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Avant-propos

Cette thése a été financeée par le Conseil Générilayotte, dans le cadre d’'une convention
tripartite entre le Conseil Général de Mayotte, nilersité de La Rochelle et I'Office
National de la Chasse et de la Faune Sauvage (oooweCDM/ONCFS/ULR, avril 2007 -
avril 2010). Ces deux derniéres institutions onalé&mgent participé a la réalisation d’un
programme de recherche sur les delphinidés de Magot partenariat avec la Direction de
I’Agriculture et de la Forét (convention DAF/ONCRE&R, mai 2005).

L’organisation de ce manuscrit est celui d'une ¢hésir publications. Quatre articles

constituent les quatre principaux chapitres. Tienisres articles ont également été réalisés
dans le cadre de la these mais ont été placés rx@ncar jugés comparativement plus
marginaux. Le manuscrit est donc constitué d'uteduction présentant le cadre sociétal et
théorique de la thése, d’'une section présentaninbdgériels et méthodes utilisés, des quatre
articles principaux, d’'une discussion (synthese réesltats, discussion et perspectives), des

références bibliographiques et des annexes.

Les articles présentés dans le corps de la thésemtent les themes suivants :

- Structure d’'une communauté de cétacés odontocatesirad’'une ile tropicale
(Mayotte, Canal de Mozambique). Cet article préseidé maniere descriptive la
communauté de cétacés odontocetes de Mayotte, ldentielphinidés. Il aborde
essentiellement des aspects de diversité spécifigee distribution spatiale et
d’abondance relative. Cet article est sous presses African Journal of Marine
Science.

- Ségrégation écologique des delphinidés de May@td. article aborde un aspect
majeur de la these, a savoir le partage des haleitates ressources par les delphinidés
qui vivent en sympatrie autour de Mayotte, selan ti®is dimensions principales
d'une niche écologique : espace (habitats), terbpsigets d’activités) et ressource
(signatures isotopiques). Cet article est sounMséne Ecology Progress Series.

- Associations interspécifiques de deux espéces jamdbtenella longirostriset
Stenella attenuajaautour de Mayotte. Cet article examine les mé&raas impliqués

dans la formation d’associations entre ces deuxoesp qui vivent en sympatrie



directe (optimisation de la détection et de l'usags ressources ? lutte contre les
prédateurs ? avantages sociaux ?). Cet articengstéparation.

- Structure de population a fine échelle et ségrégatitra-spécifique du grand dauphin
de I'Indo-Pacifique Tursiops aduncysautour de Mayotte. Cet article aborde, a des
échelles temporelles emboitées, la structure deulppn de cette espece et des
phénomenes de ségrégation écologique intra-spéeififet article est soumis a

Behavioural Ecology and Sociobiology.

Enfin, plusieurs autres articles ont été réalisgsunt la these. Ces derniers ont été placés en
annexe. lls touchent également au theme principda dhése, mais ont été placés en annexe
parce qu'ils traitent de résultats préliminaireguas en début du projet, ou acquis dans un
autre secteur géographique, ou encore parce @lsdsdent des aspects comportementaux et
éthiques de certaines pratiques de prélevemerddiiple, les biopsies, utilisées dans le corps

du travail.

Les articles placés en annexe sont :

- Etude préliminaire de la ségrégation écologique diphinidés autour de Mayotte.
Cet article, réalisé dans le cadre d'un stage dstdi@® (Alexandra Gross) a permis
d’étudier de maniére préliminaire le partage ddsithts et des ressources selon les
axes « habitat » et « écologie alimentaire » dedae écologique grace a des données
d’observation (issues de campagnes dédiées et topmtes) et d'un faible
échantillon de biopsies de peau et de lard. Cétlara été publié danEstuarine
Coastal and Shelf Scien(2009).

- Réactions comportementales a I'échelle des indsvetudes groupes de delphinidés a
la pratique des biopsies par arbaléte. Cet ardiblerde I'impact de cette pratique
permettant la collecte d’échantillons de peau efad® de delphinidés et propose des
recommandations. Le manuscrit est accepté Aamsal Welfare.

- Ségrégation écologique des delphinidés de l'lldMderea (Polynésie Francaise). Ce
travail a été réalisé en collaboration avec le (BHOde Polynésie (Centre de
Recherche Insulaire et Observatoire de I'Environemn I'Université d’Auckland
(Nouvelle Zélande) et I'Université de La RochelldENSs). Il vise a déterminer les
relations trophiques des delphinidés vivant en sstngautour de Moorea. Cet article

est sous presse dalmurnal of Experimental Marine Biology and Ecology.



Partie 1 :

Introduction génerale




1.1 Contexte sociétal

1.1.1 Les delphinidés : modeles diversifiés etcamtdiurs écologiques

A travers le monde, 36 especes de delphinidésasbue¢llement reconnues. Leur taille et leur
morphologie sont tres variables : du céphalorhyndjtiector Cephalorhynchus hectgrde
146 cm pour environ 57 kg a 'orqu@rcinus orca)pouvant atteindre la taille maximale 980
cm et un poids d’environ 10 tonnes (Jeffersbal, 2008). Les delphinidés occupent tous les
océans du globe, des zones coétieres aux habitéeioces, des pdles aux tropiques. lls
exploitent une tres grande diversité d’habitatsiviitiles, cOtiers et océaniques) et de
ressources (benthiques a épi- ou méso-pélagiqunsslels 1000 premiers metres de I'océan).
Par ailleurs, ces organismes ont des modes deegaliversifiés. Leur domaine vital s'étend
de quelques km2 pour certaines espéces cotieneleméss (certaines populations de grands
dauphins Tursiops truncatus a plusieurs milliers de km2 pour plusieurs detpdes
océanigues (especes de gdragenorhynchuspar exemple). Ainsi, ils exploitent a la fois des
milieux ouverts en formant de trés grands groupesvant atteindre plusieurs milliers
d’individus ou des zones cétieres fermées commebdes ou méme des rivieres en petits
groupes de quelques individus (Gowaets al, 2007). Enfin, ces organismes sont tres
sociables, mais les degrés de socialité sont velatnt variables au sein de la famille des
delphinidés. Ceci permet aux individus un meillaacés a un partenaire sexuel, le soin aux
petits, ou encore la recherche de nourriture (Danehal, 2005). Cette socialité a fortement
contribué a favoriser la colonisation de milieuxi®a dans I'environnement hétérogeéne et
parfois hostile de I'océan. Les delphinidés se atarssent par plusieurs types de structure :
des sociétés fluides non apparentées avec desiasstc qui durent quelques heures a
guelques années (type « fission-fusion ») que dbserve chez le grand dauphin (Conebr
al.,, 2000) et de nombreux autres petits dauphins, sapiétés apparentées dont les
associations peuvent durer toute la vie et qui smmirées autour de matriarches (type
« matriarcal), comme c’est le cas chez les orqugdusieurs especes de la sous-famille des
Globicephalinag Gowanset al, 2007).

Les delphinidés représentent des maillons clésédesystemes marins et des indicateurs
pertinents de leur santé, et ce pour plusieuremaisll s’agit de prédateurs supérieurs qui
exploitent une grande variété de ressources alairent(poissons, céphalopodes, crustacés)
et qui accumulent les contaminants a des concemtsaparfois tres élevées, comme c’est le
cas pour certains métaux toxiques comme le me €aarantet al, 1996). Les delphinidés

sont des prédateurs supérieurs situés au sommeaesiesux trophiques. lls sont longévifs



(stratégie de croissance K), ont un faible tauxre@oduction et une maturation tardive.
L’état de santé des populations de delphinidésteeftionc également I'état de santé des
maillons inférieurs des écosystemes marins (Watllal, 2004 ). En tant qu’indicateurs, ils
s’averent également intéressants du fait de lemndacaccessibilité (notamment pour les
especes cotieres et résidentes). Les delphinidélegecétacés de maniére plus générale)
représentent d’excellents indicateurs de la biodite des écosystemes marins. En effet, la
mesure de la diversité et de la densité de cesafméd est rendue aisée par leur bonne
détectabilité et ce sur de grandes échelles spsitidlinsi, des diversités et des densités
importantes de prédateurs supérieurs (comme lgshidalés) révelent la présence de
structures océanographiques induisant une plus foaductivité du milieu. Enfin, il a pu étre
mis en évidence qu'il existait un lien entre I'ig#tion stratégique des prédateurs supérieurs et
la conservation a I'échelle écosystémique. Ainss, plans de conservation centrés sur les
prédateurs supérieurs peuvent étre mis en plaagelgpoonservation de la biodiversité au sens
large (Sergicet al, 2006). Ceci met donc en évidence I'importanceptiédateurs supérieurs,

dont les delphinidés, en tant qu’indicateurs deidaiversite.

1.1.2 Les delphinidés : des espéces emblématiqpestégées

Depuis le milieu du 20" siécle, les delphinidés jouissent d'un statut phess
emblématiques par leur médiatisation a traversldesimentaires et la fiction. Leur image est
tres populaire, tout particulierement dans les pagsidentaux. Leur statut d’espéces
emblématiques en fait des especes protégées panaereuses conventions internationales
(Conventions de Berne, de Nairobi, de Washingtan,gxemple). Dans de nombreux pays,
ces especes sont protégées contre la destructiontaioe et la perturbation intentionnelle, a
image de la France. Toutefois, depuis prés dea2) la notion de protection des habitats
tend a prendre le relais sur celle de protectios egpéces. Depuis 1992, la Directive
Européenne « Habitats » permet de renforcer letsti# protection de certaines espéces de
mammiféres marins cétiers en créant des zonesadpgaie conservations permettant de
protéger les especes par la protection des haliatslles dépendent.

Paradoxalement, méme si les delphinidés et de rearsbs especes de mammiferes marins
jouissent d’'un statut de protection important &Zh@éle globale (malgré de fortes disparités
géographiques), de nombreuses espéces sont memnceete monde du fait des captures
accidentelles dans les engins de péche, de I'éaptm directe mais aussi de la destruction de
leurs habitats et des dérangements (Culik, 200d4)menace la plus importante a I'échelle

globale demeure les captures accidentelles dapetderies (notamment au filet maillant et a
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la senne, DeMasteet al, 2001). Par exemple, les populations de dauphitsng bec
(Stenella longirostris oriental)set de dauphins tachetés pantropicaBkefiella attenuata
attenuata du Pacifique Est tropical ont été décimées psrciptures accidentelles dans la
pécherie thoniére. A I'heure actuelle, la taille cks populations ne montre aucun signe
d’augmentation (Gerrodette & Forcada, 2005). Aieuans le golfe de Californie, les filets
maillants ont décimé le marsouin de Californie waquita (Phocoena sinys espéece
endémique de cette région, qui est actuellememndaeger critique d’extinction (D’Agroset

al., 2000). En 2007, une espece de dauphin de fleavia damille des lipotidés, le baiji
(Lipotes vexilifey, endémique du fleuve Yang Tsé, s’est éteinte diti des captures
accidentelles et de la forte dégradation de sonadigurveyet al, 2007). Le probléeme des
captures accidentelles est tout particulieremegu dans les pays en voie de développement,
ou les alternatives a la péche sont peu envisageéReackt al, 2006) et ou, sous la pression
de la raréfaction des ressources halieutiques, romé pécheries présentant des captures
accidentelles de mammiferes marins deviennent gikinent des pécheries de subsistance
ciblant ces especes (IWC, 2010).

En tant que prédateurs supérieurs, les delphim@@esentent des indicateurs importants des
processus écosystémiques et de la répartition uts [@oies. Les aires marines protégees
apparaissent comme un outil de gouvernance utile peur conservation au regard des
activités humaines qui peuvent interagir avec ddooker & Gerber, 2004). En France, en
2006, I'Agence des Aires Marines Protégées (étsdaient public sous tutelle du Ministere
de P'Ecologie, de I'Energie, du Développement Digabt de la Mer) a été créée pour
répondre aux engagements de la France en mati@@ndervation de la biodiversité marine.
Elle constitue notamment un appui aux politiquescdigation et de gestion d’aires marines

protégées.

1.1.3 Les delphinidés & Mayotte : statut et coresérm

Parmi la diversité connue de delphinidés, 22 espéceupent les zones tropicales au moins
temporairement et 16 sont exclusivement infeodagseaux tropicales et tempérées chaudes
(Rice, 1998). Plus de 90 % des espeéces tropicaedebhinidés ont été observées dans le
sud-ouest de I'océan Indien (Kisz&hal, 2009a). Le reste constitue des especes endémiques
a distributions restreintes. Autour de Mayotte, 2007, 19 espéces de cétacés ont été
recensées (Kiszket al, 2007a). Parmi ces especes, 11 delphinidés appatta 9 genres ont

été enregistrées : le grand dauphin de I'ilndo-Raef (Tursiops aduncysle dauphin a bosse

de I'Indo-Pacifigue $ousa chinensjs le dauphin a long becStenella longirostris le
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dauphin tacheté pantropicé@ténella attenua)ale péponocéphald>éponocephala electya

le globicéphale tropical Globicephala macrorhynchys le pseudorque Pseudorca
crassideny I'orque pygmée Keresa attenuaba le dauphin de RissdGfampus griseys le
dauphin de Fraset.§genodelphis hosgeet le grand dauphin commumursiops truncatus
Récemment, la présence de deux nouvelles espétésanfirmée : 'orquedrcinus orca et

le dauphin a bec étroit (ou sténBteno bredanengigSea Blue Safari, communication
personnelle). Ces données nouvelles portent adetes (de 11 genres) le nombre d’espéces
de delphinidés recensées autour de Mayotte.

La communauté des delphinidés autour de Mayottdast tres diversifiee. Ceci serait d0 a
la présence d’'une grande diversité d’habitats magimour de I'lle, des zones cétieres aux
zones océaniques (Kiszlet al, 2007a). L'abondance des populations de delphsniie
Mayotte a été estimée de maniere préliminaire phusieurs especesrl. aduncug41, ClI
95%, 30 — 67)S. longirostris(703, Cl 95%, 643 — 1046%. attenuatd375, Cl 95%, 342 —
557) (Pusineriet al, 2009). L'abondance du dauphin a bosse a égaleéiéntéstimée par
photo-identification. Seuls trois individus ont é&ensés et sont ré-observés régulierement.
Plusieurs menaces d’origine anthropique pésentebetnent sur les populations de
delphinidés autour de Mayotte. Elles incluent léeadgements issus du trafic maritime et de
I'observation commerciale des mammiféres maringjr@nution des ressources alimentaires
(notamment pour les espéces cotieres comme le gtamghin et le dauphin a bosse) et la
dégradation des habitats cétiers (Pusineri & KisZ2k7). Récemment, il a pu étre montré
gue les grands dauphins de I'Indo-Pacifique de Mayétaient affectés par des maladies de
peau similaires a la lobomycose. Ceci pourraiene @i a des modifications de
'environnement cotier (Kiszkat al, 2009b).

Les delphinidés de Mayotte connaissent des nivedawulnérabilité difféerents. Par exemple,
le dauphin a bosse est plus menacé que le gramhidadu fait de la tres faible taille de ses
effectifs. Le grand dauphin est lui plus menacé lgaeespeces océaniques (du gStamella

par exemple) du fait de son habitat cétier plusradg, du trafic maritime et de la surpéche.
Globalement toutefois, les delphinidés de Mayoteigsent d’'un statut de conservation
favorable, a l'inverse du dugon®ygong dugojy menacé par les captures accidentelles et
'envasement des herbiers sous-marins (Kistkal, 2007b ; Pusineri & Quillard, 2008).

12



1.2 Contexte théorique

1.2.1 Le concept d’habitat

Le terme d’habitat est utilisé en écologie pourigiésr le lieu ou vit un organisme. Par
exemple, I'habitat du gorille des plaineSatilla gorilla) regroupe les foréts secondaires
tropicales alors que celui du tigneéanthera tigrig inclut la forét tropicale humide, les foréts
de coniféres enneigées ou les marécages (Sunfj@&h). Par ailleurs, certains organismes
effectuent d'importantes migrations, ce qui renddhtification de leur habitat d’autant plus
difficile (Chapman & Reiss, 1999). Il existe deuypés de modeles de distribution des
organismes dans un habitat. Le premier, la digiohulibre idéale, postule que la densité
locale dépend de I'adéquation du site : les espgealstribuent préférentiellement dans des
habitats dont les conditions sont optimales. Sgmos@ prétend que les conditions ne sont
jamais optimales car il existe de la compétitionouip I'espace, I'alimentation, la
reproduction...) et des contraintes environnement@@snpan & Scapini, 2002). Certains
écologistes ont rapidement réalisé que les plutsmaganismes, notamment ceux vivant dans
des zones trés restreintes spatialement (sur améeplun animal ou une strate du benthos en
milieu marin), la notion d’habitat devrait étre pis€e. Le terme de micro-habitat fut donc

employé (Chapman & Reiss, 1999).

1.2.2 Le concept de niche et de ségrégation éaplegi

Le concept de niche écologique est ancien (Gritt®R4). Celui-ci avait tout d’abord un sens
d’habitat. Les définitions existantes pour la niéleelogique sont nombreuses et trés variables
d'un auteur a l'autre. La définition la plus simpd¢ la plus classique désigne la niche
ecologique comme étant I'ensemble des conditioiigbes et biotiques dans lesquelles vit
'espece (Hutchinson, 1957). La niche écologiquead’espece est un complexe multifactoriel
caractérisé par trois composantes majeures (oungiores) : I'habitat (distribution spatiale,
influence des paramétres physiques et biologiquesniieu), les ressources alimentaires
(régime alimentaire, niveau trophique) et I'esptaraps (variations saisonniere et diurne de
I'utilisation des habitats et des ressources). Rettains organismes comme les mammiféres,
on ajoute parfois une composante comportementaenp@n & Scapini, 2002La niche
écologique est propre a chaque espéce et reprébensemble des conditions et des
ressources dans laquelle celle-ci vit et se peepdtune des principales lois en écologie est
gue chague espece a sa propre niche écologiquen@Bri1924). En d'autres termes, deux

especes ne peuvent occuper la méme niche et @reX@tc’est le cas, ces deux especes
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entrent en compétition et 'une d’entre elles estée a disparaitre. Toutefois, deux especes
peuvent partiellement occuper la méme niche. Ceanivde chevauchement peut méme
aboutir a la formation d’'une association poly-sfig¢ae (ou interspécifique), dont I'origine
peut étre I'optimisation de la recherche alimeetagt de la prédation, la lutte contre les
prédateurs ou encore le renforcement des actigibesales (Whitesides, 1989; Terborgh,
1990 ; Heymann & Buchanan-Smith, 2000 ; Stenslanal, 2003). Déterminer la niche
d'une espéce est complexe et nécessite de colldetedonnées dans la nature, ce qui est
rendu difficile dans les milieux peu accessiblesn{me le milieu marin). En effet, il est
difficile de représenter graphiquement la nichelagique d’'un organisme quand celle-ci
comporte plus de deux parametres (Figure 1.1).digs statistigues proposent alors des

représentations de niches comme des hyper volumalraensions (Barbault, 1992).
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Figure 1.1 : Représentation schématique a deux dimensionsicessrde différentes especes.
Les niches se recouvrent peu malgré le chevauchedesressources observé sur chaque axe
(Chapman & Reiss, 1999).

1.2.3 Compétition inter- et intra-spécifique
Il est important de distinguer la niche fondamen{# niche théorique pouvant étre occupée

par un organisme, sans compétiteur et sans préjlatela niche réalisée (niche réellement
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occupée par I'organisme) (Hutchinson, 1958). llpagait pas concevable que deux espéces
présentant la méme niche écologique puissent deexitine exploitation des mémes
ressources dans un méme habitat induit une conopétette compétition peut opposer les
individus d’'une méme espece (compétition intra-gpge) ou de plusieurs espéces
(compétition interspécifique). La compétition pergvétir deux aspects: d’une part,
l'interférence, c'est-a-dire une interaction dieeett souvent violente entre les individus ;
d’autre part, I'exploitation de la méme ressouicgthnte, ce qui peut aboutir a I'exclusion
d’'un des compétiteurs. C’est ce qui est dévelommé de principe d’exclusion compétitive de
Gausse, qui prévoit que deux especes ayant degjenegs écologiques » identiques ne
peuvent coexister indéfiniment, la plus compétitilssant par éliminer l'autre (May &
MacArthur, 1972). Plusieurs facteurs peuvent cboti a déterminer quelle espéce est la plus
susceptible d’étre exclue. Les espéces les plybls dans leur alimentation et dans le choix
de leurs ressources sont théoriguement cellesaquigmnent a se maintenir. Les espéces les
plus spécialisées sur une ressource sont lesnalgitels en cas de changement quelconque ou
de compétition. Les especes a gamme d’alimentatislarge peuvent aisément trouver une
autre ressource a exploiter (Dancétral, 2005).

Les individus d’'une méme espece ont des besoinsspouvre, pour se développer et pour se
reproduire qui sont identiques. Toutefois, la dedeaimmédiate de ressources peut dépasser
la disponibilité immédiate de celles-ci. Les indiws d’'une méme espece peuvent alors entrer
en compétition. La compétition intra-spécifique fpea manifester de diverses manieres et
varie surtout en fonction des taxons. Le comportgnberritorial est la premiere forme de
compétition intra-spécifique. Il augmente les cleande survie en fragmentant les ressources
disponibles Qptimal feeding territory size Shoener, 1983). Les individus qui ne sont pas
cantonnés dans un territoire ne se reproduisenepés compétition joue ainsi un role de
régulateur des populations. Le maintien d’'une hefrie sociale est également un facteur de
compétition intra-spécifique. Il est notamment fréqt chez les mammiféres mais aussi chez
les insectes. Ainsi, les cohortes plus agées peuéruire de plus jeunes cohortes, limitant
leur développement. Enfin, la compétition intracfpgue pour I'alimentation est une des
formes les plus courantes. Elle augmente avecHaitgede |la population et sa conséquence
est la baisse du taux de croissance des popula@drez les grands mammiferes par exemple,
cela peut se traduire par une augmentation de &agaturité sexuelle ou la baisse du taux de

femelles gravides (Dajoz, 2000).
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1.2.5 Le concept de communauté d’organismes

Les premieres définitions de la communauté sons rdes études botaniques. En effet,
Oosting (1956) définit une communauté comme « grégation de plantes vivantes ayant
des relations entre elles et avec leur environnémeRlus recemment, on a introduit dans
cette définition les aspects de compétition, de piémentarité et de dépendance (Grubb,
1987). La synthése de ces deux définitions présantommunauté comme un ensemble
d’espéces vivant ensemble dans un environnemeuan dxabitat commun, et qui interagissent
en tant que société. Durant les 60 derniéres anmee®tudes en écologie a I'échelle des
communautés se sont fortement développées. Ellés d@mbord commencé sur les
communautés de végétaux (Lack, 1947) et se soniter&dendues a des organismes de plus
en plus complexes et inaccessibles comme les glrardsrores (Chapmann & Reiss, 1999)
ou encore les prédateurs supérieurs marins (edguiRj 1994 ; Chereadt al, 2008 ; Pusineri

et al, 2008 ; Grosset al, 2009). Les études des communautés cherchentajgmént a

comprendre les mécanismes de partage des halithts eessources.

1.2.6 La communauté a I'échelle intra-spécifique

L’'usage commun dans la littérature du terme derangonauté » réfere généralement a un
assemblage d’espéces interagissant entre ellegi@arden, 1989). Pourtant, ce terme peut
également étre employé a I'échelle de I'espéceeetéfinit alors comme un ensemble
d’individus interagissant au sein d’'un domaine lvdammun (Goodall, 1986 ; Wrangham,
1986). Le domaine vital est une zone habituellenfrégfuentée par un animal ou un groupe
d’'animaux (Burt, 1943). Cette nouvelle définitiost @ée des études éthologiques entreprises
sur les chimpanzé$én troglodytes Chez les delphinidés, le terme de communauti a é
employé pour décrire I'existence de groupes dedgaauphins utilisant des domaines vitaux
distincts et/ou formant des groupes préférentiei@nassociés (Wells, 1986 ; Lussedual,
2005 ; Uriaret al, 2009). Il semblerait que ces communautés ne itoaist généralement pas
des unités démographiques génétiguement distiettéss individus peuvent circuler d’'une
communauté a l'autre au cours du temps (Wells, 1986nnoret al, 2000). Toutefois, les
communautés d’individus sont définies par des aaSons d’individus se caractérisant par
des degrés importants de fidélité au site. Cesalsrpeuvent étre accentués par la philopatrie

natale chez les deux sexes (Conetaal, 2000).
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1.2.7 Ségrégation écologique et compétition chepiédateurs supérieurs marins

L'étude de la ségrégation écologique au sein daraamautés de prédateurs supérieurs marins
est relativement récente. Elle s’est surtout démde dans les années 1990. De maniere
générale, les situations montrent trés souventeguriches écologiques des espéces vivant en
sympatrie difféerent, notamment sur I'axe de I'alitegion. Toutefois, des études montrent
gue certains prédateurs peuvent avoir des nichieserathires trés proches. Autour de
l'archipel de Crozet (iles frangaises subantareules oiseaux de mer se seégrégent de
maniéere variable en fonction de la niche occupéaipa guilde donnée. En effet, les oiseaux
plongeurs (manchots, pétrels plongeurs et cormosentaractérisent par des indices de
chevauchement de niche alimentaire plus importguésles oiseaux se nourrissant en surface
(albatros, certains pétrels) (Ridoux, 1994). Lehes alimentaires peuvent étre trés proches
entre certaines especes (notamment chez les espmugdneres), mais les axes spatiaux et
temporels de la niche écologique de ces mémes esspEatvent faire intervenir d’autres
mécanismes de ségrégation. Ainsi, les individusnel'unéme guilde ont des niches
écologiques distinctes dés qu’elles se nourrisgedies moments différents ou dans des
secteurs différents. Les travaux sur le partage miebes écologiques des prédateurs
supérieurs marins sont nombreux, notamment depuielbut des années 2000. Ils sont tres
souvent axés sur les niches alimentaires ou sabitét, mais la dimension temporelle n’est
pas systématiquement intégrée. Ceci peut doncrimdies interprétations de compétition
interspécifique lorsque ce n'est pas nécessairelaeais.

De nombreuses communautés de prédateurs supénatrss ont été étudiées sur le plan de
la ségrégation écologique, dont les oiseaux (Ridd824 ; Chereét al, 2008 ; Jaeger, 2009),
les poissons osseux (Potietr al, 2004 ; Ménarcet al, 2007), les requins (Estradd al,
2003 ; Domiet al, 2005) ou encore les mammiféres marins (e.g.eDas, 2003 ; Whitehead

et al, 2003 ; MacLeockt al, 2004 ; Zhacet al, 2004 ; Praca, 2008 ; Pusinetial, 2008 ;
Grosset al, 2009).
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1.2 Questions posées et plan de I'étude

Au sein des communautés, incluant les communatbégathismes évoluant en sympatrie et
les communautés d’individus pour une espéce doninéeiste des processus de ségrégation
ecologique permettant une utilisation durable dasitats et des ressources. Chaque espece
doit occuper sa proche niche écologique, définie fpais dimensions : I'habitat, les
ressources et les variations temporelles. Le parthigne méme ressource (et d'un méme
habitat) entrainerait une compétition, que ce aaitsein d'une méme espece (compétition
intra-spécifique) ou entre les individus de difféies espéces (compétition interspécifique).
La coexistence de plusieurs especes est assucédiesi-ci ont des niches réalisées qui sont
distinctes. Autour de I'lle de Mayotte, une gramtieersité d’espéces de delphinidés vit en
sympatrie au sein d'un espace géographique trémeirds Cet espace est constitué d'une
mosaique d’habitats tres marqués, cotiers a ocdéesidia présence d’une douzaine d’espéeces
de delphinidés (dont au moins six tout au long’deniée), ayant des traits morphologiques
proches, implique I'existence de processus de gétioh écologique définis par les trois
dimensions de la niche. L’hypothese principalegest chaque espéece occupe sa proche niche
ecologique, définie par la combinaison des dimearssahabitat, de ressources alimentaires et
de variations temporelles.

La seconde problématique abordée se focalise ergligchelle spécifique chez la principale
espece de delphinidé fréquentant les eaux int&sedm lagon de Mayotte : le grand dauphin
de I'Indo-Pacifique T. adunculs Considérant I'existence de processus de ségpégat
ecologique au sein d'une méme espeéce, I'hypothed&tlide est que le grand dauphin du
lagon se ségrége spatialement et forme des comidésndistinctes d’individus se partageant
les habitats favorables a I'espéce en domainesuxitaropres a chaque communauté,
rassemblant des individus qui s’associent préfeidgent. Ceci permettrait une utilisation
partagée des habitats et des ressources. Une hBppromplémentaire visera a déterminer si
les grands dauphins ont des stratégies distinctegiséition des ressources, qui pourraient
avoir une origine culturelle. Enfin, la derniérepbyhése de ce volet de I'étude est que les
communautés sont formeées par des individus apgaeoe qui pourrait confirmer I'origine

culturelle de la formation de ces communautés.
Nous nous attacherons d’abord a décrire la comméradridelphinidés et des autres cétacés

odontocétes vivant autour de Mayotte. Nous abordetes aspects de diversité (richesse

spécifique, indices de diversité), d’abondancetiradaet de distribution spatiale (partie 3).
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Cette approche descriptive permettra de mieux &pper les caractéristiques de la
communauté de delphinidés présente autour de Mayott

Par la suite, nous aborderons I'un des deux axésunsade I'étude, a savoir la ségrégation
ecologique des principales espéces de delphini#smment le dauphin a long bec, le
dauphin tacheté pantropical, le grand dauphin kield-Pacifique mais également (dans une
moindre mesure) le péponocéphale et le dauphinrdeeF (partie 4). Nous analyserons la
ségrégation écologique des delphinidés selon @@s tfimensions de la niche écologique :
'habitat (en relation avec les variables abiotgjugde I'environnement), les ressources
alimentaires (au travers des traceurs isotopiquescatbone et de l'azote) et le temps
(variations saisonnieres et diurnes de I'utilisatites habitats et des ressources).

Par ailleurs, nous nous intéresserons a I'un descésde I'écologie des delphinidés vivant en
sympatrie, a savoir les associations poly-spéafq(ou interspécifiques). Ces associations
semblent de prime abord en opposition avec la ib@ms niches puisqu’elles font référence a
la présence d’au moins deux especes sur un mérieiterqui parfois utilisent partiellement
les mémes ressources. Trois facteurs majeurs pew@ten a l'origine de la formation
d’associations poly-spécifiques : l'utilisation comne d’'une ressource, la lutte contre les
prédateurs et la pratigue des interactions socidleslayotte, les associations entre deux
especes jumelles, le dauphin a long bec et le datatheté pantropical, sont trés fréquentes.
Nous tenterons donc de déterminer la significatémologique de la formation de ces
associations, puisqu’elles induisent au moins @#thent un usage commun de l'espace
et/ou des ressources, et semblent en conséquemuséss au principe de ségrégation
compétitive (partie 5).

Pour répondre a la question de ségrégation a léchdra-spécifique, nous étudierons la
structure de la population du grand dauphin dedbhPacifique a travers plusieurs échelles
temporelles : de I'échelle évolutive (génétiqudeahelle de la vie de l'individu (écologie et
fonctionnement social ; partie 6). Nous combiner@ssapproches génétiques et écologiques
(utilisation de I'espace et des ressources patréeRurs isotopiques) pour déterminer si la
population de Mayotte est structurée (plan généjigti ségrégée (formation de communautés
constituées par des individus partageant un domaited commun). Nous tenterons
également de répondre a la question de la natuta diucturation des communautés (les
communautés formées sont-elles génétiquement dissir? Sont-elles constituées par des

animaux apparentés ?).
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Les quatre principaux chapitres de I'étude seroétgrés par une description du site d’étude,
des modeles biologiques étudiés et de leur envinmemt mais également des outils
analytiques classiquement utilisés pour appréheledeprocessus de ségrégation écologique
au sein d’'une communauté d’organismes, notammeatlels prédateurs supérieurs (partie 2).
Enfin, une synthese des résultats sera effectuse, dune discussion de ceux-ci et des

perspectives de recherche dans ce domaine d'gadie(7).
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Partie 2 :

Site d’etude, matériels et

meéthodes
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2.1 Le lagon de Mayotte et ses abords océaniques

2.1.1 Caractéristiques générales

Mayotte (45°10'E, 12°50'S) est une 1le océaniquieiéd dans le nord-est du Canal de
Mozambique (sud-ouest de I'océan Indien). Cettesibeis administration francaise (en cours
de départementalisation), fait partie de I'enseng@legraphique de I'archipel des Comores.
Le territoire a une superficie de 376 km? et se pose de deux iles principales (Petite et
Grande Terres). Une trentaine d'llots d’originecaslique ou corallienne est distribuée tout
autour de I'lle. Mayotte est entourée par un commlecifo-lagonaire d’environ 1500 kmz2,
soit I'un des plus vastes au monde et le plus itapbrdans la région occidentale de I'océan
Indien. Ce complexe a une largeur variant entré J5ekm et comprend diverses formations
récifales : les récifs frangeants, les récifs imaret les récifs barrieres. La pente insulaire est
trés abrupte, parcourue par de nombreux canygpars¢mée de volcans sous-marins (Figure
2.1,2.2).
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Figure 2.1: Modélisation des fonds
sous-marins de Mayotte d'aprés la
bathymétrie du SHOM (Service
Hydrographique et Océanographique
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de la Marine).
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Figure 2.Zz: Profondeur du lagon de
Mayotte (source : BRGM).
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2.1.2 Climat et écosystemes marins autour de Mayott

Le climat de Mayotte est régi par la Zone de Cogwece Intertropicale ; il est de type
tropical maritime avec deux saisons contrastéésivel austral (saison seche, régime
d’alizés) et I'été austral (saison humide, régireambusson). Les saisons intermédiaires sont
plus bréves. La température moyenne annuelle oteebad’environ 26-27°C et celle des eaux
de surface du lagon de 27-28°C. L’humidité dansr Rearie entre 70 et 95 % et les
précipitations annuelles oscillent entre 1080 &023im. A Mayotte, le régime des marées est
semi-diurne avec une amplitude d’environ 4 m. Lasditions climatiques sont favorables au
développement des récifs coralliens ainsi qu’awsgstémes associés comme les mangroves
ou les herbiers de phanérogames marines. La gébologie générale du lagon résulte du
travail simultané de la subsidence (enfoncemenfildesous son propre poids) d’'une part et
de la croissance des colonies coralliennes d'audre A cela s’ajoutent I'action des aléas
erosifs (pluies et rivieres a l'origine de la créatdes passes récifales) et climatologiques
(assechement du lagon lors de la derniére glaniatiy a environ 20 000 ans). Lorsque 'on
évoque I'ensemble des constructions récifales iie, lbn parle alors de complexe récifo-
lagonaire (Figure 2.3). Cet immense éco-complexe cginture Iile de Mayotte,

comprend plusieurs entités.
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- Des récifs frangeants, de 50 a 800 m de largd@bikm de long, entourent 'ensemble de
I'lle et des filots. lls s’'interrompent parfois @mbouchure des riviéres, en fond de baies, et
sont alors remplacés par un fond vaseux.

- Un lagon d’'une profondeur moyenne de 35 a 40 ut @gépasser par endroits les 80 m. Les
fonds du lagon sont plats ou peu accidentés, eskemtent constitués de matériel
sédimentaires sablo-vaseux.

- Des récifs internes incluent une double barréterne au sud-ouest de I'lle d’une longueur
de 18 km, formée par une subsidence en deux phasdype de formation récifale est trés
rare puisqu’il n’existe que trois doubles barriedass le monde.

- Un récif barriére, long de 140 km et large de 800500 m, présente des zones continues
(sud et nord-est) et des zones submergées a desgars variables (nord et ouest). Il est
entrecoupé de douze passes récifales majeures.

A ces eécosystemes coralliens se trouvent asso@ésnthngroves et des herbiers de
phanérogames marines, constituant également degatbalimportants pour le cycle
biologique de nombreuses espéeces marines et depsisn particulier.

- Les mangroves, qui s’organisent en bandes detatdg® successives paralleles au trait de
cOte, couvrent environ 735 hectares actuellemerseetépartissent tout au long du littoral
mabhorais. Deux grands types de mangroves se reanbmaiutour de I'ile : (i) les mangroves
« d’estuaires », installées dans les baies ou adéleoti un ou plusieurs cours d’eau, et (ii) les
mangroves de « front de mer » qui forment une genparalléle au rivage. Sept especes de
palétuviers sont recensées a Mayotte.

- Les herbiers de phanérogames marines se déveloggsi bien sur les platiers et les pentes
du récif frangeant que sur les platiers et penesrnes du récif barriére. Avec 13 especes
recensées, Mayotte constitue un site de hautesitiwgoour les phanérogames marines. La

superficie globale des herbiers de Mayotte estnéstia 760 hectares.
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Figure 2.3 : Présentation des habitats du complexe récifo-laigprnde Mayotte (source :

Agence des Aires Marines Protégées).

2.1.3 Apercu général de la biodiversité marine

Le lagon de Mayotte abrite une biodiversité marmportante, incluant plus de 800 espéces
de poissons, 300 especes de coraux durs et mdugsp8ces d’algues et de plantes marines,
535 espéces de mollusques et 6 espéeces de remiitesxemple (Direction de I'’Agriculture et
de la Forét, LAGONIA et APNEE, données non publiéfgu d'études approfondies de la
biodiversité marine et littorale ont été entremiseMayotte et de nombreuses espéces sont
susceptibles de fréquenter les abords cotierséastrogues de I'ile.

Parmi la biodiversité marine présente autour de, I6n retrouve 22 espéces de mammiferes
marins appartenant a 2 ordres : les siréniens (vedagongDugong dugoh et les cétacés
(dont 13 delphinidés, deux ziphiidés, deux kogiidés physétéridé et trois balénoptéridés ;
Kiszkaet al, 2007a).

2.1.4 Modéles étudiés
Les delphinidés étudiés a Mayotte sont les espiégaentant toute I'année les abords de
I'lle, que ce soit les eaux intérieures du lagonesuabords externes de la barriére récifale.

Ces especes sont accessibles du fait de cettenpeggermanente et de leur forte densité. Les
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especes étudiées en détail sont le grand daupHimde-Pacifique T. aduncuf le dauphin

a long bec $. longirostri3, le dauphin tacheté pantropic8l. @ttenuatpet dans une moindre
mesure (du fait de leur occurrence plus faiblg)dponocéphale?( electrg et le dauphin de
Fraser IL. hose). Les traits principaux de la morphologie et dedlogie de ces espéces sont
présentés ci-apres.

2.1.4.1 Le grand dauphin de I'lndo-Pacifigdaisiops aduncys

Le grand dauphin de I'lndo-Pacifique est un delérd’environ 240 cm qui peut atteindre
180 kg (Figure 2.4). Il est gris et se caractépae de nombreuses taches ventrales qui se
développent avec l'age. Il s’agit d'une espéce qypment cotiére qui se distribue dans
'océan Indien et dans le sud-ouest du Pacifiqoigi¢el, subtropical et tempéré chaud.

Figure 2.4 :Grand dauphin de I'lndo-Pacifiqué&.(aduncu}

Dans le sud-ouest de l'océan Indien, cette espé&tepeesente de I'Afrique du Sud
(notamment le Kwazulu-Natal) a la Mer Rouge (B2607). Dans les iles de cette région, le
grand dauphin de I'lndo-Pacifique a été observé aotour de Madagascar, a La Réunion, a
Maurice, aux Seychelles et aux Comores, incluantdita (Kiszkaet al, 2007, 2009a). Cette
espece se distribue essentiellement dans des eamoitis de 30 metres de profondeur, au
moins durant le jour. Cette espéce tend a avodamaine vital de taille réduite et est fidele a
certains sites cotiers, comme c’est le cas en Adridqu Sud ou en Tanzanie (Stenslanhdl,
2006 ; Best, 2007). Toutefois, I'espéce est capdblealiser des mouvements migratoires de
plusieurs centaines de kilometres le long de c428® km observés entre Algoa Bay et
Plettenberg Bay, Afrique du Sud).

Le grand dauphin de I'ilndo-Pacifique a un régimmahtaire trés varié (poissons, crustacés,
céphalopodes), incluant des proies benthiques, dahes et pélagiques associées aux milieux

coralliens et aux substrats sableux et vaseux (&nal, 2005 ; Best, 2007). Cette espece
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chasse a la fois de maniére individuelle et engoles groupes sont souvent de petite taille
chez cette espece (1 a plus de 200 individus).r&egdgrands groupes comprenant plusieurs
dizaines a plusieurs centaines d’individus ontoftgervés en Afrique du Sud. Toutefois, les
groupes observés ailleurs comprennent le plus sowrdre 4 et 10 individus. Les rythmes
d’activité de cette espece varient, avec le congpoent alimentaire qui prédomine le matin et
le soir (Saaymaet al, 1973). La structure sociale du grand dauphin'lddd-Pacifique est

de type « fission-fusion », avec des associatioégentielles entre individus du méme sexe.

Certaines alliances sont trés stables et peuveat glus de 15 ans (Connerral, 2000).

2.1.4.2 Le dauphin a long be8ténella longirostris

Le dauphin & long bec est une espéce mesuranoanl@0 cm qui peut atteindre 60 kg. |l
existe plusieurs sous-especes a travers le mordls,lentype présent dans I'océan Indien est
S. longirostris longirostrisLa pigmentation est tricolore, gris foncé sudtss, gris clair sur
les flancs et blanc a rosatre sur le ventre (Figus®e L'espece utilise des habitats diversifiés,
puisqu’elle occupe les baies, les zones peu prefrmies complexes récifo-lagonaires ou
encore la frange externe des récifs barriere lenfmipour le repos. La nuit, le dauphin a long
bec s’alimente au large dans des secteurs d’endid@® m de profondeur. Cette espéce est

présente dans toutes les eaux tropicales du mdtateget al, 1994).

Figure 2.5 :Dauphin a long becS( longirostri3.

Dans le sud-ouest de I'océan Indien, I'espéce isstiiiée de I'Afrique du Sud a la Mer
Rouge, incluant les iles du sud-ouest de I'océdieimdont les Comores et Mayotte (Kiszka
et al, 2007a, 2009a). L’habitat du dauphin a long bedres large, de quelques metres de
profondeur a environ 3000 m autour de certainesdt&aniques (Best, 2007). Cette espéce a
tendance a former des groupes fidéles a certates, somme en zone insulaire ou les

individus ont des territoires limités au pourtoesdles (Orémust al, 2008).
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Le dauphin a long bec a un régime alimentaire doiéstie proies mésopélagiques de moins
de 20 cm. Les familles de proies dominantes saniigctophidés, les Photichthydés pour les
poissons et les Onychoteuthidés pour les céphaéspdees crustacés entrent régulierement
dans l'alimentation de cette espece, en particlé®icrevettes des genr@srgiaet Pasiphea
(Perrinet al, 1973 ; Norriset al, 1994). Les dauphins a long bec capturent lewiepdurant

la nuit & des profondeurs variant entre quelqueseset 400 metres. La chasse s’effectue en
coopération (notamment par paire) et préférentiedlet dans les agrégations denses de proies
(Benoit-Bird & Au, 2003). A Mayotte, les groupes dauphins a long bec sont formés de 4 a
600 individus. La taille moyenne des groupes estvlron 70 individus (Kiszkat al, 2007).

Le dauphin a long bec a surtout une structure Eode type « fission-fusion », mais cette
organisation tend a varier en fonction des zoneedlisolement géographique. En effet, les
groupes isolés tendent a former des associatieastables dans le temps (Karszmaesll.,
2005).

2.1.4.3 Le dauphin tacheté pantropi&tiehella attenuada

Le dauphin tacheté pantropical est une espéce argsemviron 220 cm qui peut atteindre 90

kg. La pigmentation est gris ardoisé sur le doples$ claire sur les flancs a rosatre sur le
ventre. Les taches sont blanches et de plus en rposbreuses avec I'age (les jeunes

individus n’ont pas de taches ; Figure 2.6). Lepdéu tacheté pantropical se répartit dans
toutes les eaux tropicales et subtropicales du madda fois prés des cétes et en pleine mer
(Best, 2007). Les formes cétiéres et océaniquesete espéce sont morphologiguement
distinctes. Cette espece est largement répandug lgarsemble du sud-ouest de l'océan

Indien (Kiszkaet al, 2009a).

Figure 2.6 :Dauphin tacheté pantropic&.(attenuatpa
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Le dauphin tacheté pantropical consomme essemtieliedes poissons et des céphalopodes
épi- & mésopélagiques. Les proies de surface sotmus consommeées le jour alors que les
proies mésopélagiques sont consommées durantriemntées nycthémeérales. A Mayotte,
cette espéce a été tres régulierement observémulesjalimenter de poissons volants
(Exoceatidae). Les groupes de dauphins tachetésopaaux peuvent atteindre le millier
d’individus (& Mayotte seulement 300 individus aaximum, et 70 en moyenne). Cette
espece est tres souvent associée au dauphin d@denginsi que d’autres especes comme le
thon jaune Thunnus albacargst plusieurs espéces d'oiseaux marins.

La structure sociale du dauphin tacheté pantropitast pas connue, mais les groupes
semblent souvent ségrégés par classe d’age etxde(gmupes de femelles avec jeunes,

groupes de subadultes, etc.).

2.1.4.4 Le péponocéphaledponocephala electya

Le péponocéphale (ou dauphin d’Electre) est un hilelge, de la sous-famille des
globicéphalinés, qui peut atteindre 260 cm poupoids de 180 kg (adulte). Le dimorphisme
sexuel est peu prononcé. La pigmentation est radinen peu plus claire sur le ventre, les
levres sont blanchatres (Figure 2.7). Le péponaépbst un delphinidé océanique réparti
dans toutes les eaux tropicales et subtropicalesahde (Jeffersoat al, 2008). Dans le sud-
ouest de I'océan Indien, cette espece est fréqueatamment autour des iles océaniques ou
les cbtes (ou les barrieres récifales) sont procheslomaine océanique. Cette espéece est
rencontrée essentiellement dans des eaux de pk@0d@ de profondeur, mais dans certaines
zones comme a Mayotte, elle peut étre observéeeposrdans des eaux de 100 m de
profondeur.

Figure 2.7 :Péponocéphald>( electrg.
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Peu d'information existent sur I'écologie alimemtaidu péponocéphale. Toutefois, les
céphalopodes meésopélagiques (Ommastrephidae, Qeuthidae, Chirotheutidae,

Mastigoteuthidae, Cranchidae) et dans une moindesurme les poissons (Myctophidae,
Paralepididae, Scopelarchidae) semblent constitessentiel de l'alimentation de cette
espece (Brownekt al, 2009). Le péponocéphale s’alimente essentiellefaemuit dans les

premiers 700 metres depuis la surface (Young, 1978)

Les groupes de péponocéphales peuvent atteindmilliar d’individus, mais comptent

typiquement entre 200 et 600 animaux (Best, 20Kigzkaet al, 2007). Aucune information

n’est disponible sur la structure sociale de cesdf@ce.

2.1.4.5 Le dauphin de Fraséafienodelphis hoski
Le dauphin de Fraser est un delphinidé océaniqupegu atteindre 260 cm pour un poids de

210 kg. La pigmentation est trés variable en famcte I'age et du sexe (Figure 2.8). Le dos
est grisatre et le ventre blanchéatre a rosatremades adultes se caractérisent par une bande
noire qui part de I'ceil et qui aboutit a la régianale. Cette bande est grisatre chez les
femelles. L'espéce vit essentiellement loin degsdans les zones tropicales et subtropicales.
Elle a été régulierement observée dans le sud-aleedtocéan Indien, notamment a La
Réunion, a Madagascar mais également aux Comoégeslayotte (Best, 2007 ; Kiszld al,
2007a, 2010).

Figure 2.8 :Dauphin de Fraser (male et femelle, respectivemienhose).

Le dauphin de Fraser est généralement observélawddedomaine néritique et du plateau
continental, dans des eaux de plus de 500 m. luege®tde contenus stomacaux de dauphins
de Fraser indiqguent que cette espéce se nourritpaissons et de céphalopodes
mésopélagiques de grande taille jusqu’a une prefende 600 m (Robison & Craddock,
1983; Dolaret al, 2003). Il s’agirait essentiellement d’un prédateocturne, bien qu’observé
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en alimentation sur des proies de surface en plginmée. Aucune information sur la

structure sociale de cette espece n’est disponible.

2.2 Approche méthodologique de I'étude de la segréitipn écologique

Les études sur la ségrégation écologique de conutémd’espéces, qu’elles soient terrestres
ou marines, utilisent des techniques similaires.ples ancienne est I'étude comparée des
habitats préférentiels. Cette approche utiliseateservationsn situ et les corrélent avec les
variables de I'environnement, qu’elles soient pbgeaphiques (profondeur, inclinaison de la
pente sous-marine) ou biotiques (production prieadistribution et densité des proies).
Actuellement, la modélisation (modéles de présencde présence-absence ; ENFACP

ou GLM/GAM?®, respectivement) est trés couramment employée qaactériser les habitats
préférentiels (e.g. Canadasal, 2002 ; Praca & Gannier, 2008). Un modéle d’hahitse a
établir une relation quantitative entre la disttibn d'une espéce et un certain nombre de
variables environnementales. Toutefois, la ségi@yates niches écologiques ne peut étre
étudiée en détail uniqguement par la dimension lolabitat. La niche alimentaire est un axe
majeur de la niche écologique.

La méthode la plus ancienne et la plus courammdititée est I'étude comparée de
'alimentation par I'analyse des contenus stomacexcalcul d’indices de chevauchement
permet d’évaluer les interactions écologiques #leud des indices de Simpson et de Pianka,
par exemple ; Dajoz, 2000). Chez les prédateurns)asette approche a été entreprise pour
de nombreuses communautés comme les oiseaux rsabastarctiques (Ridoux, 1994), les
grands poissons océaniques de I'océan Indien ataldéotieret al, 2004) ou encore la
communauté de prédateurs supérieurs du golfe deoGaes (Pusineret al, 2008). Cette
méthode introduit un certain nombre de biais ca t®ntenus stomacaux refletent
'alimentation a tres court terme (derniers rep&sa ailleurs, les différentes pieces utilisées
pour l'identification de proies (bec de céphalopotiEphalothorax de crustacé ou otolite de
poisson) s’érodent de maniére différente lors ddidastion. D’autres approches a plus long
terme peuvent alors étre employées. Il s’agit déménts traces (métaux lourds comme le
mercure, le cadmium, par exemple), des polluargaroques persistants, des acides gras ou
encore des isotopes stables. Les contaminants meueéler la présence de groupes de

prédateurs écologiquement distincts utilisant dessaurces et des habitats différents, ceci

! Ecological Niche Factor Analys{#\nalyse Factorielle des Niches Ecologiques).
2 Analyse en Composante Principale.
% Modéles Linéaire Généralisés/Modéles Additifs Géligeés.
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étant lie a des différences de contamination dd&rents taxons et des habitats
d’alimentation des prédateurs (Lahateal, 2005 ; Borrellet al, 2006). Les isotopes stables
du carboned>C) et de I'azoted*°N) fournissent une bonne alternative a I'étude’élogie
alimentaire et des relations trophiques au seinelcommunauté. Les rapports isotopiques du
carbone et de I'azote d’'un consommateur refletenk @e son alimentation (Hobson, 1999).
Le 8N renseigne sur le niveau trophique (enrichissentienviron 3 %o par niveau
trophique) et 165*°C renseigne sur les habitats d’alimentation (eis&@ment de 1 %o par
niveau trophique ; Hobson, 1999). L'étude des imtat trophiques d’organismes de
nombreuses communautés de prédateurs marins supéaecté étudiée, comme chez les
pinnipedes (Zhaet al, 2004), les oiseaux marins (Cheetlal, 2008), les grands poissons
osseux (Ménardt al, 2007), les requins (Donei al, 2005) ou encore les delphinidés (Gross
et al, 2009).

2.3 Analyse des données dans le cadre de la thése

Dans le cadre de ce travail, plusieurs méthodegténtombinées pour étudier la ségrégation
ecologique de la communauté de delphinidés trogick Mayotte. Nous avons également
étudié la structure de population a fine échella aggrégation intra-spécifique chez le grand
dauphin de I'lndo-Pacifique. Dans les deux castagees analyses n’ont pu étre réalisées
comme I'étude des contenus stomacaux. Les échoeades captures accidentelles sont trés
rares a Mayotte, ne permettant pas d’analyseslldétide l'alimentation des différentes

especes.

Pour explorer la ségrégation écologique au nivesutibis axes de la niche écologique, trois
méthodes ont été combinées :

- I'étude de I'habitat préférentiel des principalepéces et la comparaison des habitats
en relation avec certaines variables physiogragsiqprofondeur, pente, distance a la
cbte et aux récifs coralliens). Une approche ersidénant uniguement les données de
présence a été privilégiée en raison de I'hétérditge I'effort d’observation autour
de Mayotte. Le détail des analyses est décrit apartie 4.

- I'étude du partage des ressources par l'analysesigeatures isotopiques du carbone
et de I'azote N et5'°C) dans la peau et le lard des dauphins. Pouretela fait de
'absence d’autres sources de matériel biologigles biopsies ont été réalisées a
I'aide d’'une arbaléte propulsant une fléchette mudiun petit emporte-piéce (Figure

2.9). Le détail de la méthode de prélevement etashedyses isotopiques est décrit
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dans la partie 4, tandis que I'impact de ce moéeldintillonnage sur les animaux est
évalué en annexe 2.

I'étude des variations temporelles des budgetstigities (collectés a I'occasion de
suivis focaux tout au long de la journée et end@atison, Figure 2.9), de I'habitat et
des signatures isotopiques des delphinidés. Cefimehe a pu étre entreprise du fait
de la bonne accessibilité des principales espéedés dommunauté de delphinidés de
Mayotte permettant la mise en ceuvre des méthodssidegocal (détail dans la partie
4).

Enfin, I'étude de la ségrégation a I'échelle irg@écifique, de la structure de population a

fine échelle et du fonctionnement social chez Endrdauphin de I'lndo-Pacifique (partie 6) a

été eétudiée par combinaison :

d’analyses génétiques (structure de populations lge parenté),

de I'étude des associations préférentielles (quéledt la structure sociale),

de I'étude du domaine vital et de I'habitat a I'été individuelle,

et de I'étude de la ségrégation écologique, aikdor le plan de I'habitat mais aussi
des ressources par I'analyse des signatures ispiepidu carbone et de 'azote N

et3'%C) dans la peau et le lard des dauphins.

Toutes les données ont été collectées toute 'aanémur de Mayotte entre juillet 2004 et

avril 2009. Des parcours cétiers non systématiqoets été réalisés avec de petites

embarcations et les sessions de terrain consistaieilecter :

des séries d'observations de delphinidés (et awttémceés) pouvant étre pondérées
avec |'effort d’'observation,

des données sur les caractéristiques des gro@ilés (tomposition, structure),

des données comportementales pour I'étude des tsudigetivités,

des biopsies de peau et de lard pour les analygsegigues et isotopiques,

des données de photo-identification, tout partielinent pour le grand dauphin de

I'Indo-Pacifique (étude de la structure socialeddmaine vital, etc.).
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] AN
Figure 2.9 :Prélevement par biopsie (gauche) et suivi focah djroupe de dauphins (droite).

L’ensemble des détails méthodologiques est donné tes différents articles, que ce soit
pour la collecte ou pour I'analyse des données.
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Partie 3 :

Diversité et structure de la

communauté
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Structure de la communauté de cétacés odontocetes Blayotte

Résumé

Caractériser une communauté biologique est une étaportante pour la compréhension de
la composition d'un écosysteme, de sa dynamiquieeton évolution. La description des
communautés de cétaces tropicaux a peu été estgumar le passé. Dans cette étude, nous
présentons une description de la structure d’umenmenauté de cétacés odontocetes autour
de I'lle de Mayotte, dans le sud-ouest de l'océagien (45°10'E, 12°50'S). A partir de
campagnes en mer a bord de petites embarcatiodsiitementre juillet 2004 et juin 2006, 16
espéces d'odontocétes ont été recensés. L'indicedidersité de Shannon était tout
particulierement élevé le long de la pente exteluneccif barriére. La distribution spatiale des
différentes espéces met en évidence l'existendeodegrandes catégories d’habitats pour les
cétacés odontocetes autour de Mayotte : les eatéxieares du lagonT( aduncus S.
chinensi}, les abords de la pente externe du récif bar(®rdongirostris S. attenuataP.
electrg et les zones océaniques et de pente de plus @emires de profondeuM(
densirostris par exemple). Les caractéristiques des groupasme leur taille, varient
significativement en fonction des especes. Ledpdalphinidés océaniques ont les tailles de
groupe plus importantes que les espéces strictetdéistes ou que les especes n’appartenant
pas a la famille des delphinidés. D’'apres les tésibe I'étude, il semble que les eaux de la
pente externe de la barriere récifale constituenthabitat privilégié pour les delphinidés
tropicaux. Ceci met en évidence la dépendance sleggéces aux complexes récifaux. Le
nombre important d’espéces de delphinidés suggexistence de processus de ségrégation

ecologique qui doit étre étudié a I'avenir.
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Abstract

Characterizing biological communities is an impottatep to assess ecosystem composition,
dynamics, and evolution. The description of tropmstacean communities has been poorly
investigated. Here we present a description ofsthecture of a toothed cetacean community
around the island of Mayotte (SW Indian Ocean, 83112°50’S). From small boat-based
surveys conducted from July 2004 to June 2006,dbthimcete species were recorded. Index
of diversity (Shannon-Weaver) is particularly higlong the outer slope of the barrier reef.
Patterns of spatial distribution underline the &xise of three main cetacean habitat types:
the inner lagoonT{. aduncusS. chinensis the outer reef slop&( longirostris S. attenuata

P. electrg and oceanic waters deeper than 500Mn densirostris for example). Group
characteristics are highly variable among spewiéh, oceanic small delphinids having higher
group sizes than strictly coastal and non-delphatiéanic species. Based on our results, it is
evident that the outer slope of the barrier reeffigrimary importance in terms of density and
diversity of odontocetes around Mayotte. These dd$a support the hypothesis that a
number of cetacean species, especially severahidelpspecies, are dependant to coral reef
complexes. The high number of species living in ggtry suggests some fine-scale niche

segregation processes that need to be furthersaeskes

Keywords: cetaceans, odontocetes, community compositiortriliison, encounter rates,

barrier reef slope, Mayotte, Indian Ocean.
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Introduction

Characterizing biological communities is an impbottapart of assessing ecosystem
composition, dynamics, and evolution. A communiy ®e defined as a collection of species
that occur together in some common environmenhatitat, and that the organisms making
up the community are somehow integrated or inteaad@ society (Chapman & Reiss, 1999).
Distribution, diversity and group characteristiésetacean communities have been described
from polar to tropical waters in a variety of mariecosystems (e.g., coastal, slope-associated
and oceanic, etc.), including in the Antarctic @lhiet al, 2000), the Mediterranean Sea
(Gannier, 2005), off the Bahamas (MacLexichl, 2004), the Gulf of Mexico (Maze-Foley &
Mullin, 2006), the southwest Atlantic (Moremb al, 2005) and in French Polynesia (Gannier,
2000, 2002). These studies have been conductde atchle of oceanic basins, regions and
archipelagos and show that species partition treditat according to a number of abiotic and
biotic environmental variables, such as physiogyaguid primary production. Most cetacean
habitat studies find that depth is one of the primanvironmental features explaining
cetacean distribution (see for example Carnatlas, 2002).

Few studies have examined cetacean community steueround tropical islands and atolls
(MacLeodet al, 2004; Anderson, 2005; Dulau-Drouet al, 2008; Hermans & Pistorius,
2008). In the waters surrounding Great Abaco Islamdhe Bahamas, few cetacean species
are encountered and the limited number of spetiEsvaabundance observed there has been
attributed to the low-productive tropical watersgdlleodet al, 2004). In the western Indian
Ocean, cetacean communities found at Aldabra dsauthern Seychelles; Hermans &
Pistorius, 2008), off the west coast La Réunionthe Mascarenes (Dulau-Drouet al,
2008), and at a larger regional scale of the wedtatian Ocean (Ballance & Pitman, 1998),
have been described in terms of diversity and hab&round these western Indian Ocean
islands, cetacean communities are largely dominbte@mall delphinids that are resident
year-round with the spinner dolphi&ténella longirostris being the most common species
(Kiszkaet al, 2009). The western Indian Ocean is also usediggImysticetes, especially by
humpback whalesMegaptera novaeanglideduring the austral winter when breeding and
calving occur (Dawbin, 1966).

When comparing communities from ocean basin ororegi scales to local (insular or
archipelago) scales, oceanic tropical islands apjpeaonstitute areas of particular diversity
and density of top predators, such as cetaceansn{&@a 2000, 2002; Bairet al, 2003).
Similar to continental margins, where land pluntgethe deep oceanic waters, insular slopes

potentially provide more abundant resources antbparessential functions such as nutrient
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cycling (Levin & Dayton, 2009). Turbulence and veat mixing in island channels are
believed to create nutrient-rich conditions aroum@hipelagos (Gilmartin & Revelante,
1974). The formation of these isolated nutrienkriegions, especially in the oligotrophic
regimes of the tropics where ocean productivitgaserally low, is the primary reasons why
islands and archipelagos can be “oases” of bioglityerThese oases are of critical importance
for conservation and management actions that reg@xiamination over a range of spatial and
temporal scales.

Around the Mozambique Channel island of Mayotteti@ eastern Comoros archipelago), a
diverse cetacean community has been recorded (&eiz&l, 2007a). The island of Mayotte
is characterised by diverse ecosystems in closgimpity to each other, i.e. mangroves,
fringing reefs, a large semi-closed lagoon, baraed double barrier reef systems, and deep
oceanic waters within a few kilometres from shapeddet al, 2000). To date, 17 species of
cetaceans have been recorded in the waters sumgukityotte (Kiszkaet al, 2007a). This
community is mostly composed by delphinids but alscudes large odontocetes (e.g.,
ziphiids, kogiids, physeterids), blueBglaenoptera musculysand humpback whales.
Although some of the species recorded are rargfatem (except humpback whales) are
present year-round. As there is a growing need dentify critical areas for marine
biodiversity, both locally and regionally, this gaprovides much needed data describing the
general structure of the odontocete community emtesad around the island of Mayotte. We
will present the diversity of species living in therrounding waters of the island in relation to
the main habitat types. The spatial distributiom @amcounter rates of the most common

species will be also detailed.

Materials and methods

Study area

Mayotte (4510'E, 1250'S) is situated in the northern Mozambique Chaand is part of the
Comoros archipelago (Figure 3.1). Mayotte is alnesgtrely surrounded by a 197 km long
barrier reef, with a second double-barrier in tbetswest and the immerged reef complex of
Iris in the northwest. There are a series of desgsgs through the reefs, some of which are
the sites of old rivers (Quoet al, 2000). The lagoon and surrounding reef compleses
1,500 km2 with an average depth of 20 m and a maxirdepth of 80 m found in the western,
older, region of the lagoon. Some 20 small isle¢éspaesent in the lagoon, ranging from one

to 242 ha, which are also surrounded by fringirgfseApproximately 670 ha of mangrove
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forests occur around the main island, especiallprotected bays (Quoet al, 2000). The

insular slope on the exterior of the barrier reetéry steep and contains many submarine

canyons. Broad canyons with numerous volcanoeslamdslides deeply incise the slope
(Audruet al, 2006).
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Figure 3.1: Sub-areas defined for encounter rate calculatemosind Mayotte and spatial

representation of searching effort from July 2084une 2006.

Data collection

From July 2004 to June 2006, small boat based gsinere undertaken in the surrounding
waters of Mayotte. Several types of boats were us&dmeter catamaran equipped with two,
four-stroke, 60-hp outboard engines; a 7 meter lgaipped with two, two-stroke, 40-hp

outboard engines; a 6.4 meter cabin boat equippidone, four-stroke, and 150-hp outboard
engine. Surveys were conducted throughout the gpedpd during daylight hours between

07:00h and 18:00h in sea conditions not exceedeaubrt 3. Survey vessels did not follow
pre-defined transects but every attempt was madsanople each habitat type within the

surrounding waters of Mayotte, i.e. coastal ar@aan@grove fronts, fringing reef), lagoonal
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waters, barrier reef associated areas (inner atet slopes) and oceanic/slope waters (> 500
m). Constant GPS logging was used to collect getgeapositions every 5 seconds from
departure to return to the harbour using a hand-G&#in Gecko®When cetaceans were
encountered, standard sighting data were recosgegtjes, group size (maximum, minimum,
best estimate) and geographic position were celiechor all encounters. For small
aggregations of cetaceans, group size was defisgleanumber of animals at the surface
within five body lengths of each other (Smolladral, 1992). Large aggregations of small
delphinids often consisted of a super group, cosepriof several smaller animal units or
aggregations (typically 2 to 20), spaced severaedometers apart, moving in the same
direction and exhibiting similar patterns of belwawi For these large aggregations, group size

reflects the size of the super group not the imllial aggregations.

Data analysis

Only data for odontocetes were used in this stldght geographic zones were defined
around the island based on their general locatrah environmental characteristics (Figure
3.1, Table 3.2). These eight geographic zones grengped into three broad habitat categories
to assess cetacean diversity for each habitat fypener lagoon, 2) outer reef slope (depth <
500 m) and 3) oceanic waters (depth > 500 m). Emeouate was defined as the number of
sightings per unit of effort (N sightings/efforgxpressed in hours. Diversity of species was
measured through two measures: species richnesan@}he Shannon-Weaver index (S).
Species richness (number of species) misses tbariafion that some species are rare and
others common. A community with “equitable” distrtton of abundances is more diverse
that a community with variable specific abundan{®sgon et al, 2009). The Shannon-
Weaver index is one of several diversity indicesduto measure diversity in categorical data.
It is the information entropy of the distributiameating species as symbols and their relative
population sizes as the probability. This diversitgasure came from information theory and
measures the order (or disorder) observed withparéicular system. In ecological studies,
this order is characterized by the number of irdiigls observed for each species in the

sample plot. It is calculated as follow:
S
H=- ), PilnPi
i=1

wherePi is the relative abundance of each species. Shawmeaver index was calculated for

the whole study area and for each of the threedonaditat categories.
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Values of the median, minimum, and interquartileges of depth are provided to describe
bathymetric preferences for each species. Deptla daere provided byService
Hydrographigue et Océanographique de la Maribepth data were associated with each
sighting location using an overlay technique in E5.G5PS track data was downloaded,
interpolated to provide a track point for each sekcand then post processed to isolate
portions of track spent “on effort”, which were seluently used to calculate the effort
within each 2 km square and geographic zone (TaBlgFigure 3.2).

Results

General

From July 2004 to June 2006, more than 441 houre wpent in “search mode” actively
searching for marine mammals around Mayotte. Segffolt did not vary across months and
years (among four periods over the two years aaddmm/dry seasom = 4.167;df = 3:P =
0.244). As the main harbour is located on the m@sh coast, the observation effort was
greater off the east coast, in the south and imdnth. The western portion of the lagoon and
deep oceanic waters were less surveyed (Tablé&@dre 3.1).

Melon-headed whales, pantropical spotted and spidahins had the largest group sizes
(mean=287.8, mean=70.9 and 72.8, respectivelyeTaphland were frequently encountered
on the outer reef slope. Indo-Pacific humpback (m&al) and bottlenose dolphins

(mean=6.5), the most coastal species, had theeshgloup size (Table 3.2).

Diversity and distribution

During this study, 16 odontocete species were dahrincluding 11Delphinidaebelonging

to 9 genera, twZiphiidag two Kogidae and onePhyseteridagTable 3.1). The Shannon-
Weaver index of diversity is 1.76 for the wholedstiarea, while it varied among geographic
zones: 0.57 for the inner lagoon (4 species rechrde3l for the outer reef slope (<500 m in
depth, 5 species) and 0.62 for the oceanic wat&@0( m in depth, 12 species). Higher index
for the outer reef slope area is due to balancedddnces of species. Conversely, in oceanic
waters, high variability of abundances of speciedlgcted through group size) are less
balanced (high group size in delphinids low in the largest toothed whales), making the
index decreasing. Spatial distribution of cetaceamsountered around Mayotte was highly
variable. Spinner and pantropical spotted dolptmad similar distributions along the outer
reef slope and on the Iris bank and were rarelgesl inside the lagoon (Figure 3.2). Indo-

Pacific bottlenose and humpback dolphins were pilynabserved inside the lagoon. Indo-
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Pacific bottlenose dolphins were also regularlyepsd on the Iris bank, in waters less than
40 m deep (Figure 3.3a, Table 3.3). Melon-headedleghwere observed on the outer reef
slope area and in the shallower waters of thedask, but were never sighted inside the
lagoon (Table 3.1 and 3.3, Figure 3.3b).

Table 3.1: Sighting (number, cumulated number of individualsyl group size characteristics

of cetaceans encountered around Mayotte from Dy 20 June 2006.

N %
Species N sightings ) % individuals | cumulated Mean. Range SD
sightings group size
(cumulate) | individuals

Stenella longirostris 177 48.5 9,242 59.7 72.8 3-500 87.1
Stenella attenuata 85 23.3 2,553 16.5 70.9 3-300 71.9
Tursiops aduncus 64 175 414 2.7 6.5 1-15 3.5
Peponocephala electra 9 25 2,590 16.7 287.8 140-450 84.2
Sousa chinensis 7 1.9 17 0.1 2.4 1-3 0.8
Mesoplodon densirostris 6 1.6 14 0.1 2.3 1-5 1.6
Grampus griseus 5 1.4 44 0.3 8.8 2-20 6.8
Tursiops truncatus 2 0.5 160 1 80 40-120 -
Pseudorca crassidens 2 0.5 250 1.6 125 100-150 -
Kogia sima 2 0.5 0.01 15 1-3 -
Kogia breviceps 1 0.3 0.03 6 - -
Mesoplodon pacificus 1 0.3 0.006 1 - -
Physeter macrocephalus 1 0.3 11 0.07 11 - -
Globicephala macrorhynchus 1 0.3 60 0.4 60 - -
Lagenodelphis hosei 1 0.3 120 0.8 120 - -
Feresa attenuata 1 0.3 4 0.03 4 - -
TOTAL 365 100 15,489 100 53.8 1-500

The remaining delphinids were oceanic species wbdefurther offshore, which included
common bottlenose dolphin (mean depth at encouM&E=509 m), Risso’s dolphin

(MDE=1,150), Fraser’'s dolphin (MDE=336 m), falsdlddi whale (MDE=1,168 m), short-

finned pilot whale (MDE=996 m) and pygmy Kkiller wea(MDE=1,593 m, Figure 3.3b).

While rarely encountered, larger toothed whalegjrBille’'s beaked whale (Table 3), pygmy
sperm whale (MDE=705 m), dwarf sperm whale (MDE=9%9 and Longman’s beaked
whale (MDE=1,945 m), were also observed in deemrgatff the barrier reef over the slope
(Figure 3.3c).
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Table 3.2: Searching effort (in hours), number of sightingsl @&ncounter rates (ER) of

cetaceans encountered around Mayotte from July 200dne 2006.

Effort Tursiops/ | Stenella Stenella | Peponoce | L. toothed Other
or
Geographic Zone h ) Sousa | longirostris | attenuata | . electra whales | Delphinids
ours
(ER) (ER) (ER) (ER) (ER) (ER)
50 19 2
Eastern slope 48.2 0 0 0
(1.04) (0.39) (0.04)
. 10 40 20 1
Iris 46 0 0
(0.22) (0.87) (0.43) (0.02)
12/3 1
North-eastern lagoon 75.7 0 0 0 0
(0.2) (0.01)
6 2 1
Northern slope 14.4 0 0 0
(0.42) (0.14) (0.07)
6 13 3
Northern lagoon 325 0 0 0
(0.18) (0.4) (0.09)
12/2 2 2
South-eastern lagoon 52.6 0 0 0
(0.25) (0.04) (0.04)
0/1 46 22
Southern slope 23.7 0 0 0
(0.04) (1.94) (0.93)
16/1 6 2
Southern lagoon 56.8 0 0 0
(0.28) (0.11) (0.04)
1 1 1 1
Western slope 4.8 0 0
(0.21) (0.21) (0.21) (0.21)
8 2 1
Western lagoon 22 0 0 0
(0.36) (0.09) (0.05)
64/7 166 73 4 2
Total 376.8 0
(0.18) (0.44) (0.19) (0.01) (0.01)
64/7 177 85 9 11 12
Entire survey area 441.9
(0.16) (0.40) (0.19) (0.02) (0.02) (0.03)

Table 3.3: Depth preferences of the most frequently sightgtdazan species around Mayotte
from July 2004 to June 2006.

Species Mean SD Range Median Q1 Q3
Stenella longirostris 123.7 187.3 3-1,335 54 25 128.5
Stenella attenuata 193.7 255.7 5-1,301 74 24 268.3
Tursiops aduncus 23 16 1-57 21 10 35
Peponocephala electra 383 286.4 20-845 400 118 560
Sousa chinensis 17 7.7 7-28 14 12 22.5
Grampus griseus 1,150 385 762-1,784 1121 953 1,129
Mesoplodon densirostris 1,000 365.5 482-1,524 1070 782.5 1,143.5
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Figure 3.2: Spatial distribution of spinner dolphinsSténella longirostris left) and
pantropical spotted dolphinsStenella attenuataright) in relation to effort encountered

around Mayotte from July 2004 to June 2006.

Encounter rates

Encounter rates were derived for the coastal spdtmelo-Pacific bottlenose and humpback

dolphins), the spinner dolphin, the pantropicaltsggbdolphin, the melon-headed whale, the
oceanic delphinids, and the largest toothed whilesked and sperm whales) by geographic
zone (Table 3.2). Search effort varied among ggidgcazones (Table 3.2). Nonetheless, when
sightings are normalized for effort some trendseappespecially for the most common

species. For coastal species the highest encaatéewas observed for the western portion of
the lagoon (0.36 group/hour), in the south-easkagoon (0.25 group/hour) and on the Iris

bank (0.22 group/hour). Spinner dolphins were entered frequently on the eastern outer
slope (1.04 group/hour), but even more frequertyp@the southern slope (1.94 group/hour).
A similar trend can be observed for pantropicalttgab dolphins for the later area (0.93

group/hour). Beaked whales were only encounteredaters deeper than 500 m and rarely

observed.
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Discussion

To date, at least 31 cetacean species have beerdedcin the southwest Indian Ocean,
including 23 odontocetes (Kiszkd al, 2009a). The odontocete community around Mayotte
has a number of notable characteristics. Firstcisperichness within the area is high,
especially in waters deeper than 500 meters (1@epeecordedys 5 in the outer reef slope
area and 4 inside the lagoon). The Shannon-Weadexiwas significantly lower in oceanic
waters deeper than 500 meters and inside the lad®no the high variability of abundance
among species. For example, in oceanic waters,hithilis have a significantly higher
abundance than beaked whales and sperm whaleseiGelw on the outer reef slope, species
richness is lower (five species) but abundance asensimilar among species, making the
outer reef slope community more diverse. A previdescription of cetacean diversity around
Mayotte documented the presence of 17 speciesdimgul5 odontocetes and possibly (no
supporting photographic evidence), a ginkgo-tootteaked whaleMesoplodon ginkgodeps
(Kiszkaet al, 2007a). This study did not confirm the presericenis later species, but added
the pygmy sperm whal&(gia brevicepksto the species list for Mayotte. In addition,|eil
whales Qrcinus orcg have been observed on multiple occasions by whadéching
operators in the recent years (N. Bertrand/Sea Blafri, personal communication). The
odontocete diversity around Mayotte is high, esgdcin comparison to other tropical islands
and archipelagos such as La Réunion in the Masean@ight odontocetes; Dulau-Drowatt
al., 2008), Great Abaco, in the northern Bahamas (sedentocetes, MacLeaet al, 2004),
Aldabra, southern Seychelles (twelve odontocetesmidns & Pistorius, 2008), and the whole
Hawaiian archipelago (fourteen odontocetes, Bairdl, 2003). Some oceanic species have
not yet been recorded around Mayotte, such as theiefs beaked whale Z{phius
cavirostrig, the rough-toothed dolphirS{eno bredanengior the striped dolphinStenella
coeruleoalby, which may be due to the lower observation efiamtlertaken in offshore
waters. Overall, the high diversity of odontocetesorded around Mayotte may be linked to
the diversity of habitat types encountered arotnglisland, especially in comparison to other
oceanic islands that do not have lagoon or/andhdet coral complexes. However, it is still
difficult to directly compare study areas, as thnber of species recorded is also linked to
the spatial and temporal distribution of effort.

In term of distribution, a detailed descriptiondtielphinid distributions around Mayotte has
been given by Grosst al. (2009). Our study confirms that around the islahd,Indo-Pacific
bottlenose dolphin has a coastal and shallow wditribution. The coastal range of this

species has been documented in other areas obthlewsest Indian Ocean, such as at La
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Réunion (Dulau-Drouoet al, 2008) and off the south coast of Zanzibar (Stensét al,
2006). Another species documented in our studfesihdo-Pacific humpback dolphin, but
this species appears to be very rare and no detaialysis of distribution and habitat
characteristics has been possible. Along the oetdrslope, spinner and pantropical spotted
dolphins had high encounter rates and this stuggest these are the most abundant cetacean
species found around the island. In a previousystdomparative habitat analysis confirmed
that these two species overlap in their distributas well as in their isotopic niches, which
could indicate a possible competition between tisgseng species (Gros al, 2009). In our
study, bathymetric preferences were different betwspeciesThe spinner dolphin occurs in
shallower waters than the pantropical spotted do)phhich has been described previously in
other insular populations from the region (Dulawiot et al, 2008). Habitat features of
spinner dolphin around Mayotte are slightly differéhan in other areas. In French Polynesia,
Hawaii or the Maldivian atolls, spinner dolphinstemnatolls, sheltered bays and lagoons
through reef channels in the morning and leavéénafternoon to feed overnight (Wirsg
al., 1994; Anderson, 2005; Gannier & Petiau, 2006)ound Mayotte, spinner dolphins
predominantly inhabit the outer reef slope and hevgeeater depth range than is reported by
other studies. In addition, spinner dolphin meahost size recorded (mean=72.8) in the
waters of Mayotte was slightly higher than in othezas such as at La Réunion (mean=51.2)
and in the Maldives (mean=58.2). The reasons wiwynsp dolphins do not regularly use
lagoonal waters around Mayotte were not elucidakelertheless, ideal habitat conditions
are available in the lagoonal waters for spinndpliias. While it is still speculative, the
absence of spinner dolphins inside the lagoon neyhk result of the presence of Indo-
Pacific bottlenose dolphins, a larger possibly mioeninant, territorial species. Pantropical
spotted dolphins demonstrate a wide range of digion and habitat characteristics around
Mayotte, utilizing both shallow and oceanic watalsng the outer reef slope. This species
was most frequently observed close to reef on theraeef slope. In Golfo Dulce, along the
Pacific coast of Costa Rica, pantropical spottdglido occur in shallower waters (mean=92.7
m; Cubero-Pardo, 2007) while at La Réunion, inltittan Ocean, spotted dolphins are only
encountered in relatively deep waters (mean=88Dutau-Drouotet al, 2008).

Melon-headed whales have been reported at a nuofliand groups, including the Hawaii
archipelago, the Philippines, French Polynesia endthe Indian Ocean, such as off the
Maldives, La Réunion and the Comoros, including Mgy (Gannier, 2000, 2002; Baisd

al., 2003; Anderson, 2005; Dolat al, 2006; Kiszkeet al, 2007a, 2010; Dulau-Drouet al,

2008; see for review Browne#t al, 2009) and are generally accepted to have a global
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distribution preferring deep tropical and warm temgpbe waters (Perryman, 2002). In
comparison to other areas such as Hawaii, La Réuand the Gulf of Mexico, encounters of
melon-headed whales around Mayotte occurred inlcshat waters in the vicinity of the
barrier reef where they were observed engagedstmgésocializing behaviour. This daylight
behaviour, also observed in other areas througtheuspecies range (Brownell al, 2009),
suggests that melon-headed whales use shallowersivet rest and socialize and feed in
deeper waters (probably on the slope).

Several large oceanic delphinids (e@rampus griseusGlobicephala macrorhynchus
Pseudorca crassidejisbeaked whales (e.dvlesoplodon densirostiisand sperm whales
(Kogia spp. andPhyseter macrocephalusiave also been encountered, but less frequently.
These species have been observed throughout thlewsst Indian Ocean (Leatherwood &
Donovan, 1991; Kiszkat al, 2009a). These species have a preference for almp@ceanic
waters (Bairdet al, 2003; Whitehead, 2003; MacLeod & Zuur, 2005). ldoer, the
encounter rate for Blainville’s beaked whales wastipularly high around Mayotte (0.09
groups per hour in waters deeper than 500 m), wisigdimilar to little Bahama bank, in the
Caribbean (0.07 groups per hour, MacLeod & ZuurQ3)0 and higher than the main
Hawaiian Islands (0.012 groups per hour; R.W. Bgetsonal communication). The number
of beaked whale encounters around Mayotte couldgtbéuted to the number of broad
submarine canyons that deeply incise the outeeslkpich may concentrate the main prey of
these teuthophageous predators (Macletaal, 2003; Audruet al, 2006).

Based on our results, it is evident that the orgef slope is of primary importance in terms of
density and diversity of odontocetes around Maydites particular habitat (or collection of
habitats) provides resting and foraging areas éwemal species, such as spinner dolphins,
pantropical spotted dolphins and melon-headed wh@erris & Dohl, 1979; Wrsigt al,
1994; Brownellet al, 2009). Many oceanic species also make regularrsians in these
habitats and many of these species, such as shoedf pilot whales; have been observed in
close proximity to the Mayotte's barrier reef whiésting. The presence of shallow waters,
providing protected areas with fewer predatorsase proximity to oceanic foraging habitats
may be the ideal combination that attracts so meegtpceans to Mayotte's waters. This
uncommon assemblage of habitats in close proxihighlights the high conservation value
of the outer reef slope, especially for cetaceétnalso indicates a probable dependence of
cetaceans to coral reef systems, as major feedidgesting areas. The current decline of
coral reefs, both at the global and regional schtbe western Indian Ocean (MacClanakan

al., 2007) should be considered as a possible lomgtEss of toothed cetacean habitat.
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Conclusion

The lagoon and adjacent outer slope waters of Maysatpport a high diversity of toothed
cetaceans, particularly delphinids. This commuimtjudes coastal, semi-pelagic/oceanic and
oceanic species. The high diversity of species @oedbwith the sizes of aggregations
underline the importance of Mayotte to cetaceanis &lso important to notice that several
delphinids seem to greatly overlap in their digttibn, especially in species living along the
outer reef slope (confirmed in Grossal, 2009). As species should occupy its own niche,
some fine scale segregation processes should osbich need to be assessed through in
depth habitat analyses. These results provide i@pprpreviously unavailable, descriptive
information that is critical for conservation ancamagement efforts. Human activities are
rapidly growing in the coastal and lagoonal waterspecially regarding the increasing
maritime traffic, fishing pressure and disturbandéesm commercial whale and dolphin
watching activities. Further effort is needed tsess the spatial and temporal interactions

between maritime human activities and cetaceansdrthis rapidly developing island.

Acknowledgements

Funding for field work was provided by the Minigterde I'Energie, I'Ecologie, le
Développement Durable et de I'Aménagement du Téreit (MEEDDAT) and the
Collectivité Départementale de Mayotte (CDM). Thatadwere collected during a program
conducted by the Office National de la Chasse eladeaune Sauvage (ONCFS) and the
Agriculture and Forestry Office (Direction de I'Agulture et de la Forét). We thank Robert
L. Brownell and Colin MacLeod for their helpful coments on the early version of the
manuscript. For their contribution, we thank RoBnlland, Alban Jamon, Julien Wickel,
Wilfrid Fousse, Ismaél Ousseni (DAF), Sarah Cacefesnck Charlier, Denis Girou
(ONCFS), Didier Fray (CDM) and the personnel ofgadde Nature (CDM/ONCFS) for
assistance in the field in Mayotte. Colin MacLe&bert L. Brownell and Robin W. Baird
are thanked as they provided helpful comments enetirly version of the manuscript. Sal
Cerchio and one anonymous reviewer provided additioomments that helped to strengthen

this manuscript.

52



Synthese

La communauté de cétacés odontocetes de Mayottemied des traits particuliers : une
diversité importante, fortement influencée par la@spnce de nombreuses especes de
delphinidés. Les delphinidés occupent tous lesdgdypes d’habitats marins présents autour
de I'lle : le lagon, la pente externe du récif leag et la pente océanique (> 500 m). Le lagon
est dominé par une espeéce, le grand dauphin ddotRacifique T. aduncus Une autre
espece est également présente mais de manierentggnale, le dauphin & bossS. (
chinensi}. La pente externe de la barriere récifale estidéenpar la présence de deux
especes : le dauphin a long b&c longirostri3 d’'une part, et le dauphin tacheté pantropical
(S. attenuatpd’autre part. De maniére réguliére, plusieureesp océaniques effectuent des
incursions a proximité de la pente externe du rbaifriere comme le péponocéphake (
electrgd ou le dauphin de Fraset.(hose). Enfin, un ensemble diversifié d’especes
exclusivement océaniques occupe la frange océadigle pente comme le dauphin de Risso
(G. griseu$ ou encore le pseudorque. (crassidens

L'étude met également en évidence que la penterextie la barriére récifale est un habitat
qui regroupe une densité et une diversité d'espatmsdelphinidés particulierement
importante. Cette diversité et cette densité ingmaes sont liés a des facteurs écologiques
sous-jacents, comme la disponibilité en habitateribles pour le repos, I'alimentation ou
encore la protection contre les prédateurs, pampke Cette étude descriptive de la
communauté de cétacés odontocétes de Mayotte atexphs en détail les caractéristiques
d’habitat et les modes d’utilisation des habitdtsles ressources par les difféerentes espéces.
Toutefois, il apparait qu’un certain nombre d’egseeivent en sympatrie directe, c'est a dire
gue leur distribution se chevauche. C’est toutipaiérement le cas chez les deux espéces du
genreStenella et dans une moindre mesure avec le péponoceéfasgece plus rare). Dans la
mesure ou les habitats marins de Mayotte sontpi@shes les uns des autres et que certains
delphinidés ont une distribution similaire, il apgid que des processus de ségrégation
écologique a fine échelle doivent exister, perméttbassurer la coexistence des différentes
especes.

La partie 4 explore donc la ségrégation écologideg principales especes de delphinidés
vivant autour de Mayotte a travers les trois dinmms majeures de la niche écologique :
I'habitat, I'alimentation et le temps (variatioreriporelles de l'utilisation des habitats et des

ressources).
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Partie 4 :

Ségrégation écologigue des

delphinidées
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Ségrégation écologigue de la communauté de delptdéis de

Mayotte

Résumé

L’étude de la ségrégation écologique au sein dagmemunauté d’organismes partageant des
traits de morphologie et de distribution spatiadetpétre rendue complexe. Autour de l'lle de
Mayotte, une communauté diversifiee de delphingtépeésente tout au long de 'année dans
une aire géographique relativement limitée. Au re@jnatre especes sont présentes : le grand
dauphin de I'iIndo-Pacifiquerrsiops aduncysle dauphin a long beStenella longirostrig

le dauphin tacheté pantropicabténella attenuaj)aet le péponocéphaléPéponocephala
electrg. De plus, une autre espece plus océanique f@uli6éement des incursions dans les
eaux peéri-insulaires de Mayotte, le dauphin de dfrdsagenodelphis hosgiCette étude a
pour objectif d’évaluer la ségrégation écologiqas delphinidés vivant en sympatrie autour
de Mayotte. Nous émettons I'hypothése que les rdiffies especes constituant la
communauté ont des niches écologiques bien distinciéfinies par les axes habitat,
ressources et temps. Nous avons analysé ['habitatretation avec les variables
physiographiques, les budgets comportementaus sidaeatures isotopiques du carbone et de
I'azote dans des biopsies de peau et de lard dfésedites especes de dauphins. Cette étude
confirme que I'habitat et les budgets comportementdes especes sont généralement
différents. Chez les especes ou il existe un cheheruent des habitats (notamment chez les
espéeces vivants le long de la pente externe dd bécriére), les signatures isotopiques
montrent que ces espéces ont au moins un niveghiqee 6°N) ou des habitats
d’alimentation §*°C) différents. Ce travail met en évidence I'imparta de combiner les
meéthodologies permettant d’explorer les mécanisohespartage des niches écologiques
opérant le long des axes habitat, ressource etstemgiamment quand les espéces d'une

communauté donnée ont une distribution et une nodogke similaires.
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Abstract

Investigating ecological segregation among orgasissh a given community may be
challenging, especially when these organisms stiariéar patterns of distribution and similar
size and morphology. Around the island of Mayogediversified community of sympatric
delphinids is present year round within a very rietgtd range. At least four species
permanently co-occurs, which are the Indo-Pacibittlbnose dolphinTursiops aduncysthe
spinner dolphin $tenella longirostris the pantropical spotted dolphiBténella attenuaja
the melon-headed whal®dponocephala electyaln addition to those, the Fraser’s dolphin
(Lagenodelphis hosemakes incursions into peri-insular waters as .wHflis study aims to
assess niche segregation among this tropical dolgdmmunity. We hypothesized that each
species occupies is own distinct niche, definedheyaxes habitat, resources and time. We
analysed habitat in relation to physiography, behaal budgets and C and N stable isotope
signatures from skin and blubber samples for epelties. The results confirm that habitat
and behavioural budgets were relatively distinctoagn species, with few exceptions.
However, in these species (living on the outer sdabe), when habitat and behaviour were
not well discriminated, stable isotope analysedinoed that species have different trophic
levels (reflected through N signatures) and/or dorg habitat (reflected through C
signatures). This study also shows that the usaultiple methodologies (habitat, behaviour
and feeding ecology studies) are recommended testigate ecological niche segregation,

especially when looking at closely related spewisin a common restricted range.

Keywords: tropical dolphins, ecological niche, habitats,bitaisotopes, carbon, nitrogen,
south-west Indian Ocean, Mayotte.

57



Introduction

Understanding niche segregation processes is alritic ecology, particularly when
investigating the ecology of species communitiesoAmunity can be defined as a collection
of species that occur together in a common enviaipor habitat, the organisms making up
the community being somehow integrated or intemgctis a society (Chapman & Reiss,
1999). Each species has its own unique niche (@ltinh924). The ecological niche is a
complex set of variables structured along threenra@es: habitat (influence of environmental
variables), diet (diet composition, trophic levptey quality) and time (use of habitat and
resources according to time, such as season aedofiday). Sympatric species with similar
ecological requirements would compete for resournss their coexistence requires some
degree of habitat and resource segregation (Piditk&l). Similar species that co-occur are
thought to compete for resources unless they ocdiffgrent physical locations and/or feed
on different prey. A shared resource in limited @ypwill bring about competition between
members of the same species (intra-specific cotmp®tior between individuals of different
species (inter-specific competition) (Roughgardi®i/6). Intra-specific competition may be
expressed by sex or age related difference in dtaditd resource use and have consequences
on social structures. Inter-species competition taike various forms, including direct
interference (aggressive behaviour) and explonatiompetition, in which individuals
indirectly interact for resources (Begehal, 1986).

Investigating segregation processes within commamif organisms having similar size and
morphology has been particularly challenging. Ithscwommunities, niche partitioning is
difficult to assess as they can occur over smaltigpand temporal scales. For example, in
species with similar morphology (e.g. body sizey/[eeak shape, etc.), feeding niches are
distinct even when feeding occurs in both speciéisimvthe same area (MacArthur, 1958). In
top marine predators having high trophic positioiche segregation has been investigated in
a number of taxa, including large teleost fish {@adt al, 2004; Ménardaet al, 2007), sharks
(Estradeet al, 2003; Domiet al, 2005; Papastamatiat al, 2006), seabirds (Ridoux, 1994;
Cherelet al, 2008; Jaeger, 2009), marine mammals @ad, 2003; Whiteheaet al, 2003;
Praca & Gannier, 2008) including delphinids (Pusiret al, 2008; Grosset al, 2009).
Methods used to discriminate niches are varialtenfstomach content analyses to habitat
modelling. For example, niche partitioning has bessessed in polar communities using
stable isotope analyses of C and N, such as inrétidginnipeds, showing clear ecological
segregation between species (Zleaal, 2004). Conversely, in tropical sympatric seahirds

important overlap of feeding niches has been fouvtuch may be interpreted by the low
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productivity of tropical oligotrophic waters, leadi these predators to share same feeding
resources that are not quantitatively limited (€het al, 2008). In the tropical cetacean
community of the Bahamas, it has been shown tratettological niches of four cetacean
species (including delphinids and medium-sized egjaldo not overlap. Other cetacean
species are observed in the area only during thgosewhen prey abundance is sufficiently
high to support their presence, while they are cetitipely excluded for the rest of the year
(MacLeodet al, 2004).

Around the tropical island of Mayotte (Comoros, Skdian Ocean), a great diversity of
cetaceans may be found within a limited geographaaye, i.e. at least 19 species within an
area of 2,500 km? (Kiszkat al, 2007a). In this area, high cetacean diversity rhay
interpreted by the presence of a wide range ofmadnabitats within close proximity to one
another: turbid mangrove fronts, fringing reef syss, clear lagoon areas, barrier and double
barrier reef-associated habitats, a steep insutgresand deep oceanic waters. In some
locations around Mayotte lagoon, water depth reman@re than 1,000 m less than 3 km away
from the barrier reef. The permanent presence a@himtetes within a restricted range
suggests that fine-scale mechanisms allow for #rétipning of habitats and/or resources.
The five commonest dolphin species there havearsizging from 1.80 m spinner dolphin
(Stenella longirostris the smallest) to the 2.80 m melon-headed whREepgdnocephala
electrg the largest). Other species include the Indoflabiottlenose dolphin Tursiops
aduncu$, the pantropical spotted dolphirsténella attenuajaand the Fraser’'s dolphin
(Lagenodelphis hoseiA preliminary study of the tropical delphinid menunity around the
island of Mayotte has shown that the ecologicahescof the delphinid occurring were, at
least partially, overlapping (Gross$ al, 2009). Using sighting data related to environrakent
variables and stable isotope analyses from biogsptes, it was shown that the Indo-Pacific
bottlenose dolphin has a coastal/lagonal distrdm,tivhile the spinner dolphin, the melon-
headed whale and the pantropical spotted dolphwe samilar habitat characteristics, along
the outer reef slope. Stable isotope analyses &@mall amount of biopsy samples allowed
discriminating all species of the community, excey@ two congeneric “sibling” dolphins of
the genusStenella having similar morphological characteristics d@redjuently forming inter-
species aggregations. Methodological constraindsliarited sample size are likely to explain
the absence of measurable differences betweenespddierefore, the present work aims to
characterize habitat and resource partitioning ana@iphinids living in sympatry around the
island of Mayotte from multiple lines of evidencalpng the axes of habitat, diet (more

particularly trophic level and foraging habitat)daiime (season and time of day, Table 4.1).
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Delphinids around Mayotte should have distinct egmal niches, defined by habitat,
behavioural budgets and isotopic niches; therefmehypothesize that for any given pair of
species, statistical difference should be foundatdeast one of the variables tested.

We will investigate habitat in relation to enviroantal variables, activity budgets and their
variability among species and according to timewal as stable isotope analysé5’C and
8'°N) from biopsy samples. We also assessed seasanations of habitat preferences,
behavioural budgets and stable isotope signat@esseasonality may be a major factor

segregating species among them.

Table 4.1: Methodologies used for the exploration of the ¢hreain dimensions of the

ecological niche in the present study.

Niche dimensions

Variables tested Habitats Resources Time
Distribution and Habitat defined on
associated habitat physiographic aspects (and
characteristics seasonal variation of)
Daily activity rhythm (and
Activity budget y ymy (

seasonal variation of)
) o Trophic level (and
N isotopic signature o
seasonal variation of)
Habitat along a coastal-
C isotopic signature oceanic gradient (and

seasonal variation of)

Materials and methods

Study area

Mayotte (4510’E, 1250'S) is located in the north-eastern Mozambiquar®el, and is part
of the Comoros archipelago. The island is surrodriea 197 km long barrier reef, with a
second double-barrier in the southwest and the mgedke reef complex of Iris in the
northwest. The lagoon and surrounding reef comglexe 1,500 km? with an average depth
of 20 m and a maximum depth of 80 m found in thestes@, older, region of the lagoon
(Quod et al, 2000). The insular slope on the exterior of liaerier reef is very steep and
contains many submarine canyons and volcanoes (fidal, 2006). The island of Mayotte
is characterized by the presence of high cetaceaersdy (19 species including 12
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delphinids; Kiszkaet al, 2007a). The most common species are the spduiehin Stenella
longirostris), the pantropical spotted dolphiBténella attenua)athe Indo-Pacific bottlenose
dolphin (Tursiops aduncysand the melon-headed whakeponocephala electyathese are
resident year-round (Kiszket al, 2007a). Preliminary abundance estimates obtafireed
aerial surveys suggest a total number of 41 Indofieabottlenose dolphins (Cl 95%, 30 —
67), 703 spinner dolphins (Cl 95%, 643 — 1,046) @i pantropical spotted dolphins (CI
95%, 342 — 557) (Pusinest al, 2009).

Data and sample collection

From July 2004 to April 2009, small boat based sysvwere undertaken around Mayotte.
Several types of boats were used to collect daanacatamaran equipped with two, four-
stroke, 60-hp outboard engines; a 7-m boat equipyptdtwo, two-stroke, 40-hp outboard
engines; a 6.4-m cabin cruiser equipped with omé,-$troke, 150-hp outboard engine; and a
10.8-m cabin cruiser equipped with two, four-strok&5-hp outboard engines. Surveys were
conducted throughout the study period during dayllgours between 07:00 h and 18:00 h in
sea conditions not exceeding Beaufort 3. Survegalsglid not follow pre-defined transects
but every attempt was made to sample the wholagidyperiod as well as each habitat type
within the surrounding waters of Mayottee. coastal areas, lagonal waters, barrier reef
associated areas (inner and outer slopes) and iocearslope waters (>500 m). When
delphinids were encountered, standard sighting eaee recorded: species, group size
(maximum, minimum, best estimate), geographic pwsiland behavioural activity. The
predominant activity was defined as the behaviostae in which most animals (> 50%) of
the group were involved at each instantaneous sagaplypically, more than 90% of the
animals in a group were engaged in the same activit

In order to measure behaviour of the focal dolplaind determine their behavioural budgets,
focal group follows were used (Mann, 1999). Whiite @f the preferred option in behaviour
sampling is to follow a focal individual (Mann, 199 this method was not suitable for large
aggregations of oceanic dolphins. In addition,dwihg groups, rather than individuals, is
more suitable for behavioural studies as appraprainditions for individual sampling are
rare in diving cetaceans (Whitehead, 2004). Indiaidfollows were possible in the easily
identifiable Indo-Pacific bottlenose dolphins (ot each occasions as some individuals were
not identifiable), but for comparative purposes, wged a focal group protocol, which has
been used in other studies on similar models (Neang& Orams, 2006). The encountered

group was approached slowly (typically at 2-3 kihdt®m the side and rear, with the vessel
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moving in the same direction as the animals. Graugr® scanned, including all individuals,
to prevent attention being drawn to only specifidividuals or behaviours (Mann, 1999).
During focal follows, dolphin behaviour was recatdevery 5 minutes. Five categories of
behavioural states were defined: milling, restimgavelling, feeding/foraging (hereafter
foraging), and socializing as defined in previousdges (e.g. Norris & Dohl, 1979; Bearzi,
2005a; Neumann & Orams, 2006; Degsgdtal, 2008). Feeding was characterised by loose to
disperse group formations and dolphins were obdgesv@amming in circles, and pursuing
fishes (prey observed at the surface). Preys wesguéntly seen at the surface during
foraging activity. In bottlenose dolphins, largeys were frequently exhibited by the animals
at the surface. Travelling consisted of persistentl directional movements of all the
individuals of a group. Milling was characteriseg hon-directional movements of the
dolphin, with frequent changes in heading. Sodiaisconsisted in frequent interactions
between individuals in the form of body contactsthwhigh-speed movements, frequent
changes in direction and aerial displays. Restiag sharacterised by low level of activity,
with groups in tight formations, with little evides of forward propulsion. Surfacings are
slow and relatively predictable.

For stable isotope analyses, biopsy attempts wer@ermvhen groups and individuals were
easily approachable and when conditions were optiBaaufort < 2, dolphins closely
approaching the boat). Optimal weather conditidinvad stability of the research boat and
better chances to sample the animals successhulgafely. Biopsies were collected by using
a crossbow (BARNETT Veloci-Speed® Class, 68-kg dvesight) with Finn Larsen (Ceta-
Dart, Copenhagen, Denmark) bolts and tips (darm&b4ong, 5-mm-diameter). A conical
plastic stopper caused the bolt to rebound afterirttpact with the dolphin. The dolphins
were hit below the dorsal fin when sufficiently st (3-10 m) to the research boat.
Approaches of focal groups/individuals were madéennpower at speeds of 1-4 knots.
Blubber and skin biopsy samples were preservediohglly in 90% ethanol before shipping
and subsequent analysis. Biopsy sampling was coedluender French scientific permit
#78/DAF/2004 (September 10, 2004) and permit #0BE/MBEF/2008 (May 16, 2008) after
examination of the project yonseil National de Protection de la Nature

Muscle samples from several fish species were eddlected for stable isotope analyses,
especially to investigate trophic interactions letw delphinids and potential dolphin preys
as well as fish species with clear ecological pesfi(see below). Fish specimens were
collected in a local fish market. Fish muscle sasplvere sampled in April 2009 and

preserved in ethanol before subsequent analyses.fi$h species selected were pelagic,
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demersal and benthic species from reef associateitils,i.e. from various environments in
the lagoon and surrounding waters, and differenvbphic levels (herbivorous,
planctonophageous and piscivorousemiramphus far epipelagic, inhabiting waters near
reef systems and feeding on the pelagic zooplanktutioidichthys vanicolensjsdemersal
on seaward reefs, feeding on small worms and @eates;Siganus argenteysiemersal,
inhabiting coastal and inner reef slopes and fepdin algae;Scarus russeljidemersal,
inhabiting shallow coastal reef and feeding on @lgg grazing on coral bubble a@@ranx
melampygusdemersal and pelagic predator feeding on smalbamng fishes (Froese &
Pauly, 2010). Two species were sampled becauserdmyarly enter into the diet of the
Indo-Pacific bottlenose dolphitdemiramphus faand Caranx melampygu@l. Kiszka & C.

Pusineri, personal observations).

Habitat analyses

We constituted a database in which every dolphisenlation was associated with the
physiographic characteristics (distance from thastodistance from the nearest reefs, depth
and slope of seafloor) corresponding to the GP®K@&I Positioning System) fixes of the
observation. Bathymetric data were obtained fro8ervice Hydrographique et
Océanographique de la MarinéSHOM). Interpolation of bathymetry data, needed to
generate depth and slope data for each sighting,undertaken with the extension Spatial
Analyst by kriging transformation of the rasteefihto an interpolated data file. The distance
data were obtained using GIS (Geographic Informa8gstem) software ArcView (ArcGIS
8.3) by ESRI (Environmental Systems Research uis)it We represented the distribution of
the four dolphin species investigated in relatiorthte environmental predictors using kernel
density plots to view the distribution of speciksorder to differentiate species in relation to
habitat characteristics, we used Multidimensionedliag (MDS). Metric Multidimensional
scaling (MDS) takes a set of dissimilarities animes a set of points such that the distances
between the points are approximately equal to teeirdilarities. It displays the structure of
distance-like data as a geometrical picture (Gow666). In other words, the purpose of
MDS is to provide a visual representation of thétgya of proximities i(e. similarities or
distances) among a set of objects. This multivargeaialysis was used in order to discriminate
species in their habitat preferences. Presenceiabsenodels were not used due to
heterogeneous sampling of the study area.

In order to complement this multivariate approacimjvariate non-parametric pairwise

Wilcoxon tests were used to compare species disimib for each environmental variables.
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Seasonal differences of habitat preferences wessimgated using Mann-Whitney U-tests for
each species, in relation to the four environmeotaVvariates that were used. Two seasons
were considered: rain/summer (November — April) dngdwinter seasons (May — October).
Analyses were performed using Rv2.10.0 (R Develogr@ere Team, 2010).

Behavioural budget analyses

To analyse diel patterns of behaviour, we defitedd time-blocks: morning (before 10:00 h),

noon (between 10:01 h and 14:00 h) and eveningr(af#t:01 h). Seasons considered were
identical than for the habitat analyses (dry/ra@as®n). Diurnal and seasonal patterns were
investigated by assigning a behavioural sequenaetime block or a season. Contingency

table analyses were used in order to compare balvai budgets among species.

Nonparametric tests were selected because assmsptigarding normality and homogeneity

of variance were not met. Kruskal-Wallis tests walgo used to investigate the effect of

habitat (especially depth and distance from caast)ehavioural budgets.

Stable isotope analyses
Blubber and skin were separated for each dolplopdyi sample. Fish muscle tissues were
used for stable isotope analyses. The ethanol wapoeated at 45°C over 48 h and the
samples were ground and freeze-dried (Holetoal, 1997). Because lipids are depleied
5"°C, they were extracted to avoid a bias in the jsicteignature 08'*C (De Niro & Epstein,
1978; Tieszenet al, 1983). This was done by shaking (1 h at roomptmature) in
cyclohexane (gH12), and subsequent centrifugation prior to analysiter drying, small sub-
samples (0.35 to 0.45 mg 6.001 mg) were prepared for analysis. Stable jmoto
measurements were performed with a continuous-mtope-ratio mass spectrometer (Delta
V Advantage, Thermo Scientific, Germany) couple@dmoelemental analyser (Flash EA1112
Thermo Scientific, Italy). Results are expressed imotation relative to PeeDee Belemnite
and atmospheric Nor §*C ands™N, respectively, according to the equation:

X :{M—l}xlooo

Rstandard

Where X is™*C or ®N and R is the isotope ratfdC/*°C or 1*N/*N, respectively. Replicate
measurements of internal laboratory standardsdaitiele) indicated that measurement errors
were <0.1%o ford*3C and 3°N. Percent C and N elemental composition of tissmese

obtained using the elemental analyzer and usedltulate the sample C:N ratio, indicating
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good lipid removal efficiency when <4. Differencefsstable isotopes signaturessdN and

8'*C among species were tested using non-parametuski-Wallis and Mann Whitney U-
tests. Seasonal variations were investigated usiagn-Whitney U tests. Like for seasonal
variations of habitat preferences, the two seasonsidered were rain (November — April)

and dry seasons (May — October).

Results

Field effort and data collected

From July 2004 to April 2009, data were collectediny 224 boat-based surveys. A total of
355 sightings of the targeted species were colle(®% of cetacean encounters around
Mayotte),i.e. 195 forStenella longirostris95 forTursiops aduncu$3 for Stenella attenuata
and 12 forP. electra.The spatial distribution of observation effort andial encounters is
presented in Figures 4.1a andQwerall, spatial coverage of effort was heterogesedut

covered all available habitats around the islaoth Inside and outside the lagoon.
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Figure 4.1: Spatial distribution of effort (per 1km cell) addstribution of dolphin sightings
around Mayotte from July 2004 to April 2009.
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We collected biopsy samples from the four focalcggsefrom December 2004 to April 2009
(Stenella longirostris n=28; Stenella attenuata n=22; Tursiops aduncys n=28 and
Peponocephala electran=20) and from another delphinid species, thesdtta dolphin
(Lagenodelphis hosen=7), during a single and unique encounter (goeistion with a group

of melon-headed whales) in January 2005. Seasastabdtion of sighting data and biopsy
samples was balanced, allowing analyses of seagattdrns of variation of habitat and
stable isotope signatures (Figure 4.2). For fish stable isotope analyses in muscle samples,
sample size was

distributed al followsHemiramphus faftn = 5); Mulloidichthys vanicolensig = 5); Siganus

argenteugn = 5);Scarus russelin = 5) andCaranx melampygu@ = 2).
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Figure 4.2: Seasonal distribution (winter/dry season: May wioDer; summer/rain season:
November to April) of sighting data and biopsy séspcollected from December 2004 to
April 20009.

Focal follows were performed on 33 groups of spindelphins (total time spent = 37.1
hours: n = 466 behavioural sequences), 28 groupsdoFPacific bottlenose dolphins (total
time spent = 25.5 hours; n = 413 behavioural segp@and 12 groups of pantropical spotted

dolphins (total time spent = 16.3 hours; n = 19Bawoural sequences). The melon-headed
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whale was not included in the behavioural budgeiyess as sample size was too small (4

focal follows).

Habitat differentiation

Table 4.2 presents distribution of the four speam®stigated in relation to environmental
predictors. Table 4.3 presents correlation betweanables. Only two variables were
significantly auto correlated: distance from thestoand depthR(= 0.019). Density plots
show that the four species are not well differdatia except for two variables: depth and
distance from coast (Figure 4.3). For these vagbthe Indo-Pacific bottlenose dolphin
occurs significantly closer to the shore and inllshger waters, whereas the three other

species are not well discriminated.

Table 4.2: Distribution of the delphinids in relation to plgygraphic variables.

Stenella Stenella Tursiops Peponocephala
Species longirostris attenuata aduncus electra
Depth (m)
Mean 220.7 3014 47.9 486.5
Median 230.5 276.4 32 462.2
SD 175.9 277.2 70.2 2441
Q1 71.7 44.9 19.7 274.9
Q3 285.7 370.4 45.1 666.2
Slope (deg.)
Mean 9.5 9.7 21 13.6
Median 0 0 0 0
SD 17.9 19.7 6.7 20.4
01 0 0 0 0
Q3 7.9 2.9 0.8 39.8
Distance coast (m. )
Mean 5258.8 6295.3 2001.8 6665.6
Median 5068.3 5771.8 996.2 7086.4
SD 2763.5 3331.2 2169.8 2130.7
Q1 3216.6 3921.7 487.6 5369.9
Q3 7191.7 8602.8 2778.5 8520.4
Distance reef (m. )
Mean 1059.7 2011.8 1363 2452.1
Median 700.4 1210.0 509.2 1363.3
SD 1144.8 1999.5 2071.8 3014.8
Q1 478 722 268.7 927.6
Q3 1320.6 2701.9 1474.1 2563.8
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Table 4.3: Correlation between variables (p-values. Pearsmrielations).

Distance coast Distance reef Slope Depth
Distance coa st - 0.27 -0.13 0.01
Distance reef 0.27 - 0.13 0.34
Slope -0.13 0.13 - 0.24
Depth 0.01 0.34 0.24 -
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Figure 4.3: Density plot of
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For the MDS, axes 1 and 2 explained 78.4% and 2bP#te variance, respectively (Figure
4.4). The plot slightly discriminated the Indo-Raxcibottlenose dolphin, but segregation
among the other three species appeared relativedkwi he pairwise comparison of species
distribution for each variable provided more sigraht results. For depth, the three species
occurring essentially outside the lago& lpongirostris S. attenuatandP. electrg could not

be discriminatedR > 0.05), while thel. aduncussignificantly differed from the three others
(all P < 0.001). Slope did not segregate any species.vahable “distance from the coast”
significantly segregated. aduncudgrom the three other species (Blk 0.0001). The variable
“distance from the nearest reef” was significamligcriminant among the oceanic specfes:
longirostris with S. attenuatgP = 0.002),S. longirostriswith P. electra(P = 0.03). For all
variables,P. electraand S. attenuatavere neverdiscriminated P > 0.05). In all delphinid
species, no seasonal variation of habitat prefeemas observed, for any variable @lb
0.05).
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Figure 4.4: Metric Multi-Dimensional Scaling plot of delphinithabitat in relation to

physiographical variables around Mayotte.
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Overall behavioural budgets

As we used four types of vessel for collecting b&haral data, we tested for a potential boat
effect on the data but failed to find a significalitference 2 = 3.238,df = 4; P = 0.569);
therefore, subsequent analyses presented here aigeabled data set. In Indo-Pacific
bottlenose dolphins, the most frequent activitiesorded were milling (32%), travelling
(22%) and foraging (16%, Figure 4.5). A quite sanipbattern was also observed in the
pantropical spotted dolphin, with travelling beitige prevalent activity (32%), followed by
milling (22%) and foraging (18%). In the spinnetmon, socialising was the most commonly
recorded behaviour (28%), followed by travellinge¥2) and milling (22%, Figure 5).
Foraging behaviour was not observed in the spidwphin. Among the three species,
significant differences in activity budgets weraufid ¢? = 177.33;df = 12; P < 0.0001).
These differences were confirmed when performingapse comparisonsTl. aduncusys. S.
longirostris (y2 = 137.50df = 6; P < 0.0001),T. aduncuys. S. attenuatdy? = 53.42;df = 6; P

< 0.001) andb. longirostrisvs. S. attenuatdy? = 109.18df = 6; P < 0.0001).
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Figure 4.5: Overall activity budgets for Indo-Pacific bottlesgodolphins, pantropical spotted
dolphins and spinner dolphins around Mayotte fr@@42to 2009.

Temporal variation of activity budgets

For all species, no significant variations of aityiypatterns were observed among seasons
(KW, P > 0.05). Contrastingly, behaviour patterns vaseghificantly according to time of
day for Indo-Pacific bottlenose dolphig? & 48;df = 5; P < 0.001), spinner dolphing{ = 13;
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Occurrence (%)

df = 5;P = 0.002) and pantropical spotted dolphjh=£ 11;df = 5; P = 0.009) (Figure 4.6, a to
). In Indo-Pacific bottlenose dolphins, foragirgities were prevalent during the morning
and decreased throughout the day, whereas soe@lizas more frequent in the afternoon. In
spinner dolphins, travelling activities increaséahg the day and social activities were more
observed in the morning and the afternoon, whemestsng behaviour was more predominant
around noon time. Finally, in pantropical spottealptiins, feeding behaviour prevailed
during the afternoon, along with travelling.
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Figure 4.6: Within day variations of behavioural budget inrsgr dolphin (a), Indo-Pacific
bottlenose dolphin (b) and pantropical spotted kiiolgc) around Mayotte from 2004 to 2009.

Activity budgets did not vary with water depth mdb-Pacific bottlenose dolphin & 2.060;
df = 4; P = 0.725), spinner dolphirH(= 5.621;df = 4; P = 0.229) and pantropical spotted
dolphin H = 8.049;df = 4; P = 0.09). However, activity budget varied with diste from the
coast for Indo-Pacific bottlenose dolphin € 9.542;df = 4; P = 0.04; especially increasing
foraging activity closer to shore), although natégher spinnery = 3.251;df = 4;P = 0.517)
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or pantropical spotted dolphing € 4.201;df = 4; P = 0.379). Feeding activities of the Indo-

Pacific bottlenose dolphin increased with decregpdistance from coast.

Stable isotope analyses

Stable isotope values of delphinids and fish agaicantly different, as shown in figure 4.7.
The most apparent pattern is the higher trophielle¥ delphinids, reflected by high&t°N
values. In addition3**C signatures in delphinids are lower than in fish.
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Figure 4.7: Mean (and SD) stable isotope values in dolphin skid fish musclest’C and
8N in %o). Legend TA: Tursiops aduncysLH: Lagenodelphis hosePE: Peponocephala
electrg SA: Stenella attenuataSL: Stenella longirostris CM: Caranx melampygusviV:

Mulloidichthys vanicolensjsSR: Scarus russeljiiSA: Siganus argenteusdF: Hemiramphus

far.

In delphinids, stable isotope ratios were loweblubber than in skin. However, the pattern of
differences observed between species was similaoih tissues (Figure 4.8 and 4.9). The
Fraser's dolphin shows a high marginality in congmar to the other species, with

significantly highes'°N values in the blubber (Figure 4.8). However,dkin values, overlap

was observed with the melon-headed (Table 4.4).r&llyeamong species, differences in
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carbon and nitrogen in the skin were significamtdON (H = 33.6;df = 2; P < 0.0001) and
8°C (H = 53.6;df = 1; P < 0.0001). For blubber, significant differencesrevalso found for
8N (H = 49.7;df = 1; P < 0.0001) an@"*C (H = 63;df = 1; P < 0.0001). A similar statistical
difference among species for blubber tissue wasdpeven when excluding the Fraser’s
dolphin, very different to the four other specieis<34;df = 2; P < 0.0001 fors*>N andH =
60; df = 2; P < 0.0001 for5'°C). The Indo-Pacific bottlenose dolphin had theatgst5'°C
values, while the lowest values were observed éenRtaser’s dolphin and in the two species
of the genusStenella The melon-headed whale had intermediate valué56f both for skin
and blubber (Figures 4.8 and 4.9). When lookingaitwise comparisons @&°N and'*C
values in blubber and skin tissues, however, soegeegs of overlap can be observed (Table
4.4). From skin samples!®N signatures were significantly different amongaes, except
betweenS. attenuatandT. aduncusas well as betwedn hoseiandP. electra(U-tests;P >
0.05). Fors**C values, overlap was evident betwéemoseiand the two species of the genus
Stenella.Finally, for blubber tissugy*>N values were significantly different among spegies
except forS. attenuataandP. electraand betweers. attenuatand T. aduncuss*C values
showed the highest degrees of overlap, particulaetyveenS. longirostrisand S. attenuata
betweenS. attenuatandL. hosej as well as betweeln. hoseiandP. electra(U-tests;P >
0.05; Table 4). Stable isotope values from fish gam were useful in order to provide a
context to interpret values in delphinids. Amonghfisignificant differences were observed
for 51°C (H = 11.2;df = 4; P = 0.02) and5™N (H = 11.6;df = 4; P = 0.01).Siganus argenteus
and Scarus russelii(herbivores) have the lowest trophic positiait®), while Caranx
melampygusthe most predatory species, has the highestigdewel ¢'°N). Their foraging
habitats are also well discriminated, withulloidichthys vanicolensigaving the highest**C
values andCaranx melampyguwith Hemiramphus fathe lowest (Figure 4.7). These latter
are about 0.5-1.5 %;C and 3-4 %N lower tharT. aduncus
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Figure 4.9: Mean (and SD) stable isotope values in dolphin.ski

Seasonal variations of stable isotope signaturee wlserved in both species for skin and

blubber tissues (Table 4.5). In the two speciethefgenusStenellaand the melon-headed
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whale, §°C values were more negative during the rain seadoreverse situation was

observed inT. aduncusduring the rain seasors°N values were decreasing f&tenella

dolphins andP. electra while increased inT. aduncus However, while (sometimes)

statistically significant in some cases, seasoaghtions appear to be relatively limited.

Table 4.4: Pairwise Mann-Whitney U test p values for eachrgpail delphinid species in

carbon and nitrogen in skin and blubber. Valudsald are statistically significant.

SKIN

Nitrogen Lagenodelphis hosei Peponocephala electra Stenella attenuata Stenella longirostris
Tursiops aduncus 0.01 0.001 0.125 0.0001
Stenella longirostris 0.0001 0.000 0.00001

Stenella attenuata 0.01 0.009

Peponocephala electra 0.232

Carbon

Tursiops aduncus 0.00001 0.00001 0.000 0.000
Stenella longirostris 0.339 0.000006 0.02

Stenella attenuata 0.157 0.008

Peponocephala electra 0.008

BLUBBER

Nitrogen

Tursiops aduncus 0.0000835 0.022 0.08 0.000742
Stenella longirostris 0.000083 0.000 0.000004

Stenella attenuata 0.0001 0.485

Peponocephala electra 0.0001

Carbon

Tursiops aduncus 0.0002 0.000001 0.000 0.000
Stenella longirostris 0.02 0.00001 0.182

Stenella attenuata 0.242 0.003

Peponocephala electra 0.112
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Table 4.5: Pairwise Mann-Whitney U test p values for seasdliféérences of stable isotope

signatures for each species and type of tissue.

Species /Season Blubber Skin
Tursiops aduncus
Dry season Significant for N (+) Significant for N (+)
Rain season Not significant for C Not significant for C

Peponocephala electra
Dry season Not significant for N Not significant for N
Rain season Not significant for C Significant for C ( -)

Stenella attenuata

Dry season Not significant for N Not significant for N

Rain season Significant for C ( -) Significant for C (' -)
Stenella longirostris

Dry season Not significant for N Significant for N (+)

Rain season Not significant for C Not significant for C

Discussion

General

This study represents a detailed study on habrtdtrasource segregation among tropical
dolphins around Mayotte, in the southwest Indiared)c It integrates several methods
implemented over four years, with varying tempaeaolutions: from instantaneous sighting
data and behavioural observations collected dutayjght hours to stable isotope analyses in
skin that represents the foraging niche over daym dahe blubber which integrates stable
isotope signatures over months (Abend & Smith, 199be indicators were selected for their
ability to document the main dimensions of the egmal niche along which segregation
might occur: physiographic characteristics descthee spatial dimension of the ecological
niche, carbon isotopic signature focuses on thetabaffshore gradient of the foraging niche,
nitrogen isotopic signature expresses the resodimtension of the niche, and the daily
activity budget deals with temporal dimension.

Overall, the main finding of this work is that nomd the indicators of trophic niche
dimensions, examined solely, reveals complete gamdb segregation amongst the four
species studied, but the combination of all indicatdo (Table 4.6). Hence, physiographic
characteristics of habitats used by the dolphinsndudaylight, when visual observations
were possible, only allow the Indo-pacific bottlseodolphin to be differentiated from the

others. Carbon isotope signatures allow the mekadéd whale to be separated from the
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Stenelladolphins. Finally nitrogen isotopic signature addivity budget identify differences

between spinner and pantropical spotted dolphins.

Table 4.6: Summary of results obtained for the four indicatof ecological niche dimensions
among the Mayotte delphinid community. Differentdes denote species that segregate for

the indicator being considered.

Indicators  of niche ) ] ) Peponocephala
) ) Tursiops aduncus Stenella attenuata | Stenella longirostris
dimensions electra
Physiographic
o A B
characteristics
Carbon isotopic values A B C
Nitrogen isotopic values A B C
Daily activity rhythm A ‘ B C Not investigated

Identifying the limitations of the study is necagséor delineating its validity range. Most
daily field trips were undertaken from Mayotte maerbour located on the east coast of the
island and were limited to daylight hours. Hendé&re was concentrated in the lagoon and
the vicinity of outer slope of barrier reef, withithe 1000 m isobath, and nocturnal
distribution and activity could not be document@te resource dimension of the niche was
documented in a very integrated way, as C and kopso contents of a predator express
foraging habitat and trophic level but not doetr se which is only documented by sporadic
direct observations when no biological materiadvailable. Also, in stable isotopes analyses,
as in most studies relying on the use of ecolodreakers transmitted via food (e.g. fatty acids,
contaminants, heavy metals), only differences iablst isotope contents are really
informative, whereas similarities may result fromvariety of prey combinations. Finally,
behavioural budget data is limited by our capatotynfer dolphin underwater activity from
surface events. In particular, foraging, whichhis key activity to consider when investigating
segregation mechanisms, can either be associatea ®o barely visible surface events or to
explicit and often highly dynamic ones. Nonethelessa multifaceted approach as the one
followed here, the limitations of each indicatondeto be compensated by the others. For
instance, stable isotope analyses reveal foragatgtdt and trophic level of prey eaten day
and night over the past few days or months, whgclextremely useful to disentangle the

inherent ambiguities of observations limited to lagyt hours. Conversely, behavioural data
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can help identify differences in foraging stratsgtbat cannot be found in stable isotope
analyses.
The ecological significance of these indicatord malw be interpreted sequentially from those

related to the spatial, the resource and finakytdmporal dimensions of the ecological niche.

Spatial segregation inferred from direct obsenratiand5**C signatures

This study confirms thaf. aduncuss associated to coastal, shallow water and rabitdts.

Its ecological niche clearly differs spatially fraime other species of the community. Coastal
foraging habitats are confirmed by higHC value indicating a benthic carbon source that is
primarily available in coastal environments (Hohsbd®99). Preference for coastal habitat is
reported throughout species range, a preferenceedshaith the Indo-pacific humpback
dolphin, Sousa chinensiswhich is present in very low numbers around Mtgoand
therefore could not be considered in this work.

S. longirostrisand S. attenuataco-occur in waters along the outer slope of theidrareef
around Mayotte. They overlap extensively, but thgel tends to occur in deeper waters,
located further offshore. Low**C values found in both species, with extensive lapeiare in
line with foraging habitats located outside theolaig at epipelagic depths; this interpretation
is reinforced by the overlap also found betweentii® Stenellaand the Fraser’s dolphin, a
typically oceanic dolphin. The pattern observeduatbMayotte has also been reported from
other insular populations, such as off La Réunidrene spotted dolphins occur in deeper,
more offshore waters than spinners do (Dulau-Dretiai, 2008). These two species are not
restricted to peri-insular waters; instead vastupepons of the two species also dwell in the
open ocean (Wade & Gerrodette 1992; Ballance & &1tn1998). In this situation, extensive
overlap in preferred habitat is also observedegsnted from the western South Atlantic and
the eastern tropical Pacific (Polachek, 1987; Moretral, 2005).

For melon-headed whale, a fairly limited numbesightings were collected, allowing only a
partial description of its habitat preferences. &twless, habitat physiographic
characteristics oP. electraas documented in this work were significantly eliént fromS.
longirostris, but could not be differentiated fro8 attenuataThe melon-headed whale has a
more oceanic distribution than the other specigswBell et al, 2009) and it is unknown
whether the groups seen around Mayotte are mos#groc dwellers that occasionally visit
peri-insular waters or if they display some gropessfic preference for the peri-insular slope,
a habitat that they could exploit around all islsneefs and seamounts from off the northern

end of Madagascar to Grande Comore (western Conaatspelago). Quite interestingly,
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8C values measured in the melon-headed whale aeemiatliate between the epi- to
mesopelagiStenellaand Fraser’s dolphins and the coastal dwellingpdpdcific bottlenose
dolphin, rather than being identical to tls#enellacarbon isotopic content as could be
expected from the similarity found in physiograplularacteristics. This would suggest
spatial segregation along a vertical axis, withandieaded whales foraging deeper and hence

closer to benthic carbon sources titeanellaspp. do.

Resource partitioning inferred fro8°N signatures

Nitrogen isotopic signatures are the main sourcénfarmation on resource utilization by
dolphins in Mayotte. Direct evidences of resourcee ware limited to some anecdotal
observations of prey hunt or capture ByaduncusandS. attenuata(Kiszka and Pusineri,
unpublished observations). Carbon isotopic sigeatwf fish collected in the lagoon also
convey some contextual information on plausibleydoe the more coastal dolphins. Finally,
when comparing trophic levels inferred fr@N signatures one should only consider in the
comparison dolphin species with overlapp#gC signatures, i.e. living in the same habitat,
because reference levelssdiN in oceanic vs. lagoon habitats are unknown.

Indo-pacific bottlenose dolphins isotopic contesuh e compared to the isotopic signature of
putative prey fish collected in the lagoon. Thebinerous fishSiganus argenteusnd Scarus
russelii have 8*°C values 2-4 %o higher thah. aduncusand would therefore unlikely be
important components of its diet. In contrast, blwevally Caranx melampygusand
blackbarred halfbeaklemiramphus fadisplay carbon and nitrogen signatures about (b5-1
% and 3-4 %o lower respectively thah. aduncus such differences fit well with an
enrichment of one trophic level. Therefore, these predatory fish would be plausible major
prey for T. aduncus Anecdotal direct observations in Mayotte arelime with this
interpretation even if other fishes, like the mulMulloidichthys vanicolensjswere also
observed being preyed upon (Kiszka and Pusinepubirshed observations). Our result is
also consistent with existing information on thetf the Indo-Pacific bottlenose dolphin in
the region (Zanzibar, Tanzania), suggesting thexcigg forage on a large number of prey
species, especially reef fish (Angt al, 2005). Elsewherel. aduncuss known to feed on
fish species that do not aggregate in large sci{dtdsinet al, 2000).

The twoStenellahave largely overlapping ranges of both physiogi@pabitats and carbon
isotopic contents, even 8. attenuatas seen a bit farther offshore and is nonethedbghtly
carbon-enriched (highér*>C ratios). According t&*°N values, pantropical spotted dolphins

are on average. 1.5%o higher than spinner dolphirig. half a trophic level, which would
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express some degree of niche segregation betweetwth species. In addition to thiS,
attenuataseems to have a wider niche breadth t&anlongirostris.Pantropical spotted
dolphins have been frequently observed feedingectosthe barrier reef where their prey
aggregate (fishes of the genus Exocoetidae; KiszkhPusineri, unpublished observations),
in agreement with their slightly highéf*C signature. Fine-scale processes allowing niche
differentiation between the twstenellaspecies have also been found in other regiong, asic

in the eastern tropical Pacific (Perghal, 1973). Spinner dolphins there are reported td fee
at night upon scattering—layer organismse, on vertically migrating mesopelagic fishes,
cephalopods and crustaceans, caught in the upfem2énd occasionally as deep as 400 m
(Perrinet al, 1973; Norriset al, 1994; Dolaret al, 2003). Conversely, pantropical spotted
dolphins would feed day and night on epipelagibdsand cephalopods (Pereitnal, 1973).
Melon-headed whales were observed in much the daambéats as pantropical spotted
dolphins, but comparatively highé#°C values suggested vertical segregation could occur
Nitrogen isotopic content further suggests a slightgher trophic level (about 1/3 trophic
level). Earlier works report mesopelagic fishes aaghalopods, supposedly preyed upon in
the upper 700 meters, as the main component digt{Young, 1978; Browne#t al, 2009).

An element of comparison is provided by the Frasdolphin, which was added to the study
in an attempt to provide isotopic reference forue toceanic predator; in addition to this, the
species is frequently observed forming mixed graigh melon-headed whale (Jefferson &
Barros, 1997; Kiszkat al, 2007a; Dulau-Drouoget al, 2008). Not surprisingly, Fraser’s
dolphins display the second low&StC values, in agreement with their oceanic lifestgied

the highes6™N values, that fit well with the higher trophic By likely associated with its
preference for larger prey already reported elsesvfi@olaret al, 2003). Studies of stomach
contents from the Pacific suggest this speciessfeedrelatively large mesopelagic fish and
cephalopods from near the surface to probably ap de 600 meters (Robison & Craddock,
1983; Dolaret al, 2003). In Mayotte, Fraser’s dolphins and meloadssl whales, although
generally seen associated, do not overlap in theiopic niches, the latter being mareC
enriched than the former, which could be interptete feeding a deeper food source, possibly
associated to peri-insular slopes, whereas theefFsadolphin would rely on large epi- to-
mesopelagic truly oceanic prey. These two specightnassociate for other reasons than

foraging, such as social advantage or vigilancenagaredators.
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Temporal segregation inferred from seasonal pattanal activity budgets

Our study did not reveal seasonal variations oli;ence or habitat preferences as based on
the analyses of visual observations; this couldifed to the absence of seasonal variability
in tropical environments (Cherek al, 2008). On the other hand, stable isotope sigaesatur
displayed significant differences between dry amid seasons in all species. Oceanic species,
i.e. spinner, pantropical spotted dolphins and melcdbed whales, had similar variations.
Conversely, the Indo-Pacific bottlenose dolphin loggbosite variations. This later species
only forage in the lagoon, and, during the rainseeas™*C signatures is higher which could
be linked to increasing hydrodynamic activity aechobilisation of benthic sources of carbon
in the lagoon. It is therefore suggested that @dicgees have the same habitat use year-round,
but isotopic content can vary seasonally as atre$tilydro-climatic processes.

At a finer time scale, segregation mechanisms coalidon differential daily activity budget
between species; this aspect was investigateceibdttlenose and the tw&tenelladolphins,

but not in the melon-headed whale. Foraging aawibf Tursiops aduncusvere observed
throughout the day, but more frequently in the nmagncloser to shore. A similar pattern was
observed in common bottlenose dolphifsur§iops truncatusin Florida (Shane, 1990).
Pantropical spotted dolphins feed during dayligtith an increase in feeding activity along
the day. Nocturnal feeding is not excluded for ¢heso species but could not be accessed
directly. Spinner dolphins would only feed at nigist foraging was never observed during
daylight hours. Behavioural ecology of spinner grahtropical spotted dolphins around
Mayotte is similar than in other areas, includinguead Hawaii and in the oceanic eastern
tropical Pacific (Perriret al, 1973; Norriset al, 1994). Our results underline a clear pattern
of niche segregation along the time dimensiorneastl during the day.

Final comments

Three main dimensions define the ecological nicha species: habitat, diet and time. Our
study integrated these three axes to investigatdogical niche segregation among the
delphinid community found around Mayotte. Habitaashbeen assessed through the
investigation of the relationships between delghuistribution and environmental variables
(particularly physiography). Trophic level and fgiag habitat have been assessed indirectly,
through the use of stable isotopes of N and C oty (De Niro & Epstein, 1978; Kelly,
2000). Finally, the temporal component of the egiglal niche has been integrated through
the study of behavioural budgets, especially thiirnal variations that may potentially

segregate species’ ecological niche. The use ofipteulapproaches (habitat, behaviour and
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feeding ecology studies) was most useful to ingas#i ecological niche segregation,
especially when looking at closely related speeuhin a common restricted range. The
conceptual scheme of resource partitioning infefrech these measurements proposes that:
1 - Indo-Pacific bottlenose dolphin is mostly corfil to inner reef sometimes very coastal
habitats, where it feeds diurnally (possibly noctlly as well, although this could not be
documented), with daily routines that would follmariation in prey catchability during the
day, e.g. mullets being often caught close to tbast in the morning, an@€aranx
melampygusndHemiramphus fathe rest of the day across the lagoon;

2 — Spinner dolphin lives in outer reef habitatsl aould forage only nocturnally on small
mesopelagic prey;

3 — Pantropical spotted dolphin also lives in ouésf habitats, that largely overlap with the
spinner’s, but would feed at least partly diurnahd at dawn on epipelagic prey, that include
flying fish caught closer to the barrier reef;

4 — Melon-headed whale is seen in the same habitaintropical spotted dolphins, but would
forage deeper over the peri-insular slope.

This ecological segregation is more significanintla other communities, such as in some
epipelagic seabirds (Ridoux, 1994; Chezehl, 2008). Conversely, in diving predators such
as large pelagic fish and dolphins, ecological aisbgregation is clearly distinguishable (e.g.
Potieret al, 2004; Ménarckt al, 2007; Praca & Gannier, 2008). This could be eeldb the
low spatial structure of marine ecosystems in talpand oligotrophic areas. Conversely,
clear isotopic and resource-related gradients eaioind in subpolar and polar environments
over large spatial scale (Jaeger, 2009) as welkdrally (including in the tropics), at a small
spatial scale in the water column (this study).sTWertical gradient is accessible to fish and
dolphins, and not in epipelagic seabirds.

Improvement in our understanding of resource pamiihg mechanisms among Mayotte
delphinids may be obtained in several directionanvestigating acoustically dolphins’
nocturnal distribution and activity; - documentitigg regional isoscape by analyzing carbon
and nitrogen isotopic composition in particles dref-feeders collected along a coastal-
offshore gradient and along a vertical gradientval; - investigating residency patterns of
dolphin groups living around Mayotte by using phatentification or individual telemetry
approaches, in order to establish whether theyganeiinely associated to these peri-insular
structures, or have a more oceanic lifestyle, conafly approaching islands.
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Synthese

Cette étude détaille le partage des habitats eradesources chez les delphinidés vivant en
sympatrie autour de Mayotte. Elle combine I'analgemparée des habitats préférentiels, des
signatures isotopiques du carbone et de I'azolesetariations temporelles de l'utilisation de
'espace et des ressources. Ces indicateurs futidises dans la mesure ou ils documentent
les trois principales dimensions de la niche édglogy Le résultat principal de ce travail est
gu’aucun indicateur pris de maniére indépendantepaemet d’établir une ségrégation
ecologique complete chez les especes étudiees glor I'utilisation combinée de ces
indicateurs le permet. L’habitat des delphinidédvidg/otte a été étudié en mettant en relation
leur distribution avec les variables physiograpkgjuLe niveau trophique et les habitats
d’alimentation ont été étudiés de maniére indirgeteanalyse des signatures isotopiques de
I'azote et du carbone, respectivement. La dimentaoiporelle a été étudiée par I'analyse des
variations diurnes et saisonniere des budgets idt#tmais également de I'habitat et des
signatures isotopiques. Le modéle conceptuel dtagardes habitats et des ressources des
delphinidés de Mayotte est le suivant :

- Le grand dauphin de I'Indo-Pacifique a un habititer a I'intérieur du lagon et dans
les zones peu profondes des bancs récifaux. itrgake surtout le jour, notamment en
début de journée sur des proies a la distributi@vipible et de maniére opportuniste
sur d’autres proies durant le reste de la journée.

- Le dauphin a long bec se distribue essentielleeeloing de la pente externe du recif
barriére, s'alimente la nuit sur des proies mésupgues.

- Le dauphin tacheté pantropical se distribue égai¢meelong de la pente externe du
récif barriere (son habitat se chevauche doncgderient avec celui du dauphin a
long bec) et se nourrit la journée (probablemendsauda nuit) sur des proies
épipélagiques, incluant les poissons volants ptéseproximité de la barriére récifale.

- Le péponocéphale a un habitat proche des autregcesspdu genreStenella
(notamment du dauphin tacheté pantropical) maisaerit la nuit sur des proies
meésopélagiques mais d'un niveau trophique supéreurdauphin a long bec et

probablement plus profondément que ce dernier.

Toutefois, il est possible d'observer a Mayotte dessociations poly-spécifiques (ou
interspécifiques), notamment entre les deux espgraslles (le dauphin a long bec et le
dauphin tacheté pantropical). Cette situation serdel prime abord en contradiction avec la

théorie des niches. Pour cela, la nature de cegiaisns a été étudiée et est présentée dans
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le chapitre suivant (partie 5). Il est documenté qas associations poly-spécifiques peuvent
avoir trois significations écologiques principald®ptimisation de la recherche de nourriture
et de la capture des proies, la lutte contre léslgieurs et le renforcement des activités de
socialisation. L'étude précédente nous a démonieelg dauphin a long bec et le dauphin
tacheté pantropical n'occupaient pas les mémessidtimentaires, ce qui semble exclure
I'hypothése de la formation d’associations pour désons liées a I'utilisation des ressources.
Toutefois, ces associations poly-spécifiqgues s@tjuientes et le chapitre suivant explore les

trois hypothéses (qui ne sont pas mutuellementusix@s) pouvant motiver leur formation.
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Partie 5 :

Signification écologigue des

associations poly-spécifigues
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Signification écologique de la formation des ass@tions poly-
spécifigues chez les especes jumellesStenella longirostris et

Stenella attenuata

Résumé

Les associations poly-spécifiques sont des regrmoepts temporaires d’individus de
différentes espéces qui ont une durée de plusimiraites a plusieurs années. Trois
principales origines fonctionnelles de ces assiotiatont été documentées jusqu’a présent :
la lutte contre les prédateurs, I'optimisation deadcherche alimentaire et de la capture des
proies et les avantages sociaux. Les associatmgsspécifiques chez les mammiferes et les
delphinidés en particulier sont tres frequenteméieux sauvage. A travers la présente étude,
nous avons tenté d'interpréter 'origine de la fation d’associations poly-spécifiques entre
deux especes sympatriques et jumelles de delphinit®® dauphin a long beStenella
longirostris) et le dauphin tacheté pantropic8ténella attenua)ades eaux de Mayotte (sud-
ouest de I'océan Indien). Nous avons déterminésiassociations étaient formées pour la
lutte contre les prédateurs, I'optimisation de égherche alimentaire et de la capture des
proies et les avantages sociaux. Nous avons utiisélonnées d'observation collectées entre
2004 et 2009 dans les eaux de Mayotte tout au dentiannée. Un total de 67 associations
poly-spécifiques a été collecté sur un total de 8bServations de deux espéces. Aucune
variation saisonniére de l'occurrence des assodstin’a été détectée. Les activités
comportementales des groupes mono et poly-spéesigtaient significativement différentes.
La prospection alimentaire n'a jamais été obsemi#z les groupes mono-spécifiqgues de
dauphins a long bec mais cette activité fut obsefvéquemment chez les groupes mono-
spécifiqgues de dauphins tachetés. Chez les dewcespla taille des groupes était plus
importante chez les groupes en association. Elgigdauphins a long bec étaient observés
dans des eaux plus profondes quand ces dernigentétdservés en association avec les
dauphins tachetés. Ceci suggére que les assosigimp-spécifigues sont formées pour la
lutte contre les prédateurs. Aucune preuve d’aationi pour la pratique de comportements
sociaux n'a été collectée, mais cette possibiligstnpas rejetée du fait que les interactions
sociales échappent pour la plupart aux observafaites depuis la surface. Nous proposons
donc que les dauphins a long bec s’associent auphitzs tachetés pour la lutte contre les
prédateurs, notamment lorsqu’ils transitent ergsezbnes de repos.
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Abstract

Mixed-species associations are temporary aggregatd individuals of different species
involved in similar activities for periods of vabi@ duration, from minutes to days and even
years. Three functional explanations to the foramatf such associations are foraging, anti
predator and social advantages. Mixed-species granapmammals and delphinids in
particular are frequent in the wild. Here we ainiedinderstand the ecological significance of
mixed-species group formation in two sibling tr@iadelphinids: the spinner dolphin
(Stenella longirostris and the pantropical spotted dolphiSténella attenua)ain waters
surrounding the island of Mayotte (Mozambique Cleinsouthwest Indian Ocean). We
determined whether these associations occurredaiftr predator, foraging and social
advantages. We used sighting data collected frof# 26 2009 year-round. A total of 67
mixed-species groups of spinner and pantropicaltepalolphins were encountered around
Mayotte out of a total of 315 observations of eithgecies (21% of the recorded groups). No
daily or seasonal variability of the occurrenceagkociations were detected. Behavioural
activities of single- and mixed-species groupseddtl significantly. Foraging was never
observed in spinner dolphin but only observed myle-species groups of pantropical spotted
dolphins. Both species were seen in larger groupgnwassociated. Finally, when in
association, spinner dolphins used deeper watean th single-species groups. These
elements suggest that mixed-species groups aresbfan anti predator advantage, probably
in favour of spinner dolphins. No evidence of assttan for social advantage was observed
but this is not excluded to occurherefore, we suggest that spinner dolphins agsowidh

spotted dolphins when transiting between restiegsar

Keywords: mixed-species associations, spinner dolpi&tenella longirostris pantropical

spotted dolphinStenella attenuataanti predator advantage.
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Introduction

Mixed-species associations have been describedaimynanimal species, including birds,
fishes and mammals (Terborgh, 1990). In mammats; ttave been particularly reported in
ungulates, primates and cetaceans. These mixetspassociations are also called
interspecific, polyspecific or heterospecific greu(Stenslancet al, 2003). Mixed-species
associations are temporary aggregations of indalglaf different species involved in similar
activities for periods of variable duration, frominmtes to days and even years. These
associations range from congeneric to non-congeseecies and occur across a wide range
of taxa (Stenslanat al, 2003). Inter-species associations should bendisished from
aggregations occurring by chance, when two or mpeeies move around independently and
mix by responding in a similar way to environmergtnuli (such as a common resource or
habitat, Waser, 1982; Stenslaet al, 2003). In this case, associations may not have a
functional explanation. It is generally acceptedttmixed-species associations occur as they
provide evolutionary benefit over populations oe@ps that do not mix (Whitesides, 1989;
Heymann & Buchanan-Smith, 2000).

Three main functional explanations to the formatdmixed-species associations have been
given: foraging, anti predator and social advargagecording to the foraging advantage
hypothesis, mixed groups may locate and utilizeusse more efficiently than in single
species groups. According to the anti predator thgmis, mixed groups could reduce
predation due to their larger group size than sirgpecies groups, and detect and deter
predators. Another functional explanation of mixggakcies groups, the social hypothesis, may
provide to mixed-species groups social or repradecadvantages, such as exploitation of
larger home ranges, use of different habitats, @madtice of social behaviour (Stenslagid

al., 2003). Mixed-species associations may also dometa survival strategy for population at
very low density (Frantzis & Herzing, 2002).

The function of mixed-species groups in delphinisisnot well understood but has been
previously documented in various places. For exammmmon Delphinus delphis striped
(Stenella coeruleoalhaand Atlantic spotted dolphinS$ienella frontaliy form mixed-species
aggregations in the Azores for foraging advanta@eéfouil et al, 2008). As functional
hypotheses are not mutually exclusive, two (or mepecies might associated for both anti
predator and foraging advantages, as suggestednimimon bottlenose dolphing (rsiops
truncatug and short-finned pilot whale$s(obicephala macrorhynchysn the Pacific (Scott

& Chivers, 1990).
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Inter-species associations between spin&er(ella longirostris and pantropical spotted
dolphins (hereafter spotted dolphigtenella attenua)ahave been documented in the eastern
tropical Pacific and western Indian Ocean (Norri®©&hl, 1979; Ballance & Pitman, 1998).
In the eastern tropical Pacific, it has been spged|that spinner and spotted dolphins form
mixed-species association for anti predator adggstédNorris & Dohl, 1979). Indeed, spinner
dolphin may seek the schools of spotted dolphimgdéuge during rest in offshore waters.
Spinner dolphins are night-time feeders while sgbtiolphins would feed primarily during
the day (Perriret al, 1973; Norris & Dohl, 1979; Norrist al, 1994). Associations between
these two species may be not food-related as theis significantly differ (Perriret al,
1973). Spinner dolphin, while resting during the,daould seek out alert spotted dolphins in
order to get protection against predators. Thiatetyy is also supported by behavioural
studies of insular spinner dolphins around Hawasi,they rest during the day in shallow
waters with open sandy bottoms where predatoreasdy detected (Norris & Dohl, 1979;
Norris et al, 1994). In the open ocean, where spinner andegpdtilphins occur in sympatry
and frequently in association, no safe restingsaaea available.

Around the island of Mayotte (Comoros, Mozambiguehel), spinner dolphins and spotted
dolphins occur in such close sympatry along thersibpe of the barrier reef that identifying
mechanisms allowing ecological partitioning betwé®ntwo species was challenging (Gross
et al, 2009; Kiszkeet al, submitted). Hence, habitat partitioning could hetdemonstrated
from the analyses of either physiographic charaties associated to day-time visual
observations or frond*°C signatures in skin and blubber biopsies, but saimgree of
ecological partitioning was found in terms of traplevels as revealed b3/°N signatures.
Such associations have been rarely documented diriglands but they sometimes occur,
such as off Oahu where social interactions betwibentwo species have been observed
(Hawaii; Psarakost al, 2003), but very little is known of insular poptites of spotted and
spinner dolphins, particularly in the Indian Ocean.

Here we firstly aimed to characterize mixed-spe@ssociations in terms of occurrence,
group size and habitats, as compared to singleespgeoup characteristics and secondly to
determine whether mixed-species associations ligeturred for anti predator, foraging and
social advantages on the basis of the examinatioactvity budgets. Group size would
increase when mixed-species groups are formed,fantider, individualvigilance would
decrease as a result of the anti-predator advarmtatie larger mixed-species group (Cords,
1987; FitzGibbon, 1990; Bshary & Noé, 1997; Harfli@uchanan-Smith, 1997). Hence, if

mixed-species dolphin groups are formed for argdptor benefits, we would expect that
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group sizes of mixed-species groups would be lattg@n single species groups. Finally, if
spinner dolphins use the higher vigilance of sgbttelphins while resting, we could observe
a higher occurrence of resting behaviour in spinth@phins when associated to spotted
dolphins. On another hand if mixed-species groupsilev be related to enhanced social
opportunities, one should observe a higher propomif social activities in the activity budget
of mixed-species groups than in single-species.o8msilarly, if these associations would
provide foraging benefits to either species invdlvene should observe more foraging

activities in mixed-species groups than in singleeses groups.

Materials and methods

Study area

Mayotte (4510’E, 1250'S) is located in the northern Mozambique Chanimethe Comoros
archipelago. The island is almost entirely surrathdby a 197 km long barrier reef. The
lagoon and surrounding reef complexes is 1,500 Witi# an average depth of 20 m and a
maximum depth of 80 m found in the western lagoidme peri-insular slope off the barrier
reef is very steep and contains many submarine ocenyand volcanoes. Mayotte is
characterized by the presence of high delphinictrdity (12 species; Kiszket al, 2007).
The most common and abundant species are the smlotghin Stenella longirostris and
the spotted dolphin Stenella attenua)a (Kiszka et al, 2007). Preliminary abundance
estimates obtained from aerial surveys suggestah namber of 703 spinner dolphins (ClI
95%, 643 — 1,046) and 375 spotted dolphins (Cl 9%42,— 557) (Pusinest al, 2009).

Data collection

From July 2004 to April 2009, small boat based sysvwere undertaken around Mayotte.
Surveys were conducted throughout the study pefiothg daylight hours between 07:00 h
and 18:00 h in sea conditions not exceeding Bet@foBurvey vessels did not follow pre-
defined transects but every attempt was made tpleatime whole daylight periods as well as
each habitat type within the surrounding waters Méyotte. When dolphins were
encountered, standard sighting data were recosjesgties, and for each species, group size
(maximum, minimum, best estimate), geographic pmsiand behavioural activity. Group
size was defined as the number of animals at tha within five body lengths of each
other (Smolkeret al, 1992). However, in spinner and pantropical sgbtolphins, groups

also consisted in super groups, including seveghat aggregations (typically 2 to 10), spaced
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of a few tens of meters, moving in the same dioeciind exhibiting similar patterns of
behaviour.

The predominant activity was defined as the behasicstate in which most animals (> 50%)
of the group were involved at each instantaneoagpbag. Typically, more than 90% of the
animals in a group were engaged in the same acthive categories of behavioural states
were defined: milling, resting, travelling, feedifagaging (hereafter foraging), and
socializing as defined in previous studies (e.grrida& Dohl, 1979; Bearzi, 2005; Neumann
& Orams, 2006; Degratt al, 2008). Feeding was characterised by loose tcedispgroup
formations and dolphins were observed swimming incles, and pursuing fishes (preys
observed at the surface). Preys were frequently ae¢he surface during foraging activity.
Travelling consisted of persistent and directianavements of all the individuals of a group.
Milling was characterised by non-directional moverse of the dolphin, with frequent
changes in heading. Socialising consisted in fregjugeractions between individuals in the
form of body contacts, with high-speed movementjudent changes in direction and aerial
displays. Resting was characterised by low levaativity, with groups in tight formations,
with little evidence of forward propulsion. Surfags are slow and relatively predictable. A
mixed-species group was defined as a group th&aidaed at least one individual of both
species. We considered that the two species weasdaociation when they were observed
during more than 15 minutes, moving in the samectimn and exhibiting similar patterns of

activity. Then, the association was not considasedccurring by chance in our dataset.

Data analysis

In order to interpret the formation of mixed-spsoigoups, we tested whether the behavioural
activities of spinner and spotted dolphins werdedi#nt when in associatioms not. We
compared the frequencies of activities betweenlsimgd mixed-species groups using a
contingency table analysis (rove. column). We tested if spinner and spotted dolphiad
different group size in singlevs mixed-species aggregations as well as if habitat
characteristics (especially related to depth ofoenter) were different between the two
species when observed in mixed-species groups tolNum parametric tests were selected
because assumptions regarding normality and honedgeof variance were not met. We
compared the frequencies of activities betweenlsimgnd mixed-species groups using a
contingency table analysis. Statistical analysesewwade in Microsoft Excel with the

significance level set at=0.05.
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Results

Occurrence of mixed-species groups

From July 2004 to March 2009, data were collectednd 224 daily small boat-based
surveys. A total of 67 sightings of mixed-specissagiations of spinner and spotted dolphins
were recorded. Single species groups were encaahter 195 occasions f&. longirostris
and on 53 occasions f@. attenuataMixed-species groups represented 21% of the total
recorded groups. No daily (Kruskal-Wallis testi=3.714,P > 0.05) nor seasonal (Kruskal-
Wallis test:H3=3.837,P > 0.05) variability of the occurrence of mixed-sigscgroups were
detected.

Group composition and size

When associated, spinner and spotted dolphins wbéserved in similar proportion
(mean=50%), from 7 to 97% for spinner dolphins &indth 3 to 93% for spotted dolphins. No
difference of group size was observed between spiand spotted dolphin when associated
with each other K > 0.05). In single-species groups, group size of reginand spotted
dolphins were not statistically significanP (> 0.05). However, there was a significant
difference in group size between single- and miseeeies groups (Kruskal-Wallis test:
H,=87.73, P < 0.001), as both spinner and spotted dolphins wmesent in larger
aggregations when associat@d<0.001 for both species; Figure 5.1).
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Group size

Figure 5.1: Mean group size (with Standard Deviation) of stngihd mixed-species groups of
spinner dolphins and pantropical spotted dolphiosiad Mayotte from 2004 to 2009.

94



Depth

There was a significant difference of depth prafees between mixed-species groups and
single-species groups of spinner dolphibdsH 4340;P = 0.02). Indeed, when associated to
spotted dolphins, spinner dolphins occurred in deeyaters $. longirostrisnon-associated:
mean=219.9, SD=175.2S. longirostris associated: mean=267.3; SD=202.5). Spotted
dolphins were seen in similar depths either wheso@ated or noty = 1327;P = 0.49;
Figure 5.2).
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Figure 5.2: Mean depth (with Standard Deviation) of single aniked-species groups of
spinner dolphins and pantropical spotted dolphiosiad Mayotte from 2004 to 2009.

Activities

The behavioural activities of single and mixed-sgegroups of spinner and spotted dolphins
were significantly differenty¢ = 26.4,df = 6; P < 0.001). The spotted dolphin was the only
species seen foraging in monospecific groups, winléoraging events were observed when

this species was in association with spinner dokpkiFigure 5.3).
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Figure 5.3: Occurrence of behavioural states observed in siagiemixed-species groups of

spinner dolphins and pantropical spotted dolphiosiad Mayotte from 2004 to 2009.

When in association with spotted dolphins, spird@phins increased their travel activity and
decreased their social and resting behaviours. ietdinteractions between spinner and

spotted dolphins were observed across the studydoer

Discussion

Spinner and spotted dolphin formed frequent mixgekes groups around the island of
Mayotte. Spotted dolphins were also more frequesnigountered in association with spinner
dolphins than in single species groups. Group swe® larger and travelling was a more
predominant activity in mixed-species groups thaisingle-species groups of either spinner
or spotted dolphins. In addition to this, water ttheypsed by mixed-species groups was deeper
than of spinner dolphin single-species groups asuldcnot be differentiated from spotted
dolphin single-species groups. Behavioural acgsitother than travelling and milling were
marginally represented and in particular foragiepdviours were absent. Conversely, single-
species groups of spotted dolphins were frequesebn foraging, but not spinner dolphin
single-species groups.

The inherent difficulty of this type of investigati is the lack of reference situation that
precludes a proper experimental approach that walllmlv a clear testing of whether

observed associations between spinner and spattptins result from deliberate decisions
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or random events. Other limitations are commonlitastadies of delphinid activity budgets
and include mostly limited sample size and theidifty to infer underwater activities from
surface observations only. Nonetheless, the presemly provides new insights on the
characteristics and circumstances in which mixeztigs associations of small delphinids
occur.

The present observation excludes the foraging dadganhypothesis, as this activity was
absent from behaviours recorded for mixed-speagsegations. Moreover, previous studies
on the comparative feeding ecology of spotted dakpland spinner dolphins, such as in the
oceanic eastern tropical Pacific or around Mayahmwed that the two species use distinct
feeding niches (Perriet al, 1973; Kiszkaet al, submitted) and therefore are unlikely to
forage jointly. Among the five activity categorigsavelling and to a lesser extend milling
were markedly higher in mixed-species groups thasirigle species ones. In addition to this,
the depth range at which most of these associatioasr is higher than for spinner dolphin
single-species groups. Therefore we propose asxpltamatory hypothesis that, around
Mayotte, spinner dolphins that usually rest in kivalwaters during the day would associate
with spotted dolphins when moving offshore betweesting sites. Hence, the multi-species
aggregation observed between spotted and spinrphide would represent some anti-
predator benefits for the spinner dolphin. Grougesisupport this explanatory hypothesis.
Group sizes of mixed groups were significantly éarghan in single-species groups. This
suggests that one or both of the two species mesedse individual vigilance as a result of
anti-predator advantage of the larger mixed-spegiesp. It seems that the benefits would
rather be for the spinner dolphin than for the sggbtolphin. Indeed, this species is smaller,
and probably less alert during the day (at leasinduhe morning as spinners do forage at
night offshore; Norriset al, 1994), and the presence of spotted dolphin mayedse
predation risk for spinner dolphins.

It has not been possible to get information ondhbaesity of large predatory sharks around
Mayotte, and relate this information with the prese of single and mixed species groups of
spinner and spotted dolphins. Nonetheless, largeisp that are known to prey upon small
delphinids are tiger sharks@leocerdo cuvigr hammerhead sharkSghyrnaspp.),the short-

fin mako shark I6urus oxyrinchus the bull shark Qarcharhinus leucgsor the oceanic
whitetip shark Carcharhinus longimanys also recorded around Mayotteeithaus, 2001,
Jamonet al, 2010). Several cases of severe injuries madehbyks on dolphins were
observed around Mayotte, especially in coastaldraite dolphinsTursiopsaduncus, Kiszka
et al, 2008). This highlights the importance of the jatexh risk for dolphins in this area.
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In previous works, it has been hypothesised thatwic populations of spinner and spotted
dolphins were seen in association for anti predativantage because of the higher predation
risk in offshore waters of the eastern tropicaliffa{Norris & Dohl, 1979). However, several
large predatory sharks are abundant in shallowradtever seagrass beds and coral reefs),
such as the tiger shark in Shark bay (e.g. Heitl8asll, 2002). Spinner dolphins may also
face predation risk around this insular/reef asged environment, where sharks may be
abundant. Interestingly, around Réunion IslandhéMascarenes, spinner dolphin frequently
associates with another delphinid species, the-Ralfic bottlenose dolphin, which occurs
in coastal waters. Associations between spinner @itdenose dolphins around Réunion
Island may be due to the closer proximity of spimared bottlenose dolphin habitat as there is
no lagoon around Réunion (Dulau-Drowbtal, 2008). Conversely, around Mayotte, spinner
dolphins live outside the lagoon while bottlenosépdin occurs inside. Spinner dolphins live
in direct sympatry with spotted dolphins, which kebinfluence inter-species association rates
between these two specigdo interactions between spinner and spotted dodphvere
observed in mixed-species groups around Mayottecéleit is difficult to speculate on the
social advantage hypothesis. Indeed, male spotgghitis (either in alliance formation or
not) may experiment herding smaller and weaker ferspinner dolphins (like bottlenose
dolphins do with young female of Atlantic spottedlghins, Stenella frontalisin the
Bahamas; Herzing & Johnson, 1997). In the futtihey may become more successful in
herding females of their own species and increase teproductive success. However, we
did not observe any inter-species interactione@icontacts, pursuits, etc.) between spinner
and spotted dolphins around Mayottawever, spinner dolphins may use larger home mnge
and different habitat when in association with sgmbtdolphins. It also confirms that spinner

dolphins may benefit from the association with sgxbtolphins.

Conclusion

Spinner dolphins seem to associate with spottephittd for anti predator advantage, but the
social advantage hypothesis is not excluded. Wissonciated, spinner dolphins use deeper
waters where spotted dolphins preferentially ocadnich may constitute a strategy to detect
and deter predators such as large sharks. Whenirs@ssociation, spotted dolphins are not
seen foraging and spinner dolphins are mostly obsetravelling. Therefore, we suggest that

spinner dolphins associate with spotted dolphinemitinansiting between resting areas.
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Synthese

Les associations poly-spécifiques entre dauphineng bec et dauphins tachetés sont
fréquentes a Mayotte. Il semble que l'origine déolanation de ces associations soit la lutte
contre les prédateurs, qui serait surtout bénéfigue le dauphin a long bec, notamment
lorsque celui-ci se déplace entre ses zones de.rdpatefois, la formation d’associations
pour certains avantages sociaux n’est pas exclisgyei certains comportements, notamment
ceux se produisant sous l'eau, ne peuvent étrenagssdepuis un bateau.

Cette étude illustre également que les niches @iples de ces deux espéces sont bien
distinctes et que la formation d’associations, mé&melle et temporaire, permet a ces deux
especes de tirer un profit, en I'occurrence cekiila diminution des interactions avec les
prédateurs (méme si ce profit semble davantagetaislef au dauphin a long bec). L'étude
confirme également la nécessité d’intégrer la caapte comportementale dans I'analyse des
niches écologiques a I'échelle d'une communauié usoquatrieme axe (ou dimension) de la

niche écologique.

L’étude suivante permet d'explorer la ségrégati@s diches a I'échelle intra-spécifique.
Cette approche a été envisagée chez l'espece aqustitce un modeéle facile d’acces,
facilement identifiable et dont la faible taille depulation permet d’analyser I'écologie a une
échelle individuelle : le grand dauphin de I'IndaeRique {T. aduncus L’approche
envisagée consistera en I'étude de la structugogalation a fine échelle autour de Mayotte
et ce a des échelles emboitées : de la structunétigae (long terme) a la ségrégation
individuelle pour I'occupation de I'espace (cowgtrhe). L’analyse de I'habitat et du domaine
vital individuels et des signatures isotopiquescdtbone et de I'azote permettront de définir
si des communautés de grands dauphins se partdgmpace et les ressources,
respectivement. Ces communautés sont des enserdltebvidus (et non d’especes)
partageant un méme territoire et interagissantespftan social. lls sont donc susceptibles de
former des groupes dont les individus sont prété@iement associés voire génétiguement

distincts.
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Structure de population a fine échelle et ségrégain intra-
spécifigue chez le grand dauphin de I'Indo-Pacifiga Tursiops

aduncus

Résumé

Le grand dauphinTursiopssp.) est un petit cétacé qui au sein d’une pomuiadbnnée peut
constituer des communautés, constituée par desidndi s’associant préférentiellement et
partageant un domaine vital commun. Autour de HieMayotte (4810’E/12050’S) vit une
population d’environ 100 grands dauphins de l'liRiEifique Tursiops aduncys Nous
avons étudié la structure de cette population&éirhelle et les processus de ségrégation intra
spécifiqgue. Nous avons déterminé si la populategrinds dauphins de Mayotte formait des
communautés. Différents outils analytiques ayastrdsolutions temporelles variables ont été
employés. Des campagnes a bords d’embarcationetégat été réalisées entre 2004 et 2008
pour collecter des données de photo identificagibdes biopsies cutanées. Des analyses de
’ADN mitochondrial (254 paires de base de la régiu gene du cytochrome b) et 14
marqueurs microsatellites ont été utilisés pourngmar la structure génétique de la
population. Les analyses n'ont pas révélé de polghiesme et la présence d’'un unique
groupe panmictique a I'équilibre de Hardy Weinbérgs données de photo identification ont
ete utilisées pour étudier la fidélité au site,caldr la taille du domaine vital grace a la
méthode des Polygones Convexes Minimum (MCP) duérdes préférences individuelles
en relation avec la physiographie. Les analysedatnaine vital et de I'habitat des grands
dauphins de I'Indo-Pacifique montrent la préseniee dhoins deux communautés de grands
dauphins dans le lagon de Mayotte. Des analysesisdéspes stables du carbori#’C
reflétant les habitats d’alimentation) et de I'az@N reflétant le niveau trophique) ont été
réalisées dans les tissus de peau et de lard t&sllpar biopsies. L'objectif était de détecter
des difféerences interindividuelles de lalimentati®t de I'habitat. La variabilité des
signatures isotopiques était importante mais austmeture au sein de la population ne fut
découverte. Enfin, I'étude du fonctionnement sodalravers les associations a confirmé
I'existence de deux communautés de grands dauphitosir de Mayotte, dont les membres

ne sont pas apparentés.
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Abstract
Bottlenose dolphinsTursiopssp.) are coastal cetaceans in which a given papnolahay
segregate into communities, defined by common pettef home range and association.

Around the island of Mayotte (220'E/12050'S), there is a population of about 100 Indo-
Pacific bottlenose dolphinsT{rsiops aduncys We investigated the fine-scale population
structure and patterns of within-species segregatib this species around Mayotte. We
assessed population structure and the existendeottienose dolphin communities. We
combined several tools with various temporal scatesorder to achieve this. Photo-
identification data and biopsy samples were cadéaturing small-boat dedicated surveys
from 2004 to 2008. Genetic analyses using mtDNA4(Bp region of the cytochrome b gene)
and 14 microsatellite markers were performed tonema the genetic structure of the
population. The analyses revealed no mitochongredymorphism and the presence of a
single population at Hardy-Weinberg equilibrium.oRkhidentification data were used to
assess patterns of site fidelity, calculate indigidhome range size using Minimum Convex
Polygons (MCP), as well as individual habitat prefees (related to physiography). Home
range analysis revealed the presence of at leastdmmunities of Indo-Pacific bottlenose
dolphins around Mayotte, based on their indivichabitat preferences, home range size and
location. Stable isotope analyses &fC (feeding habitats) an&°N (trophic level) were
performed by using skin and blubber samples toctigtetential intra-species segregation of
the diet.5*°C ands™N values were highly variable among individuals aodstructure across
the population was detected. Finally, associatiosices were calculated, confirming the
presence of at least two bottlenose dolphin comt@snaround Mayotte, with no kinship

among members.

Keywords: Indo-Pacific bottlenose dolphif,ursiops aduncyspopulation structure, social

structure, association patterns, community strectstable isotopes, home range.
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Introduction

Understanding population structure requires a nunadbeinformation, including rates of
genetic flow and patterns of genetic structure. g@eetic structure of marine populations is
driven by a number of processes, such as wateerdsir sea floor topography, water
temperature, life history and behaviour (e.g. Fdlet al, 2000; Fontainet al, 2007). For
wide-ranging animals such as cetaceans, signifigemietic population structure may be
found over large spatial scales, such as in norlanfc common dolphinsDelphinus
delphis Mirimin et al, 2009) or southern Hemisphere humpback whalegéptera
novaeangliagRosenbaunet al, 2009). At the local scale (an archipelago, a)gstime fine-
scale mechanisms of genetic structure may occuticpiarly in resident species such as in
the French Polynesian spinner dolpHstenella longirostrisOremuset al, 2007) or the Gulf
of Mexico common bottlenose dolphifursiops truncatusSellaset al, 2005). In these
cases, population structure is likely to be drilnhabitat characteristics, especially depth
that partition home ranges and populatioag (inshorevs offshore populations, populations
differentiated among islands). At the life-scale ioflividuals (or a few generations),
population structure may also occur, which canrehlghlighted through genetic analyses.
This finer-scale structure is likely to be drivey diifferential patterns of habitat and resource
use. For example, in the north-east Atlantic, tommon dolphin forms a unique panmictic
population (Miriminet al, 2009). However, based on ecological indices (heastals, stable
isotopes, fatty acid, stomach contents), three gemant units have been recently defined
and these units would have to be managed separaigdyding current threats, especially
bycatch (Cauranet al, 2009). These population segments use distinclogical niches
(Lahayeet al, 2005; Pusineret al, 2007; Meynieret al, 2008). It clearly underlines the
importance of scales (temporal and spatial) tosgsgepulation structure, and the necessity to
combine methodologies spanning these temporalstal@der to answer questions related to
population structure.

The bottlenose dolphinrrsiopssp.) is the most common, widely distributed andeasible
small cetacean represented by two separate spdw@esommon bottlenose dolphih.
truncatus and the Indo-Pacific bottlenose dolphin aduncus This genus constitutes an
excellent biological model of coastal top marinedator, with a high conservation value, and
is also considered as a good indicator of mariresystem health (Wellst al, 2004). The
coastal distribution of bottlenose dolphins makes $pecies particularly vulnerable to human
activities, such as boat traffic and overfishingd amany local populations are currently

endangered (Bearet al, 2006; Bejdeet al, 2006). In many bottlenose dolphin populations,
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studies have been undertaken on population stejgbarticularly for management purposes,
including along the Atlantic coast of the USA, imetGulf of Mexico and in Europe (e.g.
Sellaset al, 2005; Borrellet al, 2006; Uriaret al, 2009). In a number of populations, it has
been shown that bottlenose dolphins may form coniiesn(Wells, 1986; Rossbach &
Herzing, 1999; Chilvers & Corkeron, 2001; Uriahal, 2009). A community refers to an
assemblage of interacting individuals within thee@ps. A community is not a closed
demographic unit, and community structure is defibg associations among dolphins that
show long-term patterns of site fidelity (Wells,889 Wellset al, 1987; Connoet al, 2000).
Despite the fluidity of bottlenose dolphin socistieharacterised by a fission-fusion social
structure (Connoet al, 2000), communities, defined by shared patternsesidency and
associations, may occur (Wells, 1986). The oridicanmunity formation has been poorly
investigated in the literature, but ecological reeahd need of habitat and resource
partitioning may well explain the fragmentationaopopulation into communities. Individuals
within a species have similar requirements for isaty growth and reproduction. However,
their needs for resources may exceed the immesligiely. The individuals then compete for
resources (Begoet al, 1986). The formation of communities would cdmite to share
habitat and resources for individuals, and themecectcompetition.

The Indo-Pacific bottlenose dolphifiyrsiops aduncysone of the two recognised bottlenose
dolphin species in the world, occurs in coastalensabdf the Indo-Pacific region, from eastern
Africa, to the west and southwest Pacific (Jeffarsb al, 2008). This species also occurs
around isolated oceanic islands, such as in théewesndian Ocean, in the Mascarenes,
Seychelles and Comoros (Kiszka al, 2009a). Around the island of Mayotte {46E,
12°50’S), a population of about 100 Indo-Pacific bathse dolphins occurs in the lagoon and
adjacent reef banks. In this study, we aimed tesssthe fine scale population structure of
Indo-Pacific bottlenose dolphins living in the sumnding waters of Mayotte, mostly in the
lagoon and adjacent reef banks (Kisadaal, 2007; Grosset al, 2009). We tested if
community exists around the island by examininggnag and association patterns of
individuals. As a preliminary step, for a full umginding of population structure, we
assessed the global pattern of genetic structudeséa fidelity of bottlenose dolphins to
verify that the population was resident. We alsoe to explore the origin of community
formation. We hypothesised that the origin of comityuformation is based on one main
factor, the ecological constraint (niche partitiog). In order to explore the existence of
ecological segregation processes occurring at mvitie species or population, we used stable

isotope signatures 6f*C ands™N in skin and blubber from biopsy samples. The carand
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nitrogen isotope ratios of a consumer reflect thokés diet. Both isotopes help elucidate
trophic relations and habitat use, and may be tsebsess niche partitioning, including at
sub-species level (Hobson, 1999). Finally, as apo#&b constraints are probably significant
factors shaping social interactions (Lussesual, 2003), we assessed patterns of social
structure and kinship of Indo-Pacific bottlenosdptims around Mayotte. We tested the
hypothesis that community formation would geneljcatructure communities and that an
effect of differential ranging and association gats among communities would have an
influence on spatial genetic structure. Even iftleabse dolphins mostly exhibit a fission-
fusion social structure (Connet al, 2000), matrilineal society may possibly occur mhai
due to particular environmental conditions, suchgasgraphic isolation (Lusseaat al,
2003). In order to investigate the fine scale papoh structure of Indo-Pacific bottlenose
dolphins around Mayotte, we combined photo-iderdiion data (residency, individual home
range and association patterns) and biopsy samfdjagetic and stable isotope analyses)

conducted year-round from 2004 to 2008.

Materials and methods

Study area

Mayotte is located in the northern Mozambique Clednand is part of the Comoros
archipelago. The island is almost entirely surrathtdy a 197 km long barrier reef, with a
second double-barrier in the southwest andrisemmerged reef complex in the northwest.
There are a series of deep passes through the sesfi® of which being the sites of old
rivers. The lagoon and surrounding reef complegels %00 km2 with an average depth of 20
m and a maximum depth of 80 m found in the westelder, region of the lagoon (Quad

al., 2000). The insular slope on the exterior ofliberier reef is very steep and contains many

submarine canyons.

Data collection

From July 2004 to October 2008, small-boat basedess were undertaken around the island
of Mayotte. Surveys were conducted throughout ttuslys period during daylight hours
between 07:00 h and 18:00 h in sea conditions xxeexling Beaufort 3. Survey vessels did
not follow pre-defined transects but every attewpls made to sample each habitat type
within the surrounding waters of Mayotte, i.e. dahareas (mangrove fronts, fringing reef),
lagonal waters and barrier reef associated areasst@nt GPS logging was collected every 5

seconds from departure to return to the harbourguai hand-GPS Garmin Ge@oWhen
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bottlenose dolphins and other cetaceans were eteredn standard sighting data were
recorded: group size (maximum, minimum, best ed@jnageographic position (latitude,
longitude), behaviour (milling, travelling, foraginsocializing) and group classification on
the basis of relative size of individuals (aduitsmatures, calves) (Shane, 1990). Group size
was defined as the number of animals at the susaiten five body lengths of each other
(Smolkeret al, 1992). Standard photo-identification techniqueswsed to identify individual
dolphins using patterns of notches and scars oddhsal fin (Wirsig & Wiursig, 1977; Scott
et al, 1990). This non-invasive method has been extehsiwsed to investigate demographic
parameters, movements, home range and social weucdf delphinids, especially the
bottlenose dolphin (Wursig & Wirsig, 1977; WirsigJ&fferson, 1990; Bejdat al, 1998;
Ingram & Rogan, 2002; Molleet al, 2006). In our case, this method has only beed irse
adult individuals, having sufficient distinguishableatures on the dorsal fin. On average,
67% of dolphins we photographed around Mayotte wersidered marked.

Stable isotope and genetic analyses were perfousied skin and blubber samples. Biopsy
attempts were made opportunistically, when grouqsiadividuals were easily approachable
and when conditions were optimal (Beaufort < 2,ptiois closely approaching the boat).
Optimal weather conditions allowed stability of thesearch boat and better chances to
sample the animals successfully and safely. Bigpaiere collected by using a crossbow
(BARNETT Veloci-Speed® Class, 68-kg draw weight)tlwiFinn Larsen (Ceta-Dart,
Copenhagen, Denmark) bolts and tips (dart 25-mrg,|l&amm-diameter). A conical plastic
stopper caused the bolt to rebound after the impébt the dolphin. The dolphins were hit
below the dorsal fin when sufficiently close (3-tf) to the research boat. Approaches of
focal groups/individuals were made under powerpateds of 1-4 knots. Blubber and skin
biopsy samples were preserved individually in 9G#@eol before shipping and subsequent
analysis. Biopsy sampling was conducted under Fresaientific permits #78/DAF/2004
(September 10, 2004) and #032/DAF/SEF/2008 (May2D®8) after examination of the
project byConseil National de Protection de la Natufi@éssue samples (i.e. skin and blubber)

were stored in 95% ethanol until DNA extractiond atable isotopes analyzes.

Residency index

An important step of this work was to determine thsidency of Indo-Pacific bottlenose
dolphins around Mayotte. Using photo-identificatiolata, a residency index (RI) was
calculated following Karczmarski (1999). This indestates the total number of sightings of

an individual to the total number of months in whibis particular individual was seen:
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RI =S x M/100
Where RI= residence index, S = total number oftgigls of an individual, and M = total

number of months in which this particular indivitluas seen.

DNA extraction, PCR, sequencing and genotyping

Total DNA was extracted from skin samples using fheleospin® Tissue Kit (Macherey
Nagel). The manufacturer protocol was slightly niedi as follows: the recommended lysis
time was extended to 30 hours under permanenttiagitand 10 minutes grinding step using
a teflon pestle was added after 5 hours of enzyndagiestion.

A 254 base pairs fragment of the mitochondrial ctome b gene was amplified using the
protocol and PCR primers described in Jayasamtanl. (2008) The sequencing was
performed by Genoscreen corporation (Campus Pasteuue du Professeur Calmette - 59
000 Lille - France) using an ABI PRISM® 3730 XL amtated DNA Sequencer (Perkin-
Elmer Applied Biosystems, Foster City, CA). Sequemata were aligned using ClustalX
(Thompsonet al, 1994) and ambiguities were manually checked comgaach sequence
with its complementary fragment using BioEdit (H&a/999).

In addition to mitochondrial analyses, 14 tetraeatide microsatellite markers were used out
of the set of 18 markers designed by Nael. (2009). Amplifications were carried out
following the protocol and using the primers desed in Nateret al. (2009). PCR products
were screened on 6.5% polyacrylamide gels using@ok NEN Global IR2 DNA sequencer.
Allele sizes were determined using a known DNA sege with the SAGA-GT software
(v3.1: Automated microsatellite Analysis SoftwdteCOR Biosciences).

Patterns of population structure

Clustering methods based on Bayesian computatioes Monte Carlo Markov Chains,
MCMC) were performed using the software Structu2e3\l (Pritcharcet al, 2000; Falustet
al., 2003). In order to identify potential barriessgene flow, the number of groups to té&) (
has to be fixed. Then, the software computes tlodalilities for each individual of the
dataset to belong to each of the simulated groupaadly-Weinberg equilibrium. We tested
values ofK ranging from 1 to 10. For eadfy ten simulations were conducted in order to
compute the inter-simulation variability and forckasimulation, the likelihood of the
multilocus dataset giveK (i.e. Pr(X|K)) was computed. The most likely value #ris the

one maximisingPr(X|K) and minimizing the inter-simulation variability. Aodel with
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population admixture was used and the parameteteedICMC were set as follows: burn-in
=50 000 steps, length of the Markov Chain = 200 $t@ps.

The identification of sex has been determined dppastically for several identified
individuals. This has been achieved througkitu underwater observations and photography

of the uro-genital area.

Communities existence: ranging pattern analysis

We used the minimum convex polygon method (MCP; M&B47), to estimate home range
area. This is the oldest and most commonly usedadeto estimate home range in the
literature, allowing ready comparisons with othterdges (White & Garrott, 1990). It encloses
all data points by connecting the outer locationsuch a way as to create a convex polygon.
This method is completely non parametric and easycdnstruct. However, in certain
situations, it may be uninformative as areas ohhiglization have same values as areas of
low utilization. It is also sensitive to sampleesand to outliers and it ignores boundaries that
exclude animal movement within the home range (M@B47). In our case, we estimated
individual home range for animals with 3 or morghsings. Due to these restrictions and our
limited dataset, absolute home range estimate wasouar primary objective, but rather
compare home range size and location among indagdin order to identify potential
differences among them. MCP method was used r#ttaerkernel home range estimator due
to its lesser sensitivity to sample size in estingghome range. In addition, in a previous
work on common bottlenose dolphing {runcatu$ from Florida, no significant difference of
home range size was found between the two estim@tiranet al, 2009). Individual habitat
preferences were also calculated for individualthwnore than 3 sightings. We constituted a
database in which every individual dolphin sightings associated with the physiographic
characteristics (distance to the coast, to thegiimg reef, to the barrier reef and depth)
corresponding to the GPS (Global Positioning Syteres of the observations. For each
individual, minimum, maximum, standard deviatiordanean values for each variables were
calculated. The distance data were obtained usieggfaphic Information System (GIS)
software M\PINFO PROFESSIONAL 6.5. Bathymetric data were obtained fro8ervice
Hydrographique et Océanographique de la Mar{i8HOM) and were included in the GIS
procedure, and maps and MCPs were drawn in R \i21d4ing packages Maps, Mapdata,
Argosfilter and Aspace (Becker & Wilks, 2009, 20Bi et al, 2009; Freitas, 2010).
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Trophic segregation using stable isotope analyses

Stable isotope analyses were used to assess segngugtterns of bottlenose dolphins around
Mayotte based on their foraging habitat (refledte®ughs**C) and trophic level (reflected
through8*N). For dolphin biopsies, blubber and skin wereasafed for each sample. The
ethanol was evaporated at 45°C over 48 h and thmplea were ground and freeze-dried
(Hobsonet al, 1997). Because lipids are depleited™*C, they were extracted to avoid a bias
in the isotopic signature a&°C (De Niro & Epstein, 1978; Tieszest al, 1983). This was
done by shaking (1 h at room temperature) in cytahe (GHi2), and subsequent
centrifugation prior to analysis. After drying, sineub-samples (0.35 to 0.45 mg3#001 mg)
were prepared for analysis. Stable isotope measnesnwere performed with a continuous-
flow isotope-ratio mass spectrometer (Delta V Adege, Thermo Scientific, Germany)
coupled to an elemental analyser (Flash EA1112 nmibe&cientific, Italy). Results are
expressed i notation relative to PeeDee Belemnite and atmagphe for §°C ands™N,
respectively, according to the equation:

X = {M—l}xlooo
Rstandard

Where X is®C or >N and R is the isotope ratf8C/*°C or *>N/*N, respectively. Replicate
measurements of internal laboratory standardsdaiiele) indicated that measurement errors
were <0.1%o ford™C and 3N. Percent C and N elemental composition of tissnese
obtained using the elemental analyzer and usedltmlate the sample C:N ratio, indicating

good lipid removal efficiency when <4.

Social structure analysis: associations and kinship

In order to assess the social structure of botfleranlphins around Mayotte, we combined
association and kinship analyses. This approachusead in order to verify that bottlenose
dolphins around Mayotte formed a “fission-fusiondceety. This approach also allowed
assessing whether communities tend to be gengtstalictured or not.

Pairwise association of social animals may be desteing various indices. The most
commonly used is the Half-Weight index (HWI), alsalled coefficient of association (CoA)
(Cairns & Schwager, 1987). We usedvR2.11.1 (R Development Core Team, 2010) to
calculate HWI (Whitehead, 2006). Individuals weomsidered as associated if found together
in a group where they are no more distant than h06f each other, moving in the same

direction and engaged in similar behaviour (Shd®®0). Dolphins that were individually
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identified on at least three occasions were salefttecalculating pairwise association using
the HWI. Associations were calculated as follovssagiation between two individuals A and
B = 2Naw/Nat+Np, in which Ny, is the number of times A and B were found togethethe
same group, anil, andN, are the total number of groups for A and B (CagnSchwager,
1987). HWI index ranges from O (two dolphins neseen together in a group) to 1 (two
dolphins always seen together). In order to det@enwhether associations were different
from random, we built an association matrix frontcaated HWI. The null hypothesis is that
individuals have no preferences for social partngith the alternative that there are preferred
and/or avoided associations between some pairgdofiduals (Whitehead, 2008). To account
for demographic effects (Manly, 1995; Bejdetr,al, 1998), pairwise associations were tested
for departures from randomness using a permutgtimcedure (i.e. 5,000 permutations)
implemented in Rv2.11.1 (R Development Core Ted02

For each pair of individuals, genetic relatedness wstimated by the number of identical
alleles over the 14 bi-allelic microsatellite markeThus, the pairwise genetic similarity
index between two individuals varied from O (noekdl in common) to 28 (all alleles in
common).

For sake of comparison, pairwise HWI and pairwisediic distances were used to build two
UPGMA trees (Unweighed Pair Group Method with Amiggtic Mean) in R v2.11.1 (R
Development Core Team, 2010).

Community definition

In order to identify communities, we used data framdividuals sighted at least on 3
occasions (only one sighting per day). On the basiMCP maps, an empirical ranging
category has been assigned for each individuaktectl the existence of communities within
Mayotte’ Indo-Pacific bottlenose dolphins. To sugpihis empirical clustering, we used a
Principal Component Analysis (PCA, function dudapeplemented in the package ade4;
Dray & Dufour, 2007) integrating, for each indivelu mean depth preferences, mean
distance from the coast, mean distance from theebaeef, home range size (in km?) and
mean latitude and longitude to distinguish groupth warying habitat characteristics and

home range.
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Results

Survey effort and sightings

From July 2004 to October 2008, data were collectedng 196 independent boat-based
surveys (time spent on the water = 1,375 hourdy da¢an = 6.1 h; SD = 1.5 h; median = 6.4
h). A total of 91 sightings of bottlenose dolphimere collected (21% of cetacean encounters
around Mayotte)Spatial distribution of observation effort covere tinterior waters of the
lagoon and surrounding deeper waters, outside @neeb reef. Most of the effort has been
spent along the east coast, in the north and irstiieh. The west has been less surveyed.
Bottlenose dolphins were essentially distributezida the lagoon, close to shores as well as in
the north of the island, in the shallow watershd tris bank (Figure 6.1). Group size ranged
from 1 to 30 individuals (mean = 6: median = 5; S[@). Group composition was variable
with mostly groups of all age classes (includingiles] calves and immatures, 35%) and
groups of females with calves (>70% of mother-qadirs in the group; 29%). Photo-

identification effort is presented in Table 6.1.
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Table 6.1: Number of bottlenose dolphin photographs (n = B)3dsed for photo-
identification purposes collected around Mayott®fr2004 to 2008. Grey cells correspond to

periods were surveys were not conducted.

Year/month

Residency

In bottlenose dolphins of Mayotte, most individubksve been sighted on one (18.6%), two
(11.6%), three (15.5%) or four occasions (11.3%Jmier of recaptures reaches 20 times for
one individual (Figure 6.2). The two most frequgrstten individuals were recorded in 13 and
12 of the 39 months surveyed. Rl reached a maximmtu@6 for the most frequently seen
dolphin, but for most of the individuals, this indis below 0.5 (Figure 6.2). Overall, a fairly
high number of individuals were seen on multipleastons during the study period (at least

on 5 occasions; n=25 individuals).

Genetic diversity and population structure

Mitochondrial data consisted of a 254 base paagnfrent of the cytochrome b gene. A total
number of 29 individuals were sequenced. The asalyevealed no mitochondrial

polymorphism which suggests a single matriarcimdge in the Mayotte population. Nuclear
markers gave similar results. The genetic divensig low with allele counts ranging from 2
to 6 depending on the locus considered and a euisl overall gene diversity of less than
0.6. Bayesian simulations revealed no significanmicsure with a unique panmictic population

at Hardy-Weinberg equilibrium around Mayotte beiing most likely scenario.
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Figure 6.2: Sightings of 71 Indo-Pacific bottlenose dolpharsund Mayotte from 2004 to
2008: (a) total number of sightings for each indeat individual; (b) number of months in
which each individual was seen; (c) values of thgidency index (RI) calculated for all

identified dolphins.
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Ranging patterns and individual habitat preferences

Home range estimate has been performed for 43 nhslpSample size has a significant effect
in home range estimate?(= 0.4966;P < 0.001, n = 43). Home range size varied from 2.93
km2 (MY71, 3 sightings) to 558.81 km? (MY16, 8 diglys) (mean home range = 218.92
km2: SD = 187.16). Home range size using MCP estimshows that approximately 5-6
sightings are required to accurately estimate hoamge of bottlenose dolphins around
Mayotte (Figure 6.3).
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Figure 6.3: Evolution of home range size according to nundferecaptures (at least 3) in
Indo-Pacific bottlenose dolphins around Mayotterfrd004 to 2008.

Overall, we encountered four types of ranging paste(Figure 6.4). Nine individuals
essentially ranged in the north of the island, l@itude —under 12.6°S). Twenty-one
individuals essentially ranged around the coastafers of the island. Some occurred all
around the island. Five individuals were primadlgtributed in the southern region of the
lagoon, and finally, eight individuals used botk ttoastal waters of the lagoon and regularly
visited the northern area (below the latitude &.61S). These four types have been named as
follow: type A (north), type B (coastal waters bétisland), type C (south) and type H (hybrid
distribution, both coastal waters of the island aodh, Figure 6.4).
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Figure 6.4: The four main ranging patterns of Indo-Pacific tlemtose dolphins around
Mayotte from 2004 to 2008.

We used the PCA to objectively discriminate comrhasion the basis of individual habitat
characteristics and home range (size and locatieagh individual has been assigned to a
ranging category based on MCP maps (A, B, C, Hurfeig.5). For each category, the ellipse
pictures the dispersion of the cloud and covers @B%ndividual points, the centre of the

ellipse being located at the centre of gravity. ddetwo main communities can be
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discriminated. Type “A” typically has a distributicfar from shore (Table 6.2), in deeper
waters (mean = 44.9 m; SD = 6.8) and has a sntadlere range (mean = 15.8; SD = 18.4).

Type “B, C and H” considerably overlapped, espécialhome range size.

Table 6.2: Mean home range size and habitat characteristiaype “A, B, C and H”
bottlenose dolphin communities found around Mayfstien 2004 to 2008.

) Distance
Recapture Home range | Distance from .
] barrier reef Depth (m)
range size coast (m)
(m)

Community type n Mean SD Mean SD Mean SD Mean SD
Type A 3-5 158 18.4 |7999.6 1529.9|6676.4 1200.4| 44.9 6.8
Type B 3-20 3134 140.5|1095.2 749 |6953.3 11149 20.6 6.9
Type C 3-5 42.4 36.8 | 13309 361.4 |5514.6 1892.2| 23.2 8
Type H 3-9 309.7 202.6 | 3506.7 2181.5|6144.1 1881.8| 31.1 8.6

F2 d=1

Figure 6.5: Principal Component Analysis showing segregatibnndividual dolphins of
Mayotte from 2004 to 2008 based on their home rasige, mean location (lat, long) and
habitat preferences (depth, distance from coasbamikr reef). The ellipses represent 95% of

the information and the central point is the cenfrgravity.
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However, a few differences were observed, espgcialated to the spatial extent of their
home range (Table 6.2). Overall, home range sifferdd significantly between the four
ranging patterns defineci (= 18.891;df = 3; P < 0.0001). Habitat, in relation to the three
variables considered (depth, distance from shom faom the barrier reef) was also
significantly different between the four commursti@listance from shore, = 23.506;df = 3;

P < 0.0001; depthy = 20.820df = 3; P < 0.0001), except for the variable “distance frdra t
barrier reef” @ = 2.569;df = 3; P = 0.463).

Dietary segregation

We used skin and blubber samples from 31 distimtidnose dolphins for stable isotope
analyses during the study period. Stable isotogeasures for skin and blubber varied
significantly, both fo™C (U = 55;P < 0.001) and™>N (U = 91;P < 0.001; Figure 6.65°C
values were significantly higher in the blubber éme-13.05; SD=0.88; range=-16.16 to -
11.77) than in the skin (mean=-15.12; SD=0.98; eanj7.05 to -12.98). Fa™N, values
were also significantly higher in blubber (mean€1%.SD=0.66; range=13.32 to 16.21) than
in skin (mean=13.07; SD=1.28; range=11.44 to 16.15)
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Figure 6.6: Stable isotope signatures &F°C and N in skin and blubber from biopsy

samples (n=31).
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Overall, no particular structure among individuaiss found, especially on a long term basis
(blubber; Figure 6.6). Due to limited number of eg&xndividuals and high proportion of
females in the sampling, no gender differencedalils isotope signatures were tested.

Social structure

We investigated association patterns of 31 indiislsighted at least 3 times. Sex has been
identified for 17 of them,.e. 6 males and 11 females. Among them, 12 were known
individuals (8 females and 4 males). 28 associatlmetween pairs of individuals were found
to be statistically significant using an exact .td3te HWI index allowed us to construct a
similarity tree (Figure 6.7, left). Individuals Witstrong HWI appear close together and at the
right of the tree. The HWI confirmed that preferredsociations between type “A”
community and all other community types were didticonfirming the existence of at least
two bottlenose dolphin (clearly differentiated) coomities around Mayotte.

Beside the association tree, a nuclear genetidagitgitree has been constructed (Figure 6.7,
right). Most individuals differ between the twodsebecause (i) only individuals sighted more
than 3 times were used for the half weight indemgotation and (ii) biopsies were realized
opportunistically so that some skin samples haen wellected on unknown individuals (i.e.
no photo-identification information). The strongegnetic link was observed between a
mother and her calf (1c and 1B, Figure 6.7, righblis confirms the validity of the method to
identify kinship. Genetic relatives were almost ereseen in association. In addition, despite
the low number of sexed individuals, we observedt thnost pairs or small groups of
individuals that are strongly associated are ofsdni@e sex. Overall, it appears that association
patterns and kinship are mostly unrelated.
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Figure 6.7: Association tree (HWI values), left; and geneéilatedness tree, right.

Discussion

This study documents fine scale population strectofr an isolated group of Indo-Pacific

bottlenose dolphins around the island of Mayottethe Mozambique Channel. It combines
analyses of genetic population structure, residerayging patterns and social structure to
assess the existence of communities around thadislaalso explores the social structure of
Indo-Pacific bottlenose dolphins in this particuéard geographically isolated territory. This

work is based on the sampling of 29 (genetic amalygand 31 (stable isotope analyses)
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individuals,i.e. around one third of the population size and phdémtification data over four
years (71 individuals identified). This study prdes insights about population structure of a
population of bottlenose dolphins over differenmmp®ral scales (long term with genetic

structure to short term with ranging and assoaigpatterns).

Evaluation of the study

The lack of polymorphism could be due to an inappede choice of marker. The DNA
sequence we used could have been too short tot ghetienorphism or the whole sequence
could be conserved (i.e. less likely to accumulamatations at the infra species level).
However, a blast in online sequences database®grnat the marker was polymorphic at
the species level: up to 4% of divergence was miedsan that same DNA fragment between
Tursiops aduncufrom Mayotte and from the western coast of India. 8 mutations along
the 250 base pair fragment; Jayasawta., 2008).

The main limitation of this study is the low raterecaptures of dolphins and, consequently,
the probable underestimation of the size of indimldhome range. In addition, the MCP
method is known for underestimating home range witiall samples (White & Garrott,
1990). In addition, our definition of communitiesdaranging patterns is empirical and it is
necessary to be cautious with the interpretatiothefresults. Nevertheless, the differential
rate of encounter of identified individuals, acaogd to the spatial coverage of effort,
underlines differential individual patterns of distition. This suggests that, even limited, the
data presented in this work over the four yearthefstudy (i.e. a fairly short period of time),
allow documenting some insights of fine scale papaoh structure of Indo-Pacific bottlenose
dolphins in this region.

Population structure

In term of genetic population structure, Indo-Facibottlenose dolphins form a single
panmictic group around Mayotte, with low genetigadsity. This low genetic diversity may
be attributed to the formation of the population dyimited number of individuals (e.g.
Barsonet al, 2009). Three main situations could explain theegje profile we observe in this
population: (i) bottlenose dolphins around Mayoptepulation are totally isolated from
surrounding populations; (ii) surrounding populasend migrants frequently or not towards
Mayotte, and share the same genetic pattern asnim@bserved in the Mayotte population ;
(i) surrounding populations send individuals tod& Mayotte that do not participate to local

reproduction, and thus do not contribute to theegpaol of the Mayotte population. This
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would explain why no signature of admixture hasnbémund. Furthermore, we have the
confirmation that the lack of mitochondrial polymbrsm at the population level reflects the
fact that a single matriarchal lineage is presen#layotte, and is not due to a poor choice of
marker. Indeed, up to 4% divergence has been fbetwleen the mitochondrial sequence of
Mayotte individuals and the same gene fragment esetpd in Indo-Pacific Bottlenose

Dolphins from west India (Jayasankaral, 2008).

Residency

Around Mayotte, Indo-Pacific bottlenose dolphinsvdiaa shallow-water and inshore
distribution. Numerous within-year and between-yemightings suggest that individuals are
resident around the island. However, a number dividuals have never been resighted, but
overall, this pattern of residency is relativelgngar to other areas of their range (Stensland
al., 2006; Wiszniewskiat al, 2009). The relatively high level of residency veapected due
to the geographic isolation of the island of MagoiThe closest island is Anjouan (Union of
the Comoros), 60 km away to the west of Mayotte, éinel northwest coast of Madagascar,
280 km to the east, suggesting some degree otimolaf Mayotte Indo-Pacific bottlenose
dolphins in the northern Mozambique Channel. Thland-associated pattern of residency
has been previously documented in similar oligdtropareas for the common bottlenose
dolphin, around the main Hawaiian Islands (Baetdal, 2009). A similar pattern could be
observed around the Comorian islands. Howeverynmdition on residency and home range
patterns of Indo-Pacific bottlenose dolphins arotiredother islands of the archipelago, where

this species has been previously reported, areniga¢Kiszkaet al, 2010).

Existence of bottlenose dolphin communities aroMiagotte

Based on the ranging patterns of individual dolphiour results suggest the existence of at
least two distinguishable bottlenose dolphin comitresraround Mayotte despite the absence
of geographical barriers to movements. The “type (A”= 9) community is made of
individuals with restricted home range, living ovegher depths and at greater distances from
shore. The second community probably includes theieging patterns, “type B, C and H".
Individuals have an extended home range and anoni@sHistribution. However, some
variations within this community have been obsenfethrge number of individuals (type B,

n = 21) exclusively range in the coastal watersuadothe island. An intermediate type of
ranging pattern (type H, n = 8), very similar tgp¢ B”, is characterised by a large home

range and intermediate bathymetric range. Typedblphins were also observed outside the
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lagoon waters, within the type “A” individuals ramgd-inally, a limited number of individuals
(type C, n = 5) also differ, as they only rangeha south of the island, in the coastal waters.
Communities “B, H and C” may be different, but odataset did not show significant
differences among them. The use of association ds@a supported the information on
ranging patterns and individual habitat preferen®e observed that type “A” individuals
were preferentially associated while the three mtoenmunity types were mostly associated
together. These two communities use different emvirents. One uses open and deeper
waters of a reef bank with higher fish biomass higther predator presence in the north-west
of Mayotte reef complex (Type A; Wicket al, 2010) and the other(s) use more coastal
waters located inside the lagoon. No evidence fiér@ince in group composition and size
among communities was detected.

The existence of communities has been documentelottienose dolphin (especially 1h
truncatug and in chimpanzee societies (Goodall, 1986). @hesmmunities are not
genetically isolated and individuals may change momity membership over time (Wells,
1986; Wellset al, 1996). Among geographical areas, patterns of caniit;mhome range may
be variable. Indeed, communities may overlap irrthenging patterns and live in direct
sympatry but differ in their foraging behaviour aswatial associations (Chilvers & Corckeron,
2001; Lusseaet al, 2005). In other areas such as Tampa bay, inddpmost communities
show little overlap in their ranges (Uriat al, 2009). Our study confirms that the two main
communities that were identified (A and B-C, ilee tnorthern community” and the “lagoon
community”, respectively) show little overlap. Howes, some substructure among
communities B, C and H could occur but more dagackrarly needed in order to resolve this
issue. The situation observed in individuals beloggo the H community is intermediate

between communities B and C, and individuals makgel movements across the study area.

Origin of community formation

Certain ecological factors may be more likely thathers to promote the formation of
communities (Uriaret al, 2009). These factors can be directly linked taadoehaviour, as
foraging strategies may be culturally transmitteohg matrilines (Nowacek, 1999; Kriitzeh
al., 2004). Our stable isotope analyses did not rededifferences of feeding strategies
between individuals, especially on the long-terma{gses conducted in the blubber). We also
expected that some individuals, such as those thmmorth (occurring farther from shore),
would have lowew13C signatures and that structure may occur witténpopulation. The

high variability of stable isotope signatures bedwenarine habitats around Mayotte (revealed
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by stable isotope signatures in fishes) has beeently revealed (Kiszkat al, submitted).
The important isotopic gradients within the lagaorerlined the probable existence of high
stable isotope variability among individuals. Iretpresent study, we rather showed a high
variance of the stable isotope signatures in skgueés, revealing a wide width of the feeding
niche of Indo-Pacific bottlenose dolphins aroundybtée (Bearhopet al, 2004), but not any
significant dietary segregation within the popwati Consequently, we do not have evidence
that bottlenose dolphins use distinct resourceébeaspecies level around Mayotte. However,
only differences in isotopic signatures are infotirewhereas similarities do not necessarily
imply that individuals share a similar trophic reglas different foraging strategies may result
in similar isotopic signatures. Nevertheless, wewsdd that some individuals do have
different ranging patterns. This could be linked ¢ompetition at the species level.
Competition is an interaction between individuaisgught about by a shared requirement for
resources, and leading to a reduction in survivprsgrowth and/or reproduction success
(Begonet al, 1986). Here we hypothesize Indo-Pacific bottlendslphins around Mayotte
use similar resources (but they can considerably waer time, cf. stable isotope signature
information from skin). However, they form commued in order to optimize space (and

obviously resources) sharing.

Social structure

Based on association and kinship analyses, itigeat that Indo-Pacific bottlenose dolphins
around Mayotte form a fission-fusion society, asesbed elsewhere in the world and in the
sibling specieg. truncatuge.g. Connoet al, 2000). This pattern of fission-fusion society is
also confirmed through sex information (even lidjt@f preferred duos, as pairs of known
sex were only made of same-sex individuals. Howesiace only a single matriarchal lineage
has been identified, we cannot totally exclude #&itmeeal society. To do so, we would need
to know the history of Indo-Pacific bottlenose dols at the scale of the region.

In some extreme environments, community structusg be more stable with the presence of
mixed groups with strong associations, such asanbfful sound, New Zealand (Lussegiu
al., 2003). Such situation may be enhanced by geogréggiation and ecological constraints,
as in environments with low productivity where leribse dolphins would need to greater
cooperate and increase group stability (Lusssaal, 2003). Mayotte is an isolated oceanic
island and similar conditions, such as insularitgl @eographic isolation, than in Doubtful
sound could have been encountered. However, no sitiidition has been observed. This

could be related to the relatively high predictipibf resources in time and space in low-
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latitude environments, such as in the lagoon of éftey (Rossbach & Herzing, 1999).
Analyses of kinship did also show that communitymmbhers are not genetically related. This
confirms that bottlenose dolphin communities areatmsed demographic units.

Conservation implications

The island of Mayotte is fast developing, with arcreasing human population (annual
growth of 3.47%). Multiple threats have been clheadentified in the coastal waters of
Mayotte and adjacent reef complexes, including ekes® of fishing resources and habitat
degradation. Bottlenose dolphins are also affedigddisturbances induced by dolphin
watching tours. It has also been recently shownhlbtlenose dolphins around Mayotte were
affected by skin diseases that may be due to doastaonment degradation (Kiszlkd al,
2009b). According to the first management plan @frime mammals around Mayotte, the
Indo-Pacific bottlenose dolphin is one of the ptiorspecies for rapid management and
conservation measures due to high levels of interss between the species and
anthropogenic threats (Pusineri & Kiszka, 2007)s®udy significantly contributes to better
understand the fine scale population structure afttldnose dolphin in this area. For
management purposes, marine mammals are genenallied into management units and,
ideally, the boundaries of these units should spoad to those of a biological population
(Urian et al, 2009). Within our study area, we underlined tlxéstence of at least two
bottlenose dolphin communities. We suggest thatsg¢henits need to be managed
independently. Indeed, fishing pressure (and reléh depletion) and disturbances seem
prevalent in the coastal waters of the lagoon, evimlthe northern area, less disturbances and
fishing pressure probably provide better habitatdtmons for “type A” bottlenose dolphins.
In other words, “type B” bottlenose dolphins, ligimround the island and closer to shore,

may be overexposed to human induced (direct aricertyl disturbances.
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Synthese

Dans le lagon de Mayotte, le grand dauphin de étR@cifique forme une unique population
panmictique. Toutefois, au moins deux communautiéslididus ont été identifiées. Ces
communautés sont constituées par des individusagageant un domaine vital commun et
étant préféerentiellement associés. Une communauméle vivre dans les eaux plus profondes
du nord de I'lle, notamment dans la zone du bacitatéle I'lris. L’autre se distribue dans les
eaux cotieres du lagon. D’autres communautés semnbéléster, mais davantage de données
de photo-identification sont nécessaires pour lefiooer ou non, notamment a travers
'analyse du domaine vital individuel. Les commut@susont formées d’individus qui ne sont
pas forcément apparentés, ce qui confirme le sthtgociété de type « fission-fusion » du
grand dauphin. La formation des communautés pduaxaiir comme origine le partage de
'espace et le comportement territorial chez cetipéce. Les traceurs isotopiques n’ont pas
permis de détecter de la ségrégation des habitimentation et des ressources. Ceci exclut
la possibilité de différences culturelles d’utitism des ressources. Toutefois, cette tendance
pourrait étre liée au faible échantillonnage papbies effectué.

Enfin, I'étude multi-échelle de la structure de plapion s’avere utile pour la gestion et la

conservation, notamment du grand dauphin de I'lRdoHique du lagon de Mayotte.
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Iscussion géneérale et
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7.1 Synthese des résultats

7.1.1 Structure de la communauté de delphinidédalette

Les eaux entourant I'lle de Mayotte se caractérigam une forte diversité des cétaceés
odontoceétes, tout particulierement de delphinidE3 ¢spéces au total). Les delphinidés
occupent tous les habitats présents autour de d@da cote et du lagon a pente insulaire et a
la province océanique. Le lagon est dominé par espce, le grand dauphin de I'lndo-
Pacifique T. aduncu}l La pente externe de la barriere récifale estidéenpar la présence de
deux especes : le dauphin a long b8clongirostriy et le dauphin tacheté pantropicdl. (
attenuatd. Enfin, les eaux océaniques et de la pente imsuant fréquentées par un cortége
diversifié d’especes plus rares, qui font égalententégulieres incursions a proximité de la
barriére récifale comme le péponocéph&ledlectrg et le dauphin de Frasdr.(hose). La
forte diversité de ces espéces semble étroitendendlla grande diversité d’habitats marins se
succédant autour de I'lle a des échelles spatfalbkes. En effet, dans certains secteurs de
I'lle, la cbte et l'isobathe des 1000 m sont espade 5 km. Entre ces deux « extrémes »
peuvent se succeéder le lagon (herbiers, récifgé&anmts, pinacles coralliens, lagon profond),
la barriere récifale et la pente insulaire (includes canyons et des monts sous-marins). Cette
situation suggeéere l'existence de processus a fulelle de ségrégation écologique des
delphinidés, définis par les trois dimensions daitde écologique : I'habitat, les ressources

et leurs variations temporelles.

7.1.2 Ségrégation écologique des delphinidés deoltay

L'étude de la ségrégation écologique des delphsnak Mayotte montre que les différentes
espéeces se partagent les habitats et les ress@utcagers les trois dimensions de la niche
ecologique. Toutefois, aucun indicateur (habitar&fgventiels, signatures isotopiques,
variations temporelles) pris indépendamment ne pemhe détecter une nette ségrégation
entre toutes les espéces étudiées. Cependantertibles des indicateurs combinés permet
aisément de détecter cette ségrégation. L’étudedoret en évidence la nécessité d’explorer
les difféerents axes de la niche écologique d’'unmrnanauté, notamment si celle-ci est
constituée par des espéces aux caracteéristiqugshotogiques proches, qui se partagent un
habitat spatialement restreint. De maniére génétalde la communauté vit en sympatrie
large, c'est-a-dire dans les eaux cotieres etipgulaires de Mayotte. Toutefois, certaines
especes vivent en sympatrie directe. C’est toutquéierement le cas des especes qui utilisent

les eaux de la pente externe de la barriere récif@mme le dauphin a long bec, le dauphin
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tacheté pantropical et dans une moindre mesureéfmnocéphale et d’autres especes

océaniques comme le dauphin de Fraser.

7.1.2.1 Partage des habitats

Le grand dauphin de I'Indo-Pacifique vit dans Igda et interagit tres peu sur le plan spatial

avec d'autres delphinidés. D’autres espéeces s@septes dans le lagon, mais en trés faibles
effectifs (dauphin a bosse) ou de maniere tregutigre (dauphins a long bec et tacheté).
L’habitat et les ressources alimentaires de cefpe@ se chevauchent trés probablement avec
le dauphin a bosse, mais ce chevauchement doitnétieur étant donné la trés faible taille de
la population de cette derniere (trois individus,Kiszka & C. Pusineri, données non
publiées). Le dauphin a bosse de I'Indo-Pacifiqieepu étre étudié du fait de sa rareté et
donc de sa faible accessibilité (peu de possibifpigur réaliser des biopsies, de suivis focaux,
etc.). De maniere générale, le grand dauphin aeld4Pacifique est exclusivement associé
aux zones cotieres peu profondes (< 30 m). Lesasiges isotopiques élevées &EC
indiquent une source benthique de carbone, quesssntiellement disponible en zone cétiere
(Figure 7.1). Le grand dauphin de I'Indo-Pacificaeedistribue également sur les hauts fonds
récifaux, notamment au nord de Mayotte ou il injérapatialement avec d’autres espéeces de
delphinidés, notamment le dauphin a long bec @aighin tacheté pantropical.

Les habitats des delphinidés présents a I'extédeutagon de Mayotte se chevauchent en
grande partie, ce qui induit I'existence de méaast fin de ségrégation écologique. Le
dauphin a long bec fréquente les abords externegaifubarriere, notamment pour accomplir
les phases de repos et de socialisation duramutage. Cette espéce occupe la zone de la
pente insulaire durant la nuit pour I'alimentatitorris & Dohl, 1979 ; Norriset al, 1994 ;
Gannier & Petiau, 2006). L’habitat du dauphin taéhgantropical est tres proche de celui du
dauphin a long bec. Toutefois, le premier tend distibuer a une plus grande distance de la
barriére récifale. Les signatures &éC sont faibles chez les deux espéces et trés moche
qui confirme la nature relativement similaire dergehabitats d’alimentation (Figure 7.1).

Le péponocéphale est un delphinidé océanique guida incursions irrégulieres le long des
abords de la barriéere récifale de Mayotte. Cetfge®s n’occupe donc les abords péri-
insulaires que partiellement. Toutefois, autour des océaniques, il semblerait que cette
espece ait un comportement proche de celui du daupHong bec. La journée, il est
essentiellement observé au repos ou en déplacqraardctif, a proximité des cbtes ou des
complexes récifaux (Brownedt al, 2009). Enfin, pour le dauphin de Fraser, peuades

ont pu étre collectées sur cette espéce présagartégulierement autour de Mayotte (une

130



observation durant toute la période d’étude). Effetoutefois tres régulierement signalée tout
au long de I'année par les usagers de la mer, moganinen association avec le péponocéphale
(N. Bertrand, communication personnelle). Ces desgéces sont de loin plus rarement
observées pres du récif barriere, ce qui seraibgiiement di a leur mode de vie plus
océanique (les campagnes d’observation autour degottéa se sont essentiellement
concentrées le long du récif barriére). Les sigmatusotopiques d&">C sont plus élevées
chez ces deux especes, notamment si on les comyperecelles des deux especes du genre
Stenella(Figure 7.1) Ceci pourrait étre lié a l'influence plus importardes sources de
carbone d’origine détritique, dont le gradient ssaint de concentration va de la surface vers
le fond. Le péponocéphale serait une espéce glimsiase a des profondeurs plus
importantes que le dauphin de Fraser et davantagere que les deux espéces du genre

Stenella.
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7.1.2.2 Partage des ressources

La variance importante de la niche isotopique dandrdauphin met en évidence que la
variabilité interindividuelle de sa niche alimeméaiest large (Figure 7.2 ; Bearhep al,
2004). Le large spectre de proies de cette esp@lggaaété mis en évidence dans d’autres
secteurs proches de Mayotte comme Zanzibar (Aghial, 2005). Le grand dauphin de

I'Indo-Pacifique se nourrit de proies diversifiéeles récifs et des petits fonds. Les
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observations des activités de chasse du grand saoph permis de déterminer quelques
proies de son alimentation. Il s’agit a la fois pteies proches des cotes comme le mulet
(associés aux sédiments vaseux proche des mangmvete proies épipélagiques de haut
niveau trophique comme les Carangidés (notam@entelampygys

Chez les especes océaniques, la variance deswsigmaotopiques est plus faible, suggérant
gue ces especes présentent une plus faible vagabiterindividuelle de l'alimentation
(Bearhopet al, 2004). Il est possible que leurs proies aientpnédictibilité plus importante,
ce qui est généralement admis en zone océaniquaaD&re générale, le dauphin a long bec
a le niveau trophique le plus faible. Le péponoeéplet le dauphin tacheté pantropical
exploitent des proies d’'un niveau trophique proethe;s que le dauphin de Fraser a un niveau

trophique trés supérieur a toutes les autres esplcdelphinidés océaniques (Figure 7.2).
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Ces caractéristiques reflétent assez bien les ésrae la littérature sur le régime alimentaire
de ces différentes especes. Ainsi, le dauphin g et s’alimenterait de céphalopodes et
poissons mésopeélagiques (< 20 cm) de la surfags ¢les migrations nycthémeérales) a
environ 400 m de profondeur (Dolat al, 2003). Le dauphin a long bec exploiterait des
proies épi- a mésopélagiques de petite taille i{Petral, 1973 ; Norris & Dohl, 1979 ; Norris

et al, 1994). Le dauphin tacheté pantropical s’alimesgsentiellement durant la journée de
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proies essentiellement épipélagiques (Peetiral, 1973). La nuit, cette espece s’alimente
également de proies épipélagiques de la familleedesoetidae (Richard & Barbeau, 1994).
La différence plus significative entre les deuxéegs jumelles du genftenellaest que le
dauphin tacheté s’alimente durant le jour (pewt-éggalement la nuit, ce qui n’a pu étre mis
en évidence) sur des especes épipélagiques a pdxde la barriere récifale. Les
comportements de chasse observés autour de Maymwittenontré que les poissons de la
famille des Exocoetidae étaient tout particulieretrablés. Toutefois, la niche isotopique du
dauphin tacheté pantropical est étendue, ce q@esagjue cette espece exploite une grande
diversité de proies (Bearhap al, 2004).

Le péponocéphale et le dauphin tacheté pantropittaties niveaux trophiques relativement
proches (Figure 7.2). Toutefois, leurs habitatdimientation (cf. signatures d&’C) différent

et le péponocéphale semble s’alimenter dans ddsusecplus profonds, ce qui serait en
accord avec un régime alimentaire basé sur desegpr@poissons et céphalopodes)
mésopélagiques (Young, 1978 ; Brownetl al, 2009). Enfin, le dauphin de Fraser se
distingue tres nettement des autres par son nitrephique tres supérieur (sur le lard en
particulier), notamment en comparaison avec le pépéphale avec qui il s’associe trés
souvent (Jefferson & Barros, 1997). Ceci confirngalément les données de la littérature,
indiquant que le dauphin de Fraser se nourrit deittace a environ 600 m de profondeur sur
des proies de grande taille (notamment en comparai®autres especes comme le dauphin a
long bec ; Dolaet al, 2003).

7.1.2.3 Variations temporelles

En termes de préférences de I'habitat, aucuneti@rigaisonniére n'a été observée chez les
différentes especes de la communauté. Par coafasjdnatures isotopiques étaient variables
chez l'ensemble des especes. Toutefois, cellexecaient lices a des maodifications
hydrodynamiques durant la saison des pluies dagantm’un changement saisonnier de
I'alimentation. L'absence de variations saisonrsate I'écologie des delphinidés de Mayotte
confirme la tendance générale de faible variabs&ésonniere des milieux tropicaux (e.g.
Cherelet al, 2008).

A linverse, les différentes espéces de la commigndont les budgets d’activités ont été
étudiés T. aduncust les deux especes 8eenella montrent que ces espéces se caractérisent
par des schémas différents. C’est tout particuliem le cas chez les deux espéces jumelles,
S. longirostriset S. attenuatale premier est un prédateur nocturne observénesbement

au repos et en phase de socialisation durant fageuLe second est aussi observé dans des
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phases d’activité similaires, mais également ers@li prospection alimentaire et de chasse.
Cette variabilité de l'utilisation des ressourcesnpet également de discriminer ces deux

especes.

7.1.2.4 Comparaison avec d’autres études similaires

Plusieurs études ont été réalisées sur la ségmagatiologigue des prédateurs marins
supérieurs. La majorité des travaux s’'axe surtoumtlad ségrégation alimentaire d’espéces
vivant en sympatrie (Ridoux, 1994 ; Dasal, 2003 ; Pusineret al, 2008), mais integrent
egalement parfois I'habitat (Papastamagbw@l, 2006). La seule approche intégrant les trois
dimensions de la niche écologique est trés récenteoncerne une étude sur les cétacés
(Praca, 2008). Des comparaisons avec des travaéreans peuvent étre envisagées selon les
différentes dimensions de la niche pris indépendanmtrou combinés.

L’étude indirecte des niches alimentaires par a®aties signatures isotopiques du carbone et
de l'azote, que nous avons entreprise a Mayottest sfortement développée chez les
prédateurs marins supérieurs depuis une décenné,cq soit chez les poissons 0sseux
(Ménardet al, 2007), les oiseaux de mer (Chezthl, 2008), les requins (Donret al, 2005)

ou encore les phoques polaires (Zktaal, 2004). Des approches concernant plusieurs grands
groupes d’espéces (poissons, mammiferes, oiseatndgalement été envisagées, permettant
d’intégrer une plus large diversité de prédateudas(et al, 2003). Selon les modeles
biologiques et les zones geéographiques, il appayaét la ségrégation isotopique varie
considérablement. Ainsi, la communauté des phogoksres en Antarctique se ségrége de
maniére significative (Zhaet al, 2004). A l'inverse, chez les oiseaux marins épigigues

du sud du Canal de Mozambique, un chevauchemertriamt des niches isotopiques a été
observé a l'échelle de la communauté (Cheteal, 2008). Toutefois, les delphinidés de
Mayotte montrent des différences relativement $iicatives entre les especes, que ce soit sur
le carbone que pour I'azote. Ceci serait lié adaure tres structurée des écosystémes marins
péri-insulaires (également révélée par les difféeenimportantes entre les différents
compartiments du lagon et de sa périphérie, cfigpd), de la cbte au domaine océanique. De
plus, les prédateurs plongeurs comme les delptlan@éinverse des oiseaux marins du sud
du Canal de Mozambique cités précédemment) s’atenéra des profondeurs variables ou
les gradients verticaux de sources de carbone rimoget d’origine détritique) sont
importants.

Au sein de la communauté de cétaces plongeursédéerranée nord-occidentale, les trois

dimensions de la niche écologique ont été explopées étudier les mécanismes de partage
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des habitats et des ressources. Pour chaque doneriss difféerentes especes de la
communauté se ségrégent (Praca, 2008). A Mayaites ségrégation ne pouvait s’observer
gue par la combinaison des trois dimensions déctzenCeci nous permet de montrer que le
climat et les gradients horizontaux et verticaudtddarge et surface-fond) semblent étre des
facteurs importants permettant ou non d’observes diférences significatives dans le

partage des habitats et des ressources au semcbommunauté.

La ségrégation écologique des delphinidés de Maystt étre schématisée (Figure 7.3).

Figure 7.3 : Mode schématique d'utilisation des habitats etrdesources par les delphinidés
de Mayotte (sourcescette étude ; Perriet al, 1973 ; Norriset al, 1994 ; Dolaret al, 2003 ;
Amir et al, 2005 ; Brownelkt al, 2009).
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7.1.3 Associations poly-spécifiques des espécesigsn

L’étude a montré que les delphinidés pouvaient &raes associations poly-spécifiques et
donc évoluer ensemble, au moins temporairementcoaus de la journée. Ces espéces
occupent des habitats relativement similaires Iloedlgs ne sont pas associées. C’est tout
particulierement le cas chez les espéces jumekedadcommunauté de delphinidés de
Mayotte, en l'occurrence le dauphin a long beceetdhuphin tacheté pantropical. Ceci
pourrait étre en contradiction avec la théorie diehes écologiques, car ces associations
temporaires induisent un chevauchement de [I'hahbita@is potentiellement aussi des
ressources. En effet, les trois avantages a laafitomdes associations poly-spécifiques sont :
une utilisation plus efficace (donc moins énergiyates ressources, une vigilance plus accrue
face aux prédateurs et les avantages sociaux, fianind’exploiter une plus grande gamme
d’habitats et d’expérimenter les interactions desigune espece ayant une plus grande taille
peut ainsi expérimenter le comportement de reptomiusur une espece de plus petite taille,
par exemple ; Herzing & Johnson, 1997).

La présente étude montre que le dauphin a longbkecdauphin tacheté pantropical utilisent
des niches écologiques distinctes, notamment révédar les signatures isotopiques et les
budgets d’activités significativement différents.arP ailleurs, aucun comportement
d’alimentation lors des associations poly-spéc#igqua été observé durant toute la période
d’étude. Ceci signifie donc que les associatiorieedas deux espéces jumelles sont liées a la
lutte (ou vigilance) contre les prédateurs. Le ddmup long bec semble étre le principal
bénéficiaire de ces associations. Celui-ci changabitat durant la journée lorsqu’il est
associé au dauphin tacheté pantropical pour béméfde la présence de cette espéce,
notamment lorsqu’il se déplace d'un site de repasiautre. Les avantages sociaux sont
eégalement possibles, puisque le dauphin a longobat exploiter une plus grande diversité
d’habitats lorsqu’il est associé au dauphin tachmetétropical. Toutefois, le comportement
d’association de ces deux especes met plus claiteemeévidence un avantage lié a la lutte
contre les prédateurs, abondants a I'extérieuragon. Aucune interaction directe entre les
deux especes, caractérisant des contacts sociaupunétre observée a Mayotte. Ceci ne
permet donc pas de valider I'hypothése selon ldgues dauphins tachetés pantropicaux
bénéficieraient également de ces associationslpqumatique de comportements sexuels, par
exemple.

Les associations poly-spécifiques ont été docurmeentians plusieurs zones géographiques
dans le monde entier chez les delphinidés (e.gidN&rDohl, 1979 ; Scott & Chivers, 1990 ;
Ballance & Pitman, 1998 ; Psarakes al, 2003 ; Dulau-Drouokt al, 2008). Toutefois,
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l'interprétation de I'origine de la formation descassociations n’est pas systématiquement
réalisée (e.g. Quérowt al, 2008). En théorie, les associations poly-spaeif) lorsqu’elles
ont un rdle fonctionnel (et qu'elles ne se formpas par chance), fournissent un bénéfice
evolutifs aux espeéces qui s’associent, ce qui retgeas le cas pour les espéces ne formant
pas de telles associations (Whitesides, 1989 ; ldaym& Buchanan-Smith, 2000). Aux
Acores, il a pu étre démontré que les delphinidétamment le dauphin tacheté de
I’Atlantique (Stenella frontalig le dauphin commurDelphinus delphiset le dauphin bleu et
blanc Stenella coeruleoallas’associaient pour permettre le regroupemenrd eapture plus
efficaces de leurs proies (Quéroeilal, 2008). Au Bahamas, le grand dauphintfuncaut$
interagit tres fréquemment avec le dauphin tachiltél’Atlantique pour pratiquer des
interactions sociales (Herzing & Johnson, 1997)lutte contre les prédateurs a été surtout
été documentée en zone tropicale pour plusieursgdiespeces, la ou les grandes espéeces de
requins exercent une forte pression de prédationiesudelphinidés. C’est le cas pour le
globicéphale tropical et le grand dauphin commumsda Pacifique est tropical ainsi que pour
le dauphin a bosse et le grand dauphin de I'Indofigae en Australie (Stenslaret al,
2003). Dans certains endroits du monde, les asgmtsaentre dauphin a long bec et dauphin
tacheté pantropical ont été documentées commeradgolile d’Oahu (Hawaii ; Psarakes

al., 2003) ou en zone océanique comme dans le Pazifigutropical (Norris & Dohl, 1979)

et dans I'océan Indien occidental (Ballance & Pittm&998). Alors que les associations en
zone océanique sont plutot attribuées a la luttéredes prédateurs, I'origine des associations
en zone péri-insulaire n’est pas claire. Ainsiplassion de prédation serait plus forte en zone
océanigue gu’a proximité des iles (Norris & Dot9,/9). Cependant, les pentes externes des
barriéres récifales sont I'habitat d’'un grand noendblespéces de grands requins, responsables
d’attaque sur les delphinidés comme le requin tiG@&eocerdo cuvigr le requin océanique
(Carcharhinus longimangsou le requin bouledogu€archarhinus leucgs Notre étude sur
les associations entre dauphin a long bec et dadgbineté pantropical montre que le partage
des ressources ne constitue par l'origine de ce®cedions. Cette étude est donc
complémentaire a celle sur les niches écologigeetadccommunauté de delphinidés. Elle
montre que d’'autres processus, en l'occurrence dida survie, sont a l'origine de ces
associations, en I'occurrence la lutte contre késlagteurs lors des déplacements. Notre étude
confirme donc lI'importance des associations en&exdespéeces pour la vigilance contre les
prédateurs.
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7.1.4 Formation des communautés chez le grand dawehl’Indo-Pacifique

Le grand dauphin de I'ilndo-Pacifique est une esp@@mnt dans les eaux cotieres de I'lle de
Mayotte. C’est également I'espéce pour laquellesnaxons le plus d’'information, et ce du
fait de sa grande accessibilité, de la grande ptigmod’individus identifiables et du fait de la
faible taille de sa population qui rend l'analysesddonnées de photo-identification
relativement aisée. De ce fait, 'analyse de lactre de population a fine échelle et de la
ségrégation intra-spécifique a pu étre étudiéee ét plusieurs échelles temporelle emboitées :
de I'échelle évolutive (structure génétique) a lWéite de la vie de l'individu (ségrégation
ecologique et fonctionnement social). Autour de dtsg; un unique groupe panmictique de
grands dauphins a été détecté génétiquement. Cortgrie des caractéristiques
bioécologiques de cette espece (préférence pouzoess cétieres peu profondes et forte
sédentarité), il semble que la population de gradwlgphins de Mayotte soit relativement
isolée des autres populations de la région. Toistefatilisation d’autres indicateurs de
ségrégation intra-spécifique a permis de détecterformation de communautés. Les
indicateurs écologiques utilisés, comme les sigratisotopiques du carbone et de l'azote,
n‘'ont pas permis de détecter des phénoménes desgsdign écologique entre les
communauté de grands dauphins. Ceci refléte pretadit qu’il n’existe pas de différences
d’utilisation des ressources entre les communaatéstout aussi probablement, que les
éventuelles différences ne sont pas discernableslegaanalyses isotopiques. De plus,
I'étendue de la niche alimentaire du grand dauptefietée par I'importante variance des
signatures isotopiques, semble importante. Ceccasfiorme a la littérature scientifique, le
grand dauphin de I'Indo-Pacifiqgue exploitant unamgte diversité de proies associées aux
récifs coralliens, aux herbiers marins de phanénagaet aux zones cétieres au sens large
(Mannet al, 2000 ; Amiret al, 2005). L’étude individuelle des habitats préféieda et du
domaine vital des grands dauphins du lagon de Mayopermis d’identifier au moins deux
communautés : une communauté vivant loin de la ebtel’extérieur du lagon en eaux plus
profondes et une (ou plus) vivant préférentiellengelintérieur du lagon, proche des cotes et
dans des eaux moins profondes. Les communautésomie pas formées d’individus
apparentés, ce qui suggere qu’elles doivent béegefie I'apport de nouveaux individus ou
du départ de membres, assurant un brassage géndtigtude de la structure sociale des
grands dauphins, plus particulierement des assmtsaéntre individus, a permis de confirmer
I'existence de ces deux communautés. Cependangitie de la formation des communautés
n'a pu étre déterminée et pourrait étre due a aedirs écologiques, notamment au partage

des habitats et des ressources qui S’y trouvers augsi comportementaux (territorialité).
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L’étude de la ségrégation écologique a I'échelteatspécifique a trés peu été documentée,
notamment chez les delphinidés. Les études exéstanbntrent par exemple que certaines
especes ont des stratégies alimentaires qui diffétequi seraient liées a la culture de groupe,
comme chez le globicéphale noir dans le détroiGdealtar (de Stephanit al, 2008). Ceci
pourrait constituer un mécanisme de ségrégatiologicque. Ainsi, le fonctionnement social
et la culture de groupe peuvent avoir une influeswgel’exploitation des ressources, comme
c'est le cas chez les mammiféres évolués commeddgshinidés. Certaines especes de
delphinidés se caractérisent par d'importantesatiaris intra-spécifiques de I'alimentation de
'occupation de l'espace, héritées des parents (igtzenet al, 2005). Dans notre cas,
aucune évidence ne permet de montrer une culturgralgpe dans l'alimentation, qui a
pourtant été montrée chez la méme espece danseladmrequins, en Australie (Conredr
al., 2000). Les communautés de grands dauphins detdayat un domaine vital distinct et
sont composeées d’individus qui s’associent prétéement mais qui n'ont aucun lien de
parenté. Les situations different a travers le neorices grands dauphins de la baie de
Moreton (Queensland, Australie) vivent en sympatias se caractérisent par des stratégies
alimentaires difféerentes (Chilvers & Corkeron, 2D@Mans la baie de Tampa, en Floride, les
grands dauphins ont des traits communs a ceux gethMagpuisque leur domaine vital ne se
chevauche pas (Uriaret al, 2009). L’hypothése de lorigine de la formatioresd
communautés semble donc étroitement liée aveclégmmais également le fonctionnement
social. Ainsi, les grands dauphins pourraient seagar I'espace (Mayotte, baie de Tampa) ou
les ressources (baie de Moreton) pour éviter déergn compétition. Une situation ou les
grands dauphins se partageraient a la fois l'espetcdes ressources est également
envisageable. Notre étude, réalisée sur une edpédement étudiable, permet donc de
démontrer que les mécanismes de ségregation égodogixistent a I'échelle spécifique et
gu’ils s’articulent probablement a travers les drdimensions de la niche écologique. La
dimension sociale doit également étre considéraes(dotre cas les associations), puisqu’elle

constitue une conséquence de la fragmentation pi@gt@ns en communauteés.
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7.1.5 Synthese générale
A la lumiere des différents éléments de la ségi@gatcologique, une synthése peut étre
établie aux deux niveaux abordés : les ségrégaitivas et intra-spécifique (Figure 4.3).

Espéce cétiere (n=1) Espéces océaniques (n = 4)

Ségrégation intra-spécifique Ségrégation interspécifique
Partage de I'espace Partage des habitats et des
ressources
Communauté du nord Communauté du lagon Habitat « barriére » Habitat océanique

Individus
préférentiellement
associées, non
apparentées

Prédateur nocturne Prédateur diurne Prédateur Prédateur
mésopélagique épipélagique mésopélagique épipélagique

Bas niveau Haut niveau Bas niveau Haut niveau
trophique trophique trophique trophique

Associations diurnes pour la
vigilance contre les prédateurs

Figure 4.Z: Ségrégation écologique inter- et intra-spécifiquezcles delphinidés de Mayotte.



7.3 Intégration de I'étude pour la gestion et la awservation

Cette étude fournit les bases écologiques de khogest de la conservation des delphinidés
autour de Mayotte. Elle décrit la composition dugdement (diversité), ses caractéristiques
générales telles que I'abondance relative, laetaiéds groupes et la distribution spatiale. Des
éléments fondamentaux d’écologie sont égalemergeptés, notamment ['utilisation des
habitats et des ressources (habitats préférentlmlslgets d’activités, utilisation des
ressources). Cette étude permet donc de fournibaless écologiques de la conservation des
delphinidés de Mayotte, qui constituent égalemestiddicateurs pertinents de la mesure de
la biodiversité (Sergiet al, 2006). Cette étude fourni des éléments pour kiaye du
delphinidé qui semble le plus exposé aux activitémaines, en I'occurrence le grand dauphin
de I'Indo-Pacifique. Il est notamment affectés pes dérangements dus a l'activité de
dolphin watching le trafic maritime de maniere générale, la dirtion potentielle de ses
ressources alimentaires mais également la dégoadddi la qualité de son habitat (Pusineri &
Kiszka, 2007 ; Kiszkat al, 2009b). Deux principales communautés de grandphilas ont
été identifiées autour de Mayotte : 'une qui oaelgs zones coétieres du lagon et l'autre qui a
un habitat plus profond et plus éloigné a la céesdle nord de I'lle. Les deux zones
géographiques correspondant au domaine vital ddezsescommunautés sont différentes : les
eaux cétieres du lagon sont plus dégradées paolasgants, I'érosion littorale et sont plus
appauvries sur le plan des ressources halieutidtr®, les dérangements issus du trafic
maritime et de I'observation commerciale des mararag marins sont plus importants, ce qui
implique que la communauté présente dans le lagbmples vulnérable que celle présente
dans le nord. Cet élément doit donc étre intégndr @ gestion de cette espéce a valeur

patrimoniale et économique forte.

7.4 Perspectives

Cette thése a permis d’étudier la ségrégation gimple des delphinidés de I'lle de Mayotte a
plusieurs échelles : inter- et intra-spécifiqueleEmet en évidence les processus de
ségrégation a travers les dimensions de la nichlegique : habitats, ressources et variations
temporelles. La dimension comportementale est ggale importante pour ces especes
évoluées, que ce soit a I'échelle de la commundiggpeces (formation des associations
poly-spécifiques pour le renforcement de la surviedis également a I'échelle intra-

spécifique (influence de I'écologie sur la struetaociale).

Toutefois, certaines approches complémentaires gitaient de mieux caractériser les

processus de ségrégation, notamment par une amadigieluelle des comportements diurnes
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et nocturnes, qui pourrait étre envisagée par lEmigrie. Le développement actuel des
balises pour leur adaptation a la nage rapide eighitidés, en évitant des impacts physiques
sur les animaux, permettront a l'avenir d’envisagette approche. A [I'échelle intra-
spécifiqgue, notamment pour le cas du grand daughirpoursuite de son étude devrait
constituer une priorité, notamment pour la gestbra conservation de cette espece. La
continuité du suivi par photo-identification etrizalisation de biopsies cutanées sur d’autres
individus permettraient d’affiner les informatiorsur le domaine vital individuelles,
'existence d'autres communautés ou encore les atians inter-communautés de
'alimentation a travers les traceurs de I'alimeiota (isotopes stables notamment). Enfin, une
meilleure connaissance des proies (abondance,sd@&)epar observations directes dans les
différentes zones du lagotJriderwater Visual Censusepour le grand dauphin) ou par
échantillonnage grace a d’autres prédateurs « éttbaneurs » dont les contenus stomacaux
sont disponibles (thons, espadons de la péche gra@dam locale) permettrait de mieux

appréhender la contrainte des delphinidés facalgpmnibilité de leurs ressources.
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Résumé

La diversité des delphinidés a Mayotte est tresomamte. Les espéces vivant en sympatrie
autour de Ile pourrait vivre dans une zone limitgar elles n’exploiteraient ni les mémes
habitats, ni les mémes ressources alimentairede @ttide préliminaire a pour objectif
d’étudier la ségrégation écologique des delphinmésents autour de Mayotte, notamment le
grand dauphin de I'lndo-Pacifiqguéursiops aduncyde dauphin tacheté pantropic8tenella
attenuata le dauphin a long be&tenella longirostriset le péponocéphal®eponocephala
electra.Deux approches seront utilisées. Les habitats qendtiéls seront étudiés par I'analyse
de données d'observations collectées en mer etiassoaux caractéristiques abiotiques de
I'habitat. Le partage des ressources sera étudid’gaalyse les signatures isotopiques du
carbone et de I'azote dans les biopsies de pede lerd des dauphins. Les résultats montrent
gue seulT. aduncusclairement associé avec les zones cotieres pEonales,se distingue
des autres espéces en terme d’habitat. Les troessaespéces partagent des habitats similaires
a I'extérieur du lagon, dans des zones a la pr&fondnclinaison de la pente et distance a la
cbte plus importantes. Ces espéces n’'ont pas pulitinguées par I'analyse discriminante.
L’analyse des isotopes stables confirment I'isolatécologique du grand dauphin de I'lndo-
Pacifique avec les trois autres espéeces océanifegslus,P. electraest clairement distingué
par rapport aux deux especes du geBtenella ce qui ne fut apparent dans les analyses
d’habitat préférentiel. Ceci refléte des différemacécologie qui ne peuvent étre constatées

grace a des données d’observations en mer colledtégant la journée.
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Abstract

Mayotte in the southwest Indian Ocean is charamdrby high dolphin diversity. They may
coexist within a fairly small area around the isldpecause they exploit neither the same
preferential habitats nor the same resources. preminary study aimed to investigate
ecological niche segregation among these delplimmdmunities: the Indo-Pacific bottlenose
dolphin, Tursiops aduncysthe pantropical spotted dolphiBtenella attenuatathe spinner
dolphin, Stenella longirostris and the melon-headed whalgponocephala electralwo
approaches were used. Habitat preferences werstigated by analysing dolphin sighting
data and associated physiographical characterigtiesource partitioning was explored by
analysing C and N stable isotopes in skin and ldulilopsies. Onlyl. aduncus which
showed clear association with coastal habitateenagoon, differed from the others in terms
of habitat preferences, characterised by shallopthdand slope, and proximity to the coast.
All other species shared similar oceanic habitasiédiately outside the lagoon, these being
of higher depth and slope, greater distance froen dbast and were not discernable by
discriminant analysis. The tw8tenellaspecies and the melon-headed whale displayed very
high overlap in habitat physiographic variablese Hmalysis of stable isotopes confirmed the
ecological isolation of. aduncusand revealed a clear segregatiorPoklectracompared to
the two Stenellathat was not apparent in the habitat analysiss Ty reflect ecological
differences that were not observable from diurnalase observations.

Keywords: dolphins, ecological niche, habitats, stable igey south-west Indian Ocean,

Mayotte.
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Introduction

In biological communities, each species has its awamue niche, which provides the
conditions and resources needed for its survivakhared resource in limited supply will
bring about competition between members of the sgmeies (intra-specific competition) or
between individuals of different species (interefie competition). Competition can take
two different forms: interference, which is a direoften aggressive, interaction between
individuals, or exploitation-competition, in whicindividuals interact with each other
indirectly, by responding to a resource level whiws been depressed by the activity of
competitors (Begoet al,, 1986).

A niche occupied by a species in the absence opetitars is termed its fundamental niche,
whereas in the presence of competitors, speciesbma&pnfined to a realized niche, which is
shaped by the presence of competing sympatric epd8iegonet al, 1986). Hence, the
coexistence of potentially competing species isrofhade possible by the differentiation of
their realized ecological niches. The first meckanthat allows for niche differentiation is
resource partitioning. In this case, different sgediving in the same habitat exploit the
resources differently. For example, predators @edint size may feed on prey of different
size, hence minimising the overlap between theouaripredators’ prey size ranges. Prey
specialization presumably allows for niche pariing in areas of sympatry (Ballance, 2002).
The second mechanism involves spatial (microhalifégrentiation) or temporal separation
in the availability of the different resources @bebecome available at different times of the
day or different seasons of the year; Huisman &38lag, 2001).

Small delphinids belong to numerous species whidweh similar morphological
characteristics. This situation suggests that $icede mechanisms allow for the partitioning of
habitats and resources when and where the diffspaties live in sympatry. A study of the
cetacean community of Great Abaco, Bahamas, hasrshtiwat the ecological niches of the
four species that permanently live there do notlape(MacLeodet al, 2004). These species
capture prey at different depths of the water colu@ther cetacean species are observed in
the study area only during the season when prepdance is sufficiently high to support
their presence, while they are competitively exetlifbr the rest of the year (MacLeetlal,
2004). Indeed, the spatial distribution of marinedators is mainly determined by the
distribution and availability of their prey, these turn varying according to physical,
chemical and biological characteristics of the watasses (Forcada, 2002).

The dietary ecology of marine mammals and theiphio level can be determined using

different methods: traditional methods analyse éaeand regurgitated food of living animals,
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as well as the stomach contents of dead animals (ftrandings or by-catch; e.g. Pusiregtri
al., 2007). A more recent method for studies of dietrology is stable isotope analysis of
blubber, skin or muscle samples (Beartaipal, 1993). The carbon and nitrogen isotope
ratios (°C/%C and™®N/**N, expressed hereafter &SC ands**N) of a consumer reflect those
of its diet, with a slight retention of the heavigotope and excretion of the lighter one (Bas
al., 2003). As a consequence, tissues will be erdichigh heavy isotopes at every trophic
level. The minor stepwise trophic enrichment of tabon-isotope ratio limits its use in
assessing trophic levels, but enhances its ugadkihg carbon sources through a food chain.
The carbon isotope ratio of secondary and tertansumers should thus reflect the source of
carbon at the base of their food chain (Kelly, 200he higher enrichment of the nitrogen
isotope ratio of consumers compared to their praieas it very useful for the determination
of their trophic level (Kelly, 2000). Thus, bothtics help elucidate trophic relations and
habitat use.

Mayotte a volcanic island in the northern Mozambique Cha(smuthwest Indian Ocean), is
characterized by the permanent presence of mone2bapecies of cetaceans (Kisataal,
2007). Of these, the most important in coastal igadee the Indo-Pacific bottlenose dolphin,
Tursiops aduncugEhremberg, 1833), the pan-tropical spotted dolpBtenella attenuata
(Gray, 1846), the spinner dolphig, longirostris(Gray, 1828), and the melon-headed whale,
Peponocephala electréGray, 1846) The island has a great variety of marine ecosystems
offering a large diversity of habitats: coasts, grames, an extended lagoon (1100%km
different kinds of reefs (fringing, pinnacles, ahdrrier), a steep insular slope with many
submarine canyons and seamounts, and the open (@eadet al, 2000).At least twelve
species of delphinidsiay coexist in a fairly small area around the islandduse they exploit
neither the same habitats nor the same resourdegkéet al, 2007) The present study
aimed to investigate ecological niche segregatimoray the resident dolphin community of
Mayotte, especially the Indo-Pacific bottlenoseptiot, the pantropical spotted dolphin, the
spinner dolphin and the melon-headed whale. Weeardrated on these four species as they
are of fairly similar size and can be found withire same proximity around Mayotte, in
closely-related habitats within a small area andllateasons (Kiszkat al, 2007). This is
particularly so for the twdStenellaspecies and the melon-headed whale which are all
encountered immediately outside the barrier-reed an the channels, whereas existing
literature suggests that they would be more diffeaged habitat-wise, with the spinner
dolphin feeding offshore but resting inshore, thedan headed whale being an oceanic squid-

eater and the Indo-Pacific bottlenose dolphin dnglin nearshore coastal habitats (Noets
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al., 1994; Silvaet al, 2005; Perryman, 2002; Wells & Scott, 2002). Tagproaches were
used for the study: a comparison of habitat by dhalysis of dolphin sighting data and
associated behavioural and physiographic charatteri(group size, depth, slope, distance to
the coast and proximity to the different kinds eéfis), and the study of habitat and resource

partitioning by the analysis of C and N stableapats from skin and blubber biopsies.

Material and methods

Study area

The volcanic island of Mayotte (45°10'E, 12°50’Skhich is part of the Comoros
archipelago, is located in the northern Mozambidtigannel (Indian Ocean) between
Madagascar and Southeast Africa. Its surface ar8@é kniand it is composed of two main
islands and about 30 islets scattered within andrad a lagoon. Mayotte is surrounded by a
large lagoon-reef complex, whose width varies fidno 15 km. Fringing reefs surround the
archipelago, an inner double-reef is present @fabuth-west end of Mayotte, and the barrier
reef, which is interrupted by numerous channelgases the lagoon itself (maximum depth
80 m) from the external slope and more oceanicta@birhe four species of interest, the
Indo-Pacific bottlenose dolphin, the pantropicabtsgd dolphin, the spinner dolphin, and the
melon-headed whale, range in size from about 20@ed90 kg for the spinner dolphin to
250 cm and 250 kg for the melon-headed whale {@®e2002a,b; Perryman, 2002; Wells &
Scott, 2002).

Data and sample collection

Data were collected from 1997 to 2005, during snmmht-based surveys dedicated to
studying marine mammals (Figure 1). Several typeboats were used: a 7 m catamaran
equipped with two, four-stroke, 60-hp outboard ergi a 7 m boat equipped with two, two-
stroke, 40-hp outboard engines; a 6.4 m cabin égaipped with an inboard four-stroke and
150-hp outboard engine. Surveys were conductedhglaiaylight hours, i.e. between 0700 h
and 1800 h, in sea conditions not exceeding Beta@forhe survey vessels did not follow

pre-defined transects but sampling covered alltatgowithin the lagoon and over the external
insular slope (Figure 1). Effort varied accordilmgnhionth (Figure 2), with more effort being

applied in the austral summer (November to Janudi#hen dolphins were encountered,
preliminary information records included group si@@aximum, minimum, best estimate),

geographic position, activity (travelling, restirfgraging/feeding, socialising, milling, play),

group classification on the basis of the relatie ®f individuals (adults, sub-adults, calves),
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research boat disturbance (bowride, approach, amo& no response) as well as group
formation (tight, loose, dispersed, variable, cogeat; Shane, 1990; Wursgg al, 1998).
This study is still on-going and, therefore, onlyetsighting locations and associated

physiographic variables are analysed here.

LRy

12 Kilometers

Figure 1: Location of the study area and observation rofrtaa July 2004 to August 2005.
Isobath (left) and GPS tracks of sighting survayghf) are shown around Mayotte Island

with barrier reef.

When conditions were optimal (good weather andss&@, dolphins closely approaching the
boat), biopsies were collected using a cross-AWRNETT Veloci-Spe@dClas9 with Finn
Larsen bolts and tips (20-mm). The dolphins weteblow the dorsal fin, when close (3-10
meters) to the research boat. Sampling periodsngokall seasons but sample sizes did not
allow seasonal comparisons (January, August anereer forT. aduncus N=4; January,
February, March and October f8r attenuataN=4; February, March, May and October $r
longirostris, N=5; March, July and December fBr electra N=4). It was not possible to
determine sex, size or age of the individuals bexpsBlubber and skin biopsy samples were
preserved separately in 90° ethanol before shipambsubsequent analysis. Biopsy sampling

was conducted under scientific permit #78/DAF/2004.
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Database

We constituted a database in which every dolphisenlation was associated with the
physiographic characteristics (distance to the tcdasthe different reefs and to the closest
channel, as well as depth and slope of seafloorthedvariance of these two parameters)
corresponding to the GPS (Global Positioning Systiexes of the observation. The distance
data were obtained using GIS (Geographic InformaBgstem) software ArcView (ArcGIS
8.2) by ESRI (Environmental Systems Research us)it Bathymetric data were obtained
from Service Hydrographique et OcéanographiqueadMarine (SHOM). Interpolation of
bathymetry data, needed to generate depth and dettpefor each sighting, was undertaken
with the extension Spatial Analyst by kriging treorenation of the raster file into an
interpolated data file. This was obtained by catnf the mean value of the twelve points
closest to every bathymetric point in a 1%grid. This interpolated data file thus allowed us
to generate depth and slope data over the wholdy stmea and therefore to associate

bathymetry data to any dolphin observation in tleaa

Data analysis

The environmental data were first compared betwssgries using basic methods (non-
parametric analyses and ANOVA). Then we used nmartate statistical methods including

discriminant linear and quadratic analyses to erarhow well sightings were assigned to the
correct species from the combination of associptegiographic variables. All methods were
implemented with the software R (R-2.2.1, R Devaeiept Core Team, 2005).

Stable isotope analyses

Blubber and skin were separated for each biopsg.efhanol they contained was evaporated
at 45°C over 48 h and the samples were groundraedd-dried (Hobsoet al.,, 1997). Lipids
were extracted using cyclohexaneHi&,) prior to analysis because they are depletéiC; if
they were not extracted, this would cause a bighkénisotopic signature ¢fC (De Niro &
Epstein, 1978; Tieszeet al, 1983). Small sub-samples (0.35 to 0.45 m@ G001 mg) were
prepared for analysis. Stable isotope measurenvegns performed with a continuous-flow
isotope-ratio mass spectrometer (Isoprime, Micranasupled to an elemental analyser
(Eurovector EA 3024). Results are expressed notation relative to PeeDee Belemnite and

atmospheric Nfor §*°C ands™N, respectively, according to the equation
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X = [M—l}xlooo
Rstandard

Where X is™*C or®N and R is the isotope ratfdC/*°C or >N/*N, respectively. Replicate

measurements of internal laboratory standardsdaitele) indicated that measurement errors
were <0.15% and <0.20%. fa3*C and 8N, respectively. Percent C and N elemental
composition of tissues were obtained using the efgah analyzer and used to calculate the

sample C:N ratio, indicating a good lipid removiliceency when <4.

Results

General

Our cetacean sightings comprised 394 positionah dat S. longirostris(n = 208), S.
attenuata(n = 88), T. aduncugn = 83) andP. electra(n = 15) in all sectors around Mayotte
(Figure 2) and all seasons (Figure 3). Indo-Padibttlenose were mostly found within the
lagoon, very often in the immediate proximity oétfiinging reef, and to a lesser extent over
the North West bank located outside the main bargef. The twoStenellaspecies were
observed all along the barrier reef on its outde ©ind made only a few incursions into the

lagoon. Finally, the melon-headed whale was oninsritside the barrier reef.
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Habitat use and niche partitioning
A preliminary Principal Component Analysis (PCA fploot shown) allowed us to select

group size, distance to coast, depth and slopkeaset of physiographic variables with least
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redundancy. Distances to the various reefs andetméarest channel were heavily redundant
relative to distance from coast and therefore ma&ined. A simple comparison of the
distribution of these variables for the four fospkcies was performed using Kruskall-Wallis
tests (Figure 4)T. aduncusis observed at short distances from the coast sfithllow
bathymetry and moderate slopes, whereas the ofinee tspecies cannot be significantly
differentiated in terms of habitat characteristitis. particular, the twoStenella species
manifested similar characteristics in group sizd anvironmental preferences. On the other
hand, group size differed strongly betwderaduncughat lives in small groups (median = 6)
andP. electrathat is mostly found in groups of several hundretividuals (median = 300).
Linear discriminant analysis separated the spea@esording to their environmental
characteristics (Figure 5). The predictive powethaf linear discriminant analysis was good
only for T. aduncusvhich can be explained by its habitat preferendeble 1, upper part).
The other species’ habitat characteristics weresiovolar to permit acceptable predictions.
The good prediction foB. longirostrismight be attributable only to the considerable ham
of sighting data for this species. Finally, the dpaic discriminant analysis provided slightly
better predictive results, especially forelectra(Table 1, lower part).

The different methods used to compare the prefenedaitats of the four delphinid species
under study all clearly showed thkt aduncudliffers from the other species in its preferred
environmental parameters. attenuataand S longirostris share similar environmental
characteristicsP. electrais characterised by a larger group size and desgyeth preference,
but resemblesStenellain terms of the majority of its other environmengaleferences

(distance and slope).
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Figure 4: Delphinid sighting median values, 50, 75 perdestand outliers of (a) group size,
(b) distance to the coast, (c) depth and (d) seafitope. Kruskal Wallis tests showed thiat

aduncudiffered significantly in all cases wirvalues <10.
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Figure 5: Sighting density for melon-headed whale (dotted)| pantropical spotted (black
line), spinner (dashed line) and Indo-Pacific lepitise dolphin (dashed and dotted line) along

the first discriminant axis.
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Table 1 Discriminant analysis: linear and quadratic pcadns for the four species. Each
sighting was assigned to one of the four study ispeon the basis of its associated
physiographic characteristics. Only. aduncusdata were correctly assigned to the right
species whereas all others were mostly assignédl tongirostrisas they all share similar

habitat characteristics.

Linear discriminant analysis

Peponocephala electra  Stenella attenuata Stenella longirostris Tursiops aduncus
P. electra 2 3 5 0
S. attenuata 1 3 1 2
S. longirostris 12 79 194 19
T. aduncus 0 2 8 62
Good prediction 14% 3% 93% 7%

Quadratic discriminant analysis

Peponocephala electra Stenella attenuata Stetmiigirostris Tursiops aduncus
P. electra 11 4 4 0
S. attenuata 1 18 18
S. longirostris 3 46 131 4
T. aduncus 0 19 55 78
Good prediction 79% 20% 63% 96%

Resource partitioning

Stable isotope ratios were lower in blubber thaskin but the pattern of differences observed
between species was similar in both tissues (Figur&kin and blubber of. aduncushave

the highest values @'°C. The twoStenellaspecies are not discernable from each other as
shown by the extensive overlap in standard deviafito both5*°N and§*C, and have the
lowest values foB™*C. P. electrahas the highest*°N and a5™°C values that are intermediate
between those for the twStenellaspecies and’. aduncus The intra-specific variance is
represented by the standard deviation, which isenoportant for the'°C values than for
the 8'°N, except in the blubber samples Bf aduncuswhere intra-specific variance in the

8N is prevalent.
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Figure 6: Stable isotopest®C ands™®N in %) values in delphinid blubber (right-hand pind
and skin (left-hand graph). Graphs show averageegaland standard deviations. Black
squares represeBt longirostris(N=5), whites squareS. attenuatgN=4), black diamonds.
aduncugN=4) and white diamondB. electra(N=4).

Discussion

The present study comprises a preliminary analgkiBabitat and resource use among an
assemblage of co-existing tropical delphinids iveround Mayotte in the southwest Indian
Ocean. The principal finding is that, among therfepecies of interest, the Indo-Pacific
bottlenose dolphin is clearly differentiated frotretother species in terms of both habitat
preference and stable isotope analyses. From tiebles tested here, the other three species
can hardly be separated in terms of their prefenaduitats but stable isotope analysis revealed
a dietary segregation between the melon-headedewdnrad the two species of the genus
Stenella This was not initially evident in the sighting tdaanalyses that described the
dolphins’ diurnal use of habitats. However, somaithtions render these findings
preliminary. The sightings constituted presencer@dta as the observation effort could not
be readily quantified and, hence, the data canrmtige significant information concerning
dolphin absence. In this work, we tried to chanastethe habitats where dolphins were
found, not assess the overall distribution of egjocies around the island. Nevertheless, the
field surveys comprehensively covered the studw arech that all habitats were visited and
the sighting data of the four focal species werasmered representative of their habitat
preference.

The Indo-Pacific bottlenose dolphiffursiops aduncysoccupies an ecological niche that
clearly differs from those occupied by the otherdgtspeciesT. aduncusvas observed only
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inside the lagoon except in the northern part efitand where the reef system is in the form
of an open bank outside the lagoon. This specigengrally found close to the fringing reef
which constitutes the ecosystem where prey ofdbastal dolphin may be concentrated. The
high 8*C value in its tissues indicates a benthic carbmmce that dolphins more easily
access in coastal habitats (Hobson, 1999). Thisepéas indeed been observed feeding near
mangroves, along the fringing reefs or over seagbesis. Its isotopic signature &FN is
similar to that of the twdtenella but this cannot be interpreted as an indicatibaimilar
trophic levels as thé'N values of the local primary producevsrsusthose outside the
lagoon have not been investigated at this stage.

T. aduncudives and forages individually or in small groupside the lagoon, where the
water is shallow and large predators are absentpavbably feeds on prey that would not
aggregate in large schools (Maenal, 2000). Indo-Pacific bottlenose dolphins foragero
reefs or soft bottom substrata and near the sletaéively close to the island of Mayotte and
around Zanzibar (Tanzania) (Anat al, 2005).

The pantropical spotted dolphin and the spinnepldalshare a barrier reef-associated habitat
outside the lagoon. They are also found where thiemdepth rapidly attains a depth of 100
m. In comparison to the Indo-Pacific bottlenoseptiol, their tissues had a lowstC,
suggesting it was derived from an oceanic carbaincgp oceanic phytoplankton is reported to
be *C-depleted relative to marine phanerogams (Hobd®99). Their isotopic ratios
suggested their diet comprised oceanic prey.

S. attenuataand S. longirostriscan occasionally be observed inside the lagoorrevtiey
might take advantage of the safety it providesrésting. This kind of behaviour has been
observed in Hawaiian spinner dolphin populationor(ld et al, 1994). S. longirostris
generally lives in single-species groups from salvetozens to several hundreds of
individuals, e.g. around the main Hawai'i islando(Ns et al, 1994). Their aggregation in
large groups might offer some protection againstiators but it might also facilitate feeding
through communal hunting on large pelagic fish stholn the present worls. attenuata
was rarely observed in single-species groups bst gesmerally found in association wigh
longirostris, forming important mixed-species groups. Both sgmamight take advantage of a
larger group size for safety and foraging. Nevdetbge a large group size increases the
potential for intra-specific competition as welliager-specific competition if the two species
feed together. A study in the southwest Atlantis Isaown that distributions of spotted
dolphins and spinner dolphins may partially over{forenoet al, 2005). Associations of

spotted dolphins and spinner dolphins are frequdatind in Hawai'i, where the two species
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travel together while showing many aggressive adtons, but they do not seem to feed
together (Psarakost al, 2003). Conversely, in the Azores, common dolghidelphinus
delphis and Atlantic spotted dolphinStenella frontalisassociate and forage together (Clua
& Grosvalet, 2001). AS. attenuataand S. longirostrishave similar habitat preferences and
similar isotopic signatures, both for carbon antlogien, there is no evidence of ecological
niche differentiation in these two species. Twoi@m could be investigated in the future:
either the two dolphins share the same resourcdiseirsame habitats, presumably because
food is not limiting there, or they segregate wkesding on different resources but their prey
have similar isotopic signatures because they oelythe same carbon source at the same
trophic level.

The melon-headed whal®eponocephala electygrefers steep slopes and slightly deeper
water than the twdtenellaspeciesPeponocephala electrborms large groups of several
hundred individuals. As it was always observed ihabitat that overlaps with that of the
spinner and spotted dolphins, analysis of its labtharacteristics failed to distinguish
between it and the tw8tenellaspecies. This might be due to the fact that mékesaded
whale sightings were only made on groups that occasipragproached the island, as the
surveys were conducted in a limited area arounddteyand groups living farther offshore in
the open ocean would not have been observed.drcéisie, our understanding of the preferred
habitat of this species remains marginal, beingtdichto its nearshore fringe. Stable isotope
analysis, on the other hand, clearly showed thexetis an ecological differentiation between
P. electraand the twoStenellaspecies. Values of*>C for P. electras were intermediate
between those of thetenellaspecies and. aduncusThis would suggest that carbon isotopic
composition ofP. electrais influenced more by benthic primary productibart that of the
two Stenellaspecies Peponocephala electreés known for its oceanic habitat (Perryman,
2002), and possible interpretations fordt&C include the possibility that it is a deep-diving
species that feeds on prey derived from a dethased food web unlike ti&tenellathat feed

on a phytoplankton-based food web. In additiBn,electraclearly differs in its3'°N, this
being indicative of a higher trophic level, suggestits diet includes more carnivorous fish
and squid than the spotted and spinner dolphingimigas inT. aduncus all sources of
primary production should be investigated concegrtimeir 5*°N to adequately interpret the
trophic levels.

If there is high inter-individual variance in t&N (versus3™*C) values within a species, the
interpretation is that the species is composedcdividuals that have varied feeding habits

and prey on organisms at different trophic levéfSN) or are found in different habitats
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(6%3C). A low variance indicates that all the indivithiare specialist feeders on similar prey
or within the same habitat. Thus, stable isotop#gamae is sometimes considered a measure
of niche width (Bearhogt al, 2004) or at least the inter-individual measur@iohe width.
Results of our stable isotope analysis indicate Fhaelectrais a fairly specialized feeder,
whereasS. attenuataS. longirostrisand especiallyT. aduncuswould be more eclectic
feeders, which, in the latter case, is in line vaitavious studies (Mangt al, 2000).

Detectable differences between the standard demmin the stable isotope composition in
the skin and blubber samples might be attributebleir differential rates in tissue renewal:
this takes a few days for epidermis but severalthofor the collagen matrix of the blubber
(Abend & Smith, 1995). The residence time of eletman tissues depends on metabolic
turnover rates (Rubenstein & Hobson, 2004). Thisbées tracking of an animal’s foraging
history as demonstrated by a study on pilot wh@sbicephala melgsin the North Atlantic
(Abend & Smith, 1995).T. aduncusand the twoStenellaspecies clearly differ in the
respective isotopic carbon signatures in their glad blubber, indicating that they feed on
trophic webs with different carbon sources overltimg term.

Each species’ habitat preference is presumablydb@aseheir prey distributions (Baumgartner
et al, 2000) which, in turn, are related to water defpilastieet al, 2005)and, indirectly,
bathymetric features that influence currents anddgpetivity (Fiedler, 2002). Foraging
behaviour seems to be closely related to submdrai®tat characteristics (Hastet al,
2004). 1t has been demonstrated that a variable bathynuetngributes to global delphinid
abundance, promoting the regional abundance ofréift species (Gannier, 2005). The rich
marine biodiversity of Mayotte is possibly relatedits variety of habitats and these provide
numerous ecological niches for delphinid prey.

Conclusions

The present study provides preliminary ecologicaligations of niche differentiation and
resource partitioning within the Mayotte delphicmmmunities. The only species that differs
from the others in terms of habitat characterisiiesthe coastal-dwelling Indo-Pacific
bottlenose dolphin, whereas pantropical spotted sgomaner dolphins and the melon-headed
whale share similar oceanic habitats immediatelgida the lagoon. Stable isotope analysis
confirmed the ecological specialisationTofaduncusand, in addition to this, revealed a clear
segregation oP. electra from to the twoStenellaspecies in terms of their feeding that was
not apparent in the habitat analysis. This mayectfbehavioural differences that were not

detectable from diurnal surface observations. Furtivork should strengthen these
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conclusions through dedicated sampling of habitatepence and an expansion of the stable
isotope studies. These should focus on seasoaabehl in food partitioning and the isotopic
composition of a series of putative prey species @mmmary producers characteristic of the

inshore-offshore gradient of habitats found aroltayotte.
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Résumé

L’échantillonnage par biopsie est une techniquecdkiecte de tissus efficace pour bon
nombre d’'analyses biologiques. Cependant, déterniimepact comportemental de cette
pratique de recherche est important du fait quai-©glpeut potentiellement varier en fonction
des localités, des espéces ciblées et du matéitise uDans cette étude, nous avons examiné
les réactions comportementales de quatre espeqgastittedelphinidés (d’une longueur totale
variant de 160 a 278 cm), a savBtenella longirostrisStenella attenuatalursiops aduncus

et Peponocephala electrgdace a I'échantillonnage par biopsie autour die Ide Mayotte
(12°50'S, 4510°E, sud-ouest de I'océan Indien). Deux échellat &é considérées : 1- la
réaction comportementale de I'individu ciblé paichantillonnage ; 2- la réaction du groupe
focal dont l'individu ciblé dépend. Trois grandegégories de réactions ont été définies sur la
base des caractéristiques et de la durée desosmctiaible, modérée et forte. Cette étude met
en évidence que I'échantillonnage par biopsie indas réactions essentiellement modérées
de la part des individus ciblés. Aucune différesigmificative des réactions ont été observées
entre les espéces, que ce soit a I'échelle desiddi ou des groupes focaux. En d’autres
termes, les petites especes de delphini@ésnéllasp.) ne montrent pas de réactions plus
importantes et plus fréquentes que les plus grafidexiuncusP. electrg. Aucun effet de la
taille des groupes sur l'intensité des réactiorepeddant, il est clair que le succes de collecte
d’échantillon est plus important lorsque les graum®nt plus importants (plus grande
disponibilité d’individus autour du bateau). Enfechez le dauphin a long bec, espéece pour
laquelle nous disposons d’'un grand nombre de denméasus avons eétudié si l'activité
comportementale des animaux avait un effet sunile=saux de réaction. Les groups au repos
et en phase de socialisation montraient des réactus fortes que les groupes en
déplacement ou engagés dans des déplacementsraotiodnels. Cette étude met donc en
evidence que limpact des biopsies sur le compategndes dauphins demeure limité.
Cependant, pour le principe de précaution et paouitdr I'impact des biopsies, il est
recommandé de pratiquer I'échantillonnage quandadephins sont en déplacement.
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Abstract

Biopsy sampling is an effective technique to cdlleetacean skin and blubber samples for
various biological studies. However, determining timpact of this research practice is
important, as impact may vary among sites, spegsgear used. We examined the short-
term behavioural reactions of four small (160-278 ia length) delphinid specieStenella
longirostris, Stenella attenuataTursiops aduncusand Peponocephala electyato remote
biopsy sampling around the island of Mayotte°6IP2S, 4510'E, SW Indian Ocean). Two
scales of behavioural reactions were considerethelbehavioural reaction of the individual,
and 2- the reaction of the focal group to which trgeted individual belonged. Three main
categories of behavioural responses were defingtlebasis of the character and duration of
behavioural response: low, moderate and strongs 3tuidy underlines that biopsy sampling
induces moderate reactions of individuals. No sfgcific variations of responses, at the
scale of individuals or focal groups, were obseriadther words, smaller delphinids were
not more reactive than larger ones. No effect oligrsize was observed on the strength of
behavioural reactions. However, it was clear thap$y success during sampling sessions
was higher in species with large group size. Fnail the spinner dolphinS( longirostri3,

we investigated whether initial behavioural stafecied the level of reaction. Resting and
socialising groups showed a stronger responserthiing and travelling groups. This study
confirms the limited impact of remote biopsy samglin small delphinids, especially in the
spinner dolphin. However, as a precautionary aggroa situations where it is possible,

biopsy sampling of milling and travelling dolphimsay be preferred.
Keywords: animal welfare, delphinids, group reactions, imdinal reactions, Indo-Pacific

bottlenose dolphin, melon-headed whale, pantrogigatted dolphin, spinner dolphin, remote

biopsy sampling.
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Introduction

In wildlife studies, some invasive techniques mayused to collect biological samples to
answer a variety of questions which may be of paldr relevance for management and
conservation purposes. It is critical that the iotpEf such research practices is quantitatively
assessed and managed, as the process of samptgionlmay negatively impact individuals
and/or populations over a range of scales (e.griey, individual stress, individual/group
displacement, change of behaviour, etc.).

The use of skin and blubber biopsy samples from-famging cetaceans is a widespread and
powerful technique to answer many questions, inolygopulation genetics (stock identity,
social organization, population size, phylopatmsmetic connectivity, Amos & Hoelzel, 1990;
Bérubéet al, 1998), feeding ecology and trophic relationshipgg stable isotope and fatty
acid analyses (Hermaet al, 2005; de Stephanist al, 2008; Grosset al, 2009), and
pollutant analysis (Godardt al, 2004). In order to collect samples, modified shasvs,
rifles and hand held biopsy poles have been useth for large and small cetaceans,
including delphinids (Weinricket al, 1991; Barrett-Lennardt al, 1996; Kriutzeret al, 2002;
Bilgmannet al, 2007). The behavioural effect of biopsy sampliag been investigated in
large whales, such as right whal&lpalaena glacialisndE. australis Brownet al, 1991;
Best et al, 2005), humpback whalesviégaptera novaeangliaeWeinrich et al, 1991;
Clapham & Mattila, 1993), other large balaenoptavithles (Gauthier & Sears, 1999), and
delphinids such as short-beaked commarelhinus delphis Bearzi, 2000), bottlenose
dolphin (Tursiopsspp., Krutzeret al, 2002; Bilgmanret al, 2007; Gorgonet al, 2008) and
Indo-Pacific humpback dolphifsbusa chinensigefferson & Hung, 2008).

The International Whaling Commission considers sjopampling to be acceptable, since no
long-term effects (change of behaviour) have beésws on individuals and populations
(International Whaling Commission, 1991). Levelsbbrt-term reactions to biopsy sampling
could potentially vary among species, populationd mdividuals. However, for both small
and large cetaceans, the behavioural impact ofsgisgampling is generally considered to be
low. Responses from the animals can be typifiedeastions to a noxious stimulus of brief
duration and low-to-moderate amplitude (Weinmgthal, 1992; Bestt al, 2005; Bilgmanret

al., 2007; Jefferson & Hung, 2008). In small cetaceansase of death has been reported in a
short-beaked common dolphin, underlining that remmbpsy sampling is not without risk
(Bearzi, 2000). Consequently, the use of less imeasampling techniques may be preferred.
Other methods include skin swabbing and faecal Bagh(Harlin et al, 1999; Parsonet al,

1999). However, these techniques provide a limatedunt of material, and DNA may not be
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of sufficient quality to undertake multiple markeasalyses and other analyses (such as
pollutant analyses, for example). Biopsy samplsigenerally preferred for molecular genetic
studies (Parsonst al, 2003) and other analyses such as those of stalitges (Grosst al,
2009). In addition, the use of remote techniqusesjgia gun or a crossbow, is more effective
than a pole system for studies of population stmecend parentage because animals can be
sampled even if they do not bowride. Remote samplatso allows the individual
identification of targeted dolphins (Bilgmaet al, 2007). Proper identification of bowriding
animals is generally not possible (good photogiapudie).

The objective of this study is to characterize shenm reactions of four small delphinid
species to remote biopsy sampling: the spinnerhilol(Stenella longirostris 160-208 cm),
the pantropical spotted dolphirSténella attenuatal60-260 cm), one of the smallest
delphinids, the Indo-Pacific bottlenose dolphifufsiops aduncys230-270 cm) and the
melon-headed whalePéponocephala electra240-278 cm), one of the least known
delphinids. This study provides, to the best of kmowledge, the first information on the
effect of biopsy sampling on these species.

In order to collect skin and blubber samples fabkd isotope, genetic and histopathological
investigations, remote biopsy sampling was conalfttan December 2004 to October 2008.
Levels of behavioural reactions were recorded ai tifferent scales: 1- the individual
reaction of the sampled dolphin and 2- the behasloeaction of the focal group to which
the targeted animal belonged. The latter compooktite study has not been investigated in
previous studies for any other cetacean, as fareaare aware, and allows understanding the
impact of remote biopsy sampling at a broader sdade groups and not only targeted

individuals.

Materials and methods

Study area

The island of Mayotte (45°10’E, 12°50’S), which part of the Comoros archipelago, is
located in the northern Mozambique Channel (weshedian Ocean) between Madagascar
and Southeast Africa. Its surface area is 376. Krhis territory is composed of two main

islands: the main inhabited island, on the east @mndhe barrier reef, a smaller inhabited
island. The other islands are small islets dispatcl over the lagoon. The island of Mayotte
is characterized by the presence of high marine malndaiversity (22 species including 12

delphinids; Kiszkaet al, 2007). The most common species are the spinnihido the
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pantropical spotted dolphin, the Indo-Pacific lttdse dolphin and the melon-headed whale;

these are resident year-round (Kisekal, 2007).

Biopsy collection

From December 2004 to September 2008, small-basebeetacean surveys were conducted
throughout the year in Mayotte waters in sea cambt not exceeding Beaufort 3.
Observation effort concentrated mostly on the lagand over the insular slope in adjacent
waters of the barrier reef. Biopsy attempts weralenapportunistically, when groups and
individuals were easily approachable and when d¢mmd were optimal (Beaufort < 2,
dolphins closely approaching the boat). Optimal ttvelaconditions allowed stability of the
research boat and better chances to sample thalansonccessfully and safely. Several types
of boats were used: a 7-m catamaran equipped wahfour-stroke, 60-hp outboard engines;
a 7-m mono hull boat equipped with two, two-strok@;hp outboard engines; a 6.4-m cabin
cruiser equipped with one, four-stroke, and 150eltboard engine; and a 10.8-m cabin
cruiser equipped with two, four-stroke, 115-hp @attdl engines. Biopsies were collected by
using a crossbow (BARNETT Veloci-Speed® Class, §8dkaw weight) with Finn Larsen
(Ceta-Dart, Copenhagen, Denmark) bolts and tipst @&mm long, 5-mm-diameter). A
conical plastic stopper caused the bolt to reboafter the impact with the dolphin. The
dolphins were hit below the dorsal fin when su#fidly close (3-10 m) to the research boat.
Focal groups/individuals were approached under p@avspeeds of 1-4 knots. Blubber and
skin biopsy samples were preserved individually 9@ ethanol before shipping and
subsequent analysis. Biopsy sampling was conducteder French scientific permit
#78/DAF/2004 (September 10, 2004) and permit #0BEMBEF/2008 (May 16, 2008) after

examination of the project by Conseil National detéction de la Nature.

Behavioural observations
During biopsy sampling sessions, an observer recblsthavioural reactions of dolphins at
two different scales: the targeted individual ahé focal group with which the targeted
individual was associated. The focal group wasngefias a group of dolphins engaged in the
same activity and travelling in the same direct{Shane, 1990). Three levels of behavioural
reaction were defined for individuals and focalugye. These reactions followed Hoole¢mal.
(2000) and were adapted for the species investigatthis study:

- No reaction: the individual and focal group coogd to show the same behaviour as

before the biopsy attempt;
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- Moderate reaction: the individual or the focabgp modified its behaviour but gave no
prolonged (>5 min) evidence of behavioural distade reactions included e.g.
acceleration, twitch and immediate dive and simpinediate dive. A dive was
considered as a behavioural response to biopsylsemphen it lasted more than 5
minutes;

- Strong reaction: the individual or the focal goamodified its behaviour in a succession
of percussive behaviours (strong and short-livedttiens), including escape from the

research boat of the individual or/and focal gr@epping, breaches, tail slaps).

Data analysis

We investigated the occurrence (events and thepastions) of reactions described above
and factors responsible for the variability of mé@ts (group size, species, activity), at the
scale of hit/targeted individuals as well as fogadups. Group size was defined prior to
biopsy sampling as the number of animals at théaserwithin five body lengths of each
other (Smolkeret al, 1992). The estimates of group size were morehasic for spinner
dolphins, pantropical spotted dolphins and meloaded whales, as group size for these
species was important (mostly > 50 individuals)tdbmining absolute group size was not
possible for large groups of delphinids. The predamt behaviour was recorded as the
activity displayed by the majority of the animalstbe group during the first 10 minutes.
These data were collected during scan samplingeogtoup (Mann, 1999) using six different
behavioural categories: travelling, milling, restirfeeding/foraging, playing and socializing
(Shane, 1990).

Analysis of individual behavioural reactions wereatentiated when the animal was missed
(the bolt did not reach the animal) or hit. An widual is considered as hit when the bolt
reached the body. There was no differentiation betwbiopsy hit providing or not providing
a sample. We tested how group size may affect itdal behavioural reactions, especially
for the most frequently sampled species, the spimodphin. For this species, we also
investigated the effect of initial behavioural stain the levels of reaction and the long term
effect of biopsy sampling. In this later case, wpdthesised that avoidance behaviour would
increase across the study period. Significancehdd increase has been tested using a
Pearson’s correlation. For comparisons, Fisher texasts, Kruskal Wallis tests and
contingency table analyses were performed using.J®M2 (R Development Core Team,
2010).
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Results

Biopsy sampling was undertaken from December 26(eptember 2008 (n = 271 attempts,
n = 193 samples). Four species (spinner dolphintrppical spotted dolphin, melon-headed
whale and Indo-Pacific bottlenose dolphin) con&itiu96% of the biopsies sampled (n = 259
attempts, n = 181 samples). Other species incltlte&raser’s dolphirLagenodelphis hosei

n = 7), the common bottlenose dolphifiusiops truncatusn = 2), the Indo-Pacific
humpback dolphin (n = 2) and the short-finned pitbiale Globicephala macrorhynchus =

1), but this data was not been included in thiglstiWWe used three types of vessels to
undertake biopsy sampling, but no significant défeces of individual behavioural reactions

were found between boat types (all species combjed3.7,df = 6;P = 0.391).

Table 1: Number of attempts, biopsy samples collected @amipting success in delphinids

sampled around the island of Mayotte from Decen2bé¢# to September 2008.

Number of Average n
) Mean group o

n attempts | n samples |% success biopsy ) biopsies/

size
Species sessions session

Stenella longirostris 137 96 70 30 70.5 3.2
Stenella attenuata 77 50 65 20 78.5 2.5
Peponocephala electra 23 18 78 5 310 3.6
Tursiops aduncus 22 17 77 15 6.3 1.1

Among the four species, no significant inter-speatfifferences in reactions were recorded,
both at the scales of individuals (Fisher exadt s 0.9) and groupsP(= 0.643). Sampling
success (a hit) varied between species from 6B8% (Table 1). On 34 occasions overall, the
hit was successful but no sample was retained enhbilopsy tip. Individual behavioural
reactions to remote biopsy sampling were recorde@5® occasions (180 hits, 72 misses),
while focal group behavioural reactions were reedrdn 271 occasions (193 hits, 78 misses).
There were no statistical differences between iddad behavioural reactions between biopsy
hits and misses (all species combined, Fisher @gatP = 0.068). Similarly, at the scale of
focal groups, no significant differences betweeopby hits and misses were found (all
species combined, KW test;= 0.702;df = 1; P = 0.402).

At the individual scale, 94% of individual react®owere moderate, i.e. twitch and immediate
dive, and simple immediate dive (Figure 1, Table 2yong reactions (tail slap, leaping,
successive breaches and escape) only represented [28bavioural responses of individual
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dolphins. Escape and leaping was only observegimmer and spotted dolphins. Increase of
speed was observed once in a bottlenose dolphupdiable 2).

Group behavioural reactions were frequent (54%aofding sessions), with dive being the
commonest moderate reaction (45%, Figure 2, TablStBong reactions of focal groups were
rare, representing only 4% of responses. Thesengstreactions consisted of increased
swimming speed or escape (Table 2, Figures 1 and 2)

We did not find any correlation between group sainé behavioural reactions (Fisher exact
test;P = 0.431). However, there is a clear relationstepeen the mean specific group size
and the mean number of biopsies collected per pispssion (Table 1). The average number
of biopsies collected during each session was tmesdt for the Indo-Pacific bottlenose
dolphin, which had the lowest mean group size (@4bl

On six occasions, hit dolphins were observed balmg just after being sampled (fresh
wound of the biopsy hit observed below the dorgabf in adjacent areas). These cases were
observed in the pantropical spotted dolphin (nevénts), spinner dolphin (n = 2) and Indo-
Pacific bottlenose dolphin (n = 2). During samplse&gsions, significant signs of avoidance of
the research vessel by groups were observed orodeasions: in spinner dolphins (n = 2,
after one and four biopsy attempts) and in melcaded whales (n = 2, after one and six
biopsy attempts).

We hypothesized that group reactions to biopsy Samgvould differ according to activity
(milling/travelling, resting, socializing, and piag). We tested this for spinner dolphins, as
the dataset for that species was the largest. thstatal difference was found between group
reactions and initial behavioural states in whipimser dolphin groups were engaged (Fisher
exact testP = 0.041). Spinner dolphins predominantly showedranger response to biopsy
sampling when resting and socialising. When millamgl travelling, reactions were moderate.
We did not observe changes of dolphin reactionsréase of avoidance behaviour) to the
research vessel prior to biopsy sampling over thdysperiod (nearly four years; Pearson’s
correlationy = 0.324,P > 0.05).
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Table 2: Individual and focal group behavioural reactiofisStenella longirostrisStenella
attenuata Peponocephala electrandTursiops aduncus remote biopsy sampling (numbers

represents events).

) ] Peponocephala ]
Stenella longirostris Stenella attenuata Tursiops aduncus
electra
Individual reactions
Twitch and dive 83 21 8 10
Successive breaches 1 1 0 0
Tail slap 2 0 0 0
Escape (leaping) 1 0 0 0
No reaction 1 0 0 0
Group behavioural reactions
Dive 41 19 7 9
Increase swimming speed 2 0 0 0
Escape 1 1 0 1
No reaction 40 28 10 6
g0
50
40
Li3]
= .
= 20 0 Hit
b ® Miss
5 | J
20
10
: IS
Twitch and dive Dive Successive Mo reaction

breaches

Figure 1. Individual behavioural reactions of delphinidSténella longirostris Stenella

attenuata Tursiops aduncuandPeponocephala electy@o a biopsy hit or miss.
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Figure 2: Focal group behavioural reactions of delphini8¢efella longirostris Stenella

attenuata Tursiops aduncuandPeponocephala electydo a biopsy hit or miss.

Discussion

In this study, we observed behavioural reactionfoof delphinid species to remote biopsy
sampling. The biopsy success reached 65-78%, vidiobnsistent with previous studies. This
was mostly due to the high accessibility of thgéded species. They generally came close to
the research vessel, especially dolphins of theig&tenella often coming to ride waves
created by the bow of the boat. No significant msjgecies differences were found in
reactions to remote biopsy sampling. Indeed, thallest species (spinner and pantropical
spotted dolphins) did not have a higher occurresfcenoderate reactions than larger ones
(Indo-Pacific bottlenose dolphin and melon-headddl®), as might have been expected.
However, the strongest reactions, such as breatitesscape, occurred (but were very rare).
Such extreme reactions were only observed in thallemspecies, especially spinner and
pantropical spotted dolphins. However, due to theals sample size for Indo-Pacific
bottlenose dolphins and melon-headed whales, wenoaexclude that these species could
also react strongly, like spinner and spotted dakpdo.

The mean number of biopsies per session was grieatepecies with a larger mean group
size, i.e. melon-headed whales, spinner and pao#éloppotted dolphins. In larger groups,
animals are more accessible for biopsying, as taerenore individuals to choose from. This
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is likely to be not just a function of the behaviar the group reaction, but also because of
the higher number of individuals.

Despite the fact that we used three different tygfelsoats, no differences in reactions were
found among boats. These differences have beemusnted in other studies, with generally
stronger reactions when smaller boats were usddgni@nnet al, 2007). However, in this
later study, sampling was done on bowriding dolphand the boat types and length differed
to a much larger extent than in the study presemeeel.

Delphinids around Mayotte exhibited short-term hébtaral reactions to biopsy attempts,
characterized by acceleration, twitch and immeditate and simple immediate dive. Strong
reactions to biopsy sampling were previously reedrdn common bottlenose dolphins
(Parsonset al, 2003). Conversely, reactions of common bottlendsiphins appear to be
minimal in other areas such as in eastern US (Gargbal, 2008). Dolphins of all species
sampled react in a similar fashion to biopsy hitsl anisses. This has been previously
documented for other species such as the Indoiacimpback dolphin (Jefferson & Kung,
2008), meaning that the hit of the bolt on the whges a significant effect on the reactions of
dolphins at the proximity of the impact. In the dstupresented here, focal groups were
frequently impacted by biopsy sampling, meaning teanote biopsy sampling does have a
broader effect on small cetaceans, i.e. on adjaceintiduals belonging to the group. This
effect was also greater on species constitutingllsgraups, i.e. Indo-Pacific bottlenose
dolphins, as the biopsy success decreased durmglisg sessions for such species. The
group behavioural reactions of spinner and panted@potted dolphins were relatively low,
apparently because they formed larger aggregatidmsever, results underlined that there is
a variability of reactions according to initial @foural state. Indeed, for the spinner dolphin,
we observed that the animals had stronger reactorsmote biopsy sampling when resting
and socialising. When milling and travelling, reans were more moderate. This suggests
that remote biopsy sampling should be preferablydacted during travelling and milling

activities.

Animal welfare implications

Overall, conducting remote biopsy sampling is @ff@econ small delphinids and induces a
limited short-term (less than 5 minutes) behaviburgact on hit and missed individuals,
including in the smallest delphinid species (esgbcidolphins of the genustenelld.
However, we observed that biopsy sampling doeonlytimpact hit individuals, but groups

to which the targeted individual belongs. No loegat effect of biopsy sampling was
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observed, such as an increase of avoidance ofedbearch vessel of the animals. This
confirms that the method has no long term impact tbe animals. However, as a
precautionary approach, our findings suggest thapsy sampling may preferably be
conducted when the animals are milling or travgllilowever, it is critical to reconsider

practicing biopsy sampling to answer scientific gfigns.
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Résumé

Déterminer les relations entre les organismes daamemunauté est fondamental en écologie.
Cependant, accéder a des données (des échantidimsxemple) peut étre difficile dans des
environnements isolés. L'lle de Moorea (PolynésianEaise) est caractérisée par une
diversité importante d’espéces de dauphins. Ld&rdiites espéces ne peuvent coexister que
si elles n’exploitent ni les mémes habitats, ninfesmes ressources alimentaires. Cette étude a
pour objectif d’étudier la ségrégation écologiquesain de la communauté de delphinidés
vivant de maniere permanente autour de Mooredaudghin a long be&tenella longirostris

le dauphin a bec étroitSteno bredanensisle globicéphale tropical Globicephala
macrorhynchuset le péponocéphal®eponocephala electraNous avons également étudié
les variations intra-spécifiques de I'écologie ttparticulierement entre les genres. Le partage
des ressources et des habitats a été étudié malys®e des signatures isotopiques du carbone
(8C, reflétant les habitats d’alimentation) et ded& §*°N, reflétant le niveau trophique).
Des échantillons de peau issus de biopsies cutgunébsctés de juillet a octobre 2002 a
2004) ont éteé utilisés pour réaliser les analykes.résultats révelent que le dauphin a long
bec a le niveau trophique le plus bas. Les troisealespeces ont des signatures isotopiques
de l'azote relativement similaires. Le dauphin agldec se distingue bien du dauphin a bec
étroit et du globicéphale tropical mais pas du pé&géphale. Pour ces trois dernieres especes,
le chevauchement des signatures isotopiques esortamp. Pour S. longirostris S.
bredanensigndG. macrorhynchuspas de variations des signaturestf€ et de5'°N étaient
significatives entre les sexes. Ceci suggere quékiste pas de processus de ségrégation
entres especes ou que ceux-Ci ne sont pas détsctél#ci suggéere que les isotopes stables
peuvent masquer des processus fins de ségrégatiologigue et que les méthodes
traditionnelles d’analyse de I'alimentation (conisrstomacaux), de I'habitat et des budgets
d’activité sont fondamentaux pour I'étude de laréggtion écologique d’'une communauté

d’organismes.
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Abstract

Defining trophic relationships among organisms ota@nmunity is critical in ecology.
However, the access to data is sometimes diffipaliticularly in remote environments. The
island of Moorea (French Polynesia) is charactdrizg high dolphin diversity. The different
delphinid species may coexist around the islandalse they exploit neither the same
preferential habitats nor the same resources. Sthidy aimed to investigate ecological niche
segregation among the most common delphinid speties spinner dolphin Stenella
longirostris), the roughed-toothed dolphisteno bredanengisthe short-finned pilot whale
(Globicephala macrorhynchiyysand the melon-headed whakeponocephala electrtaWe
also investigated intra-specific variation in feegliecology, particularly between sexes.
Resource partitioning was explored by analysiti§ (reflecting foraging habitats) asd®N
stable isotopes (reflecting trophic level) fromrskiiopsies collected around Moorea from
July to October 2002 to 2004. Results revealed shatner dolphins had the lowest trophic
level. The three other species had simBaiN signatures, i.e. trophic level. The most
significant result is the differentiation of theirsper dolphin from the rough-toothed dolphin
and the short-finned pilot whale but not from thelom-headed whale. For the latter three
species, some degrees of overlap were apparentS.Hongirostris S. bredanensiand G.
macrorhynchusvariation of6*°C and'>N stable isotope was not significant between sexes,
suggesting no or undetectable intra-specific segi@g processes. This study suggests that
stable isotopes reveal some degree of segregatmh cwerlap within the delphinid
community of Moorea. However, some fine-scale sgafien processes may be concealed by
stable isotope analyses, meaning that traditionelad analyses and diving behaviour
investigations are complementary in answering goestelated to niche segregation.

Keywords: delphinids, ecological niche, stable isotopesbaay nitrogen, biopsy samples,

Moorea, French Polynesia, South Pacific.
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Introduction

Sympatric species with similar ecological requiratsecan compete for resources and thus
their coexistence requires some degree of hahbmdtrasource segregation (Pianka, 1974).
Indeed, similar species that co-occur are thouglebtnpete for resources unless they occupy
different physical locations and/or feed on diffgrprey. A shared resource in limited supply
will bring about competition between members of thame species (intra-specific
competition) or between individuals of different esges (inter-specific competition)
(Roughgarden, 1976).

Oceanic delphinids belong to 35 species worldwitkfférsonet al, 2008). Many of them
have similar morphological characteristics, feedimgpits and habitat preferences. This
phenomenon has been documented around tropicatioaskands, where delphinid diversity
and biomass is generally high and where closebtadlspecies co-occur (Grastsal, 2009).
Around these islands, high cetacean diversity mayexplained by the presence of a wide
range of marine habitats in close proximity to amether (Kiszkaet al, 2007). In addition,
oceanic islands appear to constitute areas ofcpéati density of top predators due to an
“island mass” effect. Similar to continental maginnsular slopes of islands potentially
provide more abundant resources in the oligotrophbigical marine environment (Guilmartin
& Revelante, 1974). This situation of sympatry segjg that fine-scale mechanisms allow for
the partitioning of habitats and/or resources. @dgtof the tropical delphinid community
around the island of Mayotte, in the Comoros Arelago (south-western Indian Ocean), has
shown that the ecological niches of the delphioicisurring there do not overlap (Grassal,
2009). Indeed, these species capture prey at eliffetepths of the water column. In other
areas, such as the Bahamas, the cetacean comrsbargs habitat and resources but only
during the season when prey abundance is suffittestipport its needs, while competitive
exclusion exists for the rest of the year (MacLextdal, 2004). On the other hand, top
predators may overlap in their feeding habits dwdotv productivity of tropical waters
(Cherel et al, 2008). If these shared resources are limited tijatimely, inter-species
competition can occur.

The dietary ecology of cetaceans and their tropdwel can be determined using different
methods. The most extensively used consist in amglythe stomach contents of dead
animals. However, the specimens required for perifog such analyses are often unavailable,
particularly in tropical islands where carcassgsdig disappear and coastline configuration
is often unfavourable to cetacean stranding. The afsnaturally occurring nitrogen and

carbon stable isotopes analysed in skin biopsissphnavided alternative information from
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which to better understand top predator feedindoggo including marine mammals (Hobson
& Welch, 1992; Abend & Smith, 1995; Dad al, 2003; Zhaocet al, 2004; Grosset al,
2009). This approach is generally considered agptaEmentary to stomach content studies as
it integrates feeding habits on a longer-term bagasious tissues, having varying temporal
resolution (turnover rates), may be used in sta@d®pe analyses, including skin (Grass
al., 2009). Turnover rate for this tissue has beenmestd for the beluga whale
(Delphinapterus leucasSt Aubinet al, 1990) and the common bottlenose dolpfAiar§iops
truncatus Hicks et al, 1985). The estimated time required for cell migra from the basal
lamina to the outermost surface, is at least twathm The carbon and nitrogen isotope ratios
(**c/**C and™N/*N, expressed hereafter &SC ands'°N) of a consumer reflect those of its
diet, with a slight retention of the heavier iscand excretion of the lighter one (Detsal,
2003). As a consequence, tissues will be enrichéd veavy isotopes at every trophic level
(1%o for §'3C and 3%o for5*°N). The minor stepwise trophic enrichment of theboa-isotope
ratio limits its use in assessing trophic levels énhances its use in tracking carbon sources
through a food chain. The carbon isotope ratioemfosdary and tertiary consumers should
thus reflect the source of carbon at the baseedf thod chain (Kelly, 2000).

Moorea a volcanic tropical island in French Polynesia tBdRacific), is characterized by the
presence of many species of cetaceans, includingraeresident odontocetes, mostly
delphinids (Poole, 1993, 1995; Orenaisal, 2007). At least thirteen species of dolphimay
coexist around the islan®f these, the most common are the spinner dolp8ienglla
longirostris), the rough-toothed dolphirS{teno bredanengisthe short-finned pilot whale
(Globicephala macrorhynchyisand the melon-headed whal®eponocephala electya
(Gannier, 2000)The present study aimed to investigate ecologigdienpartitioning in the
dolphin community of Moorea, especially for thersgr dolphin, the rough-toothed dolphin,
the short-finned pilot whale and the melon-headdwle: We concentrated on these four
species as they can be found within the same pryxamound the island, in closely-related
habitats within a small area and at all seasonsl€?®993). We hypothesised that these four
species have different feeding niches that couldrdflected in diverging stable isotope
signatures. We also investigated some potentiakegatjon processes that may occur intra-
specifically, especially between sexes. Resourcditipaing between sexes has been
documented for a number of species, including masirsach as the giraffeGfraffa
camelopardaliy and several primate species (Beier, 1987; Youn¢sl&ll, 1991). Sexual
segregation in foraging habitats has also beenrdented for some marine mammals, such as

the grey sealHalichoerus grypus(Breedet al, 2006).Females may use higher quality food,
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especially during gestation and lactation; themefdris often assumed that the energetic costs
are greater for females than they are for males/ (&KeRoss, 1999). This could result in
diverging stable isotope signatures if females bigweex-specific foraging strategies to fulfil
their elevated energy requirements. On the othadhan dimorphic species, such as long-
finned pilot whalesGlobicephala melgs males seem to have higher energetic needs ¢due t
their larger size and weight) and potentially higring capabilities, and consequently use
larger and deeper-living prey than females (Degso$t Mouritsen, 1993). As a consequence,
males may have a higher trophic level than females.

In order to answer the question of niche segregaimong the four most common dolphin
species around Moorea Island, and intra-specifidaditween sexes, we analys&dC and
8'°N stable isotopes from skin biopsies collected f&062 to 2004.

Material and methods

Study area

Moorea (17°30'S, 149°50'W) is a high volcanic idlar the Society Archipelago (134 km?),
French Polynesia, located in the central Southfieg€iigure 1). The island is almost entirely
surrounded by a barrier reef which delimits a lagegstem connected to the open ocean by
twelve passes varying in width and depth. Deptlpsiim more than 1000m just 1 to 2 nmi
outside the barrier reef. All species are usualigenved outside the barrier reef, except the
spinner dolphin $tenella longirostris which commonly enters the lagoon through passes

during daytime (Poole, 1995) and feed in the opmgan only at night (Norrist al, 1994).
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Figure 1: Location of the study area.

Sample collection

Samples were collected from 2002 to 2004, duringlisboat-based surveys (2002, n = 107,
2003, n = 32, 2004, n = 63), in sea conditions exteeding Beaufort 3. Most of the
observation effort concentrated in austral wintduly{ — October). Efforts were made to
survey the entire coastline. However, the targefpecies during these surveys were the
spinner dolphin and the humpback whaMe@aptera novaeanglide and efforts were
primarily concentrated in nearshore waters (i.éthiw 500 m from the barrier reef or within
the lagoon), where these species are preferentidtyibuted during daytime (Poole, 1995;
2002). Therefore, it must be noted that searchrtsfiwere not optimal for encounters of more
oceanic species. During each encounter with dofphgeographical position was recorded,
group size was estimated by visual counts, andognaphs were taken using a digital camera
equipped with a 70-300 mm lens. Skin samples foetie analyses were collected from adult
dolphins using a small stainless-steel biopsyfiled from a modified veterinary capture rifle
equipped with a variable pressure valve (Kritatral, 2002). Behavioural responses to
biopsy attempts were recorded and reported in Os€2Q08). Level of short-term responses
was low for all species and similar to that reporéésewhere (e.g. Krutzest al, 2002). All

samples were preserved in 70% ethanol and store2DaC for subsequent analysis.
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Stable isotope analyses

Blubber and skin were separated for each biopsgbl&tisotope analyses were only
performed on the skin. The ethanol was evaporatd8°&€ over 48 h and the samples ground
and freeze-dried (Hobsoat al, 1997). Because lipids are depleiad3**C, they were
extracted to avoid a bias in the isotopic signatafr&°C (De Niro & Epstein, 1978; Tieszen
et al, 1983). This was done by shaking (1 h at roonptature) in cyclohexane {81,), and
subsequent centrifugation prior to analysis. Attering, small sub-samples (0.35 to 0.45 mg
+ 0.001 mg) were prepared for analysis. Stable jmotaeasurements were performed with a
continuous-flow isotope-ratio mass spectrometerltéD¥ Advantage, Thermo Scientific,
Germany) coupled to an elemental analyser (FlashlE2 Thermo Scientific, Italy). Results
are expressed id notation relative to PeeDee Belemnite and atmaspe for §'°C and
8N, respectively, according to the equation:

X = {M—l}xlooo
Rstandard

where X is**C or N and R is the isotope ratidC/*°C or N/*N, respectively. Replicate
measurements of internal laboratory standardsdatiele) indicated that measurement errors
were <0.1%o ford™C and 3°N. Percent C and N elemental composition of tissnese
obtained using the elemental analyzer and usedltmlate the sample C:N ratio, indicating

good lipid removal efficiency when <4.

Species identification and molecular sexing

Species sampled for this study were identified aliguand confirmed using photographic and
genetic evidences. Mitochondrial DNA control regimere sequenced for all samples, as
reported in Oremu®t al. (2007), and sequences were submitted to the prodpalA-
surveillance v. 3.01 (Rost al, 2003) to determine species identity. Sex wastifiet by
co-amplification of the male-specifery gene and ZFX positive control gene (Gilsstnal,
1998).

Data analysis
Differences of stable isotopes signature$8N and5'°C among species were tested using
non-parametric Kruskal-Wallis tests. Pairwise téstsompares*>C andd'>N values between

species were performed using Mann-Whitteyests. Variability o**C ands™N signatures
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among sexes was also tested usinggsts. For all statistical analyses, a signifiealevel of

0=0.05 was used.

Results

Sampling

During the sampling period, we collected skin saagtom 91 delphinids: spinner dolphin
(N =40; 29 males and 11 females), rough-toothedhaolN = 35; 23 males and 12 females),
short-finned pilot whaleN = 12; 6 males and 5 females) and melon-headedewiRat 4; not
sexed). All samples were collected during the samason, i.e. austral winter (July to

October). All sampled individuals were considereth¢ adults based on their size.

Resource partitioning

The distribution 06'°N and&**C values is given in Figure 2. Overall, overlap amspecies
is present, and intra-specific variability appedmgh. However, significant statistical
differences were found among the four species$fM (H = 24;df = 3; P < 0.001) and*°C
values @ = 37;df = 3; P < 0.001). Even with the melon-headed whale remdvexh the
analysis, differences remained significant oiN: H = 12.3;df = 2; P = 0.001 and**C: H =
13; df = 2; P = 0.002). Short-finned pilot whales had the higré3N and§'*C signatures,
spinner dolphins had the lowe$tN values (Figure 2), and melon-headed whales had th
lowest5'3C signatures. Rough-toothed dolphins had an intgiate position between spinner
dolphins and short-finned pilot whales. At a fiseale, when looking at differencesai'C
and 3°N signatures between species, some degrees ofapvarld differentiation can be
observed (Table 1).
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Figure 2: Stable isotopalistribution ¢**C andd™N in %o) in delphinid skin tissues from
Moorea. Stenella longirostris(n = 40), Steno bredanensign = 35), Globicephala

macrorhynchugn = 12) andPeponocephala electi@ = 4).

In 3*°C, differences were not significant between thesgi dolphin and the melon-headed
whale nor between the rough-toothed dolphin andstinat-finned pilot whale. For other
pairwise comparisons o¥*°C values, statistically significant differences weound. For
5N, overlap was statistically significant betweea thelon-headed whale, the rough-toothed
dolphin and the short-finned pilot whale. The sgindolphin could not be differentiated from
the melon-headed whale but differed significantni the rough-toothed dolphin and short-

finned pilot whale.

209



17

16 _
15 ¢
<= —a—
E . .
Z - ‘{
o
—
!

N
T
—
t

12 T T T
-13 -14 -15 -16 -17
513C (%)

A Stenella longirostris ® Steno bredanensis ¢ Globicephala macrorhynchus o Peponocephala electra

Figure 3: Stable isotopesst°C and 8™°N in %o) in delphinid skin tissues from Moorea.
Graphs show average values and standard deviatbesella longirostrign = 40), Steno
bredanensign = 35) andGlobicephala macrorhynchus = 12) andPeponocephala electra
(n=4).

Table 1: Pairwise Mann-Whitney U test p values for eachspai delphinid species in carbon

and nitrogen. Values in bold are statistically gigant.

5°C Peponocephala Globicephala Steno
electra macrorhynchus bredanensis

Stenella longirostris 0.394 0.0001 0.0001

Steno bredanensis 0.005 0.131

Globicephala macrorhynchus 0.006

5°N

Stenella longirostris 0.09 0.00001 0.00004

Steno bredanensis 0.235 0.06

Globicephala macrorhynchus 0.07
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Differences between sexes

We tested differences in stable isotope signathetween males and females, both FoiN
and a5™°C, in all species except the melon-headed whaléheratter case, sample size was
too small and sex data unavailable. Box plots (feglt) show stable isotope median values,
50, 75 percentiles and outliers of the three sgedale spinner dolphins and rough-toothed
dolphins seem to have a lower trophic position #eamales. In addition, both species seem to
feed on lessC-enriched preys (Figure 4). An opposite situatias found for short-finned
pilot whales, with males having higher me#iN and'3C signatures. For the short-finned
pilot whale, males seem to have a wider rangé¥ signatures (Figure 4). Conversely,
females had a wider range 3PN values. However, none of the differences wergssizally
significant (spinner dolphinsg™N: U = 59; P = 0.236;8™°C: U = 33; P = 0.203, rough-
toothed dolphind®N: U = 51; P = 0.266;5°C: U = 57; P = 0.409 and short-finned pilot
whales:3™N: U = 50;P = 0.193;5"°C: U = 13;P = 0.074).
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Figure 4: Stable GsotopestC ands'®N in %.) median values, 50, 75 percentiles and exsli
of Stenella longirostris(n = 40), Steno bredanensign = 35) and Globicephala

macrorhynchugn = 12) males versus females.

Discussion
Stable isotope approaches are powerful analytmabktto link the foraging ecology of top
predators with habitat, diving behaviour and d@aget al, 2003; Zhacet al, 2004). This
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has been shown for a number of taxa, includingisgsmfCherekt al, 2008), sharks (Conat

al., 2005), pinnipeds (Zhaet al, 2004) and cetaceans such as tropical delphi@dsstet

al., 2009). These results were the first describirggisiotopic niches of sympatric delphinids
in French Polynesia; they can be used in the futuexamine seasonal, year-to-year or long
term variation in delphinid trophic ecology in thegion. Lack of significance in some
comparisons may partly result from insufficient gdersize. Analytical resolution was <0.1%o
as shown by replicate measurements of internalrdéy standards, and delipidation was
successfully carried out on all samples since Gtivs were always <4. Carbon sources and
reference levels of nitrogen were not investigatethis work; hence isotopic data can only

be interpreted in terms of relative values amormgfthur species studied.

Isotopic niche segregation

Very few other studies have attempted to addresgessregarding ecological segregation in
delphinid assemblages by analysing isotopic sigaaitu skin biopsies (Grosst al, 2009),
but more work has been done on communities of attame top predators including sharks,
large teleost fishes, seabirds and marine mamrralsson & Welch, 1992; Abend & Smith,
1995; Daset al, 2003; Zhacet al, 2004; Domiet al, 2005; Ménarett al, 2007; Chereét al,
2008; Jaeger, 2009). In top predator communitiggifecant habitat partitioning has been
found in polar communities, such as in pinnipedsnfrthe Antarctic (Zhacet al, 2004).
Conversely, in tropical sympatric seabirds, sigaifit overlap of feeding niches has been
found at the community level (Chesdlal, 2008). This may be laid to the low productivify o
tropical oligotrophic waters, leading top predatoes share the same feeding resources.
However, significant differences in isotopic niclveasre found in delphinids from the tropical
island of Mayotte, in the south-western Indian @cé@rosset al, 2009). In the Southern
Hemisphere, clearly structured latitudinal carb@oscapes have been found from the
Antarctic to the subtropical zones (Jaegsr al, submitted). This structured shape of
latitudinal isoscapes may not exist in tropical @vat However, around oceanic islands such
as Mayotte, clear differences 6f°C and §'°N values were observed between the three
delphinid genera investigated, which could be prieted by the structured nature of marine
habitats (high carbon gradients from coastal toaoie surface waters; Kiszkat al,
unpublished data) around the island, from lagonabd¢eanic waters. In addition, diving
predators such as small cetaceans use resourcasyiaity depth, where carbon gradients are
significant (from the surface to bottom, where oigamatter accumulates and provides

carbon sources). In conclusion, investigating tropielationships of predators living in a
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structured system (such as around an oceanic )stanttifeeding at varying depth may result
in diverging isotopic niches, while in surface feesllike seabirds, feeding in the homogenous
oceanic system may result in low to no differencesotopic niches.

In our study, overall analyses show some degreagbé partitioning among the four species
investigated, the most significant result being difeerentiation in trophic level revealed by
8N values among spinner dolphin, rough-toothed dalgimd short-finned pilot whale, but
not between spinner and melon-headed whale. Instefrforaging habitat$>C values were
significantly different between all species excépb pairs of species that could not be
discriminated: spinner dolphin/melon-headed whaild sough-toothed dolphin/short-finned
pilot whale. No significant intra-specific differe@ was found between sexes. Finally, it must
be kept in mind that differences in isotopic sigmes are informative, whereas similarities do
not necessarily imply that species share a sinitashic niche; indeed different foraging
strategies may result in similar isotopic signaguré stable isotope signatures and preys of
two predators are effectively similar, other segtemn processes may occur, such as
differential spatial and temporal use of habitatl aesources. Published studies from other
areas in the Pacific suggest that the communityetghinids around Moorea is likely to feed
on pelagic and oceanic prey. The spinner dolphahtha lowest trophic level and, with the
melon-headed whale, the lowest’C values. The spinner dolphin feeds primarily on
mesopelagic fishes and squids at night (Noetisal, 1994; Dolaret al, 2003). Vertical
distribution of the prey items summarized from siitd literature indicate that spinner
dolphins forage in the upper 200 meters and prgbabtasionally as deep 490 meters
(Dolar et al, 2003). Melon-headed whales are oceanic predatosstly feeding on
mesopelagic fishes and cephalopods throughout thege (reviewed in Brownekt al,
2009). When considering the vertical distributidrtfeese prey groups, melon-headed whales
probably forage in the upper 700 meters (Youngg8)9like spinner dolphins, melon-headed
whales seem to feed at night during vertical migrest of their preys, while they rest and
socialize during daytime near oceanic islands (Breiet al, 2009). Therefore, the two
species may share some similar features of hahitdtresource use, although at Moorea,
melon-headed whales do not use inshore and nearslaters like spinner dolphins do. This
possible overlap was confirmed in this study, aablst isotope signatures were not
significantly distinguishable. Note that this absemf significant difference could be due to
small sample size for melon-headed whales. Howenr@iynd the island of Mayotte (with
similar habitats to those around Moorea) in thettsowestern Indian Ocean, stable isotope

analyses on skin samples revealed significantreiffees ir5*°C ands*°N values with similar
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sample size than in our study (Gragsal, 2009). Melon-headed whales were characterised
by significantly highes**C ands™N values (Grosst al, 2009). In our study§>>C signatures
were very similar between spinner dolphins and méleaded whales, suggesting they prey
on species with similai*C signatures or even similar prey. This could segtet their prey
are not limited quantitatively, allowing the twoesges to feed on similar resources without
deleterious competition for one or the other. Hogredespite no statistical evidences, some
differences in thé™N values suggest that melon-headed whale has arhigiphic level, and
may probably feed on prey of higher trophic positigprobably larger prey). The feeding
ecology of the rough-toothed dolphin is poorly kmowsut it is known to feed on cephalopods
(Aguiar dos Santos & Haimovici, 2001), deep waishds (Miyazaki & Perrin, 1994) and
occasionally on coastal prey (Shallenberger, 198byaging on flying fishes and other
surface fish has been regularly observed off Moof€@emus & Poole, personal
observations). In the eastern tropical Pacific,gletoothed dolphins regularly feed on
dolphin fish Coryphaena hippurysPitman & Stinchcomb, 2002). Short-finned pilotalds
are deep-water cephalopod predators (HernandezeGartMartin, 1994). Recent evidence
suggests that short-finned pilot whales can divddpths reaching 1,000 meters on occasion
(Aguilar Sotoet al, 2008). Based on the available literature, makiogiparisons of the diet
of the rough-toothed dolphin and the short-finnédtpvhale appears highly hazardous, given
the limited existing information. However, the &atseem to feed deeper in the water column.
In our results, the rough-toothed dolphin and thartsfinned pilot whale were not statistically
different in their stable isotope signatures. Hoere8. brenadensibad lowers**C ands™N
signatures than those in short-finned pilot whalBise later may feed on more carbon-
enriched prey. As there is a bottom-surface gradiéa™*C, with higher carbon values from
the sea bottom than at the surface (Hobson, 198@her 5*°C values observed in short-
finned pilot whales could be due to their prefeeefmr prey occurring deeper in the water
column, in closer proximity to bottom organic mattsources. This is consistent with
published literature describing general ecologgyppreferences and diving behaviour of
short-finned pilot whales (Aguilar Sotd al, 2008; Hernandez-Garcia & Martin, 1994). The
lower §*°N values observed in the rough-toothed dolphin imattributed to its preference
for preys of a lower trophic position than thosexsaomed by pilot whales. Overall, when
looking at biometrical data of predators from otudy (Jeffersoret al, 2008), we observe
that there is a correlation between trophic posimd body size. Larger predators have a
higher trophic level in this delphinid communityhieh is consistent with many other species

communities.
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Difference in feeding ecology between genders laasly been documented in delphinids
(Desportes & Mouritsen, 1993). From our datasetdidenot observe statistically significant
gender-specific variations of stable isotope sigrest. In other words, the feeding niches of
delphinids from Moorea may not differ according $ex. However, some segregation
processes may be not detected through the usealblesisotopes, and traditional dietary
analyses may answer this question. Detailed stuafieéving behaviour may also contribute
to assessing gender-specific variation in feedirgtegies. However, at least for short-finned
pilot whales, our sample size was small, which dadnceal potential differences related to
sex. Indeed, it is known that males in sexually atiphic species such as long-finned pilot
whales feed on larger prey, and potentially havéigher trophic level (Desportes &
Mouritsen, 1993). Nevertheless, no detailed studiethe diet of short-finned pilot whales

have been published, and such gender-specifictvaries unknown in this species.

Conclusions

When conventional dietary studies cannot be unklemtasuch as around Moorea where dead
animals from strandings and bycatch are unavailaible use of stable isotopes can be
recommended to assess trophic relationships imenemity of cetacean predators, especially
delphinids. The delphinids around Moorea seem tce [different feeding niches, although
statistical analyses do not always show significhfierences among species. To complement
the interpretation of these first results, docunmgnaccurate data on local carbon sources and
reference levels of nitrogen by analysing the igimt@ontent of particulate organic material
that constitute the basis of the local food webd/@nof a range of putative prey taxa from
coastal to oceanic habitats, would help in chareitg the three-dimensional isoscape
(Jaeger, 2009) in which this assemblage of synpatoiphins dwells. Additionally, any
information on the diet, diving behaviour, activiiydget and micro-scale spatial distribution
of the four dolphin species constituting this conmitys would considerably improve the
potential for interpreting stable isotope data.
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Résumé

L'étude de I'écologie des communautés et de laéggdion écologique revét une importance particeyier
notamment pour ses apports en biologie évolutivés raassi pour ses applications dans le domaineade |
conservation. La présente étude s'intéresse adeegétion écologique des delphinidés de Ille deydtta
(Canal de Mozambique, sud-ouest de I'océan Indémjeux échelles : la communauté d'especes (approche
interspécifique) et les communautés d'individus pfaphe intra-spécifique). Autour de cette ile, une
communauté diversifiée de delphinidés se partagmpéice et les ressources, et ce a de tres faithedles
spatiales. Sur treize espéces observées, au ninipsant observées régulierement et ont donc étéiéss : le
grand dauphin de I'Indo-Pacifiqu@yrsiops aduncysle dauphin a long be&{enella longirostrig le dauphin
tacheté pantropicalStenella attenua)a le péponocéphalePéponocephala electyaet le dauphin de Fraser
(Lagenodelphis hosgi Chez les espéces vivant en sympatrie, des nsuasi de ségrégation devraient
s'observer selon les trois dimensions principakedadniche écologique : I'espace, la ressource ¢¢mps. A
I'échelle interspécifique, les analyses de I'habitéfini par les caractéres physiographiques agésarichaque
observation, de l'utilisation des ressources exgerpar les isotopes stables du carbone et de d'atotles
budgets d’activités montrent que les delphinidésupent des niches écologiques distinctes. Panaléiig
certaines especes jumelles peuvent constituer slexiations poly-spécifiques, les mettant apparemras
situation de compétition pour les ressources ehddstats. Il a été montré que ces associatiortajmment chez
les delphinidés du genf&tenella n’avaient pas de signification trophique, maisgtiiuaient plutét une stratégie
de vigilance contre les prédateurs. Le derniertwidel’étude s'intéresse a la ségrégation intraifipée et a la
structure de population a fine échelle, notammbatzde grand dauphin de I'lndo-Pacifique, la prpade espéce
de delphinidé a vivre dans les eaux intérieuredadon. La combinaison d'approches dont les échesloed
emboitées ;. de I'échelle évolutive populationngitructure génétique) a I'échelle de la vie dedividu
(domaine vital), a permis de démontrer que l'uniqg@upe panmictique de Mayotte se segmentait en
communautés (définies par des ensembles d'indivejent un domaine vital commun). Au moins deux
communautés ont été identifiées, utilisant des dioesadistincts, formant des groupes sociaux stahkds non
constitués d’individus apparentés. L'ensemble dautle montre que la ségrégation écologique s’obsanx
échelles inter- et intra-spécifiques chez les daldhs, et que celle-ci ne peut étre mis en évidene par des
approches multi-échelles et transdisciplinaires.

Mots clés:. ségrégation écologique, delphinidés, diversitigbitat, ressource, variations temporelles,
communautés, isotopes stables, associations pébjifgpies, lutte anti-prédateur, fonctionnementiapc
structure de populations.

Abstract: Ecological segregation within a communityof tropical delphinids: habitat, resource
use and social structure

The study of communities and ecological segregatiarf primary importance, especially for its cddtion to
the field of evolutionary biology and its appliaats to conservation. The present study aims tsasslogical
segregation of tropical delphinids of the islandMdyotte (Mozambique Channel, SW Indian Oceanat t
scales: interspecies and intra-species level. Atddayotte, a diverse community of delphinids canfduend
within a restricted range. Thirteen species havenhecorded, among which five species regularlyundte
Indo-Pacific bottlenose dolphim{rsiops aduncysthe spinner dolphinStenella longirostris the pantropical
spotted dolphin$tenella attenua)athe melon-headed whalBdponocephala electyand the Fraser’s dolphin
(Lagenodelphis hosgiln species living in sympatry, segregation meisas should be observed along the
three main dimensions of the ecological niche: tadbiesource and time. In inter-specific comparis@analyses
of habitat defined by physiographic variables athtihg locations, resource use expressed as caahdn
nitrogen stable isotope signatures, and activitygets revealed that each species occupies its owlngical
niche. At the same time, sibling species form migpdcies associations that place them in situai@pparent
competition for habitats. It has been shown thaséhmixed-species associations, especially amoipdids of
the genusStenella do associate for anti-predator vigilance rathemt for trophic benefits. Finally, the last
approach of this study aims to investigate findesgmpulation structure and intra-species segregdti the
Indo-Pacific bottlenose dolphin, the main delphiradcurring in the inner lagoon. The combination of
approaches over temporal scales: from the genefulption structure to the community characterstt
individual life-scale (home range), showed thaingle panmictic group of Indo-Pacific bottlenosdptins was
segmented into communities (defined by a commonehmange). At least two bottlenose dolphin commaaiti
were found, using a common home range and withiiclwhenetically unrelated individuals are prefeiadht
associated. The whole study underlines that eccdbgegregation can be observed inter- and intaifgally

in delphinids, and this segregation can only bessed by using multi-scale and multidisciplinargraaches.

Keywords: ecological segregation, delphinids, diversity, iteb resource, temporal variations, communities,
stable isotopes, inter-species associations, aatigbor vigilance, population structure, socialsture.
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