capturability dependent
M9  psite.time of time and site 50 5616 5718 0
M8  Psite.sex.time Capturability dependent ¢ 5581 5739 21

of sex, site and time
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Table 3. Diversity at 11 microsatellites within three sitfSEmys orbicularisat the Tour du
Valat, South France. N: sample; A: mean numberllefea Ar and PAr: mean corrected
number allele and private allelic richness by racebn method for a common size of 61
individuals, respectively; RA: mean number of raliele (<0.05 in all datasetls: Hardy-

Weinberg Equilibrium measure.

Population N A Ar  PAr Fis

Draille 61 129 114 1.39 0.059ns

Esquineau 71 13.1 11.3 1.26 0.064ns

Faisses 64 125 11.0 1.00 0.055ns

ns: non significant deviation
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Table 4. Differentiation between three siteskrinys oricularisrom the Tour du Valat, South

FranceFst, Fst-remaic@nNdFst-maie pairwiseFst values for 11 microsatellites loci for both sex

combined, females only and males only, respectivglyfor Cytb mtDNA sequences.

Microsatellites MtDNA
Fst FsTremale  Fst-maié Ost
Faisses-Esquineau 0.01* 0.026* 0.011* 0.069*
Esquineau-Draille 0.013* 0.010* 0.030* 0.003
Faisses-Draille 0.017* 0.021* 0.028* 0.092

* Significant values significant after Benjamini ¥ekutieli correction ¢ = 0.027) of the

nominal thresholdo(= 0.05).
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Table 5. Detection of first generation {Fmigrants assessed byEKECLASS2 of European
Pond Turtle Emys orbiculariy as a percentage of individuals (absolute numlver i
parenthesis) assigned genetically to a putativenekeof origin given the kernel were

individuals were sampled in.

Assigned to (%)

Sampled in N Draille Esquineau Faisses
Draille 61 1(61) 0.0 0.0
Esquineau 71 0.0 0.9843 (70) 0.156 (1)
Faisses 64 0.0 0.0 1(64)

N = sampling size.
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Table 6. Generalized Linear Models to explain length of ggpdartle Emys orbicularisback
shell variations by different explanatory variablegh selection by AICc at the Tour du
Valat, South FranceSite Esquineau, Faisses; difference of AICc between models and the
model with the lowest AICc (M2); K: number of paratars;QQ: Weight of each AICc in the
global analysis; * effect with interaction betwegnalitative variables; + effect without

interaction.

No. Model AlCc A K Q
M2 site + sex 1113.0 0 5 0.81
M3 sex 1116.8 3.8 3 0.12

M1 Site*sex*haplotype 11179 496 12 0.07

M4 sites 1223.5 11055 4 0

M5 haplotype 1230.8 117.82 3 0
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Figure 1. Location of the three study sites at theeafiys orbicularisat the Tour du Valat, in

|||
)
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the Camargue, France. Esquineau and Faisses feletekgles) were both studied for CMR
and genetics while Draille (shaded area) was oséduor genetics. The stars are the location
of the higher number of fixed two-trapping sitebeTaquatic corridors between the two sites

are highlighted in dark blue. Modified from Oliviet al. (2010).
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0.009 * 0.005

0.045 £ 0.014

0.206 + 0.072
0,282 + 0.071
0,403 + 0.073

0.570 + 0.089Y 0.470 + 0.106 0.444 £ 0.0500.368 + 0.08

Faisses Esquineau
ghost site ghost site

Figure 2. Schematization of the probabilities of transit{@nstandard errors) between Faisses
and Esquineau and their respective ghost sitheoEuropean pond turtleBriys orbiculari}
at the Tour du Valat, South France. Values in lamid in italic represents females and males

transition, respectively.
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Figure 3. Summary barplot of estimates of Q: the estimatechbership coefficients for each
individual in each STRUCTURE cluster. Each indiatlis represented by a single vertical
bar broken into K colored segments, with lengthgpprtional to each of the K inferred
clusters. The numbers (1, 2 and 3) corresponddc#mpled sites (1=Esquineau, 2= Faisse

and 3=Draille).
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Chapitre 3

Rapid response of a long-lived species to improvedater
and grazing management: the case of the European po

turtle (Emys orbicularis) in the Camargue, France.
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Abstract

Among human activities, the effect of habitat mamagnt by grazing on population viability
iIs ambiguous. Indeed, beneficial effects of grazarg expected by maintaining open
meadows, but overgrazing is supposed to increastliyp by trampling. Grazing has been
shown to negatively impact the survival of Europg@amd turtle Emys orbiculari} in the
Camargue. Consequently, a new management plan whsedl We investigated the
consequences of this management using capturetueeapethods to estimate variations of
population sizes in this managed site and a costtelover a 17 years period. Results show
an increase of the number of adults and juvenifethe managed site after the management
change. Our results suggest that improved waterageanent with flooding in autumn
provided better hibernation conditions, and thaluoed grazing intensity in autumn/winter
likely decreased the risk of trampling. Populatwas restored in less than 4 years following
the management change, probably by the relaxafiatemsity-dependence. It is an original
result for a long lived-species supposed to haveimportant time of resilience to

perturbations.

Keywords

capture-mark-recapture, density-dependeiiaays orbicularis population size, hydrologic

management, pastoral management.
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Introduction

One third of the reptiles inhabiting marine andsine@ater environments are threatened of
extinction (B6hm et al., 2013). Higher level of éhts to freshwater and marine habitats
compared with terrestrial ones are likely respdesibr this figure. In particular, 46-57% of
the freshwater turtle species are threatened biatategradation (Bohm et al., 2013; World
Commission on Dams, 2000). Many of these speceparticularly affected by home range
reduction due to the loss of favorable habitatanpetition with invasive species and
landscape fragmentation (Williams and Osentoskd,720

The European pond turtl&ihys orbiculari} is the reptile which has shown the most
important range reduction in Europe (>2%) betwe&Y0l and 1990 with increasing
fragmentation of populations and the extinction sefveral relict populations in Eastern
Europe (Servan, 1999). Poaching (especially captuite fishtraps), habitat loss and
transformation (Rogner, 2009) are the main caudethi® negative trend. In particular,
drainage, channel constructions, water regulatiod dike management generally cause
strong habitat homogenization and population fragateon (Rogner, 2009). Furthermore,
the conversion of wetlands to croplands generatdiianal threats for European pond turtles
by exposing them to water pollution.

European pond turtles require both good qualitgHveater habitat for foraging and
terrestrial habitat with open areas and low plantec for successful nesting (Ficetola et al.,
2004). In this context, cattle grazing may provajgen meadows offering favorable nesting
sites, essential for the breeding dynamics of f{hecies as was shown in the bog turtle
Glyptemys muhlenberg(iTesauro and Ehrenfeld, 2007). However, the btnefi grazing

remain controversial: some authors argue that &nergrazing negatively affects the survival
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of herpeto-fauna by changing the macrohabitat (&tige structure) or microhabitat (ground
temperature), decreasing prey abundances (Wilgeis, 006), or increasing the numbers of
injured animals by trampling (Olivier et al., 2010)

Olivier et al. (2010) compared the dynamics of #auropean pond turtle populations
of the Camargue (south of France) facing diffemanagements, the Esquineau population
face intense grazing and a variable water managewleite the Faisses site has constant
conditions of management characterised by modegedging intensity and stable water
levels. The Esquineau population was found to kdirdeg and individuals were found to
present shell damaged by cattle trampling. It vims thypothesized that trampling increased
turtle mortality and consequently reduced the nusbé individuals (Fig. 1). In parallel, we
suspected that natural winter flooding was too tateffer optimal hibernation conditions
since overwintering starts as soon as autumn (Rp@06€9). Therefore, sites offering better
conditions for hibernation due to the dense vegwmtaithat allows stable conditions to be
maintained during the winter; Thienpont et al., £0@ere unavailable, forcing European
pond turtles to take refuge in areas less favoratch may have increased mortality during
the hibernation period. Based on these hypothese2)07, a new management plan was
implemented at the Esquineau so that floodingedart autumn and the timing and stocking
rates of cattle were changed with moderate gramitensity outside the active period of
turtles (Fig. 1). In an adaptive management petsmgecmonitoring the change of turtle
population size following this management changeukh allow evaluating the effect of
grazing and water management on this species. Adaptanagement is a conservation
strategy that aims to "learn by experimenting” (Mtcliand Lee, 1996; Walters, 1986). The
principle is to establish a management policy bagedassumptions and models of the
functioning of the system, and to assess theiceWenessa posteriori(Berkes et al., 2000;

Maris and Béchet, 2010). Hence, 7 years after namegt change we evaluated the
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effectiveness of the conservation measure takgmeeent the decrease of tke orbicularis
population to validate the hypotheses made onuhetibning of the system. In particular, we
expected that mitigating the grazing pressure drahg@ing water management would allow

population size to return to its initial state.
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Materials and Methods

Study area and sampling

The two populations dE. orbicularisstudied are located in the natural reserve offthe du
Valat in the Camargue (southern France, ~ 43°3M™0’ E). The first site, the Esquineau,
has a total area of 250 ha. The second site, tissés(Moncanard in Olivier et al., 2010)
covers a surface area of 100 ha. The studied posaare ~ 1.5 km apart. At both sites
European pond turtles inhabit two kinds of habitptymanent and semi-permanent marshes
managed by man-made irrigation and drainage cé@dlger et al., 2010).

From 1997 to 2013, turtles of both populations weaptured from April to August
with fishtraps and by hand. Traps were placed matsaand marshes (22 in the the Faisses, 39
in the Esquineau) and were deployed in the fieldraating weekly between the Esquineau
and the Faisses during three to five consecutiys dad were visited daily in the morning.
Hand captures were also made during these dailis.visor each capture, the age, sex and
shell condition (damaged or not) were recorded. #%es identified by observing male
secondary sexual characteristics: concave bresstgleange eyes (yellow in females), basic
wide tail and cloacae away from the plastron (Zwaifid Gariboldi, 1995). Turtles were
classified as adults if they had no visible growtigs (Castanet, 1988). In juveniles, reading
these growth rings allows to determine the indigidbirth year (Olivier, 2002). Each
individual was marked with permanent notches cta the carapace marginal scutes with a
small hacksaw (Cagle, 1939). Turtles were returuighin 24 h to the place where they had

been collected. A total of 7059 captures correspando 963 different individuals was
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obtained over the 17-years study period. More pedgj the dataset includes 364 adults and
276 juveniles from the Esquineau and 207 adultslasduveniles from the Faisses.

Both horses and cows graze on land and in the msrdBrazing intensity was
calculated as P =n(imber of adult livestock * number of months ofzgrg) / (grazed area
(ha)). We arbitrarily defined 3 thresholds of grazimgensity: low under a value of 2, high
above of 5 and moderate between these two valudse duration of grazing periods varies
between years: i) all year long between 1997 ar@ll20) in spring and summer between
2002 and 2006; iii) in autumn and winter after 2QBig. 1).

Water levels were measured 2 to 3 times per monthday period were recorded.
Before 2002, water was present in marshes and<satfiglear long. Since 2002, water levels
were modified with a dry period at the end of summ@ed a natural flooding by rainfall in
winter. After 2006, flooding was atrtificially sugghented by pumping in autumn. Both
management changes only affected the Esquineaussitéhat the Faisses site can be

considered as a control site.

Statistical analysis

We estimated annual variations of the European partte population size at each
site separately for each age-class (adult and jl@)esy using close population models. Each
year from two to five sampling periods were perfednThese sampling periods were used to
build the capture histories. Each sampling pereotjth between three to five days was then
pooled in our analysis. We first tested for eacaryehether the population was closed or not
by using CLOSE-TEST (Stanley and Burnham, 1999gnTive estimated population size at
each of the 17 years with the CAPTURE module (Reksind Burnham, 1991) of MARK

software (White and Burnham, 1999). CAPTURE allows varyinguemsptions regarding
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capture probabilities including: i) inter-individuheterogeneity of capture (W ii) time
variation in capture probability (8 iii) a behavioural response to the first capt(ivib) and
the different possible combinations of effects @ptare probabilities. The best model is
selected based on the maximum value (between (Lané a discriminate model selection
criteria specific to CAPTURE. We calculated theestf the whole population by adding the
number of adults and juveniles estimated eachfgeaach population.

We attempted to explain annual population sizeatians at the two sites by using
Generalized Linear Models (GLM) with a Gaussiantriistion for the error term. We
included the standard error of the population seveight to take into account inter-annual
variations in the precision of the estimate. Wel@ated the fit of models by checking
normality, independence and homoscedasticity afluess. We first tested for a difference of
population size between sites. Then we testeddon @opulation the effect of age (juvenile
or adult), and of the three periods correspondmghe three management plans: a single
period 1997-2013, two periods 1997-2001/2002-204@ #997-2006/2007-2013, and three
periods 1997-2001/2002-2006/2007-2013. Model selection aeseved using the Akaike
Information Criterion corrected for small samplees{(AICc; Burnham and Anderson, 2002).
Model with the lower AICc value is considered as biest model for the data at hand. Models
with an AICc difference less than 2 are considexedquivalent to describe the data. GLM

were implemented in R version 2.7.2 (Developmentedeam, 2008)
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Results

At the Esquineau, grazing intensity was stable landbetween 1997 and 2001. In 2002, the
livestock density was multiplied by 2.5 and thezgng intensity was high. Since 2007, the
grazing intensity has been more fluctuating andbmnonsidered as moderate (Fig. 1). At the
Faisses, grazing intensity has remained modeate 1097 to 2013.

At the Faisses, we noted 3 phases of recruitmégt 2 determined from the number
of newly marked individuals in 2000, 2003 and 20@i#h 7, 8 and 10 individuals,
respectively. At the Esquineau, we observed 2 gh@sg. 2) in 1998 with 15 individuals and
between 2004 and 2007 with a maximum of 26 indiziglun 2007.

Damaged shells were noted on 32 individuals mostlyadult females and male
juveniles at the Esquineau (9 and 7, respectivEble 1). Trampling seems to be more
important between 1997 and 2001 and between 2002@12 than between 2002 and 2006
(15, 12 and 5, respectively; Table 1).

Close tests indicated that the closure assumptitimnaprimary periods was supported
in ~70% of years. Among the top six models recegjvihe highest scores based on the
CAPTURE algorithm for model selection, model witte-variation in capture probability
(Mt) was selected for adult data sets. For juvenita dats, models without effects ¢and
with heterogeneity at the capture lf{Mwere selected for the Esquineau and the Faisses,
respectively.

The Faisses and the Esquineau populations appdactoate independently of one
another over the study period (Table 2, ¥IM2, AAICc= 22.4) supporting localized effects

of management actions.
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The Faisses population does not show any consisiantvariations across the three
management plans (Table 2, M¥8 M11, AAICc= 4.1) so that this population appears
relatively stable with 73 = 21 individuals (Fig.3d}esults suggest that the Faisses show a
strong age effect but independent of any of theagament plans (Table 2, M@M14, M15
AAICC> 4.4).

Contrary to the Faisses, the Esquineau populatzenvaries depending on the three
management plans (Table 2, MSM6, M7 and M8,AAICc> 7.7; Fig. 3c). Model selection
supports the hypothesis that variations of poputasize are age-dependent (Table 2,143
M4, AAICc= 2.4). Adult population size was 206 = 19 widuals during the first period,
decreased to 145 + 30 between 2002 and 2006 anelased to 300 £ 90 during the last
period (Fig. 3a). The juvenile population followmgar variations with a greater magnitude
(Fig. 3b). Population size dropped from 43 + 30QL%o+ 9 between the first and the second
period, a decline of 65% compared to adult popahatvhich decreased of only 30% over the
same period. After 2006, the average populatiom gijuveniles increased by 700% reaching
120 + 50 individuals, while this rise was only 10786 adults. The increase of the juvenile
population size seems to start in 2006 (Fig. 3kQ, years before the increase observed in the

adult population (Fig. 3a).
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Discussion

In an adaptive management approach, our study aateelvaluating the effect of two
management measures taken to restore Europeantitiacpopulations in the Camargue. In
particular, we hypothesised that high grazing isitgmand late flooding management could be
two factors that negatively impact European pomtletst

Our results suggest distinct situations betweesssit the variations of population
size. We showed a local effect at the Esquineaungiere population sizes vary following the
changes of management plans. This pattern is neereéd at the Faisses site where
management remained the same throughout the stedpdp At this site, the whole
population slightly fluctuates between 1997 and@4 the Esquineau, the number of adults
and juveniles increased steadily after the secoamdagement plan in 2007 and remained high
up until 2013. Even if the respective effects ahizing and water management can not be
disentangled, our results suggest beneficial effetthese two factors.

The availability of water is essential for the sual of European pond turtle (Rogner,
2009).Emys orbicularisuses wetlands for feeding, mating and hibernatmghe Camargue,
marshes are dry by the end of summer. The natieadihg of marshes may occur at the end
of autumn or in the beginning of winter. But floadmarshes constitute favourable sites to
hibernate that European pond turtles seek as aarf@ctober (Olivier, 2002). Therefore, in
natural conditions, marshes would most often begnuihen turtles start hibernation, so that
they are constrained to hibernate in channels wtieganal conditions are supposed less
stable due to the lack of dense vegetation and warable water levels (Thienpont et al.,

2004). By artificially flooding marshes in autumre vexpected that turtles would get better
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hibernation conditions, thus promoting higher wirgervival. Increased population sizes after
this change suggest that this measure positivédgtafd population size.

The number of trampled turtles by management plah @er site is insufficient to
detect an evolution of damaged shells and the idad@al mortality, here not detected, caused
by the changes of management. In addition, thedweerlap between grazing periods and the
European pond turtle availability to trampling itably leads to a decreased risk of being
crushed. However, data suggest that the trampfitgribes by livestock remain significant on
our study sites and seems to be more importafmteaEsquineau than at the Faisses for both
age categories (Olivier, 2002). In the short telmgh grazing intensity can therefore
negatively affect turtles. IMauremys rivulata overgrazing causes heavy disturbance by
trampling, suggested to be a factor of juvenile addIt mortality. It can also have negative
consequences on the reproductive biology, with asipte disruption of nesting areas
(Chelazzi et al., 2007). In European pond turtleampling, which occurs during the
movements of individuals (dispersal for males, agaestrial nesting for females), likely
increased mortality on adults and therefore conted) to decrease the numbers of individuals
between 2002 and 2006 (Olivier et al., 2010). Nénetess, European pond turtle at the Tour
du Valat do not seem to be severely affected by rtHatively high grazing intensity
implemented in autumn and in winter during the lastnagement plan since even if the
grazing intensity was high, the impact on turtlesnained low because individuals are
inactive during hibernation (Rogner, 2009) and ected from trampling by mud (i.e. the
earth soil layer).. In the case BMmys orbicularig grazing prevents the closure of terrestrial
habitat and maintains favourable nesting sites. .

Our results also emphasize that the rapidity ofrédsponse of this long-lived species
to the change of management. Indeed, European fonthels are long-lived animals with a

late age of first reproduction (Rogner, 2009). Gopuently, the generation time is very high
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and the time of resilience to perturbations is &spected to be high (Couturier et al., 2011,
Pitt and Nickerson, 2013). Our results contrashwhis prediction. Yet they are similar to the
observations made by Cheylan and Poitevin (1998) wtudied the impact of fire on
population ofEmys orbicularisin the Massif des Maures (Southern France). Tiewsd
that despite the decrease of abundance and mpélidividuals after a fire, the population
could be restored in only 5 years by high recruiitme

The relaxation of density-dependence may explam ldw time of resilience to
perturbation observed in our populations (Vincesizal., 2010). Indeed, as population size
dropped during the second plan, the decreaseraspecific competition may have facilitated
an important and rapid recruitment of the newlyrbiodividuals from 2004 (Fordham et al.,
2009; Fig. 2) despite a low and stable fecunditpss years (5 per 1000 on average; Olivier,
2002). This recruitment can result from an increzfsthe numbers of juveniles newly marked
from 2006 (we observed at the Tour du Valat thatjtiveniles are caught for the first time
around 2-3 years). The sudden increase of the nuaitedults captured from 2008 onward
marks the transition from the marked juvenileshi® adult state (around 5-6 and 7-8 years for
males and females, respectively) in the datasee rBtruitment of both age categories
intensifies with the third management plan. In casitthe decrease of the number of newly
marked individuals after 2008 (<5 individuals inceat years) may be explained by the
increasing intraspecific competition following pd@tion restoration. As the majority of
individuals born from this last recruitment havebeaptured and marked, we predict that in
a few years the numbers of juveniles in the whaleytation will progressively decrease. On
the contrary, the population of adults should iaseein the next 3 to 5 years.

Our study shows the importance on one hand oadaptive management of aquatic
habitats in an anthropic system, and on the otlardhof the long-term monitoring of

populations for the conservation of freshwatenégrspecies.
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Table 1. Number of Emys orbicularisindividuals found with severely damaged shell by

management plan, site, sex and age at the two sijolylations Esquineau and Faisse in the

Camargue.
Adult
Female Male Female Male Total
Esquineau Esquineau Faisses Faisses Esquineau/Faisses
1997-2001 6 3 0 1 9/1
2002-2006 2 0 0 1 2/1
2007-2013 1 3 2 0 4/2
Juvenile
Female Male Female Male
Esquineau Esquineau Faisses Faisses
1997-2001 2 2 1 0 4/1
2002-2006 1 1 0 0 2/0
2007-2013 2 4 0 0 6/0
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Table 2. Generalized Linear Models to evaluate a) the effésite on population size; b) the
effect of age and of the different management plansannual population sizes at the
Esquineau (b) and the Faisses pop Esquineau, Faisse&; 1997-2001B: 2002-2006,C:
2007-2013;A: difference of AICc between models and the firsidel (M1, M3 and M9,
respectively). K: number of parametef?; Weight of each AICc in the global analysis; *

effect with interaction between qualitative varedl+ effect without interaction.

a)  No. Model Deviance AlICc A K Q
M1 (A/B/C)Pop 10936 7376 O 7  1.00
M2 (A/B/C)#Pop 16432 760.0 22.4 5  0.00

b)  No. Model Deviance AICc A K Q
M3 (A/B/C)*Age 5025 3229 0 7 0.60
M4 (A/B/C)+tAge 64.52 325.3 24 5 0.40
M5  (A/B/C) 6043 3986 757 4  0.00
M6 A-B/C 817.89 406.3 834 3 0.00
M7 A/B-C 1054.9 4149 92 3 0.00
M8 1997-2013 1249.6 4183 954 2 0.00

c) No. Model Deviance AlCc A K Q
M9 Age 130.33 302.2 3 0.489
M14 (A/B/C)+Age 15533 306.6 44 5 0.260
M15 (A/B/C)*Age 130.33 307.1 49 7 0.242
M10 1997-2013 504.06 3376 354 2 0.003
M13 A/B-C 49290 3393 371 3 0.002
M12 A-B/C 503.15 340.0 378 3 0.002
M1l  (A/B/C) 489.27 3417 395 4  0.002
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Figure 1. Characteristics of the different management parthe Esquineau European pond
turtle population (Tour du Valat) from 1997 to 20Ihe number of cows reflects cattle
grazing intensity: low (one), moderate (two) anghhfthree). Areas in grey show the presence
of water and blank areas its absence. Flooding afshes in autumn was artificial and in
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management plans. (a) For adults. (b) For juvenigg¢sFor the whole populations. Black

square curve are for the Esquineau and white audéefor the Faisses site.
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Conclusion
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Conclusion générale

Nous préconisons, lorsque c’est possible, de camnbies modéles de dynamique et de
génétique des populations afin d’étudier la disparshez la Cistude d’Europe. En effet, chez
cette espeéce, il est impossible de dissocier daintmle vue démographique les mouvements
de transition des mouvements de dispersion. Erers, $apport des outils moléculaires est
essentiel pour les déduire. Cette approche offedeédtent I'avantage d’étudier, en plus des
flux de génes contemporains, les mouvements diddé/passés. En revanche, la génétique
des populations ne peut étre que qualitative dastirhation des flux entre les populations.
En effet, I'estimation des taux de dispersion epiwpulations a partir de la différenciation
génétique et notamment a partir des €st extrémement imprécise (Whitlock and McCauley,
1999). De méme, les méthodes d’assignement santirgdes a I'identification des migrants
FO lorsque la différentiation entre populations fedtle (ce qui est le cas dans notre étude).
L'intégration génétique de ces individus dans lepubations receveuses reste donc a
déterminer. La dynamique des populations, et dab® rcas l'utilisation de modéles CMR,
est quant a elle beaucoup plus adaptée a la goatiith des mouvements entre populations.
L’étude de la dispersion est délicate, et la carazdtion de ce comportement chez les tortues
d’eau douce n’échappe pas a cette généralitét Hificile de dégager un schéma global de
limpact de la fragmentation sur la connectivité patr conséquent sur la structure et la
dynamique des populations de cistude. Ces 3 amediherche auront permis d’explorer de
nouvelles pistes d’investigation.

La premiére a consisté en I'étude de populatiomsprotégées et de grands effectifs.
Nous avons souhaité dans ce cas sortir du contkxtéétude plus répandue de petites

populations en milieu protégé. Si les connaissadeekimpact de la fragmentation sur les
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populations de petite taille ne manquent pas (Da®t3) et ce qui est compréhensible car
sujettes a un risque accru d’extinction, celleslssrpopulations de grande taille manquent.
Pourtant les cistudes, et les tortues d’eau denagenéral, sont des animaux aux capacités de
dispersion limitées (Mitro, 2003) et I'impact de feagmentation peut par conséquent
également menacer les populations de grande tAilteavers notre étude sur les cistudes a
Kerkini, développée dans le chapitre 1, nous atoutsd’abord confirmé et pointé du doigt ce
parametre tres important a prendre en compte enogieo et en biologie de
conservation qu’est la taille des populations (Maauren et al., 1991). D’autre part, nous
avons mis en évidence que les grandes populatensept étre menacées a plus long terme et
que leur situation actuelle comprenant une forterdité génétigue masque un danger futur
potentiel. Chez les chéloniens, cette taille d@ffejoue un réle clé dans la vitesse de
différenciation. Malgré les capacités de disperdionitées de ces tortues ne favorisant pas
’lhomogénéisation génétique des unités démographige processus de différentiation des
populations sera beaucoup plus long lorsque lailtsg sont importantes, comme c’est le cas
a Kerkini. Dans ce cas, le processus d'érosion tgpre déja ralenti par des temps de
génération long (environ 12 ans chez la cistudep senforcé. Par conséquent, aujourd’hui,
les populations de Kerkini ne semblent pas étreaotges par la forte fragmentation
anthropique liée a la création des deux barrages. dude similaire, au Canada (Bennett et
al., 2010) suggérait que I'absence de différermmatait probablement due a d’'importants
flux de genes. Nous avons avanceé ici une hypothksmative par I'existence d’'une grande
population historique présente avant la constractio barrage, dont seraient originaires les
populations échantillonnées autour du lac. Ce sahéexpliquerait l'absence de
différenciations entre ces populations malgré kastee de flux de genes. Par ailleurs, aucune

des 1240 cistudes marquées depuis 1999 sur unrdisssites autour du lac n'a été
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échantillonnée dans les deux autres sites. Bierpgnetuel, cet élément renforce I'idée d’'une
absence de connectivité récente.

Le second point que nous souhaitions développérdgacombiner les méthodes de
dynamique et de génétique des populations pourissns dont nous avons parlé au début de
ce chapitre. Peu d’études (Sheridan et al., 2F;t6edberg et al., 2005) ont combiné ces deux
méthodologies pourtant complémentaires dans I'sealye la dispersion chez les tortues
d’eaux douces. Dans ces deux études, les autetrdilise des données de CMR de fagon
gualitative et ponctuelle pour estimer la transitidNous avons développé une étude
guantitative d’estimation de la transition par CM&r I'utilisation de modéles multi-états et
multi-événements. L'association de ces modeéles Huglisation de marqueurs génétiques
nous a permis dans un premier temps d’étudiert@ardance de ces deux méthodes et dans
un second temps de déterminer si les mouvemendssgdersion observés conduisaient a un
apport de flux de génes. Les deux outils d’analisda dispersion nous montrent ainsi une
fidélité totale des femelles caractérisée par ur fle transition nul et une forte structuration
génétique a la fois par les microsatellites et IM\Bnitochondrial. A l'inverse, les males
semblent assurer un faible flux de genes avec ux de transition inférieur a 3 % en 17
années de suivi. Notre étude confirme donc ledefgilbapacités de dispersion chez cette
espece, déja montré par Ayres and Cordero (20030)is Nnettons également en évidence
'absence de connectivité globale a la Tour du Watantrant que la dynamique de cette
métapopulation est affaiblie, rendant les sous-faijpms plus vulnérables a la stochasticité
environnementale et démographique.

Le déclenchement de la dispersion chez les cistselable dépendant de la qualité du
milieu et notamment des corridors écologiques.idiginent, a la Tour du Valat, la forte
proximité des noyaux, trés connectées en corrigogyosait que la dispersion serait facilitée.

Au vu des résultats révelant une structuration ggume significative entre ces populations,
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nous supposons désormais que les corridors écakgjigoient trés peu empruntés car peu
favorables a I'espece. Ainsi, il serait intéressdiétvaluer la qualité des corridors, en termes
de disponibilité en eau, de ressources, de sigssdleillement, de pollution, etc., permettant
d’expliquer I'absence de connectivité réalisée Bs@nce de connectivité aquatique a priori
favorable aux mouvements. D’autre part, I'espéaabde sensible a la compétition intra-
spécifiqgue entre adultes (Poschadel et al., 2@6®)Camargue, la compétition entre adultes
semble limitée du fait de la faible densité desviiddis et des populations (Olivier, 2002). Par
conséquent, les individus posséedent des ressoiaomsmbles (nourriture, site de ponte,...) ce
qui rend trop couteuse la dispersion vers d'auies. En Grece, ou les densités sont bien
plus importantes, les mouvements sont plus nombeeuxe échelle spatiale comparable,
notamment pour les femelles (Ficheux et al. résutian publiés, voir perspectives). Le colt
a la dispersion serait moins important en Gréecsqué la probabilité de trouver un site de
meilleure qualité est plus importante. D’'autre p#dbiquité des sites de ponte rend la
dispersion moins colteuse favorisant la sélectercel comportement chez les femelles. A
l'inverse, en Camargue, la faible disponibilité dées de ponte a pu favoriser la sélection de
la philopatrie. Les femelles qui sont territorial@3livier, 2002) engendrent des jeunes qui
bénéficieront de la qualité de leur habitat. Lasngs femelles n'auront pas besoin ni de
quitter leur habitat natal, ni de rentrer en cortioét pour disposer d’'un territoire et d'un site
de ponte favorables. Il est donc plus avantageux poe femelle en Camargue de rester
fidéle a son site de naissance. Les males béndfiaiessi de la qualité d’habitat de leur lieu
de naissance. Cependant, ils peuvent étre avanfagésperser pour éviter la compétition
entre apparentés et surtout la consanguinité. @h genc comprendre la mise en place du
biais de la dispersion pour les males en Camasgjualus généralement dans les habitats ou
les sites de ponte sont une ressource rare. Plaurgjl les ressources eénergétiques

economisées par l'absence de déplacement peuventaBbuées dans la reproduction,
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permettant aux femelles de pondre plusieurs faisapa2 a 3 pontes en Camargue ; Olivier,
2002), et dans la survie (Olivier et al., 2010).ailéurs, notre étude de dynamique de
population a la Tour du Valat révéle une surviespiaportante chez les femelles que chez les
males, et concordante avec d’autres étude chexesitce (Keller, 1997)

A la Tour du Valat, le taux de fécondité est peavé) nous considérons que 5 ceufs sur
1000 pondus donneront un jour des adultes (Oli\2€0Q2) malgré les pontes annuelles
multiples en Camargue et une faible densité d'iindis. Nous pouvons donc supposer que le
recrutement de juvéniles soit plus important en &auoe. Cependant, le nombre de jeune
nouvellement marqués reste plus faible qu’en Gréadocalisation précise des sites de ponte,
et par conséquent la concentration des ceufs pdadili,ent sans doute une prédation accrue,
bien recensée chez cette espéce (Zuffi, 2000)alRaurs, au vu du caractere fluctuant des
juvéniles nouvellement marqués, nous supposonslagugeunes cistudes soient également
sensibles a la compétition avec les adultes. Eet,effins le chapitre 3, nous avons démontré
que la relaxation de la densité-dépendance destead@n Camargue permettrait un
recrutement important des juvéniles. Cet aspeatresforce de la dynamique des populations
de cistude, car elle permet une réponse trés rapidee perturbation du milieu. C’'est un
résultat crucial pour une espéce longévive ayantreproduction tardive et des générations
longues suggérant un temps de résilience imporBiit and Nickerson, 2013). Cette
démarche met également en avant l'intérét de liegipbn d’'une science théorique qu’est la
dynamique des populations au service de la gesEtd@.montre I'importance des suivis a
long terme chez les chéloniens pour permettre @séan adaptative. La gestion adaptative
est une stratégie de conservation qui vise a reapgpe en expérimentant » (McLain and Lee
1996); le principe est de mettre en place une igoét de gestion en s’appuyant sur des
hypothéses et des modéles, pour en évaluer I'efféca posteriori (Maris and Béchet, 2010).

Elle va dans le sens d’'une nécessité de collaborake plus en plus étroite en biologie de la
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conservation entre le monde de la recherche ei delda gestion, de facon a ce que la
biologie de la conservation sorte des concepts éwapies sans prise sur le monde réel

(Besnard 2013).
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Perspectives

Comme tout travail de recherche, cette thése ouarevoie a de nouveaux
guestionnements pouvant offrir des pistes d’ingesibn pour les chercheurs et étudiants
s’intéressant a ces sujets. En Camargue, les débrastde sang récoltés depuis 2010 vont
nous permettre d’'établir les relations de parematgsdes deux noyaux de populations suivis
par CMR. Ainsi, il sera possible de déterminerdgime d’appariement des cistudes de la
Tour du Valat. Par conséquent, nous pourrons savés males disperseurs fécondent plus
de femelles que les males locaux, dans quelle piiopp etc. De méme, un individu
disperseur engendrera-t-il des individus qui org probabilité plus grande de disperser ? De
récentes études (Korsten et al., 2010 ; Tschirmeth Bensch, 2010) montrent que le
polymorphisme du récepteur D4 de la dopamine (DRpeDt étre lié aux variations des
comportements exploratoires, et donc en lien agedidpersion. Peut-on déterminer si la
dispersion des cistudes suit les mémes modal#églle héritable?

Par ailleurs, nous souhaitons dans un futur pro&fuelier la transition dans un
contexte de compétition interspécifique. A Kerkiaicistude vit en sympatrie avec 'Emyde
des BalkansNlauremys rivulatiq Depuis 1999, les cistudes et les emydes soattegja un
programme de suivi par CMR. Toutes les deux seraatiavril & septembre, pendant deux
jours consécutifs, des individus des deux espé&egsoupés sur environ 100 hectares, sont
capturés, marqués et relachés. Quelques résutdimipaires sur les cistudes montrent que
les individus ont une survie plus faible (0,89) equ'Camargue (0,94, chapitre 2) et qui ne
semble pas dépendante du sexe. D’autre part,Uggdtatransition intra-sites ne différent pas
entre les males et les femelles. Ces résultatsdanmg le sens de ce que nous avons expliqué

en conclusion. La forte disponibilité des sitegpdate et la forte densité n’ont probablement
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pas favorisé la sélection de la dispersion. Néangydi est délicat de comparer les situations
entre la Tour du Valat et Kerkini, car ils s’opposesur de nombreux points : qualité du
milieu, densité des populations trés hétérogegagés halotypiques différentes, absence de
sympatrie en Camargue, zone non protégée en Gréicest.donc impossible de déterminer
quels facteurs influencent la survie et la traasitiEn revanche, la comparaison de la
dynamique des populations de cistude eMade@remysa partir de 15 années de CMR sur un
site identique se révele particulierement inténetgseEst-ce que la survie est différente entre
les deux especes ? Est-ce que la forte densiténdgdes favorise I'émigration des cistudes ?
Est-ce que les deux especes sont impactées darla méniere par la dynamique de la durée
d’'inondation ? La configuration du site offre I'axtage de suivre les tortues dans les marais et
dans une portion de riviere. Ainsi, peut-on obserwree disparité dans la répartition spatiale
des especes ? Y a-t-il compétition inter-spécifigaer I'habitat ? Nous essayerons également
de déterminer si les phénomenes de densité-dépemdarrspécifique ont un impact sur les
taux de transitions définitives (avec non retous dedividus). De plus, pendant notre
campagne de terrain en Grece, 209 prises de sdngéffaites sur les emydes appartenant
aux 5 mémes populations étudiées autour du laciatlins le chapitre 1. Ainsi, nous allons
pouvoir comparer la structure génétigue des cistuededes emydes des Balkans. En effet,
'emyde, qui semble plus adaptée aux milieux a aouvif (Chelazzi et al., 2007), sera-t-elle
impactée différemment par la construction du baragdu lac de rétention d’eau ? Quelles
sont les modalités de la dispersion chez les emgdeskini ?

Pour finir, au cours de ces années de these, nauns &u I'occasion de participer a
des campagnes ponctuelles de CMR dans 4 populaitinées a la limite de répartition
septentrionale de cette espéce en France. Deuxeslepapulations sont localisées en
Bourgogne, dont 'une dans I'étang de Pierre Paudar la commune de Pouilloux en Saéne

et Loire, et 'autre dans I'étang des Grands Geatigau niveau de la commune de Lucenay-
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les-Aix dans la Niévre. Les deux autres populatisastrouvent en Auvergne, au nord du
département de I'Allier dans des étangs se trousantles communes de Dompierre-sur-
Bresne et Varenne-sur-Allier. Ces campagnes furentasion de prélever des échantillons
sanguins. Ces populations, classiquement cara@éride relictuelles de par leur position a la
limite septentrionale de l'aire naturelle de distition, semble caractérisées par de trés petits
effectifs (quelques dizaines d’individus). De plydusieurs dizaines de km séparent ces
populations (entre 25 pour les plus proches etrB(&ur les plus éloignées) dans un milieu
totalement fragmenté : présence de routes, de zomesnerciales, d’habitations et une
absence générale de corridors biologiques. llresincevable qu’actuellement des individus
puissent disperser entre ces populations. A traweesétude de génétique des populations,
actuellement en cours, nous allons essayer dentiétarI'impact de la fragmentation sur ces
populations relictuelles. Ainsi, nous allons mesuaedispersion historique et déterminer si
les populations étaient autrefois connectées. Rela, nous allons évaluer le niveau de
diversité génétique pour des marqueurs mitochomxlifayt b) et nucléaires (microsatellites).
Par ailleurs, comme pour nos autres études, leuaargnitochondrial va nous permettre de
déterminer les haplotypes présents en Bourgogns. ptemiéres recherches montrent la
présence de la lignéEmys orbicularis orbicularis(haplotype lla). Ce résultat est peu
surprenant car cet haplotype est le plus fréquenttte lignée est celle qui a recolonisé la
France par le nord depuis les Balkans (Sommer.et2@09). En revanche, nos données
montrent aussi la présence de la lignéeEys orbicularis hellenicghaplotype IVa) dans
trois sites (absent de Pierre Poulain). Cette égrst originaire d'ltalie (nord et est, Sommer et
al., 2009) et est également présente en Camargupoidt de vue des marqueurs nucléaires,
les prémisses de résultats montrent que la dieegghétique de ces trois populations est
importante, bien que plus faible qu’en Camargua Kerkini. En revanche, la population de

Pierre Poulain semble montrer beaucoup moins dergité que les trois autres sites.
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Cependant, toutes les populations semblent étiéqailibre de Hardy-Weinberg, suggérant
'idée d'absence de consanguinité. Les premieresume deFst indiquent que les
populations sont tres fortement différenciées ggnément.

La génétique des populations, bien que colteusejags ce sens un outil précieux
pour évaluer rapidement la connectivité entre legufations. Les résultats obtenus seront
intégrés dans les actions menées par les gestiean@ti avec ceux de I'Allier et de la
Bourgogne) pour mettre en place des actions caxdd conservation et de gestion dans le
cadre du “Plan national d’action 2011-2015 pouCligtude d’Europe (Emys orbicularis)”
mis en place par le Ministéere de I'Ecologie, du Bleppement Durable et de L'Energie
(Thienpont, 2011). La restauration de corridor aydue semble illusoire. Dans les
populations tres fragmentées et espacées de pleiglmaines de km comme c’est le cas en
Bourgogne/Allier, il faut au contraire favoriser pailopatrie pour éviter les déplacements et
donc inéluctablement la hausse de la mortalitéstldonc crucial de veiller a la qualité des
habitats en termes de ressources: nourritures sifensoleillement, végétation pour
I'hivernation, sites de ponte, refuges... Il est tauissi important de surveiller les
changements d’effectif des populations et évitetHarge compléte de la capacité d’accuell,
bien que peu probable en limite d’aire de présatiespece (conditions environnementales
moins favorables pour I'espéce), pour éviter leénpmeénes de dispersion liés a la densité
dépendance ou encore une compétition trop intenge @uvéniles et adultes. Il faut donc
diminuer le colt a la philopatrie, a défaut de fésar la dispersion. L’élément clef est, & notre
sens, la localisation des sites de pontes, lewepration et leur restauration si nécessaire. La
premiére raison est qu’une forte disponibilité dites de pontes favorisera des déplacements
limités et donc moins colteux (écrasement par ¢esines, prélevement d’individus pour la
captivité, prédation des nouveaux nés lors du retoumilieu aquatique...). La seconde est

gu'un site de ponte de mauvaise qualité peut proeogles phénomenes de dystocie. Le
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mangue d'habitats propices a la nidification praogouvent chez les femelles le maintien
des ceufs dans les trompes de Fallope jusqu'a ckegugonnement soit favorable a la ponte
(Buhlmann et al., 1995 ; Galbraith et al., 1988anB certains cas, la rétention des ceufs
entraine un stockage dans la cavité abdominaledpartrous érodés dans les parois de
l'oviducte (Cagle and Tihen, 1948) ou un périgait inverse (Jackson et al., 1971). Les ceufs
se trouvant dans la cavité abdominale sont souuérttés par des bactéries, provoquant par
conséquent des réactions inflammatoires (Jacksah, éf971) et pouvant conduire a la mort.
La derniére raison, et probablement la plus impdetaest que la mauvaise qualité d’un site
de ponte dans des habitats ayant des climats arteactontinentaux, comme en Bourgogne
ou en Auvergne, peut entrainer un trés faible sucléclosion ou des phénoménes de sur-
prédations par absence d’effet de dilution. Darssemble, I'altération ou la perte des sites de
ponte pourrait conduire a une réduction du suceesegroduction, a des changements de
sexe-ratios dans les populations, et donc menacerviabilité & long terme. Pour finir, a
défaut de pouvoir réduire les colts de dispersim rdales, il faut également favoriser leur
philopatrie. Cependant, le maintien du flux de gén& les males est particulierement
important pour la conservation de cette especeitatd plus que les cistudes présentent une
paternité multiple (Roques et al., 2006). L'apmtetflux de génes pourrait se faire de maniéere
artificielle en amenant quelques males compatilgésétiguement qui proviennent de
populations ayant des dynamiques actives et desmmivde diversité génétique élevés. Ainsi,
peut-on déplacer quelques méles des populationBreene vers la population de Pierre
Poulain ?

D’une maniére générale, en biologie de la consenvala mise en place de plans de
gestion efficaces passe au préalable par la casamis du fonctionnement des populations :
structure, démographie, connectivité, histoiren. & sens, les études en dynamique et

géneétique des populations apportent des élémesftsdhns la conservation de la nature et le
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renforcement des populations naturelles et c’ess dat esprit que s’insere cette thése, mieux

connalitre pour mieux protéger.
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