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Avant-Propos

Démarrée en Octobre 2013, cette thése s’inscrit dans la continuité des travaux de théses de
Frédéric Bailleul (2006), Matthieu Authier (2011), Anne-Cécile Dragon (2011) et plus ré-
cemment de Jade Vacquié-Garcia (2014), réalisés sous la direction de Christophe Guinet,
sur I’écologie de I’éléphant de mer austral, au laboratoire de Chizé (CEBC-CNRS UMR
7372, Université de La Rochelle). Elle fait suite & TANR TOPP-PATCHES' achevée en
2013, qui visait a évaluer la distribution des poissons mésopélagiques par la modélisation
des zones d’alimentation des éléphants de mer, ainsi qu’a 'ANR IPSOS-SEAL?, qui visait
a étudier les variations du comportement d’alimentation des éléphants de mer en lien avec
les variations environnementales. L’obtention d’un financement de la Direction Générale
de I’Armement dans le carde d’une collaboration franco-britannique pour étudier les stra-
tégies de chasse de I’éléphant de mer a permis la mise en place de collaborations (ENSTA
Bretagne, SMRU St Andrews) qui ont abouti au document présenté ici.

Le dynamisme de I’équipe dont j’ai pu faire partie durant ces trois années, m’a permis
d’étre impliqué dans de nombreuses études abordées dans la thése et présentées en an-
nexes. Je vais ici détailler ma contribution personnelle a chacune d’entre elles, par ordre
chronologique :

e ANNEXE A : Variation in body condition during the post-moult foraging trip of
southern elephant seals and its consequences on diving behaviour.
J’ai dans cette étude participé au développement de la méthode caractérisant 'effort
de nage. J’ai également été impliqué dans les analyses statistiques lors du processus
de révision du papier.

e ANNEXE B : Characterization of postdive recovery using sound recordings and its
relationship to dive duration, exertion and foraging effort of southern elephant seals
(Mirounga leonina).

Pour cette étude, j’ai également été impliqué dans le calcul de I'effort de nage ainsi
que sur le traitement des données d’accélération.

e ANNEXE C : Measuring the marine soundscape of the Indian Ocean with Southern
Elephant Seals used as acoustic gliders of opportunity.
Pour cette collaboration avec 'ENSTA Bretagne, j’ai participé aux pré-traitements
des données issues des Acousondes™.

e ANNEXE D : How elephant seals (Mirounga leonina) adjust their fine scale horizontal
movement and diving behaviour in relation to local prey encounter rate.

ITOPP-PATCHES pour Temperature, dissolved Oxygen and Predator-Prey interactions - Prey dis-
tribution Assessment Through Characterization of feeding Habitats of Elephant Seals

2IPSOS-SEAL pour Investigation of the vulnerability of the biological Productivity of the Southern
Ocean Subsystems to climate change : the Southern Elephant seal Assessment from mid to high Latitudes
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Pour ce travail, j’ai collaboré avec mon collégue Yves Le Bras sur la structure de
I’étude.

e ANNEXE E : Acoustic measurements of post-dive cardiac responses in southern ele-
phant seals (Mirounga leonina) during surfacing at sea.
Ici, j’ai contribué a l'orientation de 1’étude de Louise Day, de passage a Chizé dans le
cadre d’un stage de césure. J’ai contribué a la conception, aux analyses, ainsi qu’au
travail de relecture du papier.

e ANNEXE I : Usage of the three-dimensional space at the bottom of the southern
elephant seals’ dives.
Pour cette derniére étude, j’ai participé au travail de relecture, ainsi qu’aux tech-
niques de reconstruction 3D employées.

Concernant ma contribution aux trois chapitres qui constituent le corps de cette thése,
ma contribution personnelle a été la suivante :

e CHAPITRE 3 : Three-dimensional assessment of hunting strategies in a deep diving
predator.
Ici, j’ai participé aux traitements des données d’accélération, de magnétométrie et de
plongée. J’ai ensuite réalisé ’ensemble des analyses statistiques et rédigé la totalité
de l'article.

e CHAPITRE 4 : Adjustment of diving behaviour with prey encounters and body condi-
tion in a deep diving predator: the Southern Elephant Seal.
Dans cette étude, j’ai contribué aux traitements des données d’accélération et réalisé
I’ensemble des analyses statistiques. J’ai également rédigé la totalité de 'article.

e CHAPITRE 5 : Spatio-Temporal Variations in Field Metabolic Rate of Post-Moulting
Southern Elephant Seals.
Dans cette derniére partie, j’ai modestement participé a la récolte des données sur le
terrain en 2014. J’ai ensuite contribué aux traitement des données d’accélération et
réalisé I’ensemble des analyses statistiques. J’ai enfin rédigé la totalité de 'article.
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1.1. DE I’ECOSYSTEME MARIN AUX STRATEGIES D’APPROVISIONNEMENTS

1.1 De IEcosystéme Marin aux Stratégies d’Approvi-

sionnements

1.1.1 Liens entre Variabilité Environnementale et Disponibilité

des Ressources

Malgré les polémiques, le changement climatique, et plus particuliérement le réchauffe-
ment des océans, est aujourd’hui accepté par la trés grande majorité de la communauté
scientifique (Melillo et al., 1993; Rosenzweig & Parry, 1994; Levitus et al., 2005; Moss
et al., 2010). Selon le dernier rapport de synthése du groupe d’experts intergouvernemen-
tal sur I'évolution du climat (GIEC, 2014), les écosystémes polaires, au méme titre que
les écosystémes des récifs coralliens, sont considérés comme extrémement vulnérables face
a ’évolution actuelle du climat. L’une des conséquences de ’accroissement du dioxyde
de carbone d’origine anthropique relargué dans ’atmosphére est 1’acidification croissante
des océans. Ce mécanisme qui impacte toute la chaine trophique de 1’écosystéme marin
(Fabry et al., 2008), interagit également avec le réchauffement des masses d’eaux (Kroeker
et al., 2013), la baisse progressive des concentrations en dioxygéne dissous (Hofmann &
Schellnhuber, 2009; Melzner et al., 2012) ou plus localement, avec le phénomeéne d’eutro-
phisation (Cai et al., 2011; Wallace et al., 2014). Déterminer et comprendre les liens entre
la réponse comportementale d'une espéce a I'impact de ces variations environnementales,
et notamment climatiques, est une problématique majeure en écologie, puisqu’elle permet
in fine de mieux prévoir I’évolution d’un écosystéme (Walther et al., 2002; Weimerskirch
et al., 2003; Ozgul et al., 2010; Bost et al., 2015).

Dans ce contexte, 'océan Austral joue un role particulier a ’échelle de 'océan mon-
dial, puisque situé a la confluence de tous les autres océans, il est la principale zone de
formation d’eaux denses qui alimentent la circulation globale de 'océan (Talley et al.,
2011). La complexité des interactions physiques du systéme océan-atmosphére mises en
jeu dans cette zone a des conséquences importantes sur les processus océanographiques de
I'océan mondial et sur le climat. Prédire quelles seront les conséquences de ces variations
sur les processus biologiques n’est pas simple (Mayewski et al., 2009). Les sorties des
modéles climatiques prévoient une forte hétérogénéité spatio-temporelle car les différents
forcages n’agissent pas de la méme fagon selon les saisons et les régions concernées. Le cas
du phénomeéne El Ninio Southern Oscillation (ENSO) mesuré a 'aide du Southern Oscil-
lation Index (SOI) en est le parfait exemple. Lors d'une année a SOI négatif, ENSO est
responsable de fortes anomalies de pression atmosphérique au-dessus de la mer d’Amund-
sen et de Bellingshsen (Jacobs & Comiso, 1997). Cela a pour effet de réduire ’étendue

de glace de mer dans ces régions, et de I'augmenter en mer de Weddell. Lors des années



1.1. DE I’ECOSYSTEME MARIN AUX STRATEGIES D’APPROVISIONNEMENTS

a SOI négatif, la relation inverse est observée. L’ensemble des études qui tentent de com-
prendre les relations entre les processus physico-chimiques et biologiques s’accorde sur le
role prépondérant de la glace de mer dans I'écosystéme austral, puisquun changement
de sa dynamique semble avoir des conséquences sur ’ensemble de 1’écosystéme austral
(Atkinson et al., 2004; Clarke et al., 2007; Labrousse et al., 2015).

L’augmentation des températures consécutives a 1’émission de gaz a effet de serre
pourrait conduire & une diminution significative de I’étendue de glace de mer au cours du
XXI®me ainsi qu’a une augmentation de son amplitude saisonniére (Arzel et al., 2006).
Bien qu’encore débattue par les climatologues, cette augmentation de la température de-
vrait également jouer sur la circulation thermohaline (Gregory et al., 2005; Toggweiler &
Russell, 2008), ainsi que sur l'intensité et la trajectoire du courant circumpolaire antarc-
tique (Fyfe et al., 2007). La fréquence des phénomeénes a SOI négatif’ devrait augmenter
(Timmermann et al., 1999) et d’autres variations climatiques comme 1’oscillation antarc-
tique, mesurée a 'aide du SAM (Southern Annular Mode), devraient également voir leur

amplitude et leur fréquence modifier (Thompson & Solomon, 2002; Miller et al., 2006).

Selon les niveaux trophiques, la réponse a ces fluctuations environnementales n’est
pas la méme (Inchausti et al., 2003). Pour la production primaire, un réchauffement des
températures induit un changement des paramétres physiques qui peuvent in fine altérer
les niveaux de production. La fonte des glaces va par exemple favoriser ’apparition d’une
couche de plus faible densité en surface, a cause de son apport en eaux douces, ce qui
va augmenter la stratification et réduire I’épaisseur de la couche de mélange aboutissant
a une diminution de la production primaire (Behrenfeld et al., 2006). Pour les échelons
trophiques intermédiaires, peu d’information sont disponibles dans 'océan Austral du
fait des difficultés d’échantillonnage. Atkinson et al. (2004) a toutefois montré que la
réduction du stock de krill observée dans les années 1970 en mer de Scotia pouvait étre
reliée au réchauffement des masses d’eaux ainsi qu’a des modifications de la dynamique
de glace de mer. L'impact de ces variations environnementales sur les échelons trophiques
supérieurs est mieux documenté grace aux suivis & long terme de nombreuses espéces
de prédateurs marins dans l'océan Austral. Il a par exemple été montré que certaines
populations d’oiseaux marins ont vu leur abondance diminuée dans les années 1970 suite
a laugmentation des températures (Weimerskirch et al., 2003). Reid & Croxall (2001)
ont ainsi montré que de nombreuses populations d’oiseaux et de mammiféres marins se
nourrissant de krill ont vu leur population déclinée. Cet exemple illustre comment des
changements dans ’abondance, mais aussi ’accessibilité des ressources en proies, dus
aux fluctuations climatiques, peuvent affecter la trajectoire démographique d’une espéce.

Ces changements dans la disponibilité des ressources alimentaires vont conditionner les

IEgalement connus sous le nom d’El Nirio
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adaptations comportementales des prédateurs plongeurs en terme de distribution en mer,
d’effort de péche et de comportement de plongée. L’étude des comportements de recherche
alimentaire de ces prédateurs et de leurs variations au cours du temps, sont susceptibles
de nous renseigner sur les changements affectant leur milieu de péche. Cela permet alors
d’utiliser les prédateurs plongeurs comme des indicateurs des changements affectant leur

environnement physique et d’évaluer leurs conséquences écologiques.

1.1.2 Quels sont les Apports d’une Etude Comportementale ?

Comprendre quelles sont les adaptations mises en jeu par les prédateurs marins pour faire
face a ces changements dans ’abondance et la distribution des ressources en proies nous
aide & mieux prévoir et anticiper 'impact potentiel du changement climatique a 1’échelle
de I’écosystéme marin. In fine, il s’agit de mieux prévoir ’évolution de ces adaptations,
qu’elles soient physiologiques, morphologiques ou bien comportementales, avec les varia-
tions du milieu. Dans le cas d’une étude comportementale, ces stratégies correspondent
a un ensemble de décisions par lesquelles I'individu cherche a répondre a un besoin, ou

réagir a une situation. L’intérét d’une étude comportementale est donc multiple puisque :

e Ces études permettent dans un premier temps de mieux comprendre les mécanismes
globaux et proximaux qui existent entre ’environnement et les populations d’or-
ganisme. L’étude des stratégies d’approvisionnement fait partie intégrante de ces
études comportementales. Elles visent notamment a mieux comprendre les relations
entre la distribution, la qualité et I’abondance des ressources, avec la trajectoire

démographique des populations.

e De telles études peuvent également permettre de mettre en évidence des variations
environnementales encore inconnues. Il s’agit ici d’utiliser les changements compor-
tementaux comme un indicateur des tendances environnementales, on parle alors
d’éco-indicateur ou d’espéce sentinelle. L’exemple le plus connu est certainement
celui des abeilles, couramment utilisées pour surveiller le niveau de pollution et la
qualité de I'environnement globale (Tong et al., 1975; Conti & Botre, 2001; Ponikvar
et al., 2005). Mais I’étude comportementale de prédateurs supérieurs apporte une vi-
sion plus globale des conséquences écologiques de ces variations environnementales,
puisque des changements dans les processus populationnels d’un prédateur supérieur
reflétent les influences directes et indirectes de I'interaction entre les processus bio-
logiques et physiques d’un écosystéme (Furness & Greenwood, 1993; Croxall et al.,
2002).

e Enfin, compte tenu de la compréhension des stratégies mises en jeu, I’étude compor-

tementale d’'une espéce doit pouvoir permettre la prévision des comportements et
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des adaptations futurs, face aux fluctuations climatiques. Il s’agit ici de mesurer la
plasticité comportementale d’'une espéce afin d’anticiper son pouvoir d’adaptation

aux changements de I'environnement (Morris et al., 2009).

1.1.3 Role de I’Ecologie Alimentaire

L’étude de I'écologie alimentaire est 1'un des moyens permettant de mieux comprendre
les adaptations comportementales aux contraintes environnementales. En effet, dans un
environnement ot les ressources sont limitées, la sélection naturelle doit tendre a favoriser
les individus adoptant la stratégie d’acquisition des ressources la plus efficace (Char-
nov, 1976). L’activité d’alimentation d’un individu consiste donc a mettre en place des
stratégies d’approvisionnement en se focalisant sur la répartition spatio-temporelle de la
recherche alimentaire ou sur le choix de la proie & capturer (Stephens & Krebs, 1986).
En ajustant leur comportement d’alimentation en fonction de la présence de prédateurs
ou de compétiteurs, du choix et de la quantité de proies ingérées ou bien de 'effort de
prospection, les individus maximisent leurs chances de survie et de reproduction. L’écolo-
gie alimentaire vise donc a étudier et comprendre ces adaptations comportementales qui
tendent a maximiser le gain net d’énergie dans un environnement ou l’abondance et la

distribution des ressources peuvent étre affectées par les variations climatiques.

1.2 Théorie de ’Approvisionnement Optimal

1.2.1 Modéle Général

En écologie alimentaire, ’ensemble des choix qu'un individu devrait faire pour maximiser
sa fitness est développé par plusieurs modéles formant ce que 'on appelle la théorie de
l’approvisionnement optimal. Pour un individu évoluant dans un environnement ot la res-
source est limitée, cette théorie décrit I’ensemble des choix attendus afin de s’assurer une
descendance viable, selon des contraintes temporelles et énergétiques qui lui sont propres.
Cette théorie offre donc un cadre conceptuel permettant de décrire et comprendre les
comportements d’un individu cherchant a optimiser ’acquisition d’une ressource dans un
environnement donné. Ce postulat permet alors de confronter les comportements d’appro-
visionnement réels, c¢’est-a-dire ceux observés en milieu naturel, a un idéal comportemental
qui aurait été sélectionné au cours de I’évolution, car maximisant la survie et la reproduc-

tion.

Les questions abordées dans le cadre de la théorie de 'approvisionnement optimal
couvrent des domaines allant de ’étude de la composition quantitative et qualitative du

régime alimentaire, a ceux de la répartition spatio-temporelle de la recherche alimentaire.
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A l'aide de modéles d’optimalité, MacArthur & Pianka (1966) ont par exemple tenté de
comprendre les compromis impliqués dans le choix lié & la sélection d’une proie plutot
qu’une autre. Ils ont ainsi montré qu’'une espéce aux comportements d’alimentation plus
flexibles persistera plus facilement qu'une espéce plus spécialisée dans un environnement
ou la disponibilité et ’abondance des ressources varient. En effet, plus une espéce di-
versifie son régime alimentaire et moins elle aura de chance de subir les conséquences
des variations en disponibilité d’une ressource en particulier. L.’aspect spatio-temporel de
cette recherche alimentaire a également beaucoup été étudié depuis la formalisation du
théoreme de la valeur marginale de Charnov (1976). Ce théoréme est énoncé dans le cas
d’un environnement ou la ressource est distribuée sous forme de parcelles, et cherche &
comprendre quelles sont les décisions qui vont conduire I'individu & changer de parcelle.

Pour ce faire, Charnov présuppose plusieurs points :

1. L’individu est considéré comme omniscient, c’est-a-dire qu’il connait a prior:i tous

les parameétres du modele. Il a donc une connaissance parfaite de son environnement.

2. La ressource est distribuée sous forme de parcelles uniquement. Charnov considérait

que l'espace séparant deux parcelles était vide.

3. Puisque le prédateur épuise la ressource a mesure qu’il évolue au sein d'une par-
celle, le gain net de nourriture au sein de cette parcelle est fonction de la durée

d’exploitation de celle-ci.

4. Le prédateur doit prendre des décisions qui vont maximiser son gain net d’apport

énergétique a long terme.

A
Gain cumulé B
9(tv)
A
to*
Durée du trajet (t:) Durée dans la parcelle (to)

FIGURE 1.1 — Représentation du théoreme de la valeur marginale et de la détermination
du temps optimal passé dans une parcelle (Charnov, 1976).

Ce modele permet de décrire le gain net d’énergie cumulée (g(t,)) pour un prédateur
exploitant une parcelle de nourriture, en tenant en compte de la réduction de la disponibi-

lité en proies dans chaque parcelle visitée (Figure 1.1). Cette réduction de la ressource au
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sein d’une parcelle est modélisée par une courbe croissante du gain net d’énergie par unité
de temps passé dans la parcelle. A mesure que la ressource s’épuise, le gain net d’énergie
va diminuer, entrainant un ralentissement du gain net d’énergie cumulée, caractérisé par
une pente plus faible qu’au début. La droite AB est la tangente & la courbe d’acquisition,
ayant pour origine le temps de transit considéré (¢;). La valeur marginale, c’est-a-dire le
temps optimal (¢;) que I'individu doit passer dans la parcelle est déterminée en prenant
le projeté du point ou la droite AB touche la courbe d’acquisition sur I'axe z. D’aprés
le théoréme de la valeur marginale, il existe donc un moment optimal ot 'animal doit
quitter la parcelle : lorsque la valeur marginale est atteinte, c’est-a-dire lorsque la vitesse
instantanée d’acquisition d’énergie diminue jusqu’a devenir égale a la vitesse moyenne

d’acquisition d’énergie du milieu.

Ce théoréme a depuis été utilisé pour examiner ’exploitation de proies distribuées
sous forme de parcelle sur bien des espéces, comme l'otarie a fourrure antarctique, Arc-
tocephalus gazella (Staniland & Boyd, 2003) ou encore la mésange charbonniére, Parus
magor (Cowie, 1977). Cependant, les hypothéses que présuppose le modéle de Charnov ne
sont pas toujours valides n situ. L’hypothése d’omniscience est la plus souvent critiquée,
puisqu’un animal ne connait généralement pas tous les paramétres du milieu dans lequel
il évolue. Dans cette configuration, il devient difficile de quantifier la vitesse d’acquisition
d’énergie au sein d’'une parcelle, puisque I’animal passera trés certainement un peu plus de
temps a appréhender la qualité de celle-ci (Stephens & Krebs, 1986; Bouskila & Blumstein,
1992; Nonacs, 2001; Thompson & Fedak, 2001), rendant plus difficile la détermination du
temps efficace d’alimentation. D’autres critiques portent sur la notion méme de parcelle.
Certaines ressources ne sont en effet pas distribuées sous forme parcellaire, mais plutot
sous la forme d’un continuum, dont la densité locale varie en fonction de la localisation
(Cezilly & Benhamou, 1996). Pour ces ressources, une parcelle de proies peut donc se
définir comme une zone ot la densité locale de proies est supérieure a la densité moyenne
dans l'environnement (Piclou, 1969). Seulement pour un prédateur évoluant dans un tel
milieu, il devient difficile de déterminer s’il se trouve bien dans une parcelle et donc une
zone favorable. Pour étre efficace, il devrait ajuster localement ses déplacements aprés la
détection d'une proie, compte tenu de la forte probabilité de trouver d’autres proies aux
alentours (Pyke, 1978).

1.2.2 Notion d’Optimisation : 'Ecologie Alimentaire par une Ap-

proche Econométrique

La théorie de I’approvisionnement optimal, au méme titre que de nombreuses autres théo-

ries développées en écologie, est issue de concepts déja éprouvés en économie. Cette ap-
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proche qui consiste a trouver les meilleurs compromis entre les cofits et les bénéfices d'une
action offre un outil puissant pour la compréhension des adaptations comportementales.
Seulement les choix comportementaux d’un animal ne sont pas directement dictés par la
sélection naturelle. Il s’agit ici de comprendre que la maximisation de la valeur sélective
d’un individu n’implique pas nécessairement un choix conscient de celui-ci vers la meilleure
stratégie. Son choix est donc plutot le résultat de 'analyse d’'un ensemble d’informations
par lesquelles I'individu associe un cott et un bénéfice qui lui sont propres, et qui ne
seront pas forcément les mémes pour un conspécifique. Il résulte de ce cheminement, que
le comportement observé n’est pas forcément le comportement attendu ou prédit. Ainsi,
si 'on considére la sélection naturelle comme un processus de maximisation de la survie
et du succeés reproducteur, 'efficacité d’alimentation d’un prédateur devrait dépendre de
sa capacité & maximiser son rendement de chasse. Or il a été montré chez de nombreuses
espéces que ce rendement n’augmente pas indéfiniment, car cet effort de chasse peut étre
contraint temporellement, par le temps alloué a la prospection par exemple (Houston &
Carbone, 1992); ou bien énergétiquement, comme 1’énergie liée & la capture d’une proie
(Houston, 1995).

Ici, la notion d’optimisation n’intervient que lorsque 1'on parle de maximisation sous
contraintes. Un prédateur aquatique a respiration aérienne va par exemple chercher a
maximiser le nombre de proies qu’il capture, compte tenu du temps qu’il est capable de
passer sous l’eau sans respirer. Dés lors apparait la notion de compromis, ou comment
tirer le meilleur avantage d’une situation compte tenu d’un cotit. La compréhension du
role de ces cotits ou contraintes est importante en écologie comportementale, car elle est
fortement liée aux processus de décisions. C’est notamment le cas du temps et de ’énergie
qui sont deux parameétres généralement pris en compte dans les modéles d’optimalité, pour

leur role essentiel dans la prise de décision (Cuthill & Houston, 1997).

1.2.3 Prédateurs a Place Centrale

De nombreux animaux sont contraints de retourner a une place centrale entre deux pé-
riodes d’alimentation, souvent pour nourrir leur petit ou se reproduire. Cette particularité,
qui est une composante importante de la théorie générale, est I'objet principal de la théo-
rie de 'approvisionnement optimal & partir d’une place centrale (Orians & Pearson, 1979;
Schoener, 1979). Cette théorie a initialement été développée pour le carouge a épaulettes,
Agelaius phoeniceus (Orians & Pearson, 1979), afin de comprendre pourquoi la popula-
tion de I’état du Washington ramenait de nombreuses proies, tandis que celle du Costa
Rica ramenait des insectes plus grands. Cette différence fut attribuée aux cofiits de ma-

nipulation des proies et au temps de prospection plus important pour la population du
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Costa Rica. Par la suite, cette théorie fut appliquée a d’autres oiseaux reproducteurs
ayant besoin de retourner a leur nid pour nourrir leur petits (Andersson, 1981; Carrete &
Donazar, 2005), ainsi qu’a certains pinnipédes (Costa, 1991). Par extension, cette théorie
tente de comprendre 'ajustement des regles de décisions quant au temps de résidence dans
une parcelle, ainsi qu’au temps de transit entre la place centrale et la parcelle de proie,
sous certaines contraintes comme la distance aux parcelles, la présence de prédateurs, la
compétition ou la qualité des parcelles et des proies (Bowen et al., 2002; Ropert-Coudert
et al., 2004; Staniland et al., 2007).

1.3 Théorie de la Plongée Optimale : Cas particulier

des Prédateurs Plongeurs a Respiration Aérienne

1.3.1 Modéle Général

Dans le régne animal, le cas des prédateurs plongeurs a respiration aérienne est un peu
particulier. En effet, certains de ces animaux peuvent étre considérés comme des préda-
teurs a place centrale sur deux niveaux. Le premier correspond a la définition donnée plus
haut, c’est-a-dire & des animaux qui reviennent a une place centrale pour nourrir leurs
petits, comme chez la plupart des oiseaux marins, ou bien pour se reproduire, comme
c’est le cas chez la plupart des pinnipédes lorsqu’ils reviennent a terre. Une fois en mer,
ces animaux doivent s’alimenter sur des ressources présentent en profondeur, entrainant
des aller-retours entre la zone d’alimentation en profondeur et la surface pour respirer.
La surface apparait donc comme une "seconde" place centrale qui va en partie régir les

regles de décisions permettant & I'individu d’optimiser sa quéte alimentaire.

Cette quéte alimentaire et plus largement le temps de plongée, sont contraints par la
nécessité de l'individu & renouveler ses réserves en dioxygéne. C’est notamment pour cela
que la plupart des modeles développés dans le cadre de la théorie de la plongée optimale
sont basés sur la limitation en dioxygéne (Kramer, 1988; Houston & Carbone, 1992). Cette
limitation est généralement associée a la limite de plongée aérobie (ADL; Aerobic Dive
Limit), qui détermine la durée maximum qu’un individu plongeur peut passer sous l’eau,
compte tenu de ses capacités physiologiques. Cette limite est définie comme la durée de
plongée a partir de laquelle toutes les réserves en dioxygénes que I’animal peut stocker ont
été consommeées (Houston, 2011). Au-dela, la concentration en acide lactique augmente
significativement (KKooyman et al., 1983), entrainant une augmentation du temps de ré-
cupération a la surface. La limite de plongée aérobie calculée (cADL, calculated Aerocbic
Dive Limit), est obtenue en divisant la quantité estimée de dioxygene stockée utilisable,

par le taux estimé de consommation de dioxygéne durant la plongée (Costa et al., 2001;
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Butler, 2006). La limite comportementale de plongée aérobie (bADL; behavioural Aerobic
Dive Limit) est quant a elle définie comme le temps de plongée au-dela duquel on observe
une brusque augmentation du temps de surface (Kooyman et al., 1980; Cook et al., 2008;

Elliott et al., 2015). Elle permet d’obtenir plus facilement une approximation de la vraie
valeur d’ADL.

Il est également important de noter que le taux de consommation de dioxygéne pendant
la plongée dépend d'un ensemble d’éléments comme la physiologie, la morphologie ainsi
que le comportement de I'animal. L’ADL n’est en effet pas une mesure constante, elle
peut varier selon les plongées en fonction de parameétres intrinséques a I'individu comme
la flottabilité de I’animal (les stratégies de nage ou de chasse, Grémillet & Wilson 1999;
Williams et al. 2000; Green et al. 2007; Halsey et al. 2007a), et extrinséques comme la

température de 'eau (Fuster et al., 1997).

1.3.2 Un Premier Modéle Basé sur les Réserves en Dioxygéne

C’est ainsi que le premier modéle de plongée optimale fut proposé par Kramer (1988), en
étant uniquement basé sur les réserves en dioxygéne de I’animal plongeur. L’idée était de
considérer le trajet surface-profondeur, de la méme maniére que la théorie de ’approvision-
nement optimal avait traité le probléme des prédateurs a place centrale par optimisation
de I'énergie acquise, sauf qu’ici le paramétre a optimiser était le taux d’acquisition du
dioxygene. Kramer parlait méme de théorie de la respiration optimale, puisqu’il s’agit de
maximiser le rapport entre I'acquisition de dioxygéne et le temps passé en surface (Figure
1.2). Cela permet de maximiser I'apport en dioxygéne lors des plongées et donc de maxi-
miser le temps passé a s’alimenter en profondeur. Pour un temps de trajet en profondeur
donné (t;), 'animal arrive a la surface avec une certaine quantité de dioxygéne m;. Cest
le temps qu’il va passer a la surface qui va conditionner les réserves en dioxygéne qu’il
pourra allouer & la prochaine plongée. Le temps optimal ¢} que I’animal devrait passer a
la surface pour maximiser son taux d’acquisition en dioxygéne est déterminé par la tan-
gente a la courbe d’acquisition en dioxygéne a la surface, et au temps de trajet. Houston
& Carbone (1992) ont par la suite montré que le taux d’acquisition de dioxygéne était
décroissant avec le temps passé a la surface, ce qui explique la phase plateau entre la

quantité de dioxygéne acquise et le temps passé a la surface.

Dans le modeéle de Kramer, c’est la quantité de dioxygene utilisée et donc disponible
par un individu au cours de sa plongée qui est considérée. En prenant en compte la
quantité maximale qu'un animal plongeur peut utiliser s’il renouvelle 100 % de ses réserves,

Houston & Carbone (1992) ont également pu montrer que le temps passé dans une parcelle
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Réserve en dioxygene

ts*

Durée du trajet (t:) Durée a la surface (ts)

FIGURE 1.2 — Représentation de la théorie de la plongée optimale et de la détermination
du temps optimal passé en surface selon Kramer (1988).

augmente bien avec le temps de trajet dans un premier temps, puis diminue dans un
second temps lorsque ’animal atteint son ADL & mesure que le temps de trajet continue

d’augmenter.

1.3.3 Modéle Basé sur le Temps d’Allocation

Suivant le modéle de Kramer, de nombreux autres modéles ont été formulés sur la base
des temps d’allocation aux différentes phases de la plongée (Houston & Carbone, 1992;
Carbone & Houston, 1996; Mori, 1999; Thompson & Fedak, 2001). Dans ces modéles, le
cycle d'une plongée est bien souvent divisé en quatre phases : la phase de descente, la
phase de fond, la phase de remontée et la phase de surface entre deux plongées (Figure
1.3).

Air Cycle d'une plongée

Eau ! \

Y 1
1 1
>

- >l -
-« >l >

Phase de descente Phase de fond Phase de remontée Phase de surface

FIGURE 1.3 — Un cycle de plongée est défini par quatre phases : la phase de descente, la
phase de fond, la phase de remontée et la phase de surface.
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L’optimisation des stratégies d’approvisionnement étant basée sur une maximisation
du gain net d’énergie, les modeéles développés dans le cadre de la théorie de la plongée
optimale prévoient une maximisation de la phase d’alimentation aux dépens des phases
de transits et de récupération. Les modéles basés sur le temps d’allocation aux différentes
phases d’une plongée consistent donc a comprendre les régles de décisions comportemen-

tales prises par un animal plongeur au cours des différentes phases de la plongée.

Temps de Résidence

Comme le temps passé au fond d’une plongée correspond au moment ot ’animal plongeur
accéde aux ressources en proies, cette phase est généralement considérée comme la phase
de recherche alimentaire (Carbone & Houston, 1996; Mori, 1998; Thompson & Fedak,
2001; Guinet et al., 2014). De nombreuses études confirment que cette phase est la phase
principale d’alimentation chez des prédateurs plongeurs (Tremblay & Cherel, 2000; Doniol-
Valcroze et al., 2011). Fossette et al. (2008) ont par exemple montré chez les tortues
luths (Dermochelys coriacea) que les événements de mouvement de bec, probablement
lié au comportement d’alimentation, ont majoritairement lieu au fond, avec une présence
respective de 71 %, 55 % et 84,8 % de ces événements durant la phase de fond de plongée
en HUH’ UV" et HW"‘

L’ajustement du temps de résidence chez un prédateur plongeur va donc notamment
dépendre de la distance a la parcelle, i.e. la profondeur de plongée, et de la qualité de celle-
ci, i.e. la densité du champ de proies. Houston & Carbone (1992) ont par exemple montré
que le temps passé dans la parcelle augmentait avec la profondeur & mesure que ’animal
s’approche de sa limite aérobie. Une fois '’ADL atteinte, le temps de résidence diminue a
mesure que la profondeur augmente pour compenser le cotiit d’accés a la ressource. Cette
augmentation du temps de résidence avec la profondeur & été montré chez de nombreuses
espéces comme le fuligule milouin, Aythya ferina (Carbone & Houston, 1994), 'otarie de
Kerguelen, Arctocephalus gazella (Viviant et al., 2016), le phoque commun, Phoca vitulina
(Heaslip et al., 2014) ou encore la baleine bleue, Balaenoptera musculus (Doniol-Valcroze
et al., 2011). Mais trés peu d’études ont réussi & mettre en évidence une diminution du

temps de résidence au-dela d’une certaine profondeur (Cook et al., 2008).

Par la suite, Thompson & Fedak (2001) ont développé un modéle tenant également
compte de la qualité de la parcelle visitée. Ils montrent ainsi que pour des plongées a
faibles profondeurs, ’animal plongeur devrait toujours terminer sa plongée plus tot s’il ne
rencontre aucune proie au début de sa plongée. Qui plus est, le bénéfice de cette stratégie
serait plus important pour des parcelles de faible qualité. A mesure que la profondeur

augmente et que l'animal atteint son ADL, cette stratégie n’apporterait plus d’avantage
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1.3. THEORIE DE LA PLONGEE OPTIMALE : CAS PARTICULIER DES
PREDATEURS PLONGEURS A RESPIRATION AERIENNE

. il n’y aurait donc plus de bénéfices a terminer sa plongée plus tot si aucune proie n’est
rencontrée. Testé en captivité chez les lions de mer de Steller, Eumetopias jubatus, Cornick
& Horning (2003) ont montré que le temps passé a s’alimenter augmentait avec le nombre
de proies rencontrées, validant ainsi certaines des hypothéses du modeéle de Thompson &
Fedak (2001).

Temps de Transit

Comme vu précédemment, maximiser le gain net d’énergie au cours d’un cycle de plongée
peut se faire en maximisant le temps passé dans la parcelle, et donc le temps passé au
fond, ou bien en minimisant les phases de transits que sont les phases de descente, de
remontée et de surface. De la méme facon que pour le temps de résidence, les temps
de transit peuvent étre affectés par la distance entre la parcelle et la place centrale,
mais également par la qualité de la parcelle. Thompson et al. (1993) ont ainsi proposé
un modéle dans lequel ils explorent le comportement qu'un plongeur devrait adopter
durant ces phases de transits afin d’augmenter la proportion de temps passé au fond. Ils
montrent qu'un animal plongeur devrait nager au cott de transport minimal (Miller et al.,
2012) durant les phases de transits pour des plongées a grandes profondeurs. A de plus
faibles profondeurs, ils s’attendent a ce que 'animal augmente sa vitesse de nage pour
augmenter le temps passé dans la parcelle. Selon leur modéle, cette vitesse de nage serait
également dépendante de la qualité de la parcelle visitée, avec des vitesses de nage plus
importantes pour des qualités de parcelles plus élevées. Les prédateurs plongeurs devraient
donc trouver le meilleur compromis entre 1’énergie allouée aux mouvements de nage et
donc aux cotits du transport, et la quantité de dioxygéne disponible restante pour la phase
de fond. Hassrick et al. (2007) ont par exemple montré que chez 1’éléphant de mer du nord,
Mirounga angustirostris, la vitesse de nage augmentait avec la distance & la parcelle. Ce
résultat également retrouvé chez 1’éléphant de mer du sud, Mirounga leonina (Hindell
& Lea, 1998), le lion de mer de Nouvelle-Zélande, Phocarctos hookeri (Crocker et al.,
2001) ou encore chez I'otarie de Kerguelen, Arctocephalus gazella (Boyd et al., 1995), est
interprété par Hassrick et al. (2007) comme étant la preuve d’ajustements physiologiques
chez I'éléphant de mer, puisque leurs données suggerent également une relation négative

entre le temps passé au fond et la vitesse de nage.

1.3.4 Limites de la Théorie

Tester les prédictions de ces modéles permet de mettre en exergue les limites de la théo-
rie et donc d’améliorer notre compréhension du comportement de plongée des prédateurs

plongeurs a respirations aérienne. Halsey el al. (2003) ont par exemple montré chez le
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fuligule morillon, Aythya fuligula, que le temps passé a s’alimenter augmente lorsque les
colits associés augmentent également. Ce résultat contraire aux prédictions de Houston
& Carbone (1992), a permis de mettre en évidence chez cette espéce que la courbe d’ab-
sorption du dioxygéne a la surface n’est pas fixe, comme présupposée par Houston &
Carbone (1992), mais que la moyenne du taux d’absorption a la surface augmente avec

I’augmentation des cotits liés a la plongée.

A Timage de cet exemple, il existe de nombreux cas pour lesquels les prédictions
different des observations (Boyd et al., 1995; Hindell & Lea, 1998; Crocker et al., 2001;
Hassrick et al., 2007). Un modéle va par définition tenter de représenter la réalité en
approximant de nombreux paramétres, quitte a omettre certaines variables se révélant
essentielles pour la compréhension des comportements de plongée. C’est notamment le
cas de la flottabilité qui est liée a la densité corporelle et donc & la proportion en lipides
des tissus qui composent ’animal plongeur. Il existe aujourd’hui de nombreuses études
qui attestent du role prépondérant de la flottabilité dans I’ajustement du comportement
de plongée chez I’éléphant de mer (Webb et al., 1998; Richard et al., 2014), le phoque
gris, Halichoerus grypus (Beck et al., 2000), le cormoran des Kerguelen, Phalacrocoraz
verrucosus (Cook et al., 2010), la tortue luth, Dermochelys coriacea (Fossette et al.,
2010) ou encore le cachalot, Physeter macrocephalus (Miller et al.,; 2004a). La flottabilité
jouant sur le cotit du transport, un animal plongeur aura tout intérét a se rapprocher
d’une flottabilité neutre s’il souhaite minimiser le cotit du transport pour accéder a une

parcelle en profondeur (Sato et al., 2013; Adachi et al., 2014).

L’autre limitation de ce genre de modéle concerne 'estimation de la qualité de la par-
celle visitée. Accéder a cette information in situ se révele en pratique compliqué, c’est
pourquoi un certain nombre de méthodes alternatives ont été développées. L’utilisation
d’appareils embarqués tels que les accélérométres (Gallon et al., 2013) ou les capteurs
a effet Hall (Viviant et al., 2010) permettent d’avoir une idée du taux de rencontre de
proies, sans que ’on sache si I’animal a réellement réussi a capturer une proie. Les sondes
cesophagiennes peuvent quant a elles donner une idée du nombre d’événements d’inges-
tion (Charrassin et al., 2001). Cependant, beaucoup d’études n’ayant pas les moyens de
mesurer les tentatives de prises alimentaires a 1’aide de ces appareils font alors 'hypothése
que le temps que I'animal passe au fond d’une plongée est proportionnel a la qualité de
la parcelle visitée (Wilson et al., 2002; Watanabe et al., 2003; Fossette et al., 2008).

1.4 Problématiques et Structure de la Thése

L’objectif de ma thése est donc d’étudier les comportements d’approvisionnement d’un

prédateur plongeur en milieu naturel, afin de mieux comprendre les contraintes temporelles

14
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et énergétiques auxquelles ces animaux peuvent étre soumis. Il s’agit ici de comprendre
comment ces animaux ajustent leur comportement en fonction des contraintes qui leur
sont propres, mais également en fonction des environnements qu’ils rencontrent. Pour ce
faire, cette thése s’est intéressée a la population d’éléphant de mer de I’hémisphére sud,
Mairounga leonina, située sur 'archipel des Kerguelen. Facile d’accés depuis la station
technique et scientifique de Port-aux-Francais, cette espéce permet de par sa taille, son
cycle de vie et ses performances de plongées d’étudier le comportement de prédateurs
plongeurs habituellement difficile d’acces. L’essentiel des travaux présenté dans la suite
de ce manuscrit a été réalisé sur des femelles équipées d’appareils de mesure permettant
le suivi de leur comportement de plongée au cours des plusieurs mois de trajet en mer.
Ce travail de thése s’articule autour de trois hypotheéses, dont chacune fait 'objet d’un

article scientifique, constituant le corps du manuscrit :

1. CHAPITRE 3 : Nous testerons ici, I’hypothése que I’éléphant de mer augmente son
effort de prospection dans des zones oui le taux de rencontre de proie est plus im-
portant qu’ailleurs. L’hypothése d'une multitude de proies chassées sera également
testée. A ’échelle des plongées, il s’agira d’identifier des zones en recherche restreinte
et d’en étudier les propriétés. A 1'échelle d’une tentative de capture, il s’agira de
déterminer si différentes stratégies de chasse sont mises en place, potentiellement
indicatrices de différentes espéces de proies chassées. Pour cette partie, I'utilisation
d’un ensemble de capteurs sera nécessaire pour reconstruire la trajectoire en trois
dimensions de 'animal sous ’eau. L’étude a fine échelle de la cinématique du mou-
vement de 'animal lors de ’approche d’une proie devrait nous permettre d’avoir un

nouvel éclairage sur les relations proie-prédateur.

Jouma’a, Joffrey, Yves, Le Bras, Picard, Baptiste & Guinet, Christophe, Three-
dimensional assessment of hunting strategies in a deep diving predator. Marine

Ecology Progress Series (in press)

2. CHAPITRE 4 : Dans ce chapitre nous testerons si I’éléphant de mer ajuste son com-
portement de plongée pour maximiser le temps qu’il passe au fond. Il s’agira ici
de déterminer et comprendre les ajustements comportementaux mis en place par
I’éléphant de mer pour passer plus de temps en recherche alimentaire. Cette partie
consistera également & tester si I’éléphant de mer se conforme & la théorie de la
plongée optimale et notamment s’il module son comportement de plongée en fonc-
tion du nombre de proies rencontrées, de la profondeur ciblée et de 1’évolution de

sa flottabilité au cours de son trajet en mer.

Jouma’a, Joffrey, Yves, Le Bras, Richard, Gaétan, Vacquié-Garcia, Jade, El Ksabi,
Nory, Picard, Baptiste & Guinet Christophe. (2016) Adjustment of diving behaviour
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with prey encounters and body condition in a deep diving predator: the Southern

Elephant Seal. Functional Ecology

3. CHAPITRE 5 : Ici, nous testerons si la dépense énergétique moyenne de 1’éléphant de
mer au cours d’une plongée varie selon le sexe, 'année et I’environnement prospecté.
Dans ce chapitre, nous étudierons donc les variations de la dépense énergétique
obtenues & partir du comportement de plongée et de la flottabilité des animaux, sur
des individus post-mues sur une période de 11 ans (2004 & 2015). Il s’agira dans un
premier temps de construire un modéle prédictif de la dépense énergétique réalisé sur
des données hautes résolutions (individus post-reproducteurs), pour ensuite prédire
sur un ensemble plus important de plongées basses résolutions (individus post-mues),
les variations de cet indice de la dépense énergétique et d’en étudier les variations

spatio-temporelles.

Jouma’a, Joffrey, Yves, Le Bras, Picard, Baptiste & Guinet, Christophe. Spatio-
Temporal Variations in Field Metabolic Rate of Post-Moulting Southern Elephant
Seals (En préparation)
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CHAPITRE 2

Modéle Biologique, Site d’Etude & Jeux de Données
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2.1. ’ELEPHANT DE MER DU SUD: UN PREDATEUR SUPERIEUR DE
L’OCEAN AUSTRAL

2.1 L’Eléphant de Mer du Sud: un Prédateur Supérieur

de ’Océan Austral

2.1.1 Situation du Plus Imposant Phocidé au Monde

Parmi les nombreux prédateurs qui peuplent les eaux australes, I’éléphant de mer aus-
tral, Mirounga leonina, est le représentant le plus imposant de la famille des Phocidés
regroupant pas moins de 18 espéces différentes. On trouve parmi cette famille deux es-
peces d’éléphants de mer qui constituent le genre Mirounga : I'éléphant de mer du nord,
Mirounga angustirostris, situé principalement sur la céte nord-est américaine et 1’'éléphant
de mer du sud, ou éléphant de mer austral, que 'on retrouve de I’Antarctique jusqu’aux
iles subantarctiques et qui constitue le modéle biologique de cette thése. Cette espéce,
plus massive que sa cousine nord américaine, est notamment caractérisée par un impor-
tant dimorphisme sexuel. En effet, on estime que les males peuvent peser plus de 3 tonnes
et mesurer jusqu'a 6 metres de long, mais en général le poids moyen d'un adulte male
est de 2 tonnes pour une longueur moyenne de 4 métres (Slip ef al., 1994). Les femelles
sont quant a elles 4 a 6 fois moins imposantes, puisqu’elles ne pésent en moyenne que 500

kilogrammes pour 2,5 métres de long (Figure 2.1).

FIGURE 2.1 — Représentation d’éléphant de mer du sud, Mirounga leonina. Du premier au
dernier plan: un juvénile, une femelle adulte et un male adulte. [llustration par P. Folkens.

De la fin du XIX®™€ jusqu’a la moitié du XX®™me siécle, la chasse aux phoques a décimé
la population d’éléphant de mer du sud (Guinet et al., 1999; McMahon et al., 2009;
Authier et al., 2011). Apres l'arrét de la chasse dans les années 50, les différentes sous-

populations d’individu des iles subantarctiques et antarctiques auraient dii se reconstituer.
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Seulement avec un déclin marqué depuis la fin de la chasse aux phoques pour certaines
colonies, comme pour celle de I'lle Marion qui a connu une diminution de prés 87 % de
sa population d’éléphant de mer jusque dans les années 2000 (McMahon et al., 2009), de

nombreux scientifiques se sont intéressés a cette espéce.

Il existe quatre sous-populations génétiquement différentes d’éléphants de mer aus-
traux que sont la Géorgie du Sud (400 000 individus), 'archipel des Kerguelen (220 000
individus), I'lle Macquarie (76 000 individus) et la péninsule de Valdés en Argentine (42
000 individus). Au début des années 2000, McMahon et al. (2005) estima la taille totale de
la population a plus de 700 000 individus, avec prés de 220 000 individus pour ’archipel
des Kerguelen, représentant le deuxiéme plus gros site de reproduction aprés la Géorgie
du Sud.

2.1.2 Cycle Biologique

Les ¢éléphants de mer sont des mammiféres marins qui ont la particularité de revenir
deux fois dans ’année a terre pour se reproduire et pour renouveler leur fourrure. Durant
ces deux périodes a terre déja cotiteuse en énergie, les éléphants de mer jetinent, ce qui
accroit d’autant plus leurs dépenses énergétiques (Boyd et al., 1993; Fedak et al., 1994).
Ces animaux passent le reste du temps en mer a s’alimenter, afin de renouveler les réserves

d’énergie allouées lors de la reproduction et de la mue.

Reproduction

Le systéme de reproduction des éléphants de mer est basé sur la polygynie, c¢’est-a-dire
qu'un male peut s’accoupler avec plusieurs femelles, regroupées en harem. Un harem est
donc composé de plusieurs femelles et d’'un male dominant qui se livre réguliérement a
des combats pour empécher les males périphériques de s’accoupler avec 1'une de leurs
femelles. Chez les femelles, la maturité sexuelle est atteinte vers 3-4 ans, tandis que chez
les méles, elle est atteinte une année plus tard vers 4-5 ans. Compte tenu du systéme de
reproduction et de ’accessibilité a la reproduction, ces jeunes méles ne s’accoupleront que

vers I’age de 9-10 ans, lorsqu’ils pourront prétendre défendre un harem.

Ces males en age de se reproduire arrivent & la fin de I'hiver austral, en aott, pour
y rester huit semaines et établir leur territoire. Les femelles reviennent quant a elles un
mois plus tard pour le début du printemps austral, en septembre. Dans les premiers jours
qui suivent leur arrivée, les femelles mettent bas en général d’un unique petit pesant une
quarantaine de kilogrammes. Elles 'allaitent durant 22 jours d’un lait riche en matiére
grasse, permettant au petit d’atteindre un poids moyen au sevrage de 107 kilogrammes
(Guinet, 1991).
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La saillie des femelles a lieu peu de temps avant le sevrage du petit, puis elles repartent
en mer quelques semaines plus tard, en octobre, a la fin du printemps austral. L’implan-
tation du blastocyte n’a lieu que trois mois plus tard, pour une gestation apparente de

quasiment une année (Gibbney, 1953).

Mue

Trois & quatre mois aprés leur séjour en mer suivant la reproduction, les éléphants de
mer reviennent une seconde fois & terre, mais cette fois-ci pour muer. Cette période peut
s’étaler sur plusieurs mois selon le sexe et la classe d’age des individus, entre novembre
et avril (Bradshaw et al.,, 2004). La mue des éléphants de mer et des phoques moines
est particuliére puisqu’elle consiste en la perte des poils et de I’épiderme, contrairement
aux autres espéces de pinnipédes (Worthy et al,, 1992). Cette particularité associée a
une période de jeline a terre représente un cott énergétique important pour ces animaux.
En effet, les femelles peuvent investir jusqu’a la moitié de I’énergie qu’elle consacre a la

croissance de leur petit et au renouvellement de leur fourrure (Boyd et al., 1993).

Plongée

En dehors de la période de reproduction et de mue, I’éléphant de mer austral passe
I’essentiel de son temps en mer, plongeant quasi continuellement. Ces animaux ne passent
en effet que quelques minutes a la surface (McConnell ef al., 1992) avant de plonger a de
grandes profondeurs. Ces plongées durent en moyenne 20 minutes pendant lesquelles ces
phoques atteignent une profondeur moyenne de 600 métres (2149 m maximum; Mclntyre
et al., 2010). Du fait de la migration nycthémérale des myctophidés, les femelles éléphants
de mer plongent plus profondément le jour que la nuit (en moyenne 800 m le jour et 400

m la nuit).

2.1.3 Distribution et Régime Alimentaire

Que ce soit en Géorgie du Sud, sur I'lle Macquarie ou bien sur I'archipel des Kerguelen,
les éléphants de mer austraux ont une distribution circumpolaire (Figure 2.2). Le trajet
en mer qu’effectuent ces animaux est I'occasion de renouveler les réserves d’énergie qui
ont été allouées durant leurs périodes de jetine a terre pour la mue et la reproduction. Il
est normal que la distribution géographique de leur trajet soit corrélée aux types de proies
rencontrées et donc a leur régime alimentaire. En fonction de 1’age et du sexe de ’animal,
plusieurs types d’environnement ont ainsi pu étre identifiés. Les jeunes des deux sexes
agés de moins de cing ans et les femelles adultes vont préférentiellement s’alimenter en

milieu pélagique antarctique, dans la zone marginale des glaces, et subantarctique, dans la
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zone interfrontale. (Bailleul et al., 2007a; Ducatez et al., 2008; Cherel et al., 2008; Bailleul
et al., 2010a), de petits poissons-lanternes que 1'on appelle les myctophidés. Cherel et al.
(2008) ont montré a l'aide d’analyse isotopique que trois espéces de myctophidés étaient
majoritairement présentes dans leur bol alimentaire : Gymnoscopelus nicholsi, Electrona
Antarctica et Electrona calsbergi. Une fois adulte, le niveau trophique des maéles est plus
élevé ce qui signifie qu’ils s’alimentent sur des échelons trophiques supérieurs comme des
céphalopodes (Psychroteuthis glacialis, Gonatus antarcticus et Kondakovia longimana,
Slip 1995; Daneri et al. 2000) ou de la légine australe (Dissostichus eleginoides, Slip 1995).
Ils ont ainsi tendance a délaisser le milieu pélagique pour venir se nourrir principalement

sur le plateau antarctique et le plateau de Kerguelen.

50°S  40°S

Latitude
60°S

70°S

(b)

25,000

Frequency
10,000

0

I I I I | |
-150 -100 -50 0 50 100 150

Longitude

FIGURE 2.2 — Tirée de Hindell et al. (2016), cette figure représente (a) 568136 localisations
d’éléphants de mer dans l'océan austral catégorisées en deux états comportementaux,
transit ou zone de recherche restreinte (ARS). (b) La fréquence des localisations en ARS
tous les 10 degrés de longitude

2.2 L’0Océan Austral

2.2.1 Un Environnement sous Changements Permanents

L’océan Austral, ou océan Antarctique, est constitué d’un systéme dynamique composé
de plusieurs structures océanographiques dont la position et 'intensité varient au cours
du temps. Cet océan a pour particularité d’étre annulaire, c’est-a-dire qu’il entoure le
continent antarctique sans qu’aucun autre continent n’entrave son chemin. Cette parti-
cularité est associée a la présence du plus puissant courant océanique (Pickard & Emery,

1990), le courant circumpolaire (ACC, Deacon 1933), qui circule d’ouest en est sous leffet
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de la force de Coriolis et des vents d’ouest. L’océan Austral s’étend du 60°S au niveau
de la Nouvelle-Zélande, jusqu’au 48°S au sud de 'océan Atlantique, sur plus de 24 000

kilométres.

Au sein de cet océan, plusieurs structures ont été identifiées pour délimiter les diffé-
rentes masses d’eaux qui le composent. Une masse d’eau est définie comme un comparti-
ment océanique homogeéne, caractérisé par des propriétés physico-chimiques (température,
salinité et pression) qui lui sont propres. Deux masses d’eau qui se touchent sont donc
délimitées par un front, c’est-a-dire par une structure océanographique caractérisée par
un gradient physico-chimique. Trois masses d’eaux sont ainsi généralement distinguées
dans 'océan Austral : les eaux subtropicales, les eaux subantarctiques et les eaux antarc-
tiques (Figure 2.3). On trouve respectivement au nord de chacune de ces zones : le front
subtropical (STF), le front subantarctique (SAF) et le front polaire (PF).

L’évolution de ces structures dans le temps et 'espace n’est pas figée (Langlais et al.,
2011). En effet, sous l'effet des courants, des structures dites méso et subméso-échelle
apparaissent sous la forme de tourbillons et de filaments. Ces structures peuvent persis-
ter durant quelques jours et s’étendre sur plusieurs centaines de kilomeétres. Elles vont
alors fagonner la dynamique de 'océan Austral et ainsi conditionner la répartition spatio-

temporelle des ressources (Strass et al., 2002).

2.2.2 Productivité des Eaux de Kerguelen

Contrairement a la zone interfrontale' caractérisée par un fort apport en nutriments,
mais une faible concentration en chlorophylle (High Nutrient-Low Chlorophyll, Pitchford,
1999), le plateau continental de Kerguelen présente un important bloom phytoplancto-
nique (Moore & Abbott, 2000; Mongin et al., 2008) en raison de sa faible bathymeétrie et
des structures océanographiques qui y sont présentes. Associés aux vents d’ouest et au
courant circumpolaire, les nutriments du plateau vont alors migrer a l’est pour former
des zones a forte richesse biologique (Dragon et al., 2011). Ce phénomeéne va structurer
la répartition spatio-temporelle de I’ensemble des ressources en agissant principalement a
la base du réseau trophique, sur la production primaire. La distribution de la biomasse
phytoplanctonique apparait donc comme contrainte par des facteurs environnementaux

qui par nature, fluctuent tout au long de ’année.

La présence de structures océanographiques telles que les tourbillons ou les filaments
va augmenter 'hétérogénéité spatiale en multipliant les conditions environnementales pré-

sentes au sein de cet océan. L’hypothese de I'hétérogénéité de [’habitat développée par

1La zone inter-frontale correspond & la région située entre le front sub-tropical et le front polaire.
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FIGURE 2.3 — Carte de 'océan Austral en vue orthographique centrée sur le continent
antarctique (Talley et al., 2011). La position des principaux fronts cités dans ce manuscrit
y est représentée : le front subtropical (STF), le front subantarctique (SAF) et le front
polaire (PF).

MacArthur & MacArthur (1961), suggére qu'une augmentation de la diversité des habi-
tats peut favoriser une diversité spécifique plus importante. Confirmant cette hypothése,
les fronts océaniques présentent ainsi une production biologique importante (Bost ¢t al.,
2009). La variabilité de 'abondance de certaines espéces de poissons-lanternes telles que
les myctophidés est directement liée & la position du front polaire (Loots et al., 2007) et

aux structures océanographiques environnantes.
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2.3 Déploiement et Traitement des Données

2.3.1 Description des Appareils Embarqués

SPOT

Les balises SPOT (Figure 2.4) sont des balises congues par Wildlife Computers™ dédiées
a la localisation des animaux via le systéme Argos. En plus de permettre le suivi du trajet
des animaux en mer, ces balises sont dotées d’une importante autonomie nous permettant
de localiser plus facilement un éléphant de mer lors de son retour a terre. Les données de
localisation sont transmises lorsque la balise est immergée, i.e. & terre ou en surface. La
qualité des localisations est variable, car elle dépend des conditions météorologiques, mais

également du nombre de satellites utilisés pour calculer la position.

FIGURE 2.4 — Schéma d’une balise SPOT: (a) antenne Argos, (b) port de communications,
(¢) témoin lumineux, (d) déclencheur magnétique et (e) capteur sec/mouillé. Cette balise
mesure 7,2 X 5,4 x 2,4 cm, pour un poids de 119 g. Image téléchargée sur le site de
Wildlife Computer™ http://wildlifecomputers.com/wp-content/uploads/manuals/
SPOT6-User-Guide.pdf

CTD-SRDL

Les balises CTD-SRDL (Conductivity-Temperature-Depth Satellite-Relayed-Data-Logger,
Figure 2.5) sont quant a elles fabriquées en Ecosse, au Sea Mammal Research Unit Instru-
mentation. Congues pour mesurer des variables océanographiques comme la température
et la salinité de ’eau, ces balises ont été utilisées dans cette thése pour leur mesure de
la profondeur (elles mesurent en fait la pression de 0 a 2000 dBar, avec une précision
de 2 dBar et une résolution de 0.05 dBar). Pour cela, elles ont été programmées pour
enregistrer la pression toutes les deux secondes. De la méme fagon que pour les SPOT5,
ces balises transmettent la localisation de I'animal en direct via le systéme Argos. En

plus de ces données de localisations, elles transmettent également des profiles de plongées
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résumés. Chaque plongée est résumée au sein de la balise a ’aide d’un algorithme en ligne
brisée qui réduit la plongée a cing segments (Fedak et al., 2001). Ces données sont ensuite

compressées et envoyées via Argos (Fedak el al., 2002; Argos, 2011).

FIGURE 2.5 — Schéma d’une balise CTD-SRDL. Cette balise mesure 10,5 x 7 x 4 ¢cm, pour
un poids de 545 g. Image téléchargée sur le site du SMRU http://www.smru.st-andrews.
ac.uk/Instrumentation/images/CTD_trans_600x450.png

MK10-X

Les balises MK10-X (Figure 2.6) sont construites par Wildlife Computers™ et contraire-
ment aux CTD-SRDLs et aux SPOTs, elles ne télétransmettent aucune données. Toutes
les données enregistrées par cette balise sont donc stockées dans la mémoire interne de
celle-ci, ce qui nécessite de retrouver 1’éléphant de mer et de lui enlever la balise pour
accéder aux informations enregistrées. Ces balises ont été utilisées pour échantillonner la
profondeur (avec une précision correspondant & 1 % de la mesure et une résolution de
0,5 m), la température et la lumiére & 1 Hz. Ces deux derniers paramétres n’ont pas été
utilisés dans le cadre de cette thése. Ces balises comprennent également un accéléromeétre

a trois axes configuré pour enregistrer & 16 Hz et dont la résolution est de 0,05 m.s~2.

SPLASH10-F

Comme pour les SPOTs et les MK10-Xs, ces balises sont fabriquées par Wildlife Compu-
ters™. Elles comprennent les mémes capteurs que les MK10-Xs, sans 'accélérométre. En
plus de cela, les SPLASH10-F (Figure 2.7) peuvent transmettre la localisation de I’animal
via le systéme Argos. Elles sont également couplées & un récepteur GPS, permettant une

fois la balise récupérée de recalculer les positions de I'animal au cours de son trajet en
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FIGURE 2.6 — Schéma d’une balise MK10-X. Cette balise mesure 5,6 x 3,8 X 2 cm,
pour un poids de 58 g. Image téléchargée sur le site de Wildlife Computer™ http://
wildlifecomputers.com/wp-content/uploads/product-images/TDR10-X-279A.png

mer. L’avantage du récepteur GPS sur le systéme Argos, est qu’il permet d’enregistrer a
une fréquence plus rapide (de l'ordre de quelques minutes) et & une meilleure résolution

(de 'ordre de quelques dizaines de m) la localisation de I’animal.

FIGURE 2.7 — Schéma d’une balise SPLASH10-F. Cette balise mesure 10,5 X
5,6 x 3 cm, pour un poids de 217 g. Image téléchargée sur le site de Wildlife
Computer™ http://wildlifecomputers.com/wp-content/uploads/product-images/
SPLASH10-F-238A.png

Acousonde

Les Acousondes™ sont des balises construites par Acoustimetrics, une filiale de Greene-
ridge Sciences, Inc. Le modeéle 3A (Figure 2.8) utilisé dans le cadre de cette thése comprend
un capteur de pression configuré a 1 Hz, pour mesurer la profondeur, ainsi qu’un accélé-
romeétre et un magnétometre trois axes configurés a 5 Hz. La particularité de cette balise
est qu’elle comprend également un hydrophone, permettant d’enregistrer I’environnement
sonore lorsque I'animal plonge. Cet hydrophone a été configuré pour enregistrer 3 h toutes
les 12 ou 24 h (varie selon "année de déploiement) & une fréquence de 6 ou 12 kHz (varie

également selon I’année de déploiement).
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FIGURE 2.8 — Photographie d’une balise Acousonde™ modeéle 3A. Cette balise mesure
22,1 cm, pour un poids de 262 g. Image téléchargée sur le site d’Acoustimetrics http:
//www.acoustimetrics.com/downloads/Acousonde3A_Brochure.pdf

2.3.2 Déploiement des Appareils Embarqués

Les données sur lesquelles s’appuie ce travail de thése ont été récoltées sur des éléphants
de mer équipés de différents assemblages de balise, lors de leurs retours a terre pour la
mue et la reproduction entre 2004 et 2015, sur I'archipel des Kerguelen. J’ai pour ma part
eu l'occasion de participer a une campagne de terrain de septembre 2014 & décembre 2014,
pour la récupération des balises posées sur des individus post-mues en début d’année et
le déploiement de nouvelles balises sur des individus post-reproducteurs au cours du mois
d’octobre 2014.

Préalablement a la pose de ces appareils embarqués sur I’animal, les balises sont syn-
chronisées sur le temps universel coordonné pour faciliter le traitement des données a
posteriori. Une fois allumée et synchronisée, le dessous de chacune des balises est enduit
d’une couche de pate marine que 'on coupe lorsque 'on retire la balise de ’animal. La
pose d’une balise sur un éléphant de mer se fait préférentiellement a I’écart du harem. Une
fois ’animal prit dans une capuche, il est immobilisé a 1'aide de deux personnes (voire plus,
en fonction de la taille de ’animal), tandis qu'une troisiéme personne anesthésie I’animal
en intra-veineux (McMahon et al., 2000; Field et al., 2002) a I'aide d’une solution 1:1
de tilétamine et de zolazépam, sur la base de 0,8 ml pour 100 kg. Aprés I’anesthésie de
I’animal, sa fourrure est nettoyée avec de l'acétone avant d’étre enduite avec de la colle
a époxy, a ’endroit de la pose de balise. Un filet préalablement découpé de la forme de
la balise est ensuite englué dans la colle. Ce filet contient un ou plusieurs collier colson,
qui serviront & maintenir la balise. Une couche de colle époxy est ensuite ajoutée sous la
couche de pate marine en-dessous de la balise. La balise est ensuite positionnée sur le filet
et les colliers colson sont serrés. Cette opération est bien évidemment effectuée avant le

réveil de I’animal, qui survient dans les 20 & 40 minutes suivant 1’anesthésie.

Pour récupérer les balises lorsque les éléphants de mer reviennent a terre, le méme
protocole est utilisé. Une fois I’animal anesthésié, il ne reste plus qu’a couper les colliers
colson et la pate marine pour libérer la balise. Le reste d’époxy présent sur la fourrure de

I’animal tombe ensuite naturellement lors de la mue.

27


http://www.acoustimetrics.com/downloads/Acousonde3A_Brochure.pdf
http://www.acoustimetrics.com/downloads/Acousonde3A_Brochure.pdf

2.3. DEPLOIEMENT ET TRAITEMENT DES DONNEES

2.3.3 Traitement et Calcul des Principales Variables Utilisées

Délimitation des Différentes Phases d’une Plongée

Avant de traiter la donnée de profondeur pour identifier les plongées, il est nécessaire
de corriger au préalable la dérive du capteur de pression au cours du temps. Initiale-
ment développée sous Matlab, cette étape a récemment été implémentée dans la fonction
correct_depth du package rbl (Le Bras, 2016). Un seuil a ensuite été fixé a 15 m pour

définir la zone de plongée et la zone de surface.

La définition de la phase de descente, de fond et de remontée est basée sur la vitesse
verticale, c’est-a-dire sur le rapport entre la différence de profondeur entre deux points et
la différence de temps entre ces deux points (Figure 2.9). A chaque point est donc associée
une valeur de vitesse verticale. Puis pour chaque plongée, la série temporelle des vitesses
verticales est modélisée a 'aide d'un polynome de degrés 4. Le choix d’un tel polyndéme
autorise la présence d’une phase plateau lorsque ’animal est au fond de la plongée, ce
qui n’est pas toujours le cas avec un polyndéme de degrés inférieur. Aprés une étude de
sensibilité réalisée par Yves Le Bras (données non publi¢es), un seuil fix¢ a 0,75 m.s™*
a ensuite été choisi pour identifier les trois phases qui constituent une plongée. Lorsque
la vitesse verticale est inférieure & —0, 75 m.s~!, ’animal est considéré en descente, entre
—0,75 et 0,75 m.s~! il est considéré au fond et au-dela de 0,75 m.s~! en remontée. Cette

étape est I'objet de la fonction dive_delim du package rbl (Le Bras, 2016).

Tentative de Capture de Proies

L’identification des tentatives de captures est réalisée a ’aide d’'un accélérométre trois
axes, indépendamment de sa position sur I'animal. Suivant la procédure décrite par Vac-
quié Garcia (2014) s’inspirant elle-méme de la méthode de Viviant et al. (2010) développée
chez les otaries, chaque axe de 'accélérométre est filtré avec un filtre passe-haut dont la
fréquence de coupure est fixée a 2,64 Hz de facon a s’affranchir de la composante liée aux
mouvements de 'animal. Chaque axe ainsi filtré est ensuite réduit en calculant ’écart type
pour chaque seconde. Le signal des trois axes est donc réduit a 1 Hz, out chaque valeur cor-
respond a ’écart type d’une seconde du signal filtré. Une moyenne mobile sur une fenétre
de cing secondes est ensuite appliquée sur chacun des axes. Enfin, un partitionnement
a deux classes est réalisé sur chaque axe a l'aide de la méthode des k-moyennes”, pour
distinguer les valeurs importantes des plus faibles. Chaque valeur est ainsi catégorisée
comme appartenant a une classe de valeurs importantes ou a une classe de valeurs plus
faibles. L’identification d'une tentative de capture se fait lorsque sur les trois axes, les trois

valeurs appartiennent a la classe de valeurs importantes. Une série continue de valeurs

2Plus connus sous le nom de k-means en anglais
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FIGURE 2.9 — Détermination de la phase de fond (en rouge sur le profil de plongée). Cette
phase correspond au moment ou la vitesse verticale (en bleus sur le graphique du bas),
modélisée par un polynome de degrés 4 (la courbe rouge sur le graphique du bas), se situe
entre -0.75 et 0.75 m.s™!.

identifiées comme appartenant a la classe de valeurs importantes sur les trois axes est
considérée comme une seule et méme capture. Autrement dit, deux tentatives de captures

sont considérées distinctes lorsqu’elles sont séparées par au moins une seconde.

Effort de nage

L’effort de nage est calculé a partir de I'axe latéral, i.e. droite-gauche, dont la densité
spectrale de puissance présente une bi-modalité marquée. Bien qu’il n’y ait pas eu de
validation en bassin, nous avons présupposé que le pic identifié pour de hautes fréquences
était lié aux mouvements de queue de I'animal. Compte tenu de cette hypothése, isoler
les fréquences liées & ce pic nous permet d’obtenir un signal reflétant les mouvements
de queue de 'animal. Le signal d’accélérométrie est alors traité a l’aide d’un filtre passe
bande, dont la résultante est utilisée pour calculer 'effort de nage. Pour cela nous avons
sommé la valeur absolue des pics, censée représenter la somme des coups de nageoires
de 'animal (Aoki et al., 2011; Sato et al., 2003). Selon la question posée, cette somme a

ensuite pu étre divisée par le temps de la période considérée, pour obtenir un effort de
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nage par unité de temps.

Angle de plongée

Dans le cadre de cette thése, 'angle de plongée est défini en fonction du plan horizontal.
Lorsque I'animal descend, ’angle est négatif et lorsqu’il remonte, son angle de plongée
est positif. L’angle de plongée est calculé en utilisant la composante statique du signal
d’accélérométrie, c’est-a-dire celle liée a l'intensité de pesanteur. Cette composante est

isolée a l'aide d’un filtre passe bas appliqué sur chacun des axes.

Vitesse de nage

Le calcul de la vitesse de nage n’a été possible que sur les animaux équipés d’Acousonde™,
grace aux enregistrements acoustiques. La méthode présentée ici a été implémentée sous
Matlab (MATLAB 8.1; The MathWorks, Natick, MA, USA) par Alexandre Génin, lors
d’un stage de césure. Fondamentalement, ’estimation de la vitesse de I’animal sous ’eau
est basée sur la relation qu’il existe entre I'augmentation du bruit de fond et la vitesse
verticale absolue (Fletcher et al., 1996; Burgess et al., 1998; Goldbogen et al., 2006; Simon
et al., 2009). A T'échelle de 'individu, chaque enregistrement audio a été filtré a 'aide d'un
filtre passe bas d’une fréquence de coupure de 110 Hz pour ne garder que le bruit de fond.
Puis, seuls les enregistrements ot I’animal plonge au-dela de 200 m avec un angle de
descente compris en —75° et —90° et une accélération sur les trois axes inférieure a 1
m.s~2 ont été gardés. Dans cette situation, la vitesse verticale absolue (vp, Equation 2.1)
calculée a partir de 'angle de descente I’animal () et de sa vitesse verticale (v,) approche

sensiblement la vitesse de ’animal.

— vz
vp = sin(p)

La relation qui lie la vitesse de descente absolue au bruit de fond est ensuite modélisée a

(2.1)

'aide d’une régression exponentielle (Simon et al., 2009). C’est cette relation (Figure 2.10)
qui est ensuite utilisée sur tout le jeu de données pour calculer la vitesse de nage pour

chaque individu.
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FIGURE 2.10 — Exemple de relation trouvée sur I’Acousonde A032 déployée en 2011, entre
la vitesse de descente absolue et le niveau sonore du bruit de fond.
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3.1. RESUME

3.1 Résumé

Introduction

Du fait des difficultés techniques a travailler sur des animaux sauvages, trop peu d’études
s’attardent & étudier I’écologie comportementale des prédateurs supérieurs. C’est d’autant
plus vrai lorsqu’il s’agit d’animaux évoluant en milieu marin, ol la dimension verticale
s’ajoute a la dimension horizontale déja présente en milieu terrestre. Le développement
de nouveaux enregistreurs de données permet aujourd’hui de reconstruire le mouvement
et la trajectoire d’'un animal en trois dimensions, indépendamment de I'observateur et du
milieu exploré. En utilisant ces nouveaux outils et grace a des techniques de navigation a
I’estime et de classification non-supervisée, nous avons étudier les techniques de chasses
des éléphants de mer, en examinant notamment la cinématique du mouvement de leur

corps précédant une tentative de capture de proie.

Matériels & Méthodes

Six femelles post-reproductrices éléphants de mer ont été équipées a Kerguelen d’Acou-
sonde™ comprenant un enregistreur temps-pression, un accélérométre, un magnétomeétre
et un hydrophone. Le bruit de fond sur les enregistrements acoustiques a permis d’estimer
la vitesse des animaux, pour une reconstitution de leurs plongées en trois-dimensions au
plus juste, grace aux méthodes de navigation a ’estime. L utilisation du temps de premier
passage dans une sphére sur la trajectoire reconstruite nous & permis de caractériser les
zones de recherche restreinte, tandis que la donnée d’accélérométrie nous a permis d’iden-
tifier des événements de tentatives de capture. Enfin, la classification non-supervisée des
données d’accélérométrie précédant une tentative de capture, nous a permis de mettre
en évidence différentes approches comportementales liées a la tentative de capture d’une

proie.

Résultats

Les zones de recherche restreinte ont été identifiées dans 46,4 £ 0,9 % des plongées recons-
truites en trois-dimensions. L’échelle spatiale de ces zones est comprise dans une sphére
de 36,6 m de rayon médian. Durant la phase de fond de ces plongées, ces zones qui repré-
sentent 36.9 & 7.6 % du temps passé au fond, sont caractérisées par un taux de tentatives
de capture de proies significativement plus élevé qu’en dehors (respectivement 1,2 £ 0,3
et 0,3 &+ 0,2, Wilcoxon-Mann-Whitney p-value < 0,01). A Dlintérieur de ces zones, trois

modes d’approche d’une proie ont été identifiés :

1 Une approche a I’horizontale, trés active, caractérisée par une importante sinuosité

horizontale, un mouvement de roulement trés important, ainsi qu'un effort de nage
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élevé. Cette approche, associée a un fort taux de capture (5,7 & 2,5 tentatives.min=!),

représente 56,6 % des tentatives de captures.

2 Une approche par le dessous, caractérisée par un effort de nage important et une
faible sinuosité horizontale. Cette approche, associée a un plus faible taux de capture

(3,6 & 1,5 tentatives.min™!), représente 10,6 % des tentatives de captures.

3 Une approche par le dessus, qui ressemble a une approche passive car 'effort de
nage et la sinuosité horizontale associés sont faibles. Cette approche, associée a un
faible taux de capture (3,6 + 1,4 tentatives.min™'), représente 32,8 % des tentatives

de captures.

Discussion

Les zones de recherche restreinte apparaissent comme des zones ot les éléphants de mer
réduisent leur vitesse, mais augmentent leur sinuosité. Associé a cela, ces zones qui ne
représentent qu’une petite partie du temps passé au fond, sont également associées a un
taux de capture de proies plus important, ce qui suggére une agrégation de la ressource
sous forme de patch, dont la densité locale de proies serait supérieure a la densité moyenne
de ’environnement. L’étude & fine échelle de la cinématique du mouvement de ces animaux
lors de la tentative de capture d’une proie, suggére trois modes de chasse différents, tant
par le comportement de nage que par le taux de capture associé, laissant a penser que
différentes proies sont chassées. Ces résultats révélent un lien fort entre les mouvements

a fine échelle des éléphants de mer et leur activité d’alimentation.

3.2 Article

3.2.1 Introduction

Movement ecology provides a conceptual framework aiming at better understanding how
organisms of all kinds move, and how their movement patterns modulate essential features
such as survival and reproduction of individuals, as well as the structure and dynamic
of population (Nathan et al., 2008). Therefore, movement can be considered as a crucial
behavioral response to diverse processes such as feeding, finding mates, avoiding predators
or harmful environmental conditions. Yet, the investigation of the mechanisms connect-
ing animal movement to these key processes is limited by our ability to track animals
in sufficiently high spatial and temporal resolution at which they sense and response to
various environmental cues. The recent development of bio-logging technologies have sig-
nificantly contributed to filling the gap in our knowledge, by relating animal movements

to physiology (Butler & Jones, 1997; Génin et al., 2015), physical environment (Heupel
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& Simpfendorfer, 2008; Ortega et al., 2009) and exploited resources (Guinet et al., 2014;
Kuhn et al., 2015; Goldbogen et al., 2015; Wilmers et al., 2015; Adachi et al., 2016). In
this context, high-sampling frequency tracking systems and loggers deployed on wild an-
imals made possible the recording of information that would have been impossible to get

otherwise, without being restricted by visibility, observer bias, or geographic scale (Brown
et al., 2013).

Such studies on diving animals are important since little is known about their life
history under the water compared to terrestrial animals. Indeed, while movements of ter-
restrial organisms are almost exclusively determined by a two-dimensional space, aquatic
animals evolve in a domain that includes a vertical dimension, modifying the general ap-
proach to space use. The advances in bio-logging technologies have greatly improved the
ability to monitor the behavior and movements of such animals, since it allows now to
reconstruct their three-dimensional path at very fine scale using high-sampling frequency
loggers (Mitani et al., 2003; Laplanche et al.; 2015). Considering the animal’s trajectory
underwater in three dimensions allow to assess a level of detail that was not possible
using a two-dimensional representation, i.e. time-depth representation (Harcourt et al.,
2000), in particular on the animal sinuosity (Bailleul et al., 2010b). For instance, Hindell
et al. (2002) revealed how the three-dimensional space use under ice of lactating Weddell
seals (Leptonychotes weddellii) can influence its reproductive strategies over several con-
secutive breeding seasons. Narazaki et al. (2009) showed that loggerhead turtle (Caretta
caretta) performed highly straight-line courses while diving, and large movement in head-
ing at the surface that could be interpreted as direction-searching behavior. In blue whales
(Balaenoptera musculus), Goldbogen et al. (2015) showed that several adaptive foraging
strategies were used to maximize prey capture in different ecological contexts, depending
on the required energy for manoeuvres. The use of three-dimensional tracking data asso-
ciated with high-sampling frequency loggers, such as accelerometer, appears to be then
relevant to investigate the foraging behavior of aquatic animals, since it allows to study

the relationship between animal movement and its feeding behavior.

Therefore, tracking data analyses developed for two-dimensional data to investigate
the spatial distribution of foraging effort have been adapted to three-dimensional data.
Such is the case for the First Passage Time (FPT) method developed by Fauchald &
Tveraa (2003) as a measure of search effort along a path. This method identifies the
spatial scale and position of the area-restricted search (ARS, Karciva & Odell, 1987),
which is a fundamental aspect of movement patterns analyses. Studies that investigate
the foraging ecology of a top marine predator, through both tracking and diving data,
can use the FPT method by integrating the vertical dimension (Bailleul et al., 2007b,
2010b; Hoskins & Arnould, 2013; Adachi et al., 2016). This is the case for the approach
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developed by Bailleul et al. (2010b) to investigate ARS in three-dimensional movements:
the spherical first-passage time (SFPT). This method is similar to the FPT, except it
considers both the vertical and the horizontal dimensions simultaneously, leading to the

concept of time spent inside a sphere rather than a circle.

By recording a high level of detail through the biomechanics (Cooke et al., 2004)
and exercise science (Suzuki et al., 2009), acceleration data also provide a powerful tool
to investigate foraging ecology. First, accelerometers can provide an estimate of the en-
ergy expenditure based on the variation in acceleration (Halsey et al., 2011 Mar-Apr).
Additionally, the waveform of the signal informs on the body posture and the animal
movements (Shepard et al.; 2008a). The movements identified using this technique can
be used to construct ethograms and differentiate a range of discrete behaviors (Sakamoto
et al., 2009; Bom et al., 2014; Berman et al., 2014), by ensuring they are biologically
meaningful. To date, three methods have been developed for assigning acceleration data
to behavioral categories based on signal properties (Brown et al., 2013). (1) The manual
examination consists in detecting reference patterns and fixing thresholds (Collins et al.,
2015), e.g. mouth opening detection interpreted as prey catch attempts (Viviant et al.,
2010). (2) The supervised machine learning algorithms, based on algorithms which are
trained on data generated from known behaviors (Nadimi et al., 2008). And (3) the un-
supervised machine learning algorithms (Sakamoto et al., 2009; Chimienti et al., 2016).
This latter method presents the advantage to infer categories from the dataset itself by
finding hidden structure, rather than from a labelled dataset. Considering acceleration
data without prior knowledge gives the opportunity to detect in a more objective way

new behaviors that no one has observed or described before (Chimienti et al., 2016).

Southern elephant seals (SES) spent several months at sea after the breeding season
on land. During this period at sea, several foraging habitats have been identified for
the Kerguelen Islands population, depending on age and sex. Juveniles of both sexes, i.e.
under five years old, and adult females mainly feed in the Antarctic pelagic zone (marginal
sea-ice zone) and the Subantarctic zone (interfrontal zone, Bailleul ¢t al., 2007a; Ducatez
et al., 2008; Cherel et al., 2008; Bailleul et al., 2010a) on small bioluminescent fishes called
myctophids (Cherel et al., 2008). Once adult, isotope analyses suggest a higher trophic
level for males, likely feeding on cephalopods (Slip, 1995; Daneri et al., 2000).

The purpose of this study was to investigate the foraging behaviors of six post-breeding
female SES by combining acceleration data analysis and three-dimensional trajectory anal-
ysis. Using the three-dimensional reconstruction of animal’s path underwater, we therefore
aimed at (1) determining the three-dimensional spatial scale of ARS, (2) comparing the

foraging behaviors inside and outside ARS region within the dive bottom phase, and
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(3) identifying hunting behaviors within an ARS, using an unsupervised classification

approach.

3.2.2 Materials & Methods

Ethics Statements

The Ethics Committee of the French Polar Institute validated all scientific procedures
applied on elephant seals. All animals in this study were handled and cared for in total

accordance with its guidelines and recommendations.

Deployment of Devices and Data Collection

Six post-breeding female SES (mean mass = 277 + 47 kg; mean length = 238 + 11 cm,
Table 3.1) were equipped on the Kerguelen Islands (49°20’S, 70°20’E) with an Argos-
GPS satellite tag (Splash 10-F, Wildlife Computer, USA), and an autonomous acous-
tic/accelerometer /magnetometer and pressure logger named Acousonde™, model 3A (Acous-
timetrics, Greeneridge Scences, Inc, USA). The six Splash 10-F tags were glued to the fur
on the seals’ heads, whereas the Acousondes™ were glued on the back of the animals on
the longitudinal axis, 10 cm behind the scapula. Two animals were equipped in 2011 and
the other four in 2012. Data loggers were set to collect and archive pressure every second,
while tri-axial acceleration and magnetometer were sampled at 5 Hz. All sensors were cal-
ibrated by their respective manufacturers. Because sound recording requires high levels
of energy consumption, Acousondes™ were programmed to record sound at a frequency
of 6 kHz for three hours every 12 h in 2011 and at a frequency of 12.2 kHz for four hours
every 24 h for the four individuals equipped in 2012.

Table 3.1 — Descriptive information about the six post-breeding female southern elephant
seals (Mirounga leonina).

Seal Body Size  n days n n dives Departure  Acousonde
mass (kg) (cm)  recorded dives  with sound date 1D
1 230 232 24 1945 227 2012-10-28 626019
2 362 235 12 409 60 2012-11-03 626020
3 282 248 4 288 46 2012-10-28 626022
4 292 225 29 1777 212 2012-11-01 626040
5) 255 254 13 821 123 2011-10-26 A031
6 245 238 13 1081 211 2011-10-28 A032

The seals were captured with a canvas head-bag and anaesthetized using a 1:1 combi-
nation of Tiletamine and Zolazepam (Zoletil 100) injected intravenously (McMahon et al.,
2000; Field et al., 2002). Data loggers were glued using a quick-setting epoxy glue (Araldite

AW 2101), after the fur was cleaned with acetone. The loggers were then recovered when
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female SES returned to shore to molt (i.e. January-February following deployments). Seals

were located using their Argos locations.

Unless otherwise stated, most of our analyses were conducted using R (R Core Team,

2015). All scripts used here for data treatment and analyses are available upon request.

Diving Behavior Parameters

We consider the seal is diving when the depth exceed 15 meters. This threshold was chosen
to avoid subsurface movements to be identified as dives. Each dive was then divided
into three different phases: descent, bottom and ascent phases by using a vertical speed
criterion chosen after a sensitivity analyses. Descent and ascent phases were characterized,
as a period when the vertical speed from or towards the surface, fitted to a polynomial of
degree 4, was higher than 0.75 m s~ (Vacquié-Garcia, Guinet, Dragon, et al. 2015). The
bottom phase refers to a period between the descent and ascent phase, where the fitted

1

curve of the vertical speed was lower than 0.75 m s™", in absolute terms. Using a custom

script, this analysis was performed with a commercial software package (MATLAB 8.1;
The MathWorks, Natick, MA, USA).

Data from the accelerometers were used to calculate a swimming effort index based on
stroke rate and amplitude, by using a band pass filter (lower cut-off frequency: 0.44 Hz;
higher cut-off frequency: 1 Hz) on the lateral axis. The swimming effort (m s72) was
then defined as the summed absolute values of the filtered lateral acceleration (Richard
et al., 2014; Jouma’a et al., 2016). Acceleration data were also used to calculate a proxy of
the energy expenditure called the vector of dynamic body acceleration, named hereafter
VeDBA (Equation 3.1, Qasem et al. 2012). For that purpose, we used a high-pass filter
with a cut-off frequency of 0.5 Hz to remove the static acceleration on each channel, and
then calculated the square root of the sum of the squared of these filtered acceleration

following the formula:

VeDBA = \/A2 + A2 + A2 (3.1)

Where A refers to the filtered acceleration.

Body orientation in three dimensions, .e. the pitch, the roll and the heading were
calculated using the animalTrack R package (Farrell & Fuiman, 2013) by using filtered
acceleration and geomagnetism obtained with a 0.5 Hz low-pass filtering. Using the same
filter for both acceleration and geomagnetism data allows us to limit the occurrence of
artefacts in calculated headings (Shiomi et al., 2010). Therefore, in a way to assess the an-

imal movement in three dimensions, the circular average of the pitch as well as the circular
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variance of the roll and the heading were calculated using respectively the circ.mean and

circ.disp function from the CircStats R package (Agostinelli, 2012).

Three Dimensional Reconstruction and Speed Estimation

Knowing the depth and the orientation of the animal allows us to reconstruct the path of
the animal under water (Figure 3.1a) by using the dead_reckoning function from the R
package animalTrack (Farrell & Fuiman, 2013), and therefore to have a better represen-
tation of the animal’s path than in two dimensions (Figure 3.1b). Such a reconstruction
has to make assumptions of the animal’s speed. Here, the speed of the animal has been
calculated from the low frequency flow noise on the acoustic recorder (Fletcher et al.,
1996; Burgess et al., 1998; Goldbogen et al., 2006; Simon et al., 2009). For each individ-
ual, the noise power was computed with a 110 Hz low-pass filter during periods under
200 m depth, with an animal’s pitch between -90 ° and -75 ° and an acceleration on the
three axes below 1 m s2. We used these descent periods for the speed-noise calibration
because in this situation, the absolute descent speed of the seal can be easily estimated
knowing the pitch and the vertical speed. We then fitted a single-term exponential curve
between the flow noise (Simon et al., 2009), and the absolute descent speed. This relation
was used to estimate the swimming speed in any part of the dataset that includes sound

recordings.

Spherical First Passage Time

SEFPT has been developed in the case of three-dimensional movements to account for the
vertical dimension in ARS scale identification and description (Bailleul et al., 2010b).
Based on FPT Fauchald & Tveraa (2003), the SFPT is defined as the time required to
cross a sphere with a given radius. To determine the optimal radius of the sphere used for
ARS detection, we tested different radii, range 10 - 300 m by 10 m, and visually chose the
one providing the highest contrast in SFPT, i.e. a radius of 50 m in this study. Then we
used lavielle function from R package adehabitatLT (Calenge, 2006) that performs a
non-parametric segmentation on time series based on Lavielle’s method (Lavielle, 2005),
to finally identified ARS in SFPT time series (Figure 3.1¢). To estimate the scale of an
ARS, we considered the radius and the time spent inside a sphere centered on the centroid

of the ARS that included 95 % of animal’s position inside.

Detection of Prey Catch Attempts

Mouth opening events indicative of prey catch attempts can be detected from acceleration
data (Viviant et al., 2010; Naito et al., 2010; Gallon et al.; 2013). Here we used a method
derived from Viviant et al. (2010) and adapted by Vacquié-Garcia et al. (2015a) to identify

rapid head movement, interpreted to be associated with prey encounter events, with a
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Figure 3.1 — (a) Three-dimensional trajectory of dive 994 from southern elephant seal 1,
starting at the blue point (e), with an area-restricted search (ARS) identified in red. (b)
The same dive in two-dimension, highlighting the necessity of using one more dimension
to assess path sinuosity. (¢) The spherical first passage time (SFPT) associated with this
dive across time. Using the Lavielle’s method, we then identified an ARS that took place,
in a sphere of 37.9 m radius and where southern elephant seal 1 spent 142 s.
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custom script performed with MATLAB. We first applied on the signal a high-pass filter
of 2.64 Hz in order to remove noise corresponding to swimming movements. Then, a fixed
window of one second was used to calculate the standard deviation every second on each
channel. Signals reduced in this way were smoothed using a moving standard deviation
with a five-second window size. Finally, a 2-mean clustering was performed on the final
three signals. Prey catch attempt was defined as a continuous sequence of samples in

which all of the three axes were classified in the high-variance cluster.

Behavioral Comparison of Foraging Effort Inside and Outside ARS during the
Bottom Phase

For each SESs, in dives where ARS were detected, we calculated both proportion of prey
catch attempts and the associated catch attempts rate occurring during the bottom phase,
first inside and then outside ARS. We focused on the bottom phase to avoid the effect
of directed movements associated with the ascent and the descent phase. Then focusing
on hunting behavior, defined as the animal’s behavior before prey catch attempts, the
average speed, the sum of the swimming effort and the VeDBA, as well as the circular
variance of the heading and the roll, and the circular mean of the pitch were calculated
during the 20 s preceding the catch attempts. Using Wilcoxon-Mann-Whitney tests for
paired data, we then compared averaged values for each SES of these variables inside vs

outside ARS, since the normality assumption was not met.

Unsupervised Hunting Behavior Classification Inside ARS

To identify different hunting behaviors inside ARS, we based our classification on acceler-
ation signal properties from the three channels by considering an arbitrary time window
before prey catch attempts. We present the outputs for a 20 s time window, but a sensi-
tivity analysis revealed a similar classification for a time window ranging from 10 to 60 s
(Appendix G, Figure G.1).

The calculated signal properties were the mean, the maximum, the minimum, the
skewness and the kurtosis (respectively skewness and kurtosis from moments R package
Komsta & Novomestky, 2015), as well as the main frequency that composed the signal and
the associated power spectral density (pspectrum from psd R package, Barbour & Parker,
2014) for each raw acceleration axis. The same parameters were calculated on acceleration
data filtered with a 0.5 Hz low-pass and a 0.5 Hz high-pass filter, respectively, to retain

the gravitational part of the signal, and the one due to animal’s movements.

A PCA analysis was conducted to create a set of orthogonal variables. The optimal

number of factors to extract from the PCA, was determined with the Kaiser’s rule (Kaiser,
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1960) through the nScree function from the R package nFactors (Raiche, 2010).

We finally performed an agglomerative hierarchical clustering on results from the fac-
tor analysis using HCPC function from FactoMineR R package (Husson et al., 2015), by
computing the Fuclidian distance matrix and following the Ward’s criterion. The sug-

gested partition was the one with the higher relative loss of inertia.

Assuming each cluster is a specific hunting behavior, we described these behaviors
in terms of average speed, swimming effort and VeDBA, circular average roll and pitch,
circular variance of heading, and average prey capture rate during the time window of 20 s
before prey catch attempts. We tested the independence of the proportion of prey catch
attempts associated with each cluster, between the six southern elephant seals, using a

Chi-squared test.

3.2.3 Results

Detection and Scale of ARS

The average percentage of dive with ARS (Table 3.2) was 46.4 + 0.9 %, range: 34.1
(Seal 6) — 58.7 % (Seal 3). Overall, the scale of an ARS was similar for the six elephant
seals with an average of 48.2 + 25.7 m radius, and a median of 36.6 m (Figure 3.2a). This
represents an average of 165.1 + 109.4 s spent inside the ARS, with a median of 123 s
(Figure 3.2b).

Table 3.2 — Descriptive information about area restricted search (ARS) for the six post-
breeding female southern elephant seals (Mirounga leonina).

Proportion of dive

Seal Time in ARS (s) Radius ARS (m) with ARS (%)
1 131.5 £ 61.5 39.7 £19.9 95.5
2 138.6 £ 60.6 42.1 £ 21.8 43.3
3 176.1 £ 1214 04.9 £ 37.9 58.7
4 182.2 £ 132.9 44.6 £ 30.9 39.6
5 230.3 £ 188.2 63.1 + 15.9 47.2
6 131.5 £ 91.6 44.7 £ 28.0 34.1

Differences of Foraging Behaviors Inside and Outside ARS

When ARS were detected within a dive, they represented an average 36.9 + 7.6 % of the
bottom time, with an associated mean prey capture attempts rate of 1.2 + 0.3 per minute
(Table 3.3). Non-ARS represented 63.1 £ 7.6 % of bottom time for each animal, with a
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Figure 3.2 — Density distribution of the radius and the time for a sphere centred on
the centroid of each ARS identified within the bottom phase of southern elephant seals’
(Mirounga leonina) dive, including 95 % of their position.

significant lower mean capture attempts rate of 0.3 £ 0.2 per minute (Wilcoxon-Mann-

Whitney p-value < 0.01).

Table 3.3 — Proportion of bottom time spent inside and outside area restricted search
(ARS), with the associated prey catch attempts rate for the six southern elephant seals
(Mirounga leonina).

Seal ARS non ARS
Proportion Prey catch Proportion Prey catch
(%) attempts.min~! (%) attempts.min !

1 38.7 1.4 61.3 0.3
2 23.6 1.5 76.4 0.4
3 43.5 1.2 56.5 0.1
4 33.2 1.1 66.8 0.4
5 43.8 0.8 56.2 0.2
6 38.4 1.4 61.7 0.6

At the bottom phase of these dives, before a prey catch attempt, only the circular
variance of the heading and the roll were significantly different outside and inside ARS
(Figure 3.3, Wilcoxon-Mann-Whitney p-value < 0.01). Indeed, during the 20 s preceding
the prey catch attempts, both parameters were higher in ARS than outside. The sum of
the swimming effort and the circular mean of the pitch were not significantly different
inside vs outside ARS (Figure 3.3, Wilcoxon-Mann-Whitney p-value > 0.05). We found
the same result for the average speed and the sum of VeDBA, even if visual inspection

tend to suggest lower values inside ARS.

44



3.2. ARTICLE

p-value > 0.05 2.21 p-value > 0.05

©
=}

~

=}

~
o

Iy
o

Cumulative swimming effort (m.s'z)
©
o
- .
Average speed (m.s™%)
-
©

— ]

non ARS ARS non ARS ARS

@
o

0.45- p-value < 0.01 p-value <0.01

|

0.404
0351 ——

0.301

0.25 ] 034

0.204 .
t

non ARS ARS non ARS ARS

0.44

Circular variance of roll (rad)

Circular variance of heading (rad)

0-11 p-value > 0.05 p-value > 0.05

-

o

o
L

0.0+

0.1

[N

o

o
L

Circular mean pitch (rad)
Cumulative VeDBA (m.s?)
=
3

804 J

-0.2

non ARS ARS non ARS ARS

Figure 3.3 — Behavioural comparison of prey catch attempts occurring during both area re-
stricted search (ARS) and non-ARS regions at the bottom of southern elephant seals’ dive
(Mirounga leonina; SES). The boxplots show the distribution of the average swimming
effort, VeDBA, speed, pitch, the variance of heading and roll during the 20 s preceding
prey catch attempts. Each point represents the average value for each SES. The p-value
is the result of a median two-sample Wilcoxon test.

Characterization of Hunting Behaviors Inside ARS at the Bottom

Using the Kaiser’s rule to reduce the number of variable as inputs for the classification,
we only considered the first 16 component scores of the PCA (Appendix G, Figure G.2).
The hierarchical clustering (Figure 3.4), through the higher loss of inertia by partitions,
revealed the presence of three related clusters obtained from the factor map. High values

of encounter rate associated with each cluster (Table 3.4) compared to values in Table 3.3,

45



3.2. ARTICLE

result from the average of the number of catch attempts during the 20 s preceding prey

catch attempts over a minute.
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Figure 3.4 — Hierarchical clustering of prey catch attempts within area restricted search
based on southern elephant seals’ behavioural features during 20 s previous to captures at
the bottom phase of dives. Using the higher relative loss of inertia, the partition suggested
of prey catch attempts is in three groups: 1, 2 and 3.

The first cluster (n = 826, Table 4) was characterized by high values of circular variance
for the heading (37.6 £ 1.2 °) and the roll (32.5 + 1.1 °), and a circular mean for the pitch
near zero degrees (-1.5 £ 2.0 °). It was also associated with a large catch attempts rate
of 5.7 + 2.5 prey catch attempts.min—1 and the highest values of VeDBA (138.2 + 45.9
m s—2). Catch attempts contained in the second cluster (n = 155) were associated with
lower but high values of VeDBA and high values of swimming effort (respectively 132.1 +
38.8 m s72 and 124.3433.1 m s72), a circular mean for the pitch of 41.8 £+ 1.9 ° and a low
capture rate of 3.6 &= 1.5 prey catch attempts.min™!. The last behavior associated with
the third cluster (n = 479) included catch attempts with the lowest values of swimming
effort (45.6 + 27.8 m s72), a circular mean for the pitch of -12.0 + 3.0 °, a capture rate
of 3.6 4 1.4 prey catch attempts.min™! and the lowest values for VeDBA (54.8 4 30.5 m
s72).

The proportion of these three classes of hunting mode leading to prey catch attempts
did not depend on individuals (Figure 3.5, Chi-squared test p-value > 0.05). The cluster 1
containing the largest proportion of catch attempts, followed by cluster 3 and cluster 2
(respectively 56.6 %, 32.8 % and 10.6 % of prey catch attempts).
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Table 3.4 — Summary of the behaviour during the 20 s preceding prey catch attempts
performed by six post-breeding female southern elephant seals (Mirounga leonina) within
area restricted search, in each groups identified from the unsupervised classification (Fig-
ure 3.4). Mean values and circular mean values are respectively given 4 standard deviation
and circular variance.

Cluster n VeDBA Swimming Speed Roll (°) Pitch (°) Heading Prey catch

(m.s~2) effort (m.s~2) (m.s™1) @) attempts.min—!
1 826  138.151+45.94 80.44426.03 1.6+0.26 32.49+1.14 -1.47£2.02 37.61+1.08 5.65+2.47
2 155  132.13£38.83  124.31£33.14 1.76+0.3 8.68+1.04 41.76+1.92 12.56+1.39 3.64+1.45
3 479 54.77+30.46 45.57+27.76 1.64+0.34  5.06+£0.48 -12.04+2.97 9.65+1.03 3.61£1.43
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Figure 3.5 — Partitioning of prey catch attempts identified within area restricted search
for six southern elephant seals, among the three groups identified through the hierarchical
clustering on principle components (Figure 3.4).

3.2.4 Discussion

Path Reconstruction

Despite recent advances in the bio-logging field, still many biases have to be considered
when using new tools to study marine animals’ path. When predicting the position of an
animal underwater, the term pseudo-track is preferred rather than track to reinforce the
idea that absolute position is unknown (Hazen et al., 2009). Such differentiation is crucial,
as the reconstruction process relies on multiple assumptions. For instance, to simplify the
reconstruction we assume that the animal frame is the same as the tag frame, which is
not always the case (Laplanche et al., 2015). To make a reliable estimation of the speed,

we also assume that recording sound under a certain frequency is proportional to the
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animal’s speed due to the noise of the water flow. However, in some situations like if the
seal was swimming in the current direction or moving into a position in which its head
creates a depression, diminishing therefore the flow noise over the tag, this estimation
can be misleading. As mentioned by Laplanche et al. (2015), the implementation of these
approximation can have considerable impacts on the estimated track. Nonetheless, new
methods based on Bayesian statistics (Laplanche et al.,, 2015; Wensveen et al., 2015)
developed to compensate these approximations are time consuming and still inadequate
to analyze very large sample size of dives. Therefore, dealing with a relatively large sample
size of dives, we consider the method employed in our study as a likely acceptable trade-off

between accuracy and processing time.

Areas of Increased Foraging Effort

A reliable estimation of the animal’s track underwater is required to assess and understand
the role of marine predators within their ecosystem. Because they perceive and react to
the environmental heterogeneity, their reactions detected through changes in movements
are usually interpreted as interaction and response to physical and/or biological changes
(Gordon, 1991; Nathan et al., 2008). In a foraging context, an inaccurate estimation of
the scale at which animals are searching could lead to misinterpreting their response to
environmental changes or disturbances. By using the SFPT (Bailleul et al., 2010b) we
accounted for the vertical dimension to improve movement analyses in three-dimensions.
Based on tracking and diving data, this is the first study to implement this innovative
method for looking at ARS in order to differentiate behavioral states, thanks to unsu-
pervised classification. Our study revealed that SESs perform active search in an optimal
sphere of 48.2 & 25.7 m radius (Table 3.3). The smaller radii (9 and 18 m) found by Adachi
et al. (2016) could be due to behavioral differences between both species (Mirounga angu-
stirostris vs Mirounga leonina), or between prey targeted. In addition, the method used
by Adachi et al. (2016) is different from ours, since they considered the radius of the
sphere used to detect ARS as the actual radius of the ARS. In our study, we showed that
using a sphere of 50 m radius for ARS detection allows us to detect ARS within a sphere
of 36.6 m median radius (Figure 3.2a). Detected in half of the dives, our ARS represent
just 36.9 % of bottom times, but due to higher prey capture rate, they represent 67.6 % of
the whole prey catch attempts performed during the bottom phase of dives. Our results
were consistent with those from Adachi et al. (2016) that most feeding events occurred
in ARS zones (78 and 86 % for small and large ARS, respectively). SESs appears there-
fore to have higher encounter rates in small regions of the bottom phase, considered as
the main foraging phase in southern elephant seals (Guinet et al., 2014; Jouma'a et al.,
2016). These results would suggest prey aggregation, which seems to be consistent with
the patchy distribution of their main prey, the myctophids (Auster et al., 1992; Cherel

et al., 2008). However, since a substantial proportion of prey catch attempts occurred
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outside ARS, i.e. 32.4 %, we would define a prey aggregation as an area where the local
prey density is higher than the average overall prey density in the environment, and so

the distribution of prey as a continuum, in which the prey density may vary locally.

Regarding swimming behaviors before prey catch attempts at the bottom level, the
hunting behavior inside vs outside was different. ARS appeared to be zones with a higher
swimming activity, where animals seems to reduce speed, with a significant increase of
horizontal sinuosity, ¢.e. high values of circular variance for heading, and high values in the
circular variance for the roll, meaning that animals tend to have a rotating movement when
capturing prey (Figure 3.3). The increase of sinuosity within an ARS suggests that such
behavior results from higher resource concentration as revealed in satellite tracking study
in birds (Veit & Prince, 1997; Pinaud & Weimerskirch, 2005) and mammals (Haskell, 1997;
Thums et al., 2011). In this study, we showed that SESs increase their three-dimensional
track sinuosity at the dive scale in relation to a higher prey encountered rate (Figure 3.3;
Table 3.3). This is a finding consistent with the increase of both horizontal and vertical
sinuosity detected in relation to the increasing number of prey catch attempts (Le Bras
et al., 2017).

We interpret the likely reduction of speed before prey catch attempts within an ARS as
a way to improve precision by favoring specific hunting strategies over just fast swimming.
During the bottom phase, the animal could capture prey on its way and alter its behavior,
such as reducing speed, as a result of higher prey density. This tactic of switching from
extensive to intensive search mode by regulating speed has also been found in plaice,
Pleuronectes platessa (Hill et al., 2002). Because the horizontal speed of an animal is
linked to its swimming effort (Sato et al., 2013), we would then expect higher swimming
effort before a catch attempt outside ARS. Such a difference was not observed, and this
could be due to our proxy of the speed which is known to be limited when animal’s
sinuosity increase, because of interference noises. Another explanation would be that SES,
by reducing its speed, would reallocate energy saved in this case for rolling movements
or quick direction changes, potentially responsible for the reduction in travelling speed
compared to more linear tracks outside ARS. The fact that pursuing prey inside ARS
seems to require more energy, i.e. high value of VeDBA, than chasing outside, by increasing
sinuosity for instance, could be partly balanced by reducing speed. These hypotheses need,
however, to be taken with caution since no significant differences in swimming speed and
VeDBA were detected outside vs inside ARS (Figure 3.3). The other way SESs have to
compensate for the extra energy required to chase inside ARS, would be to be more

efficient inside these areas, by catching more prey.
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Behavioral Classification

Techniques based on acceleration data for animal movement classification are beginning to
emerge in the ecological literature (Shepard et al., 2008b; Nathan et al., 2012; Brown et al.,
2013; Collins et al., 2015). An increasing number of studies have developed supervised
algorithm classification, but only a few suggested using unsupervised method (Sakamoto
et al., 2009; Chimienti et al., 2016). Here, like Sakamoto et al. (2009), the classification
was based on k-means clustering, except that the number of clusters was estimated using
hierarchical clustering on principle components. We believe that our method reduces the
decision-biases associated with supervised method. This innovative method enabled to

identify objectively three different clusters interpreting as hunting modes in ARS.

The first cluster is likely related to a substantial horizontal sinuosity as though SESs
were chasing fishes all round them within the patch, while remaining at the same depth,
i.e. low variability in the pitch (Table 3.4), suggesting a distribution of prey in thin vertical
layer. This hunting mode agreed with findings of L.e Bras et al. (2017) that female elephant
seals were found to be more successful when foraging inside a prey patch distributed in
narrow vertical layers. During this hunting mode, SESs appear to roll alternating almost
from back to belly, which is not observed in any other cluster. These variations in the
roll has been documented in northern fur seal (Battaile et al., 2015) and sperm whales
(Miller et al., 2004a). In this latter case, this behavior was associated with active clicking,
indicative of prey catch attempts. Here, these variations are in part responsible for the
associated high-energy expenditure. Indeed, this hunting mode appeared to be the most
costly in energy with the highest values of VeDBA. In addition to three-dimensional move-
ments, this energy expenditure is also due to the swimming effort necessary to maintain
these negatively buoyant animals at the same depth (Richard et al., 2014). According to
the associated high capture rate (almost twice higher than the others identified modes)
we believed that SESs would compensate the energy required to catch these prey, which
represents 56.6 % of capture attempts, by catching as much prey as possible and poten-
tially by feeding on prey with high energy density. With their patchy distribution (Auster
et al., 1992) and their lethargic behavior (Barham, 1971), small myctophids, which are
high energy density fishes (Lenky et al., 2011) are the most plausible candidate prey.

We interpreted the second mode as an active chase, as SESs attack from below with
a large swimming effort (Table 3.4). Here, the energy expenditure is almost exclusively
due to the animal’s stroke, as if the only purpose of the animal was to charge into prey.
Depending on the depth and the prey, SES could in this case use the prey drop shadow
to better target them. As the associated prey catch attempt rate was also found to be

low, we hypothesized that SESs would compensate for the extra energy required to catch
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fast moving prey while ascending, by favoring large prey, like squids for instance or larger

myctophids species such as Gymnoscopelus bolina.

Finally, the last cluster reveals a passive hunting mode that would consist of catch-
ing prey from above, by gliding down on them at a relatively low angle (Table 3.4).
All females were found to remain negatively buoyant during post-breeding foraging trips
(Richard et al., 2014), particularly during the first weeks following their departure from
the colony, and therefore glide when moving down (Davis & Weihs, 2007). This attitude,
while being interpreted as an energy-saving strategy, i.e. low values for VeDBA, could also
be interpreted as opportunistic captures, by catching prey by stealth during the approach
phase. In this case, the associated low sinuosity could be perceived as if SESs travelled
in a straight direction, gliding down at a low angle and picking low density prey on their

way.

While ARS are associated with a higher prey encounter rate, these three foraging
strategies were also found to be the same outside these regions (Appendix G, Figure G.3),
highlighting that hunting behavior is not dependent on the ARS mode. Presumably, ar-
eas of increasing foraging effort appear then to be contingent upon prey aggregation,
revealing three-dimensional ARS regions as a way to assess the heterogeneity of resource
distribution. Although we may associate different foraging strategies based on energy bal-
ance associated with each behavioral mode, it is also possible that elephant seals pursue

a variety of prey and that their behavior is simply a result of pursuing different species.

Foraging Ecology

Marine ecosystems are difficult to access and to study. However, the combination of diving
and tracking data from top predators can be extremely useful to improve our understand-
ing of the role and the structure of marine resources. Following the conceptual framework
of the optimal foraging theory (Charnov, 1976), predators should adjust their movements
to prey encounters or environmental conditions. In a favorable environment, or when prey
is encountered, predators are expected to increase their turning rate (Davis el al., 1991)
and decrease their speed (Patlak, 1953; Turchin, 1991), which was found in southern ele-
phant seal (Figure 3.3; Table 3.3).

As no differences in the proportion of hunting modes were observed between indi-
vidual, our results on hunting classification seem generalizable, but the small number of
individuals, the short recording periods (Table 3.1) and the geographical bias (all ani-
mals went East) do not allow us to conclude at the population level. This also applies to
the hunting strategies analysis, since only subsampled data from six elephant seals were

used for the classification. Here, three different strategies emerge from the unsupervised
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classification. One of them is associated with opportunistic attempts and represents 32.8
% of prey capture. It consists of catching prey at a lower rate, by adopting some kind
of energy-saving strategy. The other two strategies are much more energy consuming, in
part because of the swimming effort required for these animals to the ascent or to stay at
the same depth. In addition to this effort, the energy expenditure was also found to be
related to three-dimensional movement for the main hunting behaviors used in 56.6 % of
the prey catch attempts. We believe the extra energy required by employing this hunting
mode would be compensated with a greater number of captured prey; furthermore if these
prey have higher energy density. As this strategy seems to be preferred over the others,
we believe the associated energy balance (energy intake vs energy expenditure) is more

favorable than the others.

These findings challenge the general assumption that elephant seals mainly adopt
energy saving foraging behaviors. Based on previous studies (Richard et al., 2014; Adachi
et al., 2014; Maresh et al., 2015; Jouma'a et al., 2016), we believe that SESs adopt an
energy saving strategy when transiting between patches, through the minimal cost of
transport (Miller ef al., 2012), but increase their swimming costs when actively pursuing
prey. While this classification is indicative of different foraging strategies, one can consider
that it may also be indicative of different prey species. Further investigations, such as
these initiated by Vacquié-Garcia et al. (2015b) on the delineation of SESs’ foraging
environments defined by temperature, light level and depth or Bailleul ¢f al. (2015) on
the dissolved oxygen in water masses visited by SESs would be interesting to assess the

distribution and the ecology of their prey.
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4.1. RESUME

4.1 Résumé

Introduction

Les prédateurs plongeurs a respiration pulmonée sont souvent considérés comme des ani-
maux a place centrale de part leur nécessité de remonter a la surface pour renouveler
I’air de leurs poumons. Cette particularité a permis la construction de nombreux modéles
comportementaux essentiellement basés sur la capacité aérobie de 'espéce étudiée. Dans
ces modeéles, la décision de quitter un banc de proies était donc uniquement basée sur
les réserves en dioxygeéne de I'animal. Par simplification et en ’absence d’études carac-
térisant la relation entre le temps passé au fond d’une plongée et le succés de péche, ces
modeéles faisaient alors bien souvent ’hypothése que le nombre de proies rencontrées par
le prédateur était proportionnelle au temps qu’il passait a en chercher. L’animal devait
donc maximiser le temps passé au fond de la plongée pour maximiser son succés de péche.
Dans cette partie, nous explorons justement le lien qui existe entre le temps passé au
fond d’une plongée, souvent considéré comme le temps efficace de péche’, et le nombre de
proies qu'un éléphant de mer tente de capturer. En s’appuyant sur des modeéles théoriques
plus récents, nous testons différentes hypothéses quant a la décisions de quitter un banc
de proies pour remonter a la surface, liées a la flottabilité de 'animal, ainsi qu’au nombre

de proies qu'’il a rencontrées.

Matériels & Méthodes

Pour cette étude, six femelles post-reproductrices éléphants de mer ont été équipées a
Kerguelen d’enregistreurs temps-pression couplés a un accélérométre. La donnée de pro-
fondeur nous a permis de calculer différentes variables caractérisant un cycle de plongée,
comme le temps passé au fond ou le temps passé a la surface. Les données issues de 1’ac-
célérométre nous ont quant a elles permis de calculer I'effort de nage et I'orientation de
I’animal, mais également d’identifier les événements de tentative de capture. La combi-
naison des variables issues de ces deux enregistreurs de données, nous a aussi permis de
calculer I'évolution de la densité corporelle de ces six individus au cours de leur trajet en
mer. Nous avons ensuite réalisé un modéle pour expliquer les variations du temps passé au
fond d’une plongée en fonction de toutes les variables liées au comportement de plongée.
Ce modéle nous a ensuite servi de base pour tester notamment ’effet du nombre de proies
rencontrées, de la profondeur et de la densité corporelle de I’animal sur le temps qu’un

éléphant de mer passe au fond d’une plongée.

I Autrement dit le temps passé a rechercher de la nourriture.
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Résultats

Sur I'ensemble du jeu de données, 72,6 % des tentatives de capture de proies ont eu lieu

durant la phase de fond des plongées.

e A faible profondeur (< 300 m), le temps passé au fond d'une plongée est plus
important lorsque les éléphants de mer tentent de capturer une proie. Inversement, a
de plus grandes profondeurs lorsqu’ils chassent, ces phoques ont tendance a diminuer
le temps passé au fond, en lien avec une diminution de leur effort de nage. En ne
considérant que les plongées ot I’animal rencontre des proies, nous avons également
trouvé une relation positive entre le temps passé au fond et le nombre de tentatives

de capture.

e En 'absence de tentative de capture, une relation quadratique caractérisée par une
augmentation suivie d'une diminution a été significativement identifiée entre la durée
de la phase de fond et la profondeur. Pour les plongées présentant au moins une

tentative de capture, seule une relation décroissante semble lier ces deux parameétres.

e La densité corporelle et donc la flottabilité des animaux joue positivement sur I'effort

de nage ainsi que sur la durée de la phase de fond.

e Le temps passé a la surface a également pu étre relié a I'effort de nage ainsi qu’a la

durée de la plongée précédente.

Discussion

Cette étude suggere que pour rester dans leur limite aérobie, les éléphants de mer vont
ajuster leur comportement de plongée en fonction d’un certain nombre de paramétres
comme le succeés de péche ou leur flottabilité. Indépendamment de ces deux variables,
la durée de la phase de fond, identifiée comme la phase d’alimentation, diminue avec la
profondeur, c’est-a-dire avec le colit d’accés a la ressource. Plus I'éléphant de mer plonge
profondément, plus il va s’épuiser a atteindre la ressource et moins de temps il pourra
consacrer a la phase d’alimentation. Ce compromis entre phase de transit et phase de
recherche alimentaire est illustré chez les plongées sans tentatives de capture. En effet, en
I’absence de tentative de capture, une augmentation du temps passé au fond avec la pro-
fondeur, suivie d’'une diminution est observée. La profondeur a partir de laquelle I’animal
décide de réduire la durée consacrée a la phase d’alimentation, correspond a la profon-
deur pour laquelle le cotit d’accés a la ressource devient supérieur aux coftits liés a la phase
de fond. Il semble également que le temps passé au fond soit proportionnel au nombre
de proies rencontrées, si et seulement si on ne considére que les plongées pour lesquelles
au moins une tentative de capture ait eu lieu. Cette spécificité est importante puisque

qu’en 'absence de tentative de capture, le temps passé au fond varie différemment avec la
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profondeur. Autrement dit, cette étude montre que ’on ne peut pas utiliser uniquement
la durée de la phase de fond pour estimer le succés de péche d'un prédateur plongeur.
En outre, cette étude révele que la flottabilité de I’animal est un facteur important dans
I’étude des variations du temps passé au fond, puisque 'on a démontré qu’elle jouait sur

I'effort de nage de I'animal et donc sur le cotit d’accés a la ressource.

4.2 Article

4.2.1 Introduction

Many animals are bound to a specific site which they have to return to, often for catching
their prey or feeding their offspring, like seabirds returning to the colony to feed their
chicks. They are thus limited to areas around this central place to find resources. This
specificity leads to particular temporal and energetic constraints, due to energy expendi-
ture to travel to and from this central place and/or a limited time available for feeding
before returning to the central place (Pyke, 1984; Kacelnik ef al., 1986). In an aquatic
environment, dives performed by air-breathing predators can be considered as a special
case of the central place foraging theory (Houston & McNamara, 1985). Because they are
physiologically constrained to come up to the surface to renew their oxygen supply, it

induces complex decisions rule in order to optimise resource acquisition.

The number of encountered prey was generally assumed to be proportional to the
time spent searching since there are few data on the quality of the patches encountered
by animal. The first studies on optimal diving behaviours therefore examined strategies
that maximise time spent at the foraging patch, and it was expected that the decision
to end a dive was entirely based on oxygen reserves (Kramer, 1988; Houston & Carbone,
1992; Thompson et al., 1993; Carbone & Houston, 1994). The main prediction of this
assumption is that breath-holding divers should stay at depth as long as their oxygen
store allows it. The duration of most dives was therefore expected to approach the aerobic
dive limit (Thompson & Fedak, 2001), which is the dive duration at which all the usable
oxygen stores have been used (Houston, 2011). However, models based on this theory were
unrealistic because many species end most of their dives before reaching this limit (Costa
et al., 2001, 2004).

Although the diving performance of an air-breathing animal clearly depends on its
physiological abilities, it was found that other factors play important roles in the decision
to stay or leave a patch, such as predation risk (Heithaus & Frid, 2003), distribution,
abundance, depth and energy content of the prey (Ydenberg & Clark, 1989; Thompson &
Fedak, 2001; Cornick & Horning, 2003; Sparling et al., 2007). Thompson & Fedak (2001)
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model examined how breath-holding predators adjust their dive time budget in relation to
depth and patch quality, whilst taking into account the oxygen balance. They showed that
there is a net benefit to ending dives early, without fully depleting their oxygen stores, if
no prey is encountered. This benefit is higher in lower density patches and reduced in the
deepest dives. Thompson et al. (1993) showed that in deep dives, animals swim with the
minimum cost of transport during the transit phase, suggesting that the costs associated

with deepest dives can be minimized by behavioural mechanisms.

Animals can adjust their swimming effort finely through variations in stroke frequency
and body (Sato et al., 2003; Fossette et al., 2010; Miller et al.,; 2012) to reduce oxygen
consumption and maximize time at depth. However, they are also affected by intrinsic
parameters such as buoyancy, which is determined by body composition, and more specifi-
cally, by the percentage of adipose tissue (Crocker e al., 1997; Beck et al., 2000; Sato et al.,
2003). Several studies highlight the influence of buoyancy on different aspects of diving
behaviour, such as rate of ascent and descent (Webb et al., 1998; Beck et al., 2000; Sato
et al., 2003; Adachi et al., 2014). In a recent study on southern elephant seal, Mirounga
leonina (SES hereafter), Richard et al. (2014) showed that, in negatively buoyant SES, 1
% variation in buoyancy resulted in a 20 % variation of swimming effort, during the ascent
phase. Therefore, taking into account buoyancy appears to be essential for the prediction

of the optimal diving behaviour.

This result reflects the recent development of bio-logging. Today, mouth-opening and
head movement can be detected using Hall sensors (Wilson et al., 2002) or accelerome-
ters (Okuyama et al., 2009; Suzuki et al., 2009; Naito et al., 2010; Viviant et al., 2010;
Naito et al., 2013) to provide a set of new proxies for prey encounter rates. Furthermore,
accelerometers can be also used to monitor swimming effort as well as animal posture
such as pitch in water. Changes in Prey Catch Attempts (PCA hereafter) and swimming
behaviour can then be monitored throughout the dive when pressure sensors are added.
With these series of information (occurrence and number or history of PCA), we can
indirectly assess the quality of the area visited by animals and investigate the fine-scale

behavioural responses of diving predators in relation to the habitat quality.

As part of this study we investigated how a free-ranging marine predator, the southern
elephant seal, adjusts its diving behaviour to recent prey encounters, distance to prey
patches (depth) and its buoyancy. Knowing that time spent at the bottom of a dive
corresponds to the main foraging time of SES (Guinet et al., 2014) we make the following

predictions:

1 Seals should first increase their foraging time with increasing distance, i.e. dive

depth, to the foraging patch and then decrease it, whether they encounter prey or
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not (Houston & Carbone, 1992);

2 In agreement with Thompson & Fedak’s (2001) prediction for a given diving depth,
seals should increase their bottom time when more PCA occur at the dive’s bottom

phase compared to when no PCA occur;

3 The amount of time the seal allocates to foraging at the bottom of their dive should
be related to both its body density and to its swimming effort to catch prey as we
expect that seals are more active when catching prey. Furthermore, individuals closer
to neutral buoyancy should be able to allocate more time at the bottom of their dive
because the round trip cost of transport is minimum at neutral buoyancy (Miller
et al., 2012; Adachi et al., 2014), and as a consequence, the amount of energy spent
by the individual and the amount of oxygen consumed are both reduced (Tucker,
1975);

4 Because oxygen is acquired at the surface with diminishing returns, ¢.e. is non-linear
(Butler & Jones, 1997), recovery times increase with the duration of the preceding
dive (Kooyman & Ponganis, 1998). Thus, shallow dives yield a higher net rate of
oxygen acquisition and deeper dives result in a higher proportion of time spent
recuperating at the surface (Kramer, 1988). To maximize the proportion of time
spent in the food patch, we predict that surface time should increase with target
depth (Houston & Carbone, 1992).

4.2.2 Materials & Methods

Ethics Statements

The Ethics Committee of the French Polar Institute (IPEV) validated all scientific pro-
cedures applied on elephant seals. All animals in this study were handled and cared for

in total accordance with its guidelines and recommendations.

Deployment of Devices and Data Collection

We used data from six post-breeding females SES (mean mass = 309 + 68 kg; mean
length = 247 £+ 17 cm, Table 4.1) equipped on the Kerguelen Islands (49°20’S, 70°20’E)
with an Argos-GPS satellite tag (Splash 10-F, Wildlife Computer, USA) combined with
a time depth recorder-accelerometer (TDR-MK10-X, Wildlife Computer, USA). The six
Splash-10-F tags were glued to the fur on the seals’ heads. In 2010, three time-depth
recorder- accelerometers were also glued on the head of three different seals, with another
time-depth recorder accelerometer (MK10-X, Wildlife Computer, USA) on the back of
one of them. The following year, two MK10-X were deployed on the animals’ backs and

one on the head, again on three different seals. Pressure was sampled at 1 Hz by TDR, +
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1 % of reading. Data loggers were set to collect and archive pressure every second, while

triaxial acceleration was sampled at 16 Hz.

The seals were captured with a canvas head-bag and anaesthetized using a 1:1 combi-
nation of Tiletamine and Zolazepam (Zoletil 100) injected intravenously (McMahon et al.,
2000; Field et al., 2002). Data loggers were glued using a quick-setting epoxy glue (Araldite
AW 2101), after the fur was cleaned with acetone. The loggers were then recovered when
females SES returned to shore to moult (i.e. January-February following deployments).

Seals ashore were located using their Argos locations.

All scripts used thereafter for data treatment and analysis are available upon request.

Table 4.1 — Descriptive information about the six post-breeding females SESs

Seal 1D Body Size Date Days Number of Number of drift
mass (kg) (cm) departure  recorded dives dives
10A5015 377 266  11/21/2010 74 4515 90
10A5017 245 225 10/29/2011 o4 3768 48
10A5019 249 240  10/31/2011 56 3707 123
10A5022 255 232 10/31/2011 o8 3727 61
78524 331 266  10/28/2010 61 3361 125
78525 395 252 11/01/2010 81 4118 49

Dive Cycle Statistics

A dive cycle is defined as a dive (descent, bottom and ascent phases) followed by a period
of time spent at the surface. Because there is drift over time in pressure transducers in
TDR, due to different factors during a dive, a zero offset correction of depth was applied
to our data set using a custom script performed with a commercial software package
(Matlab 8.1, The MathWorks, Natick, MA, USA). Only dives deeper than 15 m were kept
for analysis, otherwise seals were considered to be at the surface. This threshold was cho-
sen to avoid subsurface movements to be identified as dives. Each dive was then divided
into three different phases: descent, bottom and ascent phases by using a vertical speed
criterion chosen after a sensitivity analyses. Descent and ascent phases were characterized
as a period when the vertical speed from or towards the surface, fitted to a polynomial
of degree 4, was greater than 0.75 m.s~!. This is similar to the approach of Luque (2007)
in its R package diveMove, but differs from most studies which determine the bottom
time from the moment when a certain percentage of the maximum dive depth is achieved
(Lesage et al., 1999; Insley et al., 2008). Here, the bottom phase refers to a period between
the descent and ascent phase where the fitted curve of the vertical speed was lower than

0.75 m.s~!, in absolute terms. Time spent at the surface is the time lapse between two
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dives. This definition of the surface time results in a conservative definition of a dive,
which avoids considering small subsurface excursions as dives. However it also introduces
consistent overestimation of time spent loading oxygen at the surface, as it includes the
periods of descent and ascent above 15m. Diving variables were calculated for each dive
with Matlab, using custom dive-analysis scripts. The selected diving variables were max-
imum depth (m), dive duration (s), time spent during descent, bottom and ascent phases
(s). Data from the accelerometers were used to estimate stroke rate (Sato et al., 2003)
and the intensity of the hind flipper movement, and subsequently used to calculate a
swimming effort index (Equation 4.1), by using a 0.6 Hz wide band-pass centred on the

second peak identified from the power spectral density.

> |peaks|
At

Swimming effort =

The swimming effort (m.s™) was defined as the summed value of absolute acceleration
peaks, |peaks| (m.s™2), over the relevant periods t (s) (Richard ef al., 2014). Hereafter,
the total swimming effort is defined as the sum of the absolute lateral acceleration (m.s2)
only, .e. without considering effort duration. Dive angles, defined as angles from the hor-
izontal plane, were then calculated according to Tuck (2007) by using static acceleration
obtained with a low-pass filtering (cut-off frequency of 0.2 Hz) applied to the three axes
(Equation 4.2).

Pitch = arctan ( (4.2)

x
Body Density

Body density variation over time was estimated according to methodology outlined by
Richard et al. (2014). For each drift dive, a drift rate was determined by calculating the
slope between depth and time using linear regression (Biuw et al., 2003; Bailleul et al.,
2007a; Mitani et al., 2010). If there were several drift dives, the drift rate was averaged
by day. A model was then built to monitor these daily drift rate variations with changes
in daily average swimming speed during the descent phase (Richard et al., 2014). Using
this relationship, variations in daily drift rate were then calculated for every daily average
descent swimming speed calculated from others dives. Finally, based on the drift dives
model developed by Biuw et al. (2003), we then used the change in drift rate to assess
body density variations. This method provided us daily estimates of body density for each

animal.
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Patch Quality

The patch quality was assessed by considering the number of PCA per unit of time spent
in the bottom phase of the dive (as detected by acceleration). PCA rate was considered
to be a good proxy for prey encounter rate; we assume prey encounter rate is positively
correlated with improved patch quality. Dynamic accelerations resulting from strokes and
rapid head movements were extracted from the three axes with an order 3 high-pass
digital Butterworth filter with a normalized cut-off frequency of 0.33 Hz (performed with
butter function). For each axis, a fixed window of one second was used to calculate
the standard deviation every second. Signals reduced in this way were smoothed using a
moving standard deviation with a window size of 5 seconds. Finally, a 2-mean clustering
was performed for each signal. 1 was associated with data from the higher cluster and 0
to the others. Possible PCAs occur when a 1 was found in the three axes. A continuous

succession of 1 was identified as a single PCA.

Data Analysis

All statistical analyses were conducted using R (Team, 2014). Linear mixed-effects models
were fit with the nlme package (Pinheiro ef al., 2013). Individuals were included as random
factors and we accounted for the temporal correlation in our data using an autoregressive
variance-covariance matrix (corAR1). Drift dives were identified using Dragon et al’s
(2012) method. These dives which are not thought to be foraging dives, but rather recovery

dives (Crocker et al., 1997), were excluded from our analyses.

A basic model including all diving variables was constructed to explain bottom time
variations in order to test the effect of the number of PCA and the depth on bottom time.
Basic models investigated the bottom time duration in relation to dive duration, dive
angle, diving depth, and swimming effort. The animal’s body density was also included to
our models due to its important influence on diving behaviour. Following our preliminary
analysis, three analyses were conducted: dives with PCA, dives without PCA, and all
dives. For each analysis, multi-model inference was used to select the best basic model
according to Akaike Information Criterion (AIC), using dredge from the MuMIn R package
(Barbour & Parker, 2014).

To explore the relationship between bottom times and patch quality, the number of
PCA was added to the basic model chosen. Similarly, a quadratic depth term was set as
a co-variable, representing an increase, followed by a decrease of bottom time with depth,
as predicted in the Houston & Carbone (1992) model. We assessed the significance of
both parameters by comparing the basic model with the addition of one variable to the

basic model, using an ANOVA test. To investigate the variations of bottom time with
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the availability and the vertical accessibility of prey according to energy spent, a model
based only on swimming effort during the bottom phase was built. This parameter was

examined in relation to depth, bottom duration, body density and number of PCA.

To identify a possible change in the influence of PCA (occurrence and number of
events) and body density on bottom duration and swimming behaviour according to
diving depth, simple linear mixed effects models including the variable considered and
the depth were fitted for every 50 m depth class, from 50 m to 1050 m. The effects of
PCA and body density were assessed by the associated estimate and confidence interval

(Appendix H, Table S4), which were represented on all figures by ribbon graphs.

Finally, we investigated post-dive intervals in relation to the effort expended by SESs
in the previous dive, in terms of time, total swimming effort and patch quality explored.
Post-dive surface intervals were found to be directly related to the number of breaths
taken by SES (Génin ef al., 2015). All models were evaluated for surface intervals ranging
between upper and lower fences (Q3 + 1.5 IQR and Q1 - 1.5 IQR) where Q1 is the lower
25 % quantile, Q3 is the upper 25 % quantile and IQR = Q3 - Q1, to remove outliers.
Less than 3.4 % (n = 782) of the surface interval data (n = 23196) were excluded from
the analyses at the dive scale. We focused on recovery periods likely to be related directly
to the previous dive. Extended surface intervals may represent other surface behaviours,

such as socializing or extended recovery periods at a multi-dive scale.

4.2.3 Results

Overall Diving Behaviour

A total of 23 196 dives were recorded from the six post-breeding females SESs: 2.1 %
were drift dives; the other 97.9 % were processed to extract the number of PCA, dive
angles and swimming effort. Mean dive duration was 20.7 + 4.8 min and the maximum
dive duration was 56.0 min (Table 4.2). The overall mean dive depth was 542 + 226 m
reaching up to 1318 m. PCA were detected in 89.0 % of non-drift dives. Within those
dives, 14.8 % of PCA occurred during the descent phase, 12.6 % during the ascent and
72.6 % during the bottom phase (Table 1.2).

Basic Models

Although three different analyses were considered, i.e. situations considering all dives,
dives with PCA and dives without, the global model, i.e. including all variables, was
the most parsimonious in each situation (wAIC = 0.94, wAIC = 0.99 and wAIC = 0.62
respectively; see Appendix H, Table S1). We found a positive relationship between bottom
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Table 4.2 — Main dive characteristics obtained for the six post-breeding females SESs, drift dives excluded. Mean values are given with +

s.d.
Seal ID 10A5015 10A5017 10A5019 10A5022 78524 78525
Number of dives 4425 3768 3707 3727 3361 4118
Mean dive duration (s) 1269.16+307.76  1070.61+198.45 1157.36£281.87 1190.124212.46 1376.75+286.89 1350.54+271.27
Maximum dive duration (s) 3027 3004 2968 3114 2801 3362
Mean bottom duration (s) 758.35+£243.52  458.75+216.37  571.554+239.39  502.104£270.14  573.78+£346.98  792.19+329.49
Mean descent swimming effort (m.s=3) 0.25%0.09 0.33£0.09 0.25+0.14 0.234+0.10 0.20£0.14 0.20£0.12
Mean bottom swimming effort (m.s=3) 0.55+0.14 0.854+0.23 0.73+0.21 0.70£0.20 0.69+0.23 0.53+0.16
Mean ascent swimming effort (m.s=3) 0.78+0.17 1.5240.21 1.1640.20 1.3240.27 1.3540.20 0.89+0.15
Mean descent angle (°) -42.72+11.23 -51.78+11.39 -54.70+12.71 -43.92+10.50 -43.88+9.62 -34.39+9.51
Mean ascent angle (°) 52.62+14.64 71.54+7.08 69.01£9.06 63.37£11.20 46.52+14.58 53.40+13.93
Mean dive depth (m) 469+230 563+£186 5324215 5831231 643+221 5084234
Maximum dive depth (m) 1318 1271 1183 1300 1188 1260
Mean number of PCA during descent phase 0.79+1.54 1.76+1.95 0.91+1.47 2.284+2.65 0.88+1.47 1.31£2.38
Mean number of PCA during bottom phase 8.88+7.33 5.66+4.65 6.62+5.22 8.10+7.98 4.43+5.12 4.53+6.05
Mean number of PCA during ascent phase 1.08+1.78 1.2941.67 0.95+1.39 1.66+£1.97 0.91+1.55 1.05+1.86

Mean surface time (s)

129.39+£129.52

143.26£73.26

128.63£72.17

138.85+89.41

172.55+£159.48

143.43+£51.51

TV
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Table 4.3 — Relationships between bottom time and its predictors from best model chosen
with parsimony (Appendix H, Table S1) in each situation and associated p-value. Co-
variables were dive duration (diveTime), maximum depth (mxDpth), ascent and descent
angles (ascntAngl, dscntAngl), ascent and descent effort (ascntEffrt, dsentEffrt) and body
density (bdDnsty)

All dives Dives with captures Dives without captures
(N=22700) (N=18770) (N=3930)
Models Parameters Estimate p-value Estimate  p-value Estimate p-value
bttmTime ~ diveTime 266.83+0.91  <0.01 262.08+0.95 <0.01 278.34+2.14 <0.01
mxDpth -275.11+0.95 <0.01 -273.84+0.95 <0.01 -288.99+4.48 <0.01
dscntAngl -24.254+0.70  <0.01 -24.504+0.80 <0.01 -31.154+2.08 <0.01
ascntAngl 25.484+0.74 <0.01 22.1540.76  <0.01 49.1442.93 <0.01
dscntEffrt -5.55+£0.64 <0.01 -5.57+£0.66  <0.01 -1.69£2.79 0.55
ascntEffrt 15.81+0.81 <0.01 13.914+0.84 <0.01 23.9542.73 <0.01
bdDnsty -3.52+£1.10 <0.01 -3.15£1.06 <0.01 -1.42+4.67 0.76

time and dive duration, dive angles and swimming effort. Conversely, we found a negative
relationship between bottom time and depth, swimming effort during descent phase and
animal’s body density (Table 4.3).

Bottom Time wvs. Depth Related to Prey Availability & Body Density

The quadratic depth term emerged as a significant parameter in dives with and without
PCA (p-value = 0.004 and p-value < 0.001 respectively; Table 4.4). However, even if the
negative parameter tended to be in agreement with Houston & Carbone (1992) when
considering all dives together, this variable was not significant (p-value = 0.302). In PCA
dive, bottom time did not change with diving depth up to 550 m and decreased with
greater diving depth. In non PCA, bottom time increased with diving depth up to 550
m and then decreased with increasing diving depth (Fig. 4.1). For both dives with and
without PCA, we therefore observed a break in bottom time, followed by a decrease
around 550 m depth (Fig. 4.1).

Bottom time was significantly shorter when PCA were present (Table 4.4) compared
to dives without PCA in the model that considered all dives. However, when considering
diving depth, SESs exhibited longer bottom durations in presence of PCA until 350 m
(Fig. 4.1) Between 350 m and 750 m dives with PCA had a shorter bottom duration
compared to dives without. Beyond this depth, the difference is more tenuous, i.e. PCA
estimate closer to 0, but seals spent more time at the bottom in PCA dives (Fig. 4.1).
When only dives with PCA were taken into account, bottom duration was found to
be negatively correlated (p-value < 0.001) to PCA occurring in the transit phases but
positively (p-value < 0.001) to those occurring at the bottom of the dive (Table 4.4). The
latter pattern is significant for depths ranging between 250 and 950 m (Fig. 4.2). Outside
this depth range, the number of PCA does not significantly influence the time spent at
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Figure 4.1 — Bottom duration related to depth and prey availability. The histogram rep-
resents the number of dives per boxplots. Between 350 and 700 m, bottom duration is
less important when animals catch prey (estimate PCA:presence < 0, Appendix H, Table
S4), whereas it is the opposite deeper (estimate PCA:presence > 0, Appendix H, Table
S4).

Table 4.4 — Results from ANOVAs between basic models and basic models with a quadratic
term of maximum depth (mxDpth2), the number of PCA (PCA count) or the presence of
PCA (PCA:presence) added. For each models, the Akaike’s information criterion (AIC)
and the Bayesian information criterion (BIC) were calculated. For each co-variable added,
the value and the standard deviation associated were calculated (Estimate) as well as the
log-likelihood ratio (L.ratio) and associated p-value for each ANOVAs performed.

Models Parameters AIC BIC Estimate  L.ratio p-value
bttmTime ~ Basic model 258515.7 258603.8
(All dives) Term added:
mxDpth2 258516.7 258612.7 -0.12840.67 1.07 0.302
PCA:presence 258489.2 258585.3 -11.554+2.31  28.49 <0.001
bttmTime ~ Basic model 229518.5 229605.4
(Dives with PCA) Term added:
mxDpth2 229512.1 29606.9 1.85+0.68 8.41 0.004
Bottom PCA count 229486.5 229581.3 4.33+0.75  34.03 <0.001
Transit PCA count 229503.7 229598.5 -2.7940.71  16.77 <0.001
bttmTime ~ Basic model 27693.1 27755.8
(Dives without PCA) Term added:
mxDpth2 27683.9 27752.4 -7.46+2.75  11.17 <0.001
the bottom.
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Figure 4.2 — Bottom duration related to depth and number of PCA at the bottom phase.
The histogram represents the number of dives per boxplots. Below 250 m depth, bot-
tom duration increases significantly with the number of PCA (estimate PCA:Range > 0,
Appendix H, Table S4).

All seals remained negatively buoyant during the time of this study, with seal density
ranging from 1036 to 1059 kg.m~3. The negative relationship found in basic models be-
tween bottom duration and body density occurred at almost all depth ranges (Fig. 4.3).
Apart from 50 - 250 m and between 550 - 600 m, the closer to neutral buoyancy the SES

was, the longer the dive bottom duration was.

Swimming Effort vs. Body Density

The total swimming effort increased almost linearly with depth (Fig. 4.4). However, a
shift was observed at 300 m according to seal density. At shallower depth, body density
does not influence significantly the total swimming effort. At greater diving depth, seals
closer to neutral buoyancy exhibit a smaller swimming effort compared to denser ones
(Fig. 4.4).

The distribution of bottom swimming effort according to depth ranges showed clear

66



4.2. ARTICLE

600+

bl

=}

Dive count
o

2000+ Body density (kg. m~)
£3[1036,1045
E3]1045,1051
B]1051,1059

1500+

e N

80

Bottom duration (s)

o
o
=}

40+

Estm Body Density

@QI‘L

Depth (m)

Figure 4.3 — Bottom duration related to depth and animal’s body density. The histogram
represents the number of dives per boxplots. Except until 250 m depth and between 450
and 650 m, the fatter a SES, the more it can spend time at the bottom (estimate Body
Density < 0, Appendix H, Table S4).

differences between dives with and without PCA (Fig. 4.5; Table 4.5). Generally, swim-
ming effort at the bottom of the dive increased when PCA were present. However, from
150 m in absence of PCA, seals clearly decreased their swimming effort at the bottom
of their dive. We also found a positive relationship of the bottom swimming effort with
maximum depth and body density, and a negative relationship with the bottom time
(Table 4.5).

The model that considers only dives with PCA provides support for an increase of
bottom swimming effort with the number of PCA, mediated by seal density (Table 4.5).
In these dives, the seals swimming effort in the bottom phase was also found to increase
with their body density.

A shift of the ratio of the total swimming effort at the bottom to the total swimming
effort during transit phases, i.e. descent and ascent phases, is observed for diving depth
close to 550 m (Appendix H, Figure S1). At this depth, the total bottom swimming effort
becomes greater than the total transiting swimming effort. This ratio is also depending

on the animal’s body density (Table 4.6), which means the depth limit from which this
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Figure 4.4 — Total swimming effort related to depth and animal’s body density. The
histogram represents the number of dives per boxplots. A shift is observed around 300
meters depth; denser animals must provide a higher effort below that depth (estimate

Body Density > 0, Appendix H, Table S4).

Table 4.5 — Relationship for the top-ranked model of the bottom swimming effort (bttmEf-
frt) with bottom time (bttmTime), maximum depth (mxDpth), body density (bdDnsty),
occurrence of PCA (PCA) or number of capture attempts (PCA count), depending on

the situation (all dives or dives with PCA),

and associated p-value

Models Parameters Estimate P-value
bttmEfdrt ~ bttmTime -0.11+£0.001 <0.001
(All dives) mxDpth 0.05£0.001 <0.001

bdDnsty 0.0240.002 <0.001
PCA:Presence 0.0540.004 <0.001
bttmEfrt ~ bttmTime -0.124+0.001 <0.001
(Dives with PCA)  mxDpth 0.02+0.001 <0.001
bdDnsty 0.020.001 <0.001
PCA count 0.0540.001 <0.001

ratio drops below 1, i.e. total transiting swimming effort > total bottom swimming effort,

is reached sooner for denser (550 m for a

seal density ranging between 1036 and 1045

kg.m ™3, Appendix H, Figure S1) than lighter animals (600 m for a seal density ranging

between 1051 and 1059 kg.m~3, see Figure

S1).
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Figure 4.5 — Bottom swimming effort related to depth and prey availability. The histogram
represents the number of dives per boxplots. Below 150 meters depth, bottom swimming
effort is more important for dives with prey catch attempts (estimate PCA:presence > 0,
Appendix H, Table S4). This difference disappears beyond 550 meters depth.

Table 4.6 — Relationship for the ratio of total bottom swimming effort to total transit
swimming effort with depth (mxDpth) and body density (bdDnsty), and associated p-
value

Model Parameters Estimate P-value

TOTbottomEfort mxDpth -0.09 £0.01  <0.001
TOTtransmitEffort ~  bdDnsty -0.07£0.02 0.015

Surface Time vs. Effort Made

The selected model that surface intervals were best explained and positively related to
the total swimming effort and dive duration (Table 4.7; wAIC = 0.73, Appendix H, Table
S3). Adding PCA did not improve the model (wAIC = 0.27, Appendix H, Table S3).
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Table 4.7 — Relationship for the top-ranked model of the surface time (surfTime) with total
swimming effort (diveEffrt), dive time (diveTime) of the previous dive, and associated p-
value.

Model Parameters Estimate  P-value

surfTime ~ diveEffrt 3.68+0.08 <0.001
diveTime 2.90+0.13 <0.001

4.2.4 Discussion

Although neither the exact quantity of prey ingested, nor their quality can be assessed,
the accelerometer provides a quantitative index of the number of PCA. It allows us to
investigate the changes in foraging behaviour of SES females in relation to their dive pat-
terns. This method provides an estimate of where, when and how often foraging events
occurred within a dive in these free ranging marine predators. An increasing body of evi-
dence suggests that diving predators remain within their aerobic dive limit while diving
(Costa et al., 2001, 2004) as the incurred costs of anaerobic dives are too high to forage
efficiently (Kooyman et al., 1980, 1983). Only aerobic metabolism allows frequent, repet-
itive dives as elephant seals do. The current study suggests that to remain within their
aerobic limit, SESs optimise their diving behaviour and duration according to a number

of parameters including foraging success and buoyancy.

Bottom Time & Depth

Regardless of the prey encounter events, bottom time was found to decrease linearly
with depth. However, this relationship was not significant according to the quadratic
polynomial relationship as predicted by Houston & Carbone’s (1992), which assumes that
the foraging time correspond to the bottom duration. When distinguishing dives with and
without PCA, the bottom duration was found to vary according to a quadratic polynomial
for non-PCA (unsuccessful) dives. Bottom time first increased then decreased with depth
in non-PCA dives. In successful dives, model outcome suggests the opposite: a decrease
then an increase (Table 4.4). This result must be taken with caution due the weakness
of the quadratic depth term (estimate = 1.85 4+ 0.68 m?; p-value = 0.004). Bottom
time remained fairly constant until the seals reached 550 m, whereupon bottom time was
negatively related to increasing diving depth (Fig. 4.1). The patterns found for PCA dives
were therefore consistent with studies examining behaviour of diving birds (Carbone &
Houston, 1994; Cook et al., 2008), where a nonlinear relationship of bottom time with
depth are also found. At shallow depths, birds maintain low oxygen reserves in order to
experience higher rates of oxygen intake. As dive depth increases, birds increase the size
of their oxygen stores to allow more foraging time. When approaching the maximum dive

duration, they decrease their foraging time at the bottom to compensate for increasing
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travel time with increasing diving depth (Carbone & Houston, 1994). Our results are
consistent with such a trade-off between foraging time and travel time. Beyond 550 m
dive depth, depending on the seal’s body density, the overall transiting swimming effort
and therefore the cost to access the prey were found to exceed the swimming effort spent
by the seal at the bottom of the dive (Fig. 6). This depth corresponds to the point at

which bottom time starts decreasing with increasing dive depth (Fig. 4.1).

Bottom Time & PCA

Our results indicate that SES have shorter bottom times in dives when PCA occurred
compared to non-PCA dives. This is true between 350 and 700 m, but not for shallower
depths where bottom time was longer in the presence of PCA. For dives deeper than 700
m, there was almost no difference in bottom time between dives with and without PCA.
Therefore, at shallow and greater depths our results were consistent with Thompson &
Fedak’s (2001) predictions. They suggest that there is a benefit to ending dives earlier
when no PCA occur at shallow depths. Regardless of foraging success, seals should also
maximize the bottom time for very deep dives to compensate for transit time between
the surface and the dive bottom. Other empirical studies agree with other results, such
as Sparling et al. (2007) on grey seals (Halichoerus grypus) and Mori et al. (2002) on

Briinnich’s guillemots, (Uria lomvia).

However, between 350 and 700 m our results differ from predictions. SESs were found
to perform longer bottom durations when no PCA occurred. They did it by reducing their
swimming effort during the bottom phase. It is unclear at this stage if the reduction in the
swimming effort is either related to a searching strategy where the seal ceases to actively
swim to investigate their environment using visual or auditory cues, or to a general slow
descending behaviour (mainly gliding) as long as they do not encounter prey. Preliminary
investigation suggests that negatively buoyant post breeding seals rely on their negative
buoyancy to glide down at a low negative pitch while searching for their prey during the
bottom phase of the dive. On average the end of the bottom phase was 61 + 109 m deeper
than the beginning of the bottom phase in non-PCA dives while no trends were found
in PCA dives. The reduction in energy and oxygen consumption could then allow them
to stay at the bottom for longer periods (Boyd, 1997; Cornick & Horning, 2003). It also
provides support for the inclusion of the energetic approach to study optimal foraging
in free-ranging animals. This point should be investigated further: if our interpretation
is correct, we expect to observe the opposite trend in positively buoyant seals with a
decreasing depth between the beginning and the end of the bottom phase in non-PCA

dives.

When considering dives where at least one PCA occurred, the more PCA performed by
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seals at any given bottom depth, the longer the bottom time was. This result is consistent
with what Cornick & Horning (2003) found in captive Steller sea lion, Fumetopias jubatus.
This finding provides further support for the assumption that bottom time is positively
related to patch quality. When SESs perform at least one PCA during the bottom phase,
bottom time increases significantly with PCA, which is also consistent with Thompson &
Fedak’s (2001) prediction. However, when only dive data are available, it is not possible
to distinguish between non-PCA and PCA dives. Consequently, using the duration of the
bottom foraging phase according to diving depth as a proxy of foraging success (Boyd
et al., 1995; Fedak et al., 2001; Watwood et al., 2006) can be seriously misleading in
SES. Non-PCA dives will be detected as the most successful dives over a broad range of
diving depth. While positive residuals at shallow depths (up to 350 m) are likely to be
indicative of higher foraging success, higher bottom duration residuals than expected at
depths ranging from 300 to 700 m are likely to be indicative of a poor foraging success.
This latter pattern is consistent with what Thums et al. (2013) found on adult female

southern elephant seals at Macquarie Island.

When PCA occurred in descent and ascent phases, SESs significantly reduced the time
they spent at the bottom with increasing numbers of PCA during these transit phases.
This suggests that energy expenditure increases when the seal is catching prey. This is
expected to have direct consequences on the amount of time SESs are able to allocate to
stay at the bottom of their dive (McConnell et al., 1992).

Bottom Time & Body Density and Swimming Effort

The animal’s body density, or buoyancy, was an important parameter in controlling the
duration of the dive bottom phase. The three basic models (Table 4.4) provide support
for a negative relationship between bottom time and body density, i.e. the more nega-
tively buoyant the seals, the shorter the bottom duration. This finding is consistent with
results found by Beck ¢t al. (2000) that showed denser grey seals displayed shorter bottom
duration compared to fatter seals. Our results are also in accordance with several other
studies which show buoyancy as an important variable of diving behaviour (Webb et al.,
1998; Beck et al., 2000; Miller et al., 2004b; Richard et al., 2014; Adachi et al., 2014),
and that the round trip cost of transport is lowest at neutral buoyancy (Miller et al.,
2012; Sato et al., 2013). Negatively buoyant animals are assisted during descent phase
by their higher density, but must swim harder during the ascent (Richard et al., 2014).
Williams et al. (2000) showed that several marine mammals used their buoyancy to adopt

this energy-conserving strategy.

Seals are subjected to body compression during the whole dive, but particularly at

the beginning which may explain inversions of slope for the first depth ranges (Fig. 4.4).
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Complete lung collapse is supposed to occur at these depths (KKooyman & Sinnett, 1982;
Falke et al., 1985; McDonald & Ponganis, 2012). When their lungs are not completely
collapsed, seals which are negatively buoyant but close to neutral buoyancy remain pos-
itively buoyant and should provide an overall greater total swimming effort to remain
at those depths, compared to more negatively buoyant seals. The opposite relationship
is found at greater diving depths, where buoyancy is almost exclusively related to body
composition, i.e. lipid proportion: seals tending to provide higher total swimming effort

when they are further from neutral buoyancy.

We found a positive relationship between the swimming effort at the bottom and
the number of PCA occurring during the bottom of a dive. In other words, SESs are
swimming more actively when catching prey. Seals closer to neutral buoyancy spend more
time at the bottom of their dive compared to denser animals which were observed to
make a greater swimming effort during the bottom phase to maintain themselves at their

preferred foraging depth.

Surface Time & Diving Behaviours

Surface time is expected to vary with increasing dive duration and foraging effort in diving
predators. Kramer (1988) claimed that post-dive interval should increase with depth due
to the shape of the oxygen uptake function. We found that the time spent at surface
replenishing the oxygen stores was positively related to dive duration and total swimming
effort exerted during the previous dive. Le Boeuf ¢t al. (2000) also found a strong effect
of dive duration on surface time, but this was highly variable and depended on the seal
studied. That variability observed could be due to the variation of the total swimming
effort measured in the current study. Because dive duration and total swimming effort are
both positively related to diving depth, the maximum depth reached was also found to
positively influence the duration of the surface interval. Despite the fact that the swimming
effort at the bottom of the dive was positively related to the number of PCA, the number
of PCA itself was not found to be a significant parameter in this model. Similarly, the
swimming effort is likely to be related to the seal’s buoyancy, and was found to contribute

significantly to the bottom duration in our study.

4.2.5 Conclusions

This study highlights the importance of using a correct metrics of foraging success to accu-
rately reflect true foraging success. This is essential to investigate further the relationship
between time spent at the bottom and prey acquisition, which is assumed by most of the
optimal foraging models developed (Kramer, 1988; Houston & Carbone, 1992; Thompson
et al., 1993; Carbone & Houston, 1996). Finally, this study demonstrates the usefulness
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of accelerometers to understand diving behaviour. Data from these highlight for the first
time the combined effects of buoyancy, prey encounters and diving depth, on variations
in swimming effort in a free ranging marine predator, and consequently, in the control at

very fine-scale of the diving behaviours in a marine mammal.
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5.1. RESUME

5.1 Reésumé

Introduction

A T’échelle d’un écosystéme, connaitre le bilan énergétique d’un organisme est un élément
clé dans la compréhension des transferts d’énergie au sein de la chaine trophique et entre
les individus. A I’échelle individuelle, ce bilan peut étre relié & des traits d’histoire de vie
comme la croissance, la survie ou ’age d’accés a la reproduction. Dans ce contexte, un
individu va chercher & maximiser la différence entre ’énergie acquise par les ressources en
proies et la dépense énergétique associée, afin de maximiser le gain net d’énergie allouée
a la survie et a la reproduction. Déterminer ces besoins énergétiques chez les mammiféres
marins se révele particulierement compliqué de par leur comportement cryptique et leur
grande aire de répartition. En se basant sur de précédents travaux reliant la dépense
énergétique a un nombre de coups de nageoire, notre étude se propose d’examiner sur une
période de 11 ans, les variations inter-sexe et spatio-temporelles de la dépense énergétique

chez I’éléphant de mer austral en période post-mue.

Matériels & Méthodes

Huit femelles post-reproductrices éléphants de mer ont été équipées a Kerguelen d’enre-
gistreurs temps-pression et d’accélérométres trois axes. Grace a la donnée d’accélération
nous avons pu calculer le nombre de coups de nageoire par plongée. Nous avons ensuite
construit un modeéle prédictif pour expliquer le nombre de coups de nageoire par plon-
gée en fonction de quatre paramétres : la durée de la plongée, la profondeur maximale
atteinte, la durée de la surface suivant la plongée ainsi que le taux de dérive de I’animal,

considéré ici comme un indice de sa condition corporelle.

Ce modéle a ensuite été utilisé pour prédire le nombre de coups de nageoire par plon-
gées sur 107 individus post-mues (64 femelles et 43 méales) équipés a Kerguelen entre 2004
et 2015 de balises SRDLs', transmettant des profils de plongées résumés (4 profondeurs
par plongée). Nous avons ensuite partitionné le jeu de données en fonction de la destina-
tion des éléphants de mer (Antarctique ou autre) et des différentes phases de leur trajet
en mer (aller, centrale et retour). Enfin, nous avons utilisé le nombre de coups de nageoire
par plongée pour examiner les variations de la dépense énergétique moyenne, en fonction
du sexe des individus, de leur destination, des différentes phases de leur séjour en mer et

des années.

'Pour Satellite-Relay Data Loggers, un descriptif de ce type de balise est disponible ici 2.3.1
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Résultats

Construit sur 29288 plongées d’individus post-reproducteurs, le modéle prédictif explique
60 % de la variation du nombre de coups de nageoires par plongées. 10 % de cette variation
est expliquée par des changements dans la flottabilité des animaux, 20 % par la durée de
la plongée, 2 % par la durée de l'intervalle de surface, 12 % pour la profondeur maximale
et 16 % par de la variabilité individuelle. Appliqué sur 409531 plongées, ce modeéle prédit

chez les individus post-reproducteurs :

e Que les femelles ont une dépense énergétique moyenne inférieure a celle des maéles
(80,9 + 39,2 vs. 105,3 + 13,7 kJ . kg~'.d~!, respectivement)

e Que la dépense énergétique moyenne de la phase aller (109,7 4 63 kJ.kg='.d™?!) est
plus importante de celle de la phase centrale (91,4 + 62,1 kJ.kg~'.d™1), elle-méme
plus importante que la phase retour (82,8 4+ 61,4 kJ.kg='.d71).

e Que les animaux se rendant en Antarctique ont une dépense énergétique moyenne
supérieure & ceux restant sur le plateau de Kerguelen ou évoluant en milieu pélagique
(108,6 4+ 52,1 vs. 71,73 4+ 13,7 kJ kg='.d~!, respectivement)

Ces prédictions révelent également une variabilité inter-annuelle de la dépense énergé-

tique, dés lors que l'on différencie la série temporelle des méles, de celle des femelles.

Discussion

Cette étude est la premiére a suivre I'évolution de la dépense énergétique d'un prédateur
marin sur une aussi longue période (11 ans). Elle révéle que les méles éléphants de mer ont
une dépense énergétique plus importante que les femelles, indépendamment de leur zone
d’alimentation. Bien que ce résultat soit a prendre avec précaution en raison de I'absence
de données sur les méles dans la construction du modéle prédictif, les méles semblent avoir
une fréquence de coups de nageoire plus importante que les femelles. A vitesse équivalente,
nos résultats suggérent que les males, dont la masse peut étre plusieurs fois supérieure a
celle des femelles, doivent augmenter leur fréquence de coups de nageoire. Les animaux
atteignant le plateau Antarctique ont également une dépense énergétique supérieure a ceux
évoluant plus au Nord. Cette différence peut s’expliquer par des comportements moins
coliteux en énergie pour les animaux restants au large, ou bien a une augmentation de la
dépense énergétique en lien avec une augmentation de la quantité et/ou de la qualité des
ressources en proies disponibles et proches de I’Antarctique. La diminution de la dépense
énergétique au cours du trajet des éléphants de mer est expliquée par la diminution
de la densité corporelle; les animaux se rapprochant de la flottabilité nulle & mesure

qu’ils s’alimentent. Enfin, cette étude révéle que la dépense énergétique moyenne des
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éléphants de mer varie avec les années en différenciant les sexes. Cette variabilité est trés
certainement liée au succés d’alimentation, qui lui-méme est dépendant de 'accessibilité

des ressources en proies.

5.2 Article

5.2.1 Introduction

To understand and to evaluate the metabolism of a species is one of the fundamental
questions in ecology since it allows to link all the components of an ecosystem, from the
individual to the population level (Brown e al., 2004). An animal’s metabolic rate deter-
mines its resource requirements, such as food (Nagy, 1987), but also life history traits as
growth rate, lifespan or age at maturity (van Noordwijk & de Jong, 1986; Koztowski &
Wiegert, 1986). At the ecosystems scale, the field metabolic rate (FMR) or animal energy
expenditure is a key input in the energy transfer within food webs and across individu-
als. Assessing these energy requirements provides a broader picture of how organisms are
interlinked within an ecosystem, which is essential to evaluate their resilience to anthro-

pogenic disturbance and rapid environmental changes.

Direct monitoring of energy requirements is quite challenging in free-ranging animals,
especially for top predators which are often difficult to access. To cope with such diffi-
culties, many studies have focused on indirect information, such as the spatiotemporal
distribution of the foraging effort (Guinet et al, 2001; Ainley et al., 2003) or the prey
distribution (Eide et al., 2004; Thayer & Sydeman, 2007). The balance between energy
expenditure and energy intake drives many aspects of the physiology, biology, and ecol-
ogy of organisms, affecting therefore their reproduction and survival (Magni et al., 2000;
Stubbs & Tolkamp, 2006). While these information are challenging to get for terrestrial
animals, it is even more complicated for marine animals since they widely disperse in a

three-dimensions habitat.

Deep diving marine mammals require high energy demands in response to high hy-
drostatic pressure and cold temperatures (Seibel & Drazen, 2007). To keep the energy
balance positive, the energy intake has therefore to exceed the foraging cost. This can be
done by several behavioural adaptations like swimming at the minimum cost of transport
speeds (Miller et al., 2012), adopting a burst-and-glide strategy (Williams et al., 2000),
or targeting specific depths (Williams, 1989; Mori, 1998). By adjusting their diving be-
haviours in such a way, air breathing marine mammals should maximize the difference
between the energy expenditure, and the energy intake. The foraging cost can thus be

considered as one way to reflect the energy demands through the cost of transport, and
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the cost of chasing and capturing prey (Elliott et al., 1977; Shipman & Walker, 1989;
Gorman et al., 1998; Carbone et al., 2007).

As a central place forager, the southern elephant seal, Mirounga leonina (SES here-
after), comes ashore twice a year, once for the reproduction and once for the moult. Right
after this second period ashore, embryos are released from diapause and implantation
occurs (Gibbney, 1953). During this period, a significant change in the energy balance
could then have serious consequences on the survival of the embryo. Keeping a positive
energy balance during the post-moulting period appears therefore to be a key component
for the allocation of more energy to survival but also to reproduction, resulting in the

enhancement of the population’s fitness (Costa, 2012).

The use of even more efficient data loggers made it possible to get precious information
on both the energy expenditure and the energy intake in wild animals (Charrassin et al.,
2001; Wilson et al., 2002, 2006). In SES, the use of accelerometers has eased the acquisition
of information on the swimming effort (Richard et al., 2014; Jouma’a et al., 2016), the
foraging effort in term of prey catch attempts (Gallon et al., 2013; Vacquié-Garcia et al.,
2015b) and the animal’s body density (Aoki et al., 2011; Richard et al., 2014; Adachi
et al., 2014). Despite the large deployment of accelerometers over the past decade, the
number of studies focusing on the energy expenditure over the post-moulting trip of this
species is very limited. The only studies that tempted to monitor changes in the energy
expenditure over the post-moulting period used the number of flipper stroke calculated
from acceleration data as a proxy of the FMR in northern elephant seals, Mirounga
angustirostris, (Maresh et al., 2014, 2015). While the acceleration data recording duration
are not mentioned in these studies, the estimation of the energy expenditure is usually
restricted to the post-breeding period at sea (Carlini et al., 2005; Richard et al., 2014),
as the high-resolution dataset required to estimate such parameter can usually not be
recorded during the whole post-moulting season due to battery limitation. One way to
estimate the energy expenditure for post-moulting dives without the acceleration data, is
therefore to build a predictive model on post-breeding dives of the energy expenditure,

derived from the acceleration data, and then uses it to predict on post-moulting dive.

In this context, we used high resolution datasets (time-depth and acceleration) from
8 post-breeding SESs to examine how to best predict variations in the number of flipper
strokes, from low-resolution based dive metrics and buoyancy changes. Using this model,
we first predicted the number of flipper strokes on the low-resolution dives of 107 post-
moulting SESs over an 11 years’ period (2004-2015). Then, using the Maresh et al. (2014)
equation relating the number of flipper strokes to the energy expenditure, we tested if the

energy expenditure in post-moulting SESs’ dives varies in space, time and among sex.
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5.2.2 Materials & Methods

Ethics Statements

The Ethics Committee of the French Polar Institute validated all scientific procedures
applied on elephant seals. All animals in this study were handled and cared for in total

accordance with its guidelines and recommendations.

Animal Tagging

The seals were captured with a canvas head-bag and anaesthetized using a 1:1 combination
of Tiletamine and Zolazepam (Zoletil 100) injected intravenously (McMahon et al., 2000;
Field et al., 2002). Data loggers were glued using a quick-setting epoxy glue (Araldite
AW 2101), after the fur was cleaned with acetone. The loggers were then recovered when
female SES returned to shore to moult (i.e. January-February following deployments).

Seals ashore were located using their Argos locations.

Biological Data Collection

Post-breeding Dataset We used a first dataset composed of 8 post-breeding females
equipped on the Kerguelen Islands (49°20’S, 70°20’E), in 2010 (n = 3), 2011 (n = 3)
and 2014 (n = 2) with SPLASH-10 and TDR-MK10-X (Wildlife Computers). SPLASH-
10 loggers archive sampled dive depth at every second, while locations are transmitted
directly via the Argos system. TDR-MK10X includes a time-depth recorder sampling at
1 Hz, and a 3D accelerometer, sampling acceleration at 16 Hz. Both data were stored in

the logger’s memory meaning the tag needs to be recovered to retrieve them.

Post-moulting Dataset The second dataset was composed of 107 post-moulting SESs
(64 females and 43 males) also equipped on the Kerguelen Islands of satellite-relay data
loggers [SRDLs; Sea Mammal Research Unit (SMRU) Instrumentation, St Andrews, UK]
as part of the MEMO Observatory (http://www.insu.cnrs.fr/node/4125) between
2004 and 2015. The SRLDs recorded high-resolution time-depth profiles at 2 s intervals
before being resumed using a broken-stick algorithm on-board which reduced the data to
four at-depth and two surface dive inflection points (Fedak et al., 2001; Gordine et al.,
2015). The abstracted data were then compressed and relayed via the Argos satellite sys-
tem (Fedak et al., 2002; Argos, 2011).

Unless otherwise stated, most of our analyses were conducted using R (R Core Team,

2015). All scripts used below for data treatment and analyses are available upon request.

80


http://www.insu.cnrs.fr/node/4125

5.2. ARTICLE

Parameters Calculation

General Approach As body density changes are important in the energy balance of
elephant seals, we based our predictive model of the number of flipper strokes (from
post-breeding dives), on dive metrics and buoyancy changes. Dive metrics were calculated
from high resolution dataset for post-breeding dives, and directly transmitted for post-
moulting dives from SRDLs tags. To calculate buoyancy changes in the same way for
post-moulting and post-breeding dives, we degraded the high-resolution post-breeding
dataset to be equivalent to the low-resolution post-moulting dataset (four depth records
per dives). Using the same method, we then calculated a proxy of the daily body density
changes in both low-resolution datasets (the post-moulting one and the degraded post-
breeding one). We were therefore able to build a model on post-breeding dives that will

be used to predict on post-moulting dives.

Diving Parameters Dive metrics of low resolution dataset were directly transmit-
ted for post-moulting dives from SRDLs tag, i.e. post-dive surface interval, dive dura-
tion and the maximum depth (Fedak et al., 2001). For high-resolution dataset of post-
breeding dives, data were processed using the rbl R packages available on GitHub (https:
//github.com/SESman/rbl). Basically, we applied an offset correction of depth measure-
ments to account for the drift that occurred over time, through the offset-correction
function. Dives were then identified when deeper than 15 metres using dive_delim func-

tion. This threshold was used to avoid subsurface movement to be considered as dives.

Proxy of Buoyancy Changes To calculate buoyancy changes in the same way for
post-moulting and post-breeding dives, we degraded the high-resolution post-breeding
dives to be equivalent to the low-resolution post-moulting dives based on Heerah et al.
(2015) through the brokenstick function in the rbl R package (Le Bras, 2016). Using
the method developed by Gordine et al. (2015), we then calculated daily values for the
drift rate considering only the segment 2, 3 and 4 of each dive. We then calculated the
vertical speed associated with each of these segments. We removed any segments with a
zero vertical speed, those with an absolute vertical speed higher than 0.6 m.s™!, and those
shorter than 40 % of the dive duration. To avoid keeping “U”-shaped dives, we calculated
for each dive the ratio between the actual dive area (defined in the same way as Fedak
et al., 2001) and the rectangle defined by the maximum depth and the dive time. We
preferred this metric to the time allocation at depth index (Fedak et al., 2001) to avoid
the arbitrary choice of the animal’s speed. We finally kept segments for which this ratio
was below 0.75. With the set of remaining segments, we took the daily median of their
vertical speed as a proxy of daily changes in buoyancy. This proxy was then modelled
using a constrained beta spline (Ng & Maechler, 2007) with the cobs function from the

R package of the same name (Ng & Maechler, 2015). To reduce the effect of noise in the
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data but also to get the trend over the whole trip at sea, the maximum number of knots
was set to five. These knots were generated using the quantile method with a level fixed
at 80 % (Gordine et al. (2015) fixed this level at 20 %, but their definition of the vertical

speed was the opposite than ours, which finally results in the same level).

Count Flipper Strokes The number of flipper stroke was obtained from accelerom-
eters deployed on post-breeding animals. For each animal, we randomly select 50 dives
over their whole trip at sea. Then using a band-pass filter on the lateral axis, we only
kept frequencies including the second peak observed on the power spectral density. To
automatically detect the low and high cut-off frequency on the power spectral density
(Appendix [, Figure 1.1), we used the segmentation of Lavielle on time series (lavielle
function in the adehabitatLT R package, Calenge 2006). The minimum number of ob-
servations in each segment was set to 1000 values, with a maximum number of segments
of five, and a contrast function based on the variance. The third segment identified was
the one related to the animal’s stroke, since it overlapped the second peak. This segment
was characterized by a minimum and a maximum frequency defined then as the low and
high cut-off frequency of the band-pass filter used to isolate frequencies due to animal’s
flipper stroke. The remaining peaks on the filtered signal with an amplitude greater than
a threshold were considered to be flipper strokes and so used in our analyses as a proxy of
energy expenditure (Maresh et al., 2014, 2015). Contrary to Maresh et al. (2014, 2015),
this amplitude threshold was defined for each animal as the quantile 0.5 of the absolute

amplitude associated with each flipper stroke.

We believed that counting flipper stroke based on a filter and a threshold calculat-
ing at the individual level allows us to partly take into account for small differences in

accelerometer placement during attachment, and inherent differences between seals.

Predictive Model

To predict the number of strokes performed in each post-moulting dives, we built a pre-
dictive model on post-breeding dives of the count flipper stroke with the post-dive surface
interval (srf inter), the dive duration (dv_dur), the maximum depth (max depth) and
a proxy of the buoyancy (buoyancy proxy) as explanatory variables. To get the overall
variation of the body density during a complete trip at sea, we only selected post-breeding
animals that remained at least one month (31 days) at sea. All the variables considered
in our models were previously tested for collinearity (Zuur et al., 2010), and revealed a
variance inflation factor below 3. Because the script used to identify dives in post-breeding
animals may have missed some of them, some estimated surface intervals were unusually
long. Based on the histogram of the surface interval, only the dives associated with a

surface interval below 350 s were therefore retained (Appendix I, Figure 1.2). To reduce
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the influence of autocorrelations in our data, we subsampled our dataset by taking one

dive every 20 dives per individual.

We then used the bam function from the mgcv R package to perform a generalized
additive model (Wood et al., 2015), with the individual as a random intercept and a
Gaussian distribution. As we wanted the best fit, we allowed for each smooth a degree of

freedom up to 20. Models used further could be specified as:

Count flipper stroke ~ alpha + s(dv_ dur, k = 20) + s(srf _inter, k = 20) + s(max__depth,
k = 20) + s(buoyancy proxy, k = 20) + s(id, bs = "re")

where s() indicated a smooth function based on natural splines, & the number of

degrees of freedom allowed and bs a way to specify a random intercept (Wood, 2016).

Analyses

Data Partioning To explore the variability in the average energy expenditure per dive,
we separated animals that went to Antarctica, i.e. below -60 ° of latitude, from the others.
For the same reason, each trip was segmented into three phases: the outward, the central
and the return phase. The central phase was defined as any position located at a distance
longer than 80 % of the maximum distance from the departure location. This threshold
was chosen after visual inspection of the relation between the distance from the coast and
the time spent at sea (Appendix [, Figure [.3). The outward phase was defined from the
first location to the first one of the central phase, and the return phase from the last one

of the central phase to the last one of each animal’s track.

Average Energy Expenditure Variability The average energy expenditure per dive
(in J kg™t s7!, noted FMR hereafter, Equation 5.1) was then calculated using the (Maresh

et al., 2014) equation for all post-moulting dives:

2.58.5,

Dive duration

FMR = (5.1)

where S,, is the predicted value of the number of flipper strokes per dive, for post-

moulting dives.

A linear mixed-effects model was fitted using the nlme package (Pinheiro ef al., 2013) to
explore the variability of FMR in relation to four parameters: the destination (Antarctica
or others), the trip phase (outward, central or return), the sex and the year. Individuals
were included as random factors, and we accounted for the temporal correlation in our

data by taking one dive every 20.
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Table 5.1 — Overall information on animals post breeding animals used in the predictive
model. Mean values are given with + sd.

id n n Departure Dive duration (s)  Surface interval Dive depth (m) Stroke count per
days dives date (s) dives
2010-18 60 2544 10/28/2010 1420.67 £ 259.96 159.49 £ 29.99 645.99 £+ 199.17 715.71 £+ 174.86
2010-19 69 3288 11/05/2010 1368.87 + 253.64 139.71 £ 20.62 512.83 £+ 227.18 959.62 + 224.05
2010-21 72 3546  11/22/2010 1300.68 + 281.31 120.56 + 21.80 482.19 + 207.33 879.00 + 212.21
2011-21 53 3306 10/29/2011 1081.04 + 194.89 137.67 £ 21.71 566.84 + 179.61 659.60 + 124.97
2011-26 58 3290 10/31/2011 1191.97 4+ 208.16 133.28 + 21.67 568.56 + 226.85 806.83 + 164.93
2011-28 55 3212 11/01/2011 1168.79 + 276.95 121.04 £ 17.27 523.87 + 204.98 827.92 + 193.61
2014-22 79 5625 10/29/2014 963.91 £ 288.46 107.17 £+ 19.91 359.78 £ 148.05 647.84 + 191.07
2014-23 73 4477 10/29/2014 1054.5 £ 240.82 128.25 £+ 14.77 477.12 £ 128.38 782.03 £+ 162.81

To investigate further inter-annual variability of the FMR, we performed a Kruskall-
Wallis test considering independently male and female. To account for the high variability
in the FMR at the individual level, the median was chosen rather than the average of
FMR per individual.

5.2.3 Results

Predictive Model

General Results Among the eight post-breeding female elephant seals used to build
the predictive model, an average of (mean £ sd) 3661 + 955 dives were recorded per
individual, for a total 29288 dives. The females spent 65 4 10 d at sea (Table 5.1), diving
at an average maximum depth of 517 = 84 m. They spend on average 130.9 + 15.68 s at

the surface between two consecutive dives, and dove during 1193.8 4+ 159.97 s.

The predictive model was applied on 107 post-moulting SESs, representing a total of
409531 dives, with an average of 3828 4+ 1790 dives recorded per individual (Appendix I,
Table 1). These animals spent 204 £+ 56 d at sea, and 128 + 22 s at the surface between
two dives. They dove during 1631 £ 340 s at an average maximum depth of 424 4+ 110 m.

Power Predictive and Residual Diagnostic The predictive model accounted for
60 % of the deviance, with 16 % of the deviance explained by the individual random
effect only (Table 5.2). Our proxy of the buoyancy changes explained 13 %, and the dive
duration 20 %. The distribution of residuals is a bit shifted towards positive values, with
a heavy tail for negative values, compared to a Gaussian distribution (Figure 5.1). An
increase of the number of strokes per dive was found with an increase of the dive duration
and the maximum depth, and a decrease with the post-dive surface interval and the body

density (Figure 5.2).
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Table 5.2 — Percent of deviance explained by each term of the predictive model: stroke
count ~ alpha + s(dv_dur, k = 20) + s(srf_inter, k = 20) + s(max_depth, k = 20) +
s(buoyancy proxy, k = 20) + s(id, bs = "re")

Covariates Percent of deviance explained (%)
Stroke count ~ Dive time 20
Surface interval 2
Max depth 12
Drift rate 10
Random(individual) 16
Total 60
0.003 -
0.002-
Py
3
5
a)
0.001 -
0.000 -
-400 0 400
Residuals

Figure 5.1 — Comparison between the distribution of the residuals from the predictive
model (red curve) and a Gaussian distribution. The heavy tail for negative residual values
means it overestimates the small numbers of strokes per dives.

Predictions Analysis

Energy Expenditure & Destination, Sex and Trip Phases Regardless of the desti-
nation, the trip phase or the year, the FMR was significantly higher for males than females
(105.3 & 13.7 vs. 80.9 & 39.2 kJ kg~! d~! respectively; p-value < 0.01, Table 5.3). Simi-
larly, but independently of the sex instead of the destination, animals reaching Antarctica
had a significantly higher FMR (108.6 + 52.1 vs. 71.73 + 13.7 kJ kg! d™! respectively;
p-value < 0.01, Table 5.3). In the same way, the energy expenditure during the central
phase (91.4 + 62.1 kJ kg~ d™') of the trip was significantly lower than during the out-
ward phase (109.7 £+ 63 kJ kg~ d™!), and significantly higher than the return phase (82.8
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Figure 5.2 — Relationships from the predictive model between the number of flipper stroke
per dives and the dive duration, the post-dive surface duration, the maximum depth and
the drift rate.

+ 61.4 kJ kg=t d=1; both p-value < 0.01, Table 5.3).

Table 5.3 — Relationships between the energy expenditure (FMR) and the destination, the
sex, the trip phase and the year, and the associated p-values from a linear mixed effect
model with individual as a random intercept. For each qualitative covariate, the estimate
represents how stroke count varies with the modality presented here, compared to the one
which is not presented. The year covariate was set as a quantitative variable to avoid the
multiplicity of the modalities.

Covariate Modality Estimate p-value

FMR ~ Destination Antarctica 0.31 <0.01
Sex Male 0.19 <0.01

Phase of the trip at sea Outward 0.11 <0.01

Return -0.10 <0.01

Year - 0.00 0.78

Inter-Annual Variability in Energy Expenditure Without any consideration on
the sex, the destination or the trip phase, the covariate year has no effect on the FMR
(p-value = 0.78, Table 5.3). However, when distinguishing sexes (Figure 5.3), at least
one year differed from the others for males (Kruskal-Wallis chi-squared = 20.50, df =
10, p-value = 0.03) and females (Kruskal-Wallis chi-squared = 24.26, df = 10, p-value <
0.01).
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Figure 5.3 — Distribution of the energy expenditure (kJ.kg™'.d™!) in post-moulting south-
ern elephant seals (Mirounga leonina) from 2004 to 2015 in males and females.

5.2.4 Discussion

This study illustrates the necessity to monitor individual parameters over long-term to
get the overall picture of the relationships between biological and physical parameters
within an ecosystem. Using a predictive model to estimate the energy expenditure over
an 1l-year period, our findings revealed spatial and temporal variability of the energy

expenditure, which differs between sexes.

Using the Maresh ef al. (2014) equation based on the number of strokes as a proxy
of the energy expenditure stated several assumptions that need to be clarified. First, it
assumes the number of strokes to be comparable between individuals of different ages.
This assumption is based on Maresh ef al. (2014) which found no significant relationships
between size or age in the FMR of 12 female northern elephant seals. While differences
between sexes were not tested, we made the assumption of similar relationship between
stroke counts and FMR for both sexes. In the absence of information relating both in-
formation for male elephant seals, we acknowledge that is a strong assumption leading
possibly to a miscalculation of the FMR. The second assumption states that the energy
expenditure, defined in this way, represents the sum of all components costs (digestion,

maintenance and locomotion) except for the energy lost in via faeces, urine and ther-
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moregulation (Maresh et al., 2015).

Given the above, the proportion of the deviance explained by our model to predict the
number of flipper strokes was 60 %. Given the high deviance explained, we believe this
model captures a sufficient part of the stroke counts variability to use it to predict on the
post-moulting SESs. The shape of the residual distribution from this model suggests a
tendency to overestimate small number of flipper stroke, resulting in an overestimation of
low FMR values. In accordance with several studies, we found that the number of strokes
per dive, and so the energy expenditure, was linked to diving parameters (Arnould et al.,
1996; Costa & Gales, 2000; Elliott et al., 2013). Using method developed by Gordine
et al. (2015), the calculated proxy of the animal’s body density accounted for 13 % of the
deviance explained, which reveals the buoyancy variation as a strong driver of the animal
energy expenditure. This is consistent with the findings of Thums et al. (2008), which
found that drift rate accounted for 77 % of the deviance explained in a model that inves-
tigated the relationship between body lipid content and several diving variables. These
results are also in accordance with previous studies like Richard et al. (2014), which found
that one percent variation in buoyancy resulted in a 20 % variation of swimming effort,
and Jouma'a et al. (2016) demonstrating that the time spend at the bottom increases

with the animal buoyancy.

Using this model to predict the number of flipper strokes associated with each post-
moulting dive, we found that the variability in the energy expenditure during post-
moulting trip could be related to several parameters (Table 5.3). We found that no matter
the destination, the sex or the year, the central phase of SES trip at sea costs less energy
than the outward phase, and more energy than the return phase. This is consistent with
previous studies focusing on the buoyancy variations of elephant seals (Aoki et al., 2011;
Richard et al., 2014; Adachi et al., 2014). Once elephant seals leave the land after the
moulting period, they have poor body condition with a negative buoyancy (Thums et al.,
2008) due to the high energy requirements over the moulting fast (Slip et al., 1992). As
they feed on more and more prey during their trip at sea, they make fat, improving there-
fore their body condition by increasing the percentage of their body lipid content (Thums
et al., 2008). By approaching the neutral buoyancy, they reduce the cost of transport
(Sato et al., 2013; Adachi et al., 2014) and so the energy expenditure, which likely explain

its decrease from the outward phase to the return phase.

In the same way, regardless of their sex, the year or the trip phase, SESs reaching
Antarctica have higher energy expenditure than the others remaining on the Kerguelen
shelf or pelagic compartments. While this relationship was expected for the central phase

of their trip at sea, because SESs reaching those regions have to deal with sea ice when
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approaching Antarctica (Bailleul et al., 2007a; van den Hoff et al., 2014; Labrousse et al.,
2015), it was not the case for the others part of their trip. As suggested by Bailleul
et al. (2007a), we believe that sea ice locality presents particular environmental conditions
explaining the presence of richer habitats. This means better prey quality or a wider range
of prey sources that could justify higher energy costs during the outward and return
phases. In this way, we assume the energy required for transit phases (outward and return
phases) would be compensated by higher energy intake once near Antarctica. More than
the energy expenditure associated with a foraging zone, it is the difference between energy
expenditure and energy intake that should drive animal’s decision. One can well imagine
that higher energy expenditure would allow SESs to access better prey quality, resulting
in a higher net energy gain. Indeed, it would be interesting to see if animals reaching

Antarctica have higher reproductive success and survival rate.

The explanatory model also revealed that male SESs have higher energy expenditure
than the females, and no matter where they are going, the year or the trip phase. As no
sexual difference was found in the swimming speed of northern elephant seals (Hassrick
et al., 2007), we believe that differences in the energy expenditure was mainly due to a
higher flipper stroke frequency required to move the male SESs’ body. Since male SESs are
several times heavier than females (McCann et al., 1989), they probably need to increase
their flipper stroke frequency to swim as fast as the females. This increase in the number
of strokes per unit of time results in an increasing FMR. We should, however, take this
result with caution since the model used to predict FMR male SESs, was fitted on female
SESs, including then a possible bias in the estimation of energy expenditure of males.
With all uncertainties around the measurement of our FMR, we also found that female
SESs have similar energy expenditure than those found in northern elephant seals (80.9
+39.2 kJ kgt d7! vs. 69.4 + 3.0 kJ kg! d71, respectively, Maresh et al., 2014).

These sexual differences in the variation of the energy expenditure enabled to highlight
an inter-annual variability (Figure 5.3) that was not detected in our explanatory model
(Table 5.3) because of confounding covariates. The lack of individuals for some years
prevented from statistically identifying a specific year different from the others in both,
male and female time series. This could be due to a small number of SESs equipped in
some years, e.g. 2006 was only represented by one male and one female SESs. A greater
number of SESs would have provided a better picture of the inter-annual variability at the
population level. We however observed a trend toward reduction in energy expenditure in

2007, with a possible increase in 2011 for male SESs energy expenditure (Figure 5.3).

There might be numerous and complex reasons for this inter-annual variability. These

variations in the energy expenditure are linked to their ecological niches, since adult male
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and female SESs are known to forage in different habitats (Bailleul et al., 2010a). Males
mainly forage from the Antarctica coasts within the sea-ice pack, while females forage
in more pelagically habitats. The accessibility and quality of resources therefore strongly
differ among sexes, which could explain the differences observed in the energy expenditure.
The accessibility to prey resources may be driven by climatic events through respectively
the extent of sea-ice (Wolfl et al., 2006) and changes in mixed layer depth (Sallée et al.,
2010). Climatic variations such as El Nino Southern Oscillation (ENSO) or the Southern
Annular Mode (SAM) are known to influence the productivity of the Southern Ocean and
the abundance, quality and distribution of prey, where SESs forage (Wilson et al., 2001;

Atkinson et al., 2004), which in fine could influence the variations in energy expenditure.

Since elephant seals are capital breeders, they depend on the energy collected and
stored as lipids during their foraging migration for the costs of maintenance and the costs
of reproduction. This is particularly true for females in which the survival in the first year
of their pups is directly related to their ability to store and acquire resources (McMahon
& Burton, 2005). It is also true for males which have to be in a good condition to fight for
access to the breeding. In addition, SESs are known to be faithful to their foraging area
(Bradshaw et al., 2004), so any changes of the area quality due to large scale oceanographic
events could have an important impact on the energy expenditure and potentially on the

survival and the breeding success (Authier ef al., 2012).
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Discussion Générale

Sommaire

6.1 Synthése et Mise en Relation des Principaux Résultats . . . . . .. .. .. 92
6.2 Limites des Méthodes Employées . . . . . . . . ... ... ... ...... 95
6.2.1 Impact des Balises sur le Comportement des Animaux . .. .. .. 95
6.2.2 Détection des Evénements de Tentative de Capture . . . . . .. . . 95
6.2.3 Mesure de la Dépense Energétique & Accélérométrie . . . . . . . . 96
6.3 Comparaison a d’Autres Prédateurs Marins . . . . .. ... ... ..... 98
6.4 L’Eléphant de mer Austral, une Espéce Bio-indicatrice . . ... ... ... 100
6.5 Perspectives . . . . . . .o 101
6.5.1 Un Bilan Energétique Complet . . . . . .. .. ... ... ..... 101
6.5.2 Vers une Meilleure Compréhension de I'Ecosystéme Austral . . . . . 102

6.5.3 Succés d’Approvisionnement et Valeur Sélective, I’Effet des Chan-
gements Environnementaux . . . . ... ..o 103

91
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6.1 Synthése et Mise en Relation des Principaux Ré-

sultats

L’étude a fine échelle de la cinématique associée aux tentatives de capture de proies
nous a permis de mettre en évidence un lien important entre les mouvements en trois
dimensions d'un prédateur marin et leur activité d’alimentation & I’échelle d'une plongée
(CHAPITRE 3). Cette étude a montré l'existence de zones en recherche restreinte pré-
sentes durant les plongées d’alimentation et caractérisées par une diminution de la vitesse
de nage et une augmentation de la sinuosité. Ces zones sont associées & un changement
de comportement de nage, mais également a un taux de rencontre de proies plus élevé.
Identifiées dans une sphére d’un rayon médian de 37 m, ces zones laissent suggérer une
distribution de la ressource sous forme de parcelles, en accord avec ce que l'on trouve
dans la littérature sur la distribution des myctophidés, principales proies des femelles élé-
phants de mer (Auster ef al., 1992; Cherel ¢t al., 2008). La faible différence entre les taux
de rencontre de proies a l'intérieur et a l'extérieur de ces zones suggére que ces parcelles
sont caractérisées par des densités de proies plus importantes que la densité moyenne dans
I’environnement. Cela suggérerait une structuration continue du champ de proies, avec des
variations locales de densité, identifiées dans cette étude comme des parcelles. En plus de
I'identification de ces zones ou les éléphants de mer semblent augmenter leur effort d’ali-
mentation, trois modes comportementaux précédant la rencontre d’une proie ont pu étre
identifiés. Ces modes d’approche des proies sont caractérisés par des comportements de
nage et des taux de rencontre différents. Le premier mode est caractérisé par une approche
horizontale, o1 I’animal semble tourner sur lui-méme et capturer des proies tout autour de
lui, marquée par une importante sinuosité horizontale. Le second est caractérisé par une
approche plus verticale, par le dessous, qui semble nécessiter un effort de nage important.
Enfin le troisiéme mode semble étre caractéristique d’une attaque par le dessus, comme si
I’éléphant de mer se laissait tomber sur sa proie. Les différences comportementales mar-
quées entre ces trois modes d’approches nous laissent penser que différentes proies sont
ciblées et donc que 'apport énergétique varie selon la quantité et la qualité des espéces
capturées. Bien que I'on ne puisse pas avoir acces a la densité énergétique associée aux
différents types de proies chassées, nous avons cependant accés aux taux de rencontre de
proies associé a chacun des modes comportementaux identifiés. En se basant sur cette in-
formation, il semblerait que les éléphants de mer favorisent la capture de proies présentes
en plus grand nombre. En effet, la principale stratégie de chasse identifiée est associée a
un taux de rencontre de proies presque deux fois supérieur aux deux autres stratégies, et
ce malgré une importante activité natatoire laissant supposer un coiit élevé d’acquisition
de la ressource. Pour maintenir un bilan énergétique positif lors de leur trajet en mer, les

éléphants de mer ont donc le choix d’augmenter le nombre de proies capturées ou bien de
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cibler des proies de meilleure qualité, méme si cette derniére hypothése n’a pas pu étre

vérifiée dans le cadre de cette thése.

Outre le choix des proies pour maximiser leur rendement énergétique, les éléphants
de mer peuvent également jouer sur le temps qu’ils sont capables de rester au fond d’une
plongée pour augmenter leurs chances d’accéder aux ressources d’une parcelle et donc d’ac-
cumuler de I’énergie pour maintenir un bilan énergétique positif (Jouma’a et al., 2016).
L’étude du temps passé au fond d’une plongée (CHAPITRE 4) montre que la décision de
quitter une parcelle de proies est liée a ’accessibilité verticale de celle-ci, mais également
au nombre de proies rencontrées, ainsi qu’a la flottabilité (i.e. densité) de ’éléphant de
mer, et par conséquent au cotit du transport qui augmente quand 1’animal s’éloigne de la
flottabilité neutre. L'un des résultats majeurs est d’ailleurs que I’on ne peut pas considérer
le temps passé au fond d’une plongée comme 'unique fagcon d’estimer le succés de péche
des éléphants de mer, comme c’est le cas dans de nombreuses études. En effet, selon la
profondeur d’alimentation, I’animal ne passera pas le méme temps au fond en présence ou
en I'absence de proies. A faible profondeur, ils auront par exemple tendance & terminer
leur plongée plus tot s’ils ne rencontrent aucune proie, tandis que l'inverse est observé
pour des profondeurs plus importantes. Cette étude montre également qu’en présence
d’une parcelle présentant un important taux de rencontre de proies, les éléphants de mer
ont tendance a augmenter leur temps de résidence indépendamment de la profondeur. La
profondeur, et donc 'accessibilité verticale de la ressource, s’est également révélée étre
un facteur important dans le fait de rester plus ou moins longtemps dans une parcelle. A
mesure que la profondeur augmente, 1’éléphant de mer augmente son temps passé au fond
jusqu’au moment ou il atteint sa limite aérobie. Pour des profondeurs plus importantes,
ces phoques vont donc diminuer le temps passé dans la parcelle pour compenser 1’énergie
requise pour accéder aux ressources. Cette diminution du temps passé au fond est ob-
servée avec la profondeur aux alentours de 550 m et correspond justement au moment
ou la dépense énergétique liée aux phases de transit devient supérieure a celle allouée au
fond des plongées et donc nécessaire a la capture des proies. L’accessibilité verticale des
proies va donc en partie conditionner le temps d’exploitation de la parcelle au travers de
la dépense énergétique associée aux phases de transit. Cette accessibilité est également
I'un des parameétres les plus soumis aux variations environnementales a grande échelle,
susceptibles d’impacter la dépense énergétique moyenne d’un individu d’une année sur

l'autre.

L’étude des variations de la dépense énergétique moyenne des éléphants de mer en
période post-mue sur une durée de 11 ans (CHAPITRE 5), nous a permis de mettre en
évidence des différences inter-sexes, ainsi qu’une structuration spatio-temporelle en fonc-

tion de la zone d’alimentation ciblée, des différentes phases du trajet en mer et de 'année.
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Nous avons ainsi pu montrer que les individus atteignant I’Antarctique avaient une dé-
pense énergétique supérieure a ceux évoluant au niveau du plateau de Kerguelen ou en
milieu pélagique. Cette différence peut étre liée a des comportements de plongée moins
coliteux, comme des profondeurs et des durées de plongées moins importantes, pour les
individus n’atteignant pas I’Antarctique. On peut également attribuer cette différence a
la dépense d’énergie supplémentaire requise pour plonger en présence de glace de mer
lorsque ces animaux se nourrissent en Antarctique. Le fait que cette différence soit retrou-
vée indépendamment de la phase du trajet considérée laisse suggérer que les éléphants de
mer augmentent volontairement leur dépense énergétique lors des phases de transit, pour
atteindre probablement plus rapidement leur zone d’alimentation. L’accés plus cotiteux
a la zone antarctique pourrait étre compensé par un apport énergétique plus important
qu’ailleurs. La présence de glace de mer est en effet connue pour favoriser la produc-
tion primaire (Loeb et al., 1997) et donc in fine celle des ressources disponibles pour
les éléphants de mer. Les méles éléphants de mer austraux sont connus pour s’alimen-
ter essentiellement prés des cotes antarctiques. Notre étude révele qu’ils ont une dépense
énergétique supérieure a celle des femelles et que cette différence n’est pas uniquement
liée & leur zone d’alimentation. Ici, nous avons fait ’hypothése que pour maintenir une
vitesse de nage équivalente a celle des femelles, les males éléphants de mer, dont la masse
est plusieurs fois supérieure a celle des femelles, doivent augmenter leur fréquence de coup
de nageoire, résultant en une augmentation de la dépense énergétique moyenne. Cette
étude montre également qu’indépendamment du sexe, la phase centrale de leur trajet en
mer présente une dépense énergétique moyenne supérieure a la phase retour et inférieure
a la phase aller. On explique cette différence par I’amélioration de la condition corporelle
des animaux au cours de leur trajet en mer. A mesure que ces animaux s’alimentent, ils
reconstituent leurs réserves énergétiques sous forme de lipides. Ces réserves influencent
la flottabilité de I’animal et donc le cott du transport (Thums et al., 2008). Plus ces
animaux sont gras, et moins ils auront & dépenser d’énergie pour se déplacer. Cette série
temporelle nous a également permis de mettre en évidence des variations inter-annuelles
de la dépense énergétique moyenne. Bien que l'on ne puisse pas directement expliquer
ces variations, nous faisons ici I’hypothése qu’elles sont trés fortement liées aux succes
d’alimentation. I’accessibilité des ressources en proies est en effet un paramétre suscep-
tible de varier d’une année sur ’autre, car elle est notamment conditionnée a plus grande
échelle par des variations climatiques telles que 1'oscillation antarctique ou le phénoméne
El Nirio Southern Oscillation (ENSO). Ces deux variations climatiques sont connues pour
structurer la productivité de I'océan austral, influencant notamment la profondeur de la
couche de mélange ainsi que ’étendue de glace de mer et in fine, le succés d’alimentation

des éléphants de mer.
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6.2 Limites des Méthodes Employées

6.2.1 Impact des Balises sur le Comportement des Animaux

Bien que l’ensemble des expérimentations sur le terrain lié a ce travail de thése ait été
approuvé par le comité d’éthique de I'Institut polaire francais Paul Emile Victor, peu
d’études se sont intéressées a I'impact du déploiement d’enregistreurs de données et de
la manipulation des éléphants de mer sur leur comportement, et a plus long terme sur
leur survie. McMahon et al. (2008) n’ont trouvé aucune différence concernant la masse
des éléphants de mer de retour a terre, indépendamment de la pose de balise. Ils ont
également montré 1'absence de différence sur la survie de ces animaux, équipés avec et
sans balise, comme c’est le cas chez de nombreuses autres espéces (Walker et al., 2012).
Les conclusions de McMahon et al. (2008) semblent étre indépendantes du sexe et de I’age
des individus, cependant ils n’abordent pas la question liée & I'augmentation de la force
de trainée lorsque les balises sont fixées sur ’animal. Cette question a en partie été traitée
en soufflerie chez les manchots (Pygoscleis sp.) et les tortues vertes (Chelonia mydas),
permettant de mettre en évidence une réduction de la vitesse de nage et une augmentation
de la dépense énergétique (Bannasch et al., 1994; Watson & Granger, 1998; Todd Jones
et al., 2013). Chez ’éléphant de mer du nord, Maresh et al. (2015) ont pu montrer, lors
du déploiement d’un dispositif expérimental de sonde acoustique d’un poids apparent de
1,3 kg et d’une aire de section de 2502 cm?, une augmentation des cofits de locomotion de
14,5 %. Le poids apparent et la surface des balises déployées dans le cadre de ce travail de
theése étant bien inférieurs a ceux de Maresh ef al. (2015), nous avons supposé négligeable
I'effet des appareils embarqués sur le comportement de plongées des éléphants de mer

austraux.

6.2.2 Détection des Evénements de Tentative de Capture

Mesurer I'activité d’alimentation d’'un prédateur plongeur tel que I’éléphant de mer se ré-
véle étre un défi de taille aux vues des conditions environnementales extrémes rencontrées
lors de ses trajets en mer. C’est d’autant plus vrai lorsque I'on souhaite obtenir une me-
sure assez fine a la fois spatialement et temporellement pour confronter empiriquement les
prédictions de la théorie de ’approvisionnement optimal. Plusieurs méthodes déja éprou-
vées sur d’autres espéces se sont révélées infructueuses chez 1’éléphant de mer, comme les
sondes cesophagiennes ou stomacales trop facilement régurgitées, ou bien 'utilisation de
caméras rendue difficile en ’absence de lumiére, & de fortes profondeurs et sur une longue
période. Pour contourner ces limites logistiques, Gallon et al. (2013) et Vacquié Garcia
(2014) ont développé une méthodologie basée sur I'utilisation d’accéléromeétres pour quan-

tifier ce que l'on a appelé les événements de tentatives de capture. Facile & mettre en place,
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cette méthode nous renseigne sur I'activité d’alimentation via une estimation quantitative,
mais non qualitative, des tentatives de prises alimentaires, nous permettant d’identifier
qualitativement des zones plus favorables que d’autres a l’acquisition de ressource. La
limite associée a cette méthode est que 'on estime une tentative et non un succes, au-
trement dit nous n’estimons pas le nombre de proies que 'animal a réellement ingérées,
mais bien le nombre de fois qu’il a tenté d’en capturer une, avec pour conséquence une
surestimation probable du nombre de prise alimentaire. Par ailleurs, nous n’avons aucune
information sur la qualité (i.e. densité énergétique) des proies consommeées. De récents
travaux conduits par Guillemette Labadie lors d’un stage en césure ont permis de mettre
en évidence que de nombreux événements de tentatives de captures détectés a l'aide des
accéléromeétres pouvaient également étre identifiés & partir d’enregistrements audio issus
des Acousondes™. Bien qu’une validation visuelle serait la solution parfaite pour valider
cette méthode, ce genre d’études nous conforte dans 1'utilisation du nombre de tentatives

de capture comme mesure de 'activité d’alimentation chez I’éléphant de mer.

6.2.3 Mesure de la Dépense Energétique & Accélérométrie

La dépense énergétique est une composante importante de 1’écologie alimentaire qui est
extrémement difficile & mesurer in situ. L’émergence de techniques basées sur 1’accélération
pour rendre compte de cette mesure présuppose que les grandeurs calculées reflétent le

taux de consommation en dioxygéene.

La mesure de l'accélération dynamique totale (ODBA, pour la somme des accéléra-
tions dynamiques et VeDBA, pour la somme vectorielle des accélérations dynamiques)
s’est révélée étre un bon indicateur du taux de consommation en dioxygeéne chez de nom-
breuses espéces. Cette relation a en effet été mise en évidence chez le grand cormoran
(Phalacrocorax carbo, Wilson el al., 2006), mais également chez un grand nombre de
mammiféres et d’oiseaux, ainsi que chez '’humain (Halsey et al., 2009), lors d’activités
monospécifiques. Ce détail est important puisqu’une récente étude de Jeanniard-du Dot
et al. (2016), montre chez I'otarie de Kerguelen et 1'otarie a fourrure du Nord que 1'utili-
sation de 'accélération dynamique ne prédit pas correctement la dépense énergétique sur
la totalité de leurs trajets d’alimentation (R? = 0.36), mais qu’elle se révéle étre un bon
prédicteur dés lors que le trajet est partitionné en différentes activités (plongée, transit,

surface et repos, R? = 0.70).

Comme précisé par Hanuise (2011), deux aspects sont a prendre en compte lors de
I'utilisation de 'accélération dynamique comme un indice de la dépense énergétique. Le
premier est d’ordre technique, il concerne la méthode employée pour séparer ’accélération

dynamique de l'accélération statique. Deux méthodes sont couramment utilisées, celle de
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la moyenne glissante (Wilson et al., 2006) et celle du filtre fréquentiel passe-bas (Sato
et al., 2003). Shepard et al. (2008a) ont ainsi démontré que le choix des paramétres lié au
filtre passe-bas, et a la moyenne glissante (respectivement, fréquence de coupure et taille
de la fenétre) avait des conséquences importantes sur l'estimation de 'accélération dyna-
mique. Hanuise (2011) précise qu'il serait plus juste de dire qu’a 'aide de ces méthodes,
on calcule des approximations de l'accélération de gravité et de l’accélération propre.
Le second aspect concerne 1'utilisation de 'accélération dynamique comme un indice de
la dépense énergétique en plongée. Cette dépense énergétique peut étre décomposée en
quatre compartiments : (1) les cotits de maintenance ou métabolisme basal, (2) les cotits
de digestion liés & 'ingestion de proies, (3) ceux liés & la thermorégulation et enfin (4)
ceux liés a la locomotion. Lorsque I'on considére les variations de ’accélération dynamique
comme un indice de la variation de la dépense énergétique, cela revient a n’étudier que
les variations des cotits de locomotion et donc a supposer ’ensemble des autres cotits
constants (Rosen & Trites, 1997; Green et al., 2009). Costa (2007) montre que 'impact
des autres facteurs est minimal si ’animal a des cotits de locomotion importants et qu’il
évolue a des taux métaboliques proches de sa limite métabolique maximale, comme c’est

le cas pour ’éléphant de mer.

Dans le cadre de ce travail de thése, nous avons souhaité nous affranchir du biais lié
au choix de la fréquence de coupure séparant ’accélération dynamique de 1'accélération
statique, et privilégier le choix de compter le nombre de coups de nageoire, comme un
indice du cotit de locomotion et donc de la dépense énergétique (Maresh et al., 2014).
Ce choix nous permet également de comparer plus facilement les valeurs obtenues entre
individus puisqu’aucune différence significative de I’énergie associée aux coups de nageoire
n’a été trouvée entre des individus d’age et de taille différente chez 1’éléphant de mer du
nord (Maresh et al., 2014). Cela permet donc de nous affranchir de la variabilité associée au
calcul de 'accélération dynamique, mais pas de I’approximation de la dépense énergétique
via les cotits de locomotion. L’une des voies explorées pour mesurer plus efficacement
I’ensemble des cotits énergétiques associés a la plongée est d’estimer le métabolisme a
'aide de la fréquence cardiaque. En Annexe F, Day et al. (2017) ont par exemple montré
qu’il était possible a partir des Acousondes™ de suivre le rythme cardiaque de ’animal
a la surface. Cette étude a permis de mettre en évidence une augmentation du rythme
cardiaque a la surface qui n’a pas pu étre liée a la durée et a I'effort de nage de la plongée
précédente. En revanche, la récupération entre deux plongées semble étre reliée au nombre

de battements cardiaques et donc au temps de surface.
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6.3 Comparaison a d’Autres Prédateurs Marins

Les travaux présentés dans le cadre de cette thése se sont intéressés aux différentes stra-
tégies d’alimentation mises en place par I’éléphant de mer austral, mais retrouve-t-on ces
résultats chez d’autres espéces de prédateurs marins 7 Y a-t-il des tendances générales qui
se dégagent ? Dans le premier article (CHAPITRE 3), nous avons identifié la présence de
zones en recherche restreinte au cours des plongées, caractérisées par un taux de rencontre
de proies plus important. On trouve dans la littérature de nombreuses études qui vont
dans le sens d’'une relation forte entre la trajectoire d’un individu et son comportement
d’alimentation (Weimerskirch et al., 2007; Hoskins et al., 2015). Mais pour I'essentiel de
ces études, il s’agit de trajectoires a deux dimensions d’échelle temporelle bien plus im-
portante que la notre (plusieurs jours). A notre connaissance, seule I'étude de Adachi
et al. (2016) s’est intéressée a cette question en utilisant la méthode du temps de premier
passage dans une spheére (Bailleul et al., 2010b). Les autres études intégrant la dimension
verticale portent généralement sur de la modélisation d’habitat et donc sur une échelle
temporelle supérieure (Tracey et al., 2014; Simpfendorfer et al., 2012). Adachi et al. (2016)
trouvent une augmentation de la sinuosité en lien avec une augmentation du taux de ren-
contre de proie chez I’éléphant de mer du nord. Les échelles trouvées sont plus petites que
les notres, mais suggérent également une agrégation des proies chassées par les éléphants
de mer sous forme de parcelles. L’identification de différentes stratégies de chasse basée
sur la cinématique du mouvement avant une tentative de capture de proie nous permet
de supposer que plusieurs types de proies sont donc ciblées. Cette variabilité comporte-
mentale selon le type de proie chassée a également été observée chez les phoques veaux
marins (Phoca vutlina, Bowen ¢t al., 2002), le guillemot de Brinnich (Uria lomvia, Elliott
et al., 2008) ou encore chez le cormoran a aigrettes (Phalacrocoraz auritus, Fnstipp et al.,
2007). Chez cette derniére espéce, Halsey et al. (2007b) ont par exemple montré que les
temps de plongée étaient moins importants lorsque des proies mobiles étaient chassées,
vraisemblablement dus aux dépenses énergétiques engendrées par la poursuite et la cap-

ture de ces proies plus véloces.

En ce qui concerne 'ajustement du temps passé au fond (CHAPITRE 4), nous avons vu
que le lion de mer de Steller se comportait de la méme fagon que 1’éléphant de mer en aug-
mentant le temps passé au fond lorsque de nombreuses proies sont rencontrées (Cornick
& Horning, 2003). De la méme fagon, cette relation a été trouvée chez le manchot royal
(Aptenodytes patagonicus, Hanuise et al., 2013). Cette espéce montre aussi une augmen-
tation du temps passé au fond avec I'augmentation de ’accessibilité verticale des proies
comme c’est le cas pour les plongées jusqu’a 550 m de profondeur chez les éléphants de
mer. La diminution du temps passé au fond que l'on observe au-dela de ces profondeurs

n’est cependant pas observée chez le manchot royal. Cette diminution, trés certainement
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lice a la limite de plongée aérobie, est en revanche observée chez le cormoran de Crozet
(Phalacrocorar melanogenis, Cook et al., 2008). Les différences d’ajustements comporte-
mentaux observées entre espéces, en lien avec la profondeur, témoignent des contraintes
physiologiques propres a chacune d’entre elles. L’effet de la condition corporelle sur le com-
portement de plongée a ainsi été mis en évidence chez les manchots (Sato et al., 2002),
mais contrairement aux éléphants de mer qui ont majoritairement une flottabilité néga-
tive, les manchots flottent. Cette particularité entraine des ajustements comportementaux
différents des éléphants de mer avec par exemple, un effort de nage plus important a la
descente qu’a la remontée. Chez le manchot royal on retrouve également une diminution
des temps de transit via 'augmentation des angles de plongées (Hanuise et al., 2013). Tout
comme chez les éléphants de mer (Jouma’a et al., 2016), Viviant et al. (2016) ont montré
chez l'otarie de Kerguelen que le temps passé au fond d’une plongée ne pouvait pas étre
considéré comme un bon indicateur de la qualité de la parcelle visitée, contrairement a ce
qui a été fait dans de nombreuses publications (Bovd ¢ al., 1995; Mori & Boyd, 2004). En
effet, cette relation n’est vraie que pour une certaine gamme de profondeur de plongées.
Ces résultats soulignent 'importance de tester au préalable un indicateur comportemental

qui a pu se révéler pertinent chez une espéce avant de ’appliquer chez une autre.

Dans le CHAPITRE 5, nous avons déja vu que les valeurs de dépenses énergétiques
journaliéres estimées a 1’aide du modele prédictif étaient similaires a ce que 1'on trouve
chez 1'éléphant de mer du nord (Maresh ef al., 2014). Avec une moyenne de 91 + 23
kJ.kg=1.d™! tout individu confondu, et compte tenu de I'erreur associée au calcul de cette
valeur, les éléphants de mer austraux ont une dépense énergétique moyenne du méme ordre
de grandeur que le plus petit mammifére marin, la loutre de mer ( Enhydra lutris), dont la
dépense énergétique journaliére est comprise entre 50 et 220 kJ kg=t.d ™!, selon les activités
(Yeates ef al., 2007). A titre de comparaison, un petit mammifére terrestre comme le koala
Phascolarctos cinereus a une dépense énergétique journaliere comprise entre 330 et 750
kJ.kg=t.d™t (Ellis et al., 1995). Il n’existe, & notre connaissance, aucune étude s’intéressant
aux variations spatio-temporelles de la dépenses énergétique chez un prédateur marin.
Notre calcul de la dépense énergétique étant basé sur le nombre de coups de nageoire, qui
est une variable elle-méme modélisée a partir des parameétres de plongées, cela nous permet
de relier les variations de la dépense énergétique a celles des comportements de plongées et
donc in fine aux variations des comportements d’alimentation. Il a ainsi été montré chez
une population de phoque gris en Nouvelle-Ecosse que les males s’alimentent au niveau
du plateau continental tandis que les femelles restent dans des zones intermédiaires sur
le plateau (Breed et al., 2006). Cette différence dans les zones d’alimentation prospectées
semble également étre dépendante de la période de I'année, avec une différenciation plus
marquée en fin d’année et juste aprés la période de reproduction. On peut donc facilement

imaginer que ces variations inter-sexes et spatio-temporelles des stratégies d’alimentation
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puissent étre reliées a des variations spatio-temporelles et a des différences inter-sexes de

la dépense énergétique moyenne.

6.4 L’Eléphant de mer Austral, une Espéce Bio-indicatrice

A travers nos résultats, ’étude du comportement de plongée nous a permis d’obtenir
des informations indirectes sur les proies des éléphants de mer. Nous avons ainsi mis en
évidence des comportements en recherche restreinte, a 1’échelle de la plongée, qui lais-
serait supposer une agrégation de la ressource sous la forme de zone ayant une densité
locale de proies supérieures a celle de I'environnement proche. De récents travaux sug-
gérent un lien fort entre 'agrégation verticale des proies et le taux de rencontre de proie
(Le Bras et al., 2016, Annexe D). Dans la méme lignée, des travaux en cours sur la forme
en trois dimensions des phases de fond vont plus loin et suggérent une agrégation des
proies sous la forme de bancs discrets, structurés en couches, et dont la densité d’orga-
nismes serait controlée par des contraintes verticales (Le Bras el al., 2017, Annexe F).
L’étude a fine échelle des comportements de prédation nous a également permis de distin-
guer trois stratégies comportementales possiblement reliées a trois espéces différentes de
proies. En utilisant les parameétres environnementaux (température, intensité lumineuse
et profondeur) associés a ces tentatives, Vacquié-Garcia et al. (2015b) ont également pu
identifier cinq habitats d’alimentation pouvant représenter autant de communautés de
proies potentielles. Ces tentatives de capture, qui peuvent étre associées a des événements
de bioluminescence (Vacquic-Garcia et al., 2012), sont identifiées plus profondément de
jour que de nuit. Comme suggéré dans de nombreuses autres études (Naito et al., 2013;
Ducatez et al., 2008; Authier, 2011), ces résultats tendent a prouver que I’éléphant de
mer chasse des proies mésopélagiques effectuant des migrations nycthémérales, un com-
portement caractéristique des espéces de myctophidés (Auster et al., 1992) qui constitue
la ressource alimentaire principale des femelles éléphant de mer (Cherel et al., 2008). En
recoupant toutes ces informations, I'activité d’alimentation de I’éléphant de mer se révéle
donc étre un bio-indicateur pertinent de la distribution des myctophidés, dont la niche

écologique reste encore mal connue.

Au-dela des aspects biologiques, les éléphants de mer sont utilisés depuis le début
des années 2000 comme des plateformes océanographiques pour échantillonner de I'océan
austral (Boehlert ef al., 2001). L’utilisation de balise CTD' permet d’échantillonner la
température et la salinité de l'environnement visité par ces prédateurs plongeurs. La
mise en commun de jeux de données issus des différentes populations de 1’hémisphére

sud permet la mise en place de bases de données a grande échelle (Roquet et al., 2013,

'Pour Conductivity- Temperature-Depth, un descriptif de ce type de balise est disponible dans la sous-
section 2.3.1
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2014), comme le projet MEOP (Marine mammals Exploring the Oceans Pole to Pole,
http://www.meop.net). Ces données viennent en appui de celles obtenues par d’autres
systémes d’observation de I'océan, comme le systéme Argo. De plus en plus utilisées, ces
données montrent une contribution croissante dans la construction de modeles climatolo-
giques a partir de bases de données océanographiques déja existantes telles que la World
Ocean Database (Levitus et al., 2013). En plus d’échantillonner la température et la sa-
linité in situ, une récente étude vient de montrer qu’il était également possible d’utiliser
les éléphants de mer pour mesurer efficacement le dioxygéne dissous et donc d’amélio-
rer notre compréhension du fonctionnement des océans via le déploiement d’enregistreurs
embarqués adaptés (Bailleul et al., 2015). De la méme fagon, Cazau et al. (2016) (An-
nexe (') ont montré que 'on pouvait a partir des enregistrements acoustiques issus des
Acousondes™ estimer de fagon précise la vitesse du vent (+ 2 m.s™!). Sans tomber dans
le suréquipement, 1’ensemble de ces études montre 'intérét d’utiliser le bio-logging pour
échantillonner des environnements difficiles d’acceés pour ’homme. Dans le cas de 'océan
austral, ’éléphant de mer semble étre le modéle idéal de par ses performances de plongée

et son importante aire de répartition en mer, pour mener & bien ce genre de mission.

6.5 Perspectives

6.5.1 Un Bilan Energétique Complet

Comme nous ’avons vu, notre étude comporte de nombreuses approximations liées a la
nature méme de nos données, qui ne nous permettent pas de répondre en intégralité aux
problématiques soulevées en introduction. Basées sur des limitations en dioxygéne, I'essen-
tiel des théories de la plongée optimale prédisent comment un animal plongeur doit ajuster
son comportement selon des contraintes qui lui sont propres. Nous avons ainsi pu mettre
en évidence une augmentation du temps passé au fond avec une augmentation du taux de
rencontre de proies, mais qu’en est-il si différents types de proies sont chassées ? L’apport
énergétique et le cotit d’acceés associés sont-ils les mémes ? Et si le taux de rencontre de
proies ne reflétait pas le nombre de proies ingérées? Une meilleure compréhension des
colits et bénéfices mis en jeu apparait donc nécessaire pour une compréhension plus fine
des mécanismes mis en place a I’échelle de la plongée. Il serait donc intéressant dans un
premier temps de pouvoir estimer la relation entre le taux de rencontre de proies et le
nombre réel de proies consommeées, comme a pu le faire Viviant et al. (2010) chez le lion
de mer de Steller. Une validation en bassin parait difficilement réalisable sur les éléphants
de mer, mais avec la miniaturisation des balises, une validation visuelle a I'aide de caméra
infrarouge permettrait sans doute de répondre & cette question. De la méme facon, avoir
accés a la densité énergétique des proies consommeées serait fortement utile dans le bilan

énergétique global de 'éléphant de mer. A défaut d’avoir une information aussi précise

101


http://www.meop.net

6.5. PERSPECTIVES

des proies, une identification a 1’échelle du genre (Naito et al., 2013) pourrait déja nous
permettre d’apporter une réponse plus claire et plus précise aux variations de la densité
corporelle, ainsi qu’aux différents habitats prospectés et comportements de chasse obser-

vés.

L’utilisation des enregistrements acoustiques s’est révélée étre un outil intéressant pour
le suivi des cycles respiratoires (Génin et al., 2015, Annexe B), ainsi que du rythme car-
diaque de l'animal a la surface (Day et al,, 2017, Annexe E). N’étant initialement pas
programmées pour ca, l'utilisation des Acousonde™ , moyennant une révision du pro-
tocole d’enregistrement, couplée a l'utilisation accéléromeétres sous-cutanés, pourrait se
montrer pertinente dans le suivi des battements cardiaques de I’animal sous l’eau. Cela
nous permettrait d’estimer le métabolisme de I'animal non plus & l'aide du nombre de
coups de nageoire, mais bien a l'aide d’une variable connue pour étre corrélée a la dépense
énergétique : le rythme cardiaque. Tout récemment, une étude réalisée chez le phoque gris
montre qu’il est aujourd’hui possible de mesurer des paramétres physiologiques directe-
ment sur 'animal en plongée, en échantillonnant son sang. Takei et al. (2016) ont en effet
développé un nouveau type de balise permettant d’échantillonner du sang et d’en mesu-
rer in situ la concentration en cortisone, cortisol et autres hormones cardiovasculaires.
Cette étude montre que la régulation cardiovasculaire observée chez cette espéce n’est
pas celle attendue pour des mammiféres terrestres, suggérant une adaptation au cours de
I’évolution a la vie semi-aquatique. Peut-étre qu'un jour ce type de balises pourra nous
permettre de suivre en dehors des bassins, I’évolution de la concentration en dioxygéne

dissous dans le sang de prédateurs plongeurs tels que I'éléphant de mer.

6.5.2 Vers une Meilleure Compréhension de I’Ecosystéme Austral

L’éléphant de mer, via son role de bio-échantillonneur, nous renseigne depuis maintenant
de nombreuses années sur la structure physico-chimique de I'océan austral. En revanche,
trés peu d’information sont disponibles sur la structuration des communautés d’étres vi-
vants peuplant cet océan. Le déploiement d’appareils de mesure toujours plus précis nous
permet aujourd’hui d’utiliser les éléphants de mer pour obtenir des informations indirectes
sur les échelons trophiques inférieurs sur lesquels se nourrit. L’ANR Mycto3D-Map avait
justement pour objectif de caractériser la distribution et les habitats en trois dimensions
des poissons lanternes, en utilisant conjointement les données fournies par leurs préda-
teurs, I’écho-intégration et la modélisation. En poussant cette réflexion un peu plus loin,
il serait intéressant d’utiliser 1’éléphant de mer pour en apprendre un peu plus sur les
communautés phytoplanctoniques, premier maillon de la chaine trophique dans l'océan
austral. Le déploiement de fluorimétres a déja permis de mettre en évidence une relation

entre l'atténuation de la lumiére et la concentration en chlorophylle a (Jaud et al., 2012),
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mais il serait intéressant de pouvoir y associer l'identification de groupes phytoplanc-
toniques. Méme si la mise en place d'un systéme embarqué permettant 'identification
des différents taxons phytoplanctoniques semble utopique, de nouveaux outils permettent
aujourd’hui 'identification automatique de groupes phytoplanctoniques a partir d’image
obtenue par microscope (Schulze et al., 2013). L’étude de la distribution spatio-temporelle
de la production primaire en lien avec le succés d’alimentation d’'un prédateur supérieur
tel que I’éléphant de mer, permettrait une meilleure compréhension des conséquences éco-
logiques de la variabilité en phytoplancton sur les échelons trophiques supérieures et in

fine sur tout ’écosystéme austral.

6.5.3 Succeés d’Approvisionnement et Valeur Sélective, I’Effet des

Changements Environnementaux

Prévoir I'impact des changements environnementaux sur le comportement d’alimentation
et donc in fine sur la survie et la reproduction n’est pas chose aisée. L’utilisation de modéle
individu centré permet d’apporter des premiers éléments de réponse, mais présuppose bien
souvent de connaitre toutes les relations mises en jeux pour modéliser au plus juste les
variations comportementales en lien avec l’environnement, ainsi que son impact a plus
grande échelle sur la population. L’utilisation de jeux de données a long terme est un
autre moyen d’estimer les conséquences de ses changements environnementaux. Il s’agit
de mettre en relation des variations environnementales avec celles du comportement de
plongée, du succes d’alimentation, de la survie ou encore de la reproduction. Il serait donc
tout particulierement intéressant d’étudier dans ce cadre, le lien qu’il existe entre chacun

de ces parameétres.

Sur 'archipel des Kerguelen, les femelles éléphants de mer sont par exemple connues
pour fréquenter deux zones d’alimentation : 'une en zone inter-frontale et l'autre en
Antarctique (Hindell et al., 2003; Bailleul et al., 2007a, 2010a). Des différences dans la
composition du régime alimentaire (Bradshaw et al., 2003), mais également dans la masse
des petits au sevrage, sont retrouvées entre les femelles s’alimentant en milieu pélagique
et en Antarctique (Authier ef al., 2012). Relier ces différentes stratégies d’alimentation
aux variations du comportement de plongée, ainsi qu’aux variations des traits d’histoire
de vie observées, permettrait une meilleure compréhension de I'impact des changements
environnementaux sur les populations d’éléphants de mer. De la méme fagon, étudier quels
sont les traits phénotypiques qui vont le plus influencer les comportements de plongée et
donc l'accés aux ressources, me semble important. Comprendre quels sont les critéres
phénotypiques qui vont jouer le plus sur le succes d’alimentation, permettrait in fine de
mieux comprendre les variations démographiques. Enfin, il serait également intéressant

d’étudier les différences au niveau des stratégies d’alimentation mises en place au sein de
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populations ayant une trajectoire démographique différente, comme c’est le cas pour la
population d’éléphants de mer de Macquarie et celle de Kerguelen (McMahon & Burton,
2005). Ce type d’étude comparative nous permettrait de mieux comprendre quels sont les

facteurs pouvant, par exemple, contribuer au déclin d’une population.

104



Liste des sigles et acronymes

ACC
ADL
AIC
ANOVA
ANR
ARS
CEBC
CNRS
CTD
ENSO
ENSTA
FMR
FPT
GPS
IPEV
IQR

MEOP

Antarctic Circumpolar Current

Aerobic Dive Limit

Akaike Information Criterion

Analyse de variance

Agence Nationale de la Recherce

Area Restricted Search

Centre d’Etudes Biologiques de Chizé
Centre National de la Recherche Scientifique
Conductivity Temperature Depth

El Nifio Southern Oscillation

Ecole National Supérieure de Techniques Avancées
Field Metabolic Rate

First Passage Time

Global Positioning System

Institut polaire francais Paul Emile Victor
Interquartile Range

Marine mammals Exploring the Oceans pole to Pole

105



ODBA = Opverall Dynamic Body Acceleration

PCA analysis = Principal Component Analysis
PCA = Prey Catch Attempt

PF = Polar Front

SAF = Subantartic Front

SAM = Southern Annular Mode

SES = Southern Elephant Seal
SFPT = Spherical First Passagge Time
SMRU = Sea Mammal Research Unit
SOI = Southern Oscillation Index
SRDL = Satellite Relay Data Logger
STF = Subtropical Front

TDR = Time Depth Recorder
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VeDBA = Vectorial Dynamic Body Acceleration

wAIC = weighted AIC
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Variation in body condition during the post-moult foraging trip of
southern elephant seals and its consequences on diving

behaviour

Gaétan Richard', Jade Vacquié-Garcia', Joffrey Jouma’a', Baptiste Picard’, Alexandre Génin',
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ABSTRACT

Mature female southern elephant seals (Mirounga leonina) come
ashore only in October to breed and in January to moult, spending
the rest of the year foraging at sea. Mature females may lose as
much as 50% of their body mass, mostly in lipid stores, during the
breeding season due to fasting and lactation. When departing to sea,
post-breeding females are negatively buoyant, and the relative
change in body condition (i.e. density) during the foraging trip has
previously been assessed by monitoring the descent rate during drift
dives. However, relatively few drift dives are performed, resulting in
low resolution of the temporal reconstruction of body condition
change. In this study, six post-breeding females were equipped with
time—depth recorders and accelerometers to investigate whether
changes in active swimming effort and speed could be used as an
alternative method of monitoring density variations throughout the
foraging trip. In addition, we assessed the consequences of density
change on the swimming efforts of individuals while diving and
investigated the effects on dive duration. Both descent swimming
speed and ascent swimming effort were found to be strongly
correlated to descent rate during drift dives, enabling the fine-scale
monitoring of seal density change over the whole trip. Negatively
buoyant seals minimized swimming effort during descents, gliding
down at slower speeds, and reduced their ascent swimming effort to
maintain a nearly constant swimming speed as their buoyancy
increased. One per cent of seal density variation over time was found
to induce a 20% variation in swimming effort during dives with direct
consequences on dive duration.

KEY WORDS: Body condition, Buoyancy, Speed, Swimming effort,
Mirounga leonina

INTRODUCTION

The investigation of the temporal change in foraging success of top
predators provides essential information on their ecology, as well as
on the distribution of their prey. Such information is inherently
difficult to obtain in marine ecosystems because of logistical
constraints. However, since the development of the first time—depth
recorders (TDRs) (Kooyman, 1965), a broad range of bio-logging
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tools has become available to researchers. These instruments have
enabled our understanding of foraging behaviour and its
relationships to environmental and physiological variables to be
refined in an increasing number of seabird and marine mammal
species (Kooyman, 1965; Wilson, 1992; Piitz and Bost, 1994;
Handrich et al., 1997; Piitz et al., 1998).

Recently, head-mounted accelerometers have been shown to
provide reliable information on the occurrence of prey capture
events in seals during extended foraging trips (Naito et al., 2010;
Suzuki et al., 2009; Viviant et al., 2010, Gallon et al., 2013). This
approach, however, does not provide information on the size and
energy content (i.e. quality) of either the prey or the associated
foraging costs, such that the energy gain by the individual cannot be
assessed. In addition to the number of prey-catch events, data on
energy expenditure, as well as the related change in body condition,
are required to assess the type and quality of prey consumed. Indeed,
the change in body condition reflects the ability of the animal to
allocate excess assimilated food resources towards lipid stores when
maintenance and foraging costs have been covered. Therefore, to
assess prey quality, there is a need to estimate fine temporal changes
in the condition of the seal, as well as the foraging costs.

In deep-diving phocid seals, such as the elephant seals (Mirounga
spp.), the buoyancy of an individual is determined primarily by its
body composition, in particular, by the ratio of lipid to lean tissue
(Crocker et al., 1997; Webb et al., 1998). Lean tissue is denser than
seawater, whereas adipose tissue is less dense and, therefore,
animals with a large proportion of lipid will be more buoyant (Beck
et al., 2000; Lovvorn and Jones, 1991a; Lovvorn and Jones, 1991b;
Nowacek et al., 2001; Webb et al., 1998). Elephant seals regularly
perform dives during which they spend a large proportion of time
descending passively through the water column (‘drift dives’).
Monitoring of the descent rate during these dives has already been
used to track density (i.e. lipid content) changes in elephant seals
during their foraging trips (Crocker et al., 1997; Biuw et al., 2003).
The vertical speed of elephant seals when descending passively is
directly related to buoyancy, with more buoyant seals (i.e. with a
higher lipid proportion) sinking at a slower rate, or even becoming
positively buoyant, compared with leaner ones (Crocker et al., 1997,
Biuw et al., 2003; Miller et al., 2012). However, such ‘drift rate’ data
obtained from TDRs can only provide a general temporal trend in
body composition change as few drift dives are detected daily
(Dragon et al., 2012).

As the buoyancy of a seal is directly related to its density
(Panimar), Variations in speed and effort during active swimming
must be related to variation in its lipid and muscle proportions
(Miller et al., 2012). Miller et al. (Miller et al., 2004) and Watanabe
et al. (Watanabe et al., 2006) working on sperm whales (Physeter
macrocephalus) and Baikal seals (Phoca sibirica), respectively,
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List of symbols and abbreviations

a acceleration

A frontal or surface area

Cp drag coefficient

CcoT cost of transport

Effort,seent ascent swimming effort

Fp buoyancy force

Fp drag force

g gravitational gravity (9.8 ms™)

G girth

L length or size

Py proportion of total amount of the bones to body mass
Py proportion of total amount of the body water to body mass
P proportion of total amount of the lipid to body mass
12 proportion of total amount of the protein to body mass
R radius

S surface area

SES(s) southern elephant seal(s)

TDR time depth recorder

U speed

Uphase speed during the phase

Usps absolute speed

Uhor horizontal speed

Uvert vertical speed

vV volume

0 pitch

Panimal density of the animal

Po density of the bone

Pow density of the body water

Parife density of the seal calculated by drift rates

pi density of the lipid

Pp density of the protein

Pseal density of the seal

Psw density of the sea water

showed that the variation of deceleration during glides and terminal
speed during prolonged glides was a consequence of the variation
in body condition as the buoyancy of animals changes with their
density. Correspondingly, Watanabe et al. (Watanabe et al., 2006)
demonstrated that body density can be estimated by speed and pitch
during prolonged glides. Subsequently, in controlled experiments
on northern elephant seals (Mirounga angustirostris), Aoki et al.
(Aoki et al., 2011) have documented that individuals adjust their
stroke patterns in relation to buoyancy, increasing their stroke rate
during descents and decreasing it during ascents as they become
more buoyant. This suggests that seals adjust propulsive force in
relation to their density to maintain swim speed by increasing or
decreasing their stroke cycle frequency and stroke intensity (lateral
acceleration amplitude). Furthermore, Miller et al. (Miller et al.,
2012) predict that cost of transport (i.e. the amount of energy
consumed per unit of mass and distance covered) should increase
when deviating from neutral buoyancy, they also predict that cost
of transport should increase in animals which have been artificially
manipulated; negatively buoyant northern elephant seals were
found to glide down during the descent phase and to stroke actively
during the ascent, whereas the opposite results were obtained for
positively buoyant seals. These observations suggest that keeping
track of the hydrodynamic gliding performance of freely diving
animals should provide a powerful approach to track changes in
body condition. Therefore, the monitoring of these parameters
while animals are at sea can provide new tools to investigate at a
fine temporal scale their change in body condition in relation to
environmental parameters (Miller et al., 2012). This might be
particularly useful for the vast majority of seal species that do not
perform ‘drift dives’.

2610

Capital breeding phocid seals lose a large proportion of their body
mass while fasting during the lactation period (Armbom et al., 1997).
For example, southern elephant seal (SES) (Mirounga leonina,
Linnaeus 1758) females lose 25-50% of their initial weight over the
breeding season, mostly in lipid stores that are mobilised for milk
production and maintenance of metabolism (McCann et al., 1989).
Hence, when leaving the colony after the breeding season, female
SESs have depleted a large proportion of their lipid stores, resulting
in a higher body density and, therefore, more negative buoyancy.
During the post-breeding foraging trip, female seals start
replenishing their energy stores, resulting in an increase in
buoyancy. Consequently, these animals provide an opportunity to
test, in free-ranging individuals, the predictions by Watanabe et al.
(Watanabe et al., 2006) and Aoki et al. (Aoki et al., 2011) that
changes in swimming speed during the gliding phase, and stroking
pattern during the descent or ascent of a dive, should be tightly
related to changes in seal density.

The aims of this study, therefore, were to use such changes in
swimming behaviour to monitor at a fine temporal scale the
recovery in body condition in post-breeding SESs over the complete
foraging trip. Furthermore, Miller et al. (Miller et al., 2012) predict
that change in buoyancy should have direct consequences on
swimming effort, and we wanted to assess whether changes in the
mean dive duration observed through the whole foraging trip were
related to changes in seal buoyancy.

RESULTS

Data

The accelerometers recorded data for between 54 and 81 days for a
mean (&s.d.) number of dives of 3866+400 dives recorded per seals.
The number of drifts selected varied from 50 to 125 (i.e. 2.1+1.1%
of the dives), and we selected 48+15% of the descents and 55+10%
of the ascents (see Materials and methods and Table 1).

Drift dive model

Drift dives allowed us to estimate the body density of seals (see Eqn
8) for each drift dive identified. When several drift dives occurred
on the same day, the corresponding mean density (+s.d.) was
calculated (Fig. 1). On average, the six seals performed 1.3+0.6 drift
dives per day and 82.8+35.2 drift dives over the recording period
(Table 1). Interestingly, all drift dives detected from TDR-only data
were confirmed to be truly drifting dives when adding the
accelerometer information. Indeed, no differences could be detected
in the daily drift rate calculated from TDR-only data versus
TDR-accelerometer data (paired Wilcoxon test, P=0.94), indicating
that drift rates were precisely estimated from TDR-only data.
However, the variance in drift rates calculated for a given day
estimated from TDR-only data was marginally greater compared
with that of TDR—accelerometers (paired Wilcoxon test, P=0.08).

Table 1. Comparison of duration of the trip and numbers of dives
used and selected for the study

Descents Ascents
Individual Total dives Drift dive selected selected
1 4515 90 1481 1880
2 3361 125 2190 2256
3 4123 50 1091 1866
4 3768 48 2246 2455
5 3707 123 1670 1857
6 3727 61 2094 2256

See also Materials and methods.
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The six seals exhibited the same general trend: a decreasing
density over the foraging trip, corresponding to decreasing drift rates
(i.e. an increase in the proportion of lipids). Interestingly, very few
drift dives were observed during the initial part of the foraging trip.
After approximately 10 to 15 days, few drift dives were detected
daily, and when several drift dives did occur on the same day, it is
worth noting the large standard error (s.d.) associated with the mean
value.

Speed versus swimming effort during ascent and descent
For each seal, both absolute speed and swimming effort during
ascents and descents were calculated (see Materials and methods).
All seals exhibited the same general swimming behaviour while
diving.

For the descent phase, despite some day-to-day variation, no
trends in swimming effort could be detected over the length of the
recording period (Fig. 2A). Descent swimming effort values were
very low (approximately 0.2 ms™). However, absolute descent

speed showed a decreasing trend, with the noticeable exception of
the first 10 to 15 days at sea, when absolute speed remained
unchanged, or even increased (Fig. 2B).

For the ascent phase, after approximately the first 10-20 days
where swimming effort increased, seals progressively decreased
their swimming effort while heading to the surface (Fig. 2C). This
allowed them to maintain nearly constant vertical and absolute
ascent swimming speeds over the whole foraging trip (Fig. 2D).
Indeed, for all individuals combined, we obtained a mean vertical
speed (+s.d.) of 1.31+0.06 ms™! (Fig. 3), a mean absolute ascent
swimming speed of 1.55 ms™! and a standard deviation of 0.08 ms™!
for a mean ascent pitch of 56.7+14.2 deg.

Estimation of density using the two models

Changes in seal density estimated from the drift rate, pygz (kg m™),
were related to the changes in absolute descent speed or ascent
swimming effort through linear regressions. The first model related
the mean seal density estimated from drift dives, pain, to the

Fig. 2. Comparison of swimming effort and absolute
speed between ascent and descent. Example of
swimming effort during descent (A) and ascent (C), and
absolute speeds during descent (B) and ascent (D) of seal
5 during the trip. Mean = s.d. is shown.
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corresponding mean absolute descent speed, Ugeseene (ms™), for a
given day (Eqn 1). The second model related py;is to the mean ascent
swimming effort, Effort,g..; (ms™), for a given day (Eqn 2). The
correlation coefficients for both models are shown in Table 2:

P drift :aXUdescem"'bs (1)
Pdit =aXx Effort jeenc + 5. (2)

For the linear regressions, we used values of mean absolute speed
and mean swimming effort from days that values of drift rate were
available.

Descent speed was positively correlated to ascent swimming
effort for all seals (Table 3).

High to very high correlations were found between variations in
density that were estimated from drift rates and descent speeds, and
to a lesser extent, with ascent swimming effort (cf. 7%; Table 2).
Higher correlations tended to be found for seals 1, 4 and 5 (back-
mounted loggers) compared with seals 2, 3 and 6 (head-mounted
loggers). However, among the seals with head-mounted
accelerometers, very little variation in density was detected from the
drift dives for seals 2 and 3. This indicates that they did poorly while
foraging at sea. Indeed, correlation coefficients were significantly
related to the absolute variation of the pg over the recording period
(P<0.01). Therefore, the lower correlations found in some
individuals might also be explained by their small density variations.

Using the relationships found, variation in seal density over the
whole foraging trip was reconstructed from the descent absolute
speed (Fig. 4).

Changes in diving behaviour and swimming effort in relation
to seal density

Using linear mixed-effect models, we assessed how dive duration
varied over time (measured in days after departure from Kerguelen
Island), the corresponding estimated seal density, as well as the
mean bottom depth of the dive. Time, density and mean bottom
depth were fixed factors, and individuals were the random factor.
Dive duration varied negatively with seal density (=—3.77, P<0.01)
and positively with the mean bottom depth of the dive (+=33.91,
P<001), whereas time tended to have a positive but not significant
effect (=1.67, P=0.096).

The next step was to assess, when controlling for the mean
bottom depth of the dive, which part of the dive (descent, bottom or
ascent durations) varied most with increasing dive duration. For a
given bottom depth of the dive, descent and bottom durations
decreased, whereas ascent durations increased with increasing seal
density with bottom duration variations explaining most of the
variation in the complete dive duration (Table 4).

The variation of ascent swimming effort expressed as a percentage
was found to be significantly related to the variation in seal density
(+=1.9, P=0.05) but unrelated to the initial seal density (P=0.85).

Table 2. Results of the linear regression between density (obtained by drift rates) and absolute speed of descents (Eqn 1) and swimming

effort of ascents (Eqn 2)

Individual and location

of accelerometers Parit=a% Ugescent™b r

1 back Parit=24.62Ugescent+991.8 0.85
2 head Parit=8.65Ugescentt 1029 0.13
3 head Parit=9.02Ugescentt 1021 0.4
4 back Parit=22.13Ugescentt 1005 0.85
5 back Parit=17.17 Ugescentt 1011 0.73
6 head Parit=23.39Ugescentt 1002 0.45

Par=axEffortascenttb r

pdriﬂ=61 ~02Effortascem+1011 0.64
Parit=13.13Effortascentt 1031 0.11
pdriﬂ=19-62Eﬁortascem+1027 0.66
Parit=22.04Effortascentt 1022 0.24
pdriﬂ=25-64Eﬁonascem+101 6 0.96
pdriﬂ=43.21 Effortascentt 1006 0.44
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Table 3. Results of the linear regression between mean absolute
descent speed and mean ascent swimming effort per day for each
seal with the linear regression equation and the correlation
coefficient

Individual and location

of accelerometers Effortascent=a* Udescenttb P

1 back Effortascent=0.54 Ugescent—0.40 0.88
2 head Effortascentzo-30Udescent+0-62 0.94
3 head Effortascent=0.38 Ugescent—0.09 0.63
4 back Effortascent=1 -02Udescem_0-82 0.87
5 back Effortascent=0.64 Ugescent—0.12 0.97
6 head Effortascent=0.41Ugescent+0.24 0.93
DISCUSSION

The results of the present study clearly demonstrate that monitoring
descent swimming speed and ascent swimming effort using
accelerometers combined with TDRs can provide information on
changes in body density (i.e. body condition) in female SESs during
their post-breeding foraging trip. Furthermore, as predicted by
Miller et al. (Miller et al., 2012), this study reveals that limited
changes in body density may have major consequences on an
individual’s swimming effort.

Drift dive model

The drift dive model was found to provide a good estimation of seal
density in juvenile elephant seals (see Aoki et al., 2011). In our
study, and despite inter-individual variation, the six seals exhibited
a decrease of density over the foraging trip, indicating that the SES
females increased their lipid proportion (i.e. body reserve).

All TDR-detected drift dives were retained from data analyses
after checking the corresponding accelerometer data. This indicates
that drift dives can be isolated with high accuracy from TDR data
only. Furthermore, no differences in drift rates estimated from TDR-
only data versus TDR-accelerometer data were found, but the
variance of drift rate values for a given day was marginally larger in
TDR-only data compared with that of TDR—accelerometers. The

Table 4. Results of the linear mixed-effect models explaining dive
duration in relation to other dive factors with individuals as the
random factor

Fixed factors Value t-value P-value
Descent duration 166.7 281.2 <0.01
Bottom duration 295.3 873.9 <0.01
Ascent duration 125.7 245.6 <0.01
Mean bottom depth 21.9 29.7 <0.01

main limitation of using drift dives for the monitoring of body
condition is the fact that they occur so rarely at certain times. This
is particularly true for the initial part of the foraging trip (up to the
first 20 days). Another limitation of this approach is the relatively
large standard error associated with the mean daily drift rate,
questioning the finer temporal scale accuracy. Furthermore, this
approach can only be used for the few species that are known to
perform drift dives.

Drift rate bias

Drift rate is a consequence of seal buoyancy directly related to body
density, which is a function of body composition (proportion of total
body fat). At greater deviation from neutral buoyancy, drag has a
non-linear increasing effect to slow the absolute increase in drift rate
(Miller et al., 2012).

In terms of a seal drifting passively through water, the terminal
velocity will be influenced by external characteristics. These include
the density of the seawater itself, which varies with salinity.
Therefore, when seals cross water masses with contrasting densities,
the estimation of seal density will also be affected. As the Splash10
tags have no salinity sensor, we were unable to assess sea water
density and, therefore, account for these variations. However, this
could be addressed in future work. Furthermore, according to
previous work conducted on Kerguelen SESs equipped with tags
measuring temperature and salinity, seawater densities that are likely
to be encountered in these waters range from 1.027 to 1.030 g cm™
(Charrassin et al., 2008; Bailleul et al., 2010). According to Biuw et

SES 2 SES 1 Fig. 4. Estimation of density using the linear
i tion 1. Means + s.d. for the six seal
1060 1060‘@4 E}% regression equation 1. Means £ . forthe s sezle
it P
10300 20 30 40 50 60 70 % 20 60 80
SES 3 SES 4
% 1060 1060 I
E et ﬂﬂﬁ}%ﬁﬂ
2 1050 }Eﬂg } i 1050 %}E{m}ﬂi
-‘E, 1040 Spfols i oo, 1040
8 1030 : \ : 1030 . N
0 20 40 60 80 0 10 20 40 50 60
SES 6 SES 5
1060 1060
1050 }H}Eﬂ#}wEHT{}H&E{HH{& }Wﬂ 1050 sﬁiﬁﬁiﬁi{ﬁgﬁmﬂ
1040 %} 1040 %ﬁﬂ;{m@%{{ﬂ
103000 20 30 40 50 60 % 10 20 40 50 60
Time (days)
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al. (Biuw et al., 2003), such seawater density variations could
explain approximately 2.5% of the variation seal density estimation.
Therefore, the effect of sea water density on the estimation of seal
density was considered marginal within the scope of this study.

Drift rate can also be influenced by physiological and behavioural
changes, such as residual air in the lungs and the orientation of the
seal’s body in the water. In this study, calculations were only
performed for dives deeper than 200 m. During diving, the increase
in pressure from the surrounding water causes the lungs to collapse
in seals, and complete lung collapse is supposed to occur between
150 and 200 m (Kooyman and Sinnett, 1982; Falke et al., 1985;
McDonald and Ponganis, 2012). Interestingly, nearly identical
results were obtained when performing the analyses and calculating
descent speed and ascent swimming effort from, and up to,
the surface, suggesting that the lung compression effect had a
limited effect in the calculation of these parameters (supplementary
material Fig. S1).

Speed versus swimming effort during ascent and descent
Both descent swimming speed and ascent swimming effort exhibited
significant and concomitant changes over the foraging trips.
According to the findings of Aoki et al. (Aoki et al., 2011), in a
controlled experiment, such changes were most probably directly
related to the variation of seal density. It is worth noting that
negatively buoyant seals performed prolonged descent glides,
regardless of their initial density. Inversely, all seals maintained a
nearly constant swimming speed while ascending but, to do so, their
density varied and modifications of swimming effort would be
required. Our results suggest that seals try to reach the bottom part
of their dive by passively gliding as long as they are denser than the
surrounding sea water, which is likely to reduce their cost of
transport. However, the descent gliding speed is highly sensitive to
the buoyancy of the seal as it decreases with increasing buoyancy.
During the ascent phase, the nearly constant swimming speed with
very low intra-individual variance is likely to be related to the dive
eco-physiological process in order to reduce the risk of
decompression sickness, an acute phenomenon associated with gas
uptake at pressure (for a review, see Hooker et al., 2012).
Furthermore, lowering the swimming effort saves up their energy as
buoyancy improves.

Both absolute descent speed and ascent swimming effort were
correlated to seal density, indicating that a change in seal density has
direct consequences on diving behaviour. We observed that SESs
performed extended glides to descend. However, as their density
decreased, so did their absolute descent speed, resulting in longer
descent duration to reach a given depth for a given swimming angle.
By contrast, as predicted by Miller et al. (Miller et al., 2012), as
body condition improves, seals were able to decrease their
swimming effort to maintain an identical absolute ascent speed,
resulting in an overall decrease of swimming effort as their density
decreased progressively over time. In recent studies, Miller et al.
(Miller et al., 2012) and Sato et al. (Sato et al., 2013) have
demonstrated theoretically and experimentally that the cost of
transport in diving seals is reaching minimum value at neutral
buoyancy. Through their post-breeding foraging trip, female density
decreases toward neutral buoyancy and, as a consequence, the cost
of transport should diminish.

Estimation of density using the two models

Absolute descent speed and ascent swimming effort were correlated
to drift dive estimated seal density. According to this result, we
suggest that the simultaneous monitoring of drift rate and the
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relative change of descent swimming speed or ascent swimming
effort for negatively buoyant seals allows a high-temporal resolution
indirect monitoring of seal density over the foraging trip. Indeed, the
monitoring of drift rate provides an easy way to calculate the
absolute value of seal density, whereas the monitoring of descent
speed and ascent swimming effort variations provides a good
relative variation at a fine temporal scale.

Nearly all seals exhibited an increase of their density during the
first part (10 to 20 days) of their trip. This may be because, after
one month fasting and lactating, post-breeding females may
allocate most of their food resources to protein stores (muscle),
resulting in an increase in body density. Alternatively, decreased
density may indicate that female SESs are not foraging very
successfully when leaving the colony, or may be focused on
travelling to the detriment of foraging. Recent works on the
monitoring of prey-catch events using head-mounted
accelerometers on SESs (Gallon et al., 2013; Guinet et al., 2014)
reveal that, in general, SESs exhibit a lower prey-catch rate per unit
of time and travel greater distances when leaving and coming back
to the colony. This suggests that they may, indeed, favour travelling
over foraging (C.G., unpublished data).

Thereafter, all seals exhibited, to a different extent, a decrease in
body density, indicative of a progressive increase of their lipid
proportion, concomitant with an increasing mass. Indeed, on
average, SES females were found to gain ~0.9 kg per day spent at
sea (Guinet et al., 2014). Generally, the decrease in body density
slowed towards the end of the foraging trip when the seals start to
head back to the colony, again, when they are likely to favour
travelling over foraging.

Back- or head-mounted accelerometers

Lower regression coefficients were found with head-mounted
accelerometers compared with those that were back-mounted. This
suggests that back-mounted accelerometers allow for a more precise
assessment of swimming effort and may, therefore, return more
accurate results. The main purpose of head-mounted accelerometers
was to detect prey-catch events, whereas those that were back-
mounted were deployed mostly to assess swimming effort.
However, results suggest that this could be an artefact caused by
confounding factors. Indeed, for two out of the three seals with
head-mounted accelerometers, limited changes in body density over
time was observed, preventing the detection of strong relationships
with descent absolute speed and ascent swimming effort.
Interestingly, accelerometers deployed simultaneously on the head
and on the back (number 1) provided nearly identical results.
Therefore, the exact influence of head- versus back-mounted
accelerometers to monitor changes in seal density should be
investigated in greater detail in the future.

Swimming effort

As body condition improves, absolute descent speed decreases and,
as discussed earlier, as long as the seal remains negatively buoyant,
the descent duration to reach a given depth will increase. Although
large dive-to-dive variation in descent angle was observed, no trends
in diving angle could be detected for the duration of the foraging
trip. Seals do not appear to compensate their lower absolute descent
speed by performing steeper dives. Changes in descent diving angle
are more likely to be related to local variations of foraging success
and are more likely to occur when seals are favouring horizontal
displacements. Many diving predators, including SESs, king
penguins and fur seals, dive at a steeper angle after a successful
foraging event (Hanuise et al., 2013; Viviant et al., 2014). This
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resulted in a significant increase of transit time to reach a given
depth as body condition improves and body density decreases, but
no direct increase of the swimming effort is detected for the descent
phase (but the overall expenditure related to the basal metabolic rate
will increase with increasing descent duration). As predicted by
Miller et al. (Miller et al., 2012), negatively buoyant SESs were
found to minimize their swimming effort and, consequently, are
likely to minimize their energy expenditure by performing extended
glides for most of the descent, rather than minimizing their descent
transit time.

During the ascent, seals are able to decrease their swimming
effort as density decreased to maintain a nearly constant absolute
ascent swimming speed. As a result and as long as the seal remains
negatively buoyant, the overall swimming effort during the descent
and ascent transit phases decreases with decreasing body density.
One important finding of our study was that, regardless of the
initial body density, a 1% variation in seal density (i.e.
approximately 10.5 kg m™) resulted in a 15% variation in ascent
swimming effort (Fig.5), indicating that leaner seals exhibit a
greater swimming effort than fatter ones, which are closer to
neutral buoyancy, concurring with the prediction of Miller et al.
(Miller et al., 2012). As seal density over the post-breeding
foraging trip may vary by as much as 20 kg m™, this may represent
a nearly 40% decrease in ascent swimming effort between the
highest and lowest seal densities. This should result in a significant
decrease in energy expenditure, which remains to be estimated.
During the bottom phase of the dive, with the exception of few
very active swimming chase phases, seals tend to, most of the
time, alternate between active ascent phases and gliding descent
phases (C.G., unpublished data). Variation in ascent swimming
effort is, therefore, likely to be extrapolated over most of the dive.
This important result is consistent with the findings of Beck et al.
(Beck et al., 2000) on grey seals and of Thums et al. (Thums et al.,
2013), who found that lipid content strongly influences the dive
behaviour of seals, with fatter individuals having longer dive

20 - - T

— 15.4x-6.7/R?=0.45

—10}

Effort variation (%)

-0.5 0 0.5 1
Density variation (%)

-1.5 -1

Fig. 5. Regression between percentages of ascent swimming effort
variation and percentages of density variation for the six seals.

durations than leaner ones. This suggests that lipid content is likely
to influence seal diving behaviour. However, as no accelerometers
were deployed, those authors were not in a position to relate their
findings to the variation of swimming effort with lipid content.

Furthermore, our results suggest that increased dive duration over
the foraging trip could be explained by the number of days that had
elapsed since departure. This suggests that the eco-physiological
training, resulting in greater diving skills, of the seal improves, as
has been suggested for northern elephant seals (Hassrick et al.,
2010). Interestingly, however, the variation in dive duration when
controlling for diving depth was, in fact, found to vary mostly with
seal density. This result suggests that in negatively buoyant seals,
swimming effort decreases with decreasing seal density, allowing
the seal to perform longer dives. Therefore, according to Miller et
al., 2012, we should expect that the cost of transport, and
consequently the amount of energy a seal should produce to cover
a given distance (i.e. the swimming effort), is minimal when seals
are reaching neutral buoyancy and that the cost increases when they
depart from it.

When controlling for the mean bottom depth, increased overall
dive duration with decreasing density, in these negatively buoyant
seals, was partly explained by a longer descent phase to reach a
given depth and a longer ascent duration to swim back to the
surface. However, the increase of bottom dive duration had the
largest contribution to explaining the overall increase of dive
duration. This result has strong ecological implications as it indicates
that by improving their body condition (i.e. decrease their density
towards neutral buoyancy), seals are able to decrease their
swimming effort (locomotion costs) and, therefore, reduce the
amount of oxygen that is allocated to swimming. As a consequence,
they are able to spend more time underwater and, in particular, they
can spend more time actively foraging at depth. As SES females
forage mainly at the bottom of their dive [75% of prey-catch events
take place at bottom phases (Guinet et al., 2014)], this result has
strong implications on their foraging efficiency (i.e. seals reaching
neutral buoyancy are more efficient than leaner seals). Indeed,
variation of the swimming effort per unit of time spent diving both
at the dive and at the multi-dive level were found to be related to
seal density and to decrease with decreasing density.

We acknowledge that swimming effort provides only an indirect
indication of energy expenditure during locomotion. However,
numerous studies have highlighted strong and linear relationships
between locomotion effort and oxygen consumption for a broad
range of taxa (see Schmidt-Nielsen, 1972; Mayhew, 1977; Booth
2009). Furthermore, in a recent study on post-breeding SES females,
Genin et al. (A.G., G.R,, J.J., B.P, N. El Skabi, J.V.-G. and C.G.,
unpublished) found that surface interval duration, related to the
number of breaths taken, was highly correlated to the dive duration
and the overall swimming effort of the previous dive. According to
the findings of Miller et al. (Miller et al., 2012), we predict that
positively buoyant seals at the end of their long (i.e. 8 month)
foraging trips should exhibit a decrease in their dive duration and an
increase in body condition and, therefore, their foraging efficiency
should decrease.

Perspectives

Accelerometers provide detailed insights into the change in seal
density, as well as swimming strategy according to density. Our
study suggests that in poor years, the foraging efficiency of elephant
seals decreases owing to a lower prey-catch rate per unit of time, as
well as an increase in foraging costs from decreasing body
condition. This effect would ordinarily not be accounted for.
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In the current study, accelerometers were used to assess the pitch
of the seals and their swimming effort. Other studies (Viviant et al.,
2010; Gallon et al., 2013; Guinet et al., 2014) underline the use of
accelerometers for assessing prey-catch events during dives
throughout the entire foraging trips of pinnipeds. As a result, future
work should assess whether the variation in seal density along the
foraging track can be related to the foraging success on one hand
and swimming effort on the other hand. Furthermore, investigation
of the variation of dive duration in relation to swimming effort
should provide a new way to assess the respective contributions of
basal metabolic rate and locomotion cost in the overall metabolic
rate of free-ranging seals.

MATERIALS AND METHODS

Field site and study animals

Six post-breeding female SESs (mean mass=309+68kg; mean
length=247+17 cm; +s.d.; Table5) from Kerguelen Island (49°20'S,
70°20'E) were anaesthetized using a 1:1 combination of tiletamine and
zolazepam (Zoletil 100), which was injected intravenously (McMahon et al.,
2000), and equipped with an Argos-GPS satellite tag (Splash10-F, Wildlife
Computer, USA) combined with a TDR-accelerometer (TDR-MK10-X,
Wildlife Computer, USA). Splash10-F devices were set to transmit Argos
locations daily and collect GPS location data. Sampling intervals of GPS
locations was set to a minimum of 20 minutes, i.e. slightly shorter than the
mean dive duration of the species (Hindell et al., 1991), pressure and
temperature were sampled at 1 Hz. MK10-X was also set to collect and
archive pressure and temperature levels every second. Three-axis
accelerations (sway, surge and heave) that measure both dynamic
acceleration (such as propulsive activities) and static acceleration (such as
gravity or pitch) were sampled at 16 Hz. The six Splash10-F tags were glued
onto the heads of seals. In 2010, three of the accelerometers were glued onto
the back of the head, and one seal (number 1) was simultaneously equipped
with an accelerometer glued onto its back (MK 10-D, Wildlife Computer).
In 2011, two accelerometers were deployed on the back of the seals and one
was deployed on the head (Table 5).

Data loggers were glued onto the heads and the backs of the seals using
quick-setting epoxy (Araldite AW 2101) after cleaning the fur with acetone.
The loggers were recovered when SES females returned to shore to moult
(i.e. January—February following deployments). Once ashore, seals were
located using their Argos locations.

Data analysis
Data processing and analyses were conducted using MATLAB (The
MathWorks, Natick, MA, USA). First, pressure data were used to identify
surface intervals and dives. Dives were split into three phases: descent,
bottom and ascent, and then classified into four categories based on diving
behaviour, namely: drift dives, exploratory dives, shallow active dives and
deep active dives (Dragon et al., 2012). The mean bottom depth
corresponded to the mean value of the depth readings during the bottom
phase of a dive. The passive drift phase of the drift dive was isolated
to estimate the density of a seal according to Biuw et al. (Biuw et al., 2003).
Seal density was estimated from the drift dive model, which provides a
simplified situation to estimate body density because balance of force is
simpler when the animal is only sinking passively (Crocker et al., 1997,
Biuw et al., 2003). However, because so few passive drift dives are
performed daily (Dragon et al., 2012), body condition variation becomes

Table 5. Loggers deployed on the six elephant seals

difficult to assess at a fine temporal scale. In contrast, speed and swimming
effort, calculated during the descent and ascent of each dive, provide a high-
frequency time series with SESs performing ~60 to 70 dives daily (Boyd
and Arnbom, 1991; Dragon et al., 2012). Although seal density can be
estimated from descent or ascent glides (Watanabe et al., 2006), the correct
calculation of seal density to take into account all forces is more complex.
Therefore, our approach was to calculate seal density only from the drift
dives, which is simpler. Swimming speed and swimming effort were used
to obtain a high-resolution time series. When both pieces of information
were available, we investigated the relationship between drift dive estimated
seal density and the corresponding swimming speed and effort data on a
daily basis.

Descent swimming speed

Information on the body angle (from the acceleration sensor) and vertical
speed (as determined from the depth recorder) provided us with an estimate
of the actual swimming speed during the long ascent and descent phase
(Sato et al., 2003). However, this method is only reliable for steeper body
angles.

Acceleration data were processed according to Sato et al. (Sato et al.,
2003), Watanabe et al. (Watanabe et al., 2006) and Aoki et al. (Aoki et al.,
2011). Different filters applied on the three axes were used to characterize
the different components of seal movement. The gravity component of the
movement was obtained by applying a low-pass filter at 0.2 Hz on the three
axes. We used the lower-frequency gravity-based accelerations of the three
axes to calculate the pitch, 6 (Eqn 3), of the seal using the three axis
acceleration data (Tuck, 2007) that was sampled at 16 Hz using:

0 = arctan —x s 3)
/ 12 422

where x, y and z are the filtered acceleration values for the longitudinal, lateral
and vertical axis (Sato et al., 2003; Watanabe et al., 2006; Aoki et al., 2011).
The comparison of the data obtained simultaneously from the head and back
accelerometer (seal 1) revealed a difference between the mean pitches
obtained by both of the accelerometers. Furthermore, the mean pitch
calculated by both accelerometers when the seal was breathing at the surface
between two dives revealed that the pitch obtained by the head accelerometer
exhibited an offset compared with the back accelerometer. Consequently, we
calculated a mean pitch difference between the three head and back
accelerometers of 13.9 deg, and we used this mean value to inter-calibrate the
accelerometers between seals. So head accelerometers were corrected
accordingly to provide comparable data with those deployed on the back.

Swaying accelerations often contained low frequency variations that were
assumed to be the result of various turning and rolling movements by the
seals. These were separated using a high-pass filter in order to extract the
information on flipper stroking activity. To select an appropriate filter band,
the power spectral density of each swaying acceleration record was calculated
using a fast Fourier Transformation. Lateral axis was processed with a 0.6 Hz-
wide band-pass filter to assess the result of the swimming movement. The
remaining peaks and troughs with absolute intensities greater than a set
threshold of 0.2 m s 2 were considered to represent individual strokes (Sato et
al., 2003). Stroking rate and the intensity of the hind-flipper movement
allowed the calculation of a swimming effort index (Eqn 4):

z | peaks|

Swimming effort =
At

Q)

Individual Mass (kg) Size (cm) Accelerometer Position Date of departure Days recorded
1 377 266 MK10-D/ MK10-X Back and head 11/21/2010 74
2 331 266 MK10-X Head 10/28/2010 61
3 395 252 MK10-X Head 11/01/2010 81
4 245 225 MK10-X Back 10/29/2011 54
5 249 240 MK10-X Back 10/31/2011 56
6 255 232 MK10-X Head 10/31/2011 58
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Similar to Aoki et al. (Aoki et al., 2011), swimming effort (m s—) was
the sum of the absolute value of lateral acceleration peaks, X|peaks|
(ms2), during the duration of the phase studied, At (s). The peaks
correspond to the intensity of hind-flipper movements, and so the index
reflects the intensity per second. It should be pointed out that the
swimming effort calculated by us was strongly related to overall dynamic
body acceleration (ODBA) (Wilson et al., 2006) with a mean correlation
coefficient (£s.d.) of 0.77+0.15 between the two methods at the dive scale.
Moreover, we compared swimming efforts calculated using the lateral axis
and those calculated using the three axes during descents, bottoms and
ascents over time for seal 1. We observed a good correlation between
lateral axis and the three axes with mean coefficients of correlation of 0.95
for descents, 0.89 for bottoms and 0.83 for ascents (supplementary
material Fig. S2). As a result, using the three axes to calculate the
swimming effort index provides no additional information and adds noise
as we worked on relative variation and not on absolute values
(supplementary material Fig. S3). Furthermore, recent studies on fur seal
have found that flipper stroke is a better predictor of energy expenditure,
whereas no relationships are found with ODBA (J. du Dot, unpublished
data). Therefore, this index of swimming effort was preferred to ODBA as
it focused on lateral acceleration, which is a direct measurement of the
propulsive activities, whereas ODBA provides an integrated index of all
acceleration sources, some of them being unrelated to the propulsive
effort. Only the lateral axis accelerations were used because phocid seals
mostly use lateral movements of the hind-flippers for propulsion. In
addition, the power spectral density of the longitudinal and the vertical
axes obtained by a fast Fourier Transformation did not show high
frequencies that corresponded to any swimming hind-flipper movement.

Forces and body composition

When swimming, seals are subjected to external forces. The balance of these
forces affects the energetic cost of movement (Tucker, 1975). In marine
mammals, the primary forces are hydrodynamic drag and buoyancy
(Schmidt-Nielsen, 1972). The drag of the seal during drifts and glides
depends on their speed (Watanabe et al., 2006; Aoki et al., 2011):

Fp =0.5Cppsw AU, 6]

where Fp is drag force (N), Cp is the drag coefficient, py, (kg m™) is the
density of the seawater, 4 is the frontal or surface area of the seal (m?) and
U is swim speed (ms™!). Drag force always opposes the direction of

movement and increases with speed. Buoyancy is defined as the sum of the
weight force and the Archimedes’s force (Lovvorn et al., 1991; Beck et al.,
2000):

FB = (psw - panimal)Vg 5 (6)
where Fy is buoyant force (N), panima is the density of the animal (kg m™),
V is the volume of the animal (m?) and g is the acceleration of the gravity
(=9.81 m's™?). If panimat is higher than py,, buoyancy will be negative and the
animal will sink passively. Conversely, extra energy will have to be
expended when the animal returns to the surface. In marine mammals, pagimar
is mainly determined by the relative amount of lipid and lean tissue:

Panimal = P1 X P1 =pp X By +pp X Pp +Pow X Pow , 7

where p is the density of the component, P is the proportion of the
component, and subscripts 1, p, b and bw refer to lipid, protein, bone mineral
(ash) and body water (Biuw et al., 2003; Aoki et al., 2011). To gain an idea
of the density values, we can refer to human values: p=900.7, p,=1340,
P.=2300 and py,=994 kgm™ (Moore et al., 1963). We assume in the
following models that female SESs on their post-breeding trip have a high
proportion of lean tissue and that they will increase their proportion of lipid
during their foraging trip. Consequently, the variation in density would
mainly be due to the variation of lipid proportion. Bone and ash contribution
to variation of density are assumed to be negligible.

We used a median (+s.d.) seawater density for the Southern Ocean of
1027.5+2 kgm>.

Drift dives model
Drift dive identification (Fig. 6) was processed in two steps: we used first
the complete TDR allowing us to (i) identify drift dives and (ii) isolate the
passive drift phase during those dives (see Dragon et al., 2012). For each
drift dive, a drift rate was determined as the slope coefficient of a linear
regression between depth and time (Biuw et al., 2003; Bailleul et al., 2007;
Mitani et al., 2010). In a second step, we used accelerometer data to exclude
phases of active swimming during drift phases assessed by the TDR-only
data. Active swimming was considered to take place when lateral
acceleration exceeded the —0.2 to 0.2 m s 2 range. Subsequently, we only
analysed truly passive drift phases to estimate seal density.

During passive drift phases, SESs are only subject to drag force and
buoyancy. Thus, during ascending drift phases Fp=Fp, and during
descending drift phases Fp=—Fp (Biuw et al., 2003; Aoki et al., 2011). Given
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~100 - / 4 drift dive depth profile (A) with the associated
E 200~ \ S i vertical speed profile (B) and the lateral axis of
= _300- . accelerometers representing the movement
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profile) when vertical speed is bounded
~600 1 ! ! L | #
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Eqns 5 and 6, we obtain the mean seal density for descending drift phases
(Eqn 8).
UZie-Ch - Dew - S.
Pseal = Pow + ﬁnﬂ D " Psw * Oseal i ®)
2g Vseal

where Ui is the speed (m s™") of the seal during the passive drift phase, i.e.
the drift rate. Cp is the drag coefficient based on the total surface area (Seq)
and fixed to 0.69 (Biuw et al., 2003; Aoki et al., 2011). Animal volume is
considered to be equivalent to two opposing cones with a common base that
corresponds to total girth (Bell et al., 1997; Biuw et al., 2003; Aoki et al.,
2011):

2
Sseal / Vseal = 3R . (9)
L is the mean size of the seal between the sizes measured at the beginning
and the end of the trip at sea, and R is the radius of the cones common base
(unmeasured in the field). To obtain R, we used the empirical relationship
described by Castellini and Calkins (Castellini and Calkins, 1993) between
m the mass (kg), L the size (m) and G the girth (m?): m=45.7LG. As
G=2I1R, we obtain:
R=—" 10

AN x45.7L° (1o
where m is the mean mass of the seal between the masses measured at the
beginning and the end of the pelagic trip.

Speed versus swimming effort during ascent and descent
Previous experimental studies on seals have shown that stroking effort is
tightly related to seal density (Aoki et al., 2011; Miller et al., 2012).
However, the precise calculation of body density when the seal is actively
swimming is complicated owing to the complex balance of forces. For this
reason, we investigated the direct relationship between the body density
estimated from drift dives and the swimming speed stroking effort during
descent and ascent phases of the dive. Indeed, positively buoyant seals
stroke actively during the descent phase of the dive. Negatively buoyant
seals, however, stroke actively during their ascent (Watanabe et al., 2006;
Aoki et al., 2011; Miller et al., 2012). Therefore, change in swimming effort
and speed during the ascent and the descent phase of the dive were
monitored through the whole foraging trip, assuming that a change in seal
density should influence either one of these two parameters. During the
ascent and descent, the swimming speed can be calculated by combining
information on the vertical speed and the seal pitch (Fig.7) using the
following relationship:
UVEKT
sin@ (an
Swimming speed calculated by Eqn 11 (see Miller et al., 2004) was
considered reliable when the absolute body pitch was over 30 deg. As a
result, we use this proxy for deep descents and ascents, i.e. ending and
starting below 400 m deep, respectively, and with an absolute pitch over
30 deg (Watanabe et al., 2006).

Uabs =

Seal

Uvert

Fig. 7. Geometry of movement of a descending elephant seal. The
absolute speed vector (Uaps) is the sum of the horizontal speed vector (Unor)
and the vertical speed vector (U,er). The vertical speed is the depth covered
by the seal per second.
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Seals were considered as fully compressed for depths greater than 200 m
[to exclude variation of density, which might be caused by lung collapse
under pressure (see Biuw et al., 2003)].

During descents and ascents, seals are always subject to buoyancy and
drag force but, as they are gliding, the balance of forces incorporates the
acceleration of the seal. However, the derivation of speed incorporates error
as the speed is already an estimate. Therefore, we used the variation of speed
and the variation of stroking effort during ascents and descents over the trip
to describe the variation of body condition over time.

Change in dive parameters — descent, ascent, dive and bottom time
durations — along the foraging trip were assessed using a generalized linear
model using diving depth, as well as pitch angle for the descent and ascent
and body density as covariables. The individual was included as a random
effect.

Change in swimming effort in relation to seal density

During their foraging trip, seals exhibited periods during which they
increased or decreased their density. The minimum and maximum
densities at the beginning and the end of each of these periods were
assessed and density variation, expressed as a proportion (%) of the initial
density for each of these periods, was calculated. For the corresponding
periods, the variations in seal swimming effort were also calculated. As
post-breeding females always remain negatively buoyant, most of their
descents are characterized by prolonged glides, and therefore most of the
swimming effort takes place during the ascent phase of the dive. The
variations of ascent swimming effort were expressed as a percentage
(%) of the initial swimming effort at the beginning of each of the
corresponding density variation periods. Because accelerometers had not
been inter-calibrated before deployment, we used the variation in
percentage, rather than the absolute swimming effort. A calculation of
absolute swimming effort, comparable between seals, would have required
such absolute calibration, whereas the calculation of a relative variation
did not.

Linear mixed-effect model

We used a linear mixed-effect model in the statistical platform R (R
Development Core Team, 2012) to explain the variation of a dive factor by
other dive explanatory variables (i.e. fixed factors) with individuals as the
random factor. In order to compare the effects of the fixed factors, the fixed
factors were standardized. The value of each coefficient is therefore
indicative of its relative contribution to the explained factor. Several
explanatory variables were found to be inter-correlated, and therefore
multicollinearity could occur. As a consequence, only variables exhibiting
a correlation coefficient lower than 0.75 were kept in the model. When
higher correlation coefficients were found, the models were run with only
one of the two inter-correlated variables.
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Characterization of postdive recovery using sound
recordings and its relationship to dive duration,
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ABSTRACT

It is notoriously difficult to measure physiological parameters in cryptic free-rang-
ing marine mammals. However, it is critical to understand how marine mammals
manage their energy expenditure and their diving behavior in environments where
the predation risks are low and where survival is mainly linked to capacities to main-
tain physiological homeostasis and energy budget balance. Elephant seals are top
marine predators that dive deeply and continuously when at sea. Using acoustic
recorders deployed on two postbreeding southern elephant seals (SES) females, we
developed methods to automatically estimate breathing frequency at the surface.
Using this method, we found that seals took successive identical breaths at high fre-
quency (0.29 Hz) when recovering at the surface and that breath count was strongly
related to postdive surfacing time. In addition, dive depth was the main factor
explaining surfacing time through the effects of dive duration and total underwater
swimming effort exerted. Finally, we found that recovery does not only occur over
one dive timescale, but over a multidive time scale for one individual. The way these
predators manage their recovery will determine how they respond to the change in
oceanic water column structure in the future.

Key words: southern elephant seal, Mirounga leonina, bio-logging, acoustics, eco-
physiology, diving behavior, dive recovery.

Foraging strategies of diving marine predators are heavily constrained by the man-
agement of their oxygen stores. Postdive recovery only occurs during surfacing times
when breathing is possible. The management of oxygen stores is consequently crucial
to foraging success and yet, remains poorly investigated in free-ranging animals. It
has been investigated in ice seals, such as the Weddell seal (Leptonychotes weddellii)
(Williams ez a/. 2004, Falke ¢t /. 2008) and the emperor penguin (Aptenodytes forsteri)
(Kooyman and Wahrenbrock 1980, Kooyman ¢ /. 1983, Ponganis ez a/. 1997) that
maintain specific breathing holes in the ice pack. In this case, it is possible to perform

'Corresponding author (e-mail: christophe.guinet@cebc.cnrs. fr).
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direct measurement of breathing frequency, gas exchange, and metabolic rate for
these animals.

These experiments provided insightful data on postdive or postforaging recovery
of marine divers (Kooyman ez z/. 1983, Falke ez 2/. 2008), but they have only been
linked to energy expenditure recently. Williams ez #/. (2004) showed that the post-
dive oxygen intake of Weddell seals was linearly related to the swimming effort (in
number of flipper strokes) and the duration of the dive. Similarly, trained Steller sea
lions (Eumetopias jubatus) in semicaptive conditions were asked to dive at specific
depths and recover by breathing in a metabolic chamber at the surface (Fahlman ez a/.
2008, Hindle ez 2/. 2010). These studies showed that animals can voluntarily accu-
mulate an oxygen debt that is paid for only a few dives later. However, data from
free-ranging animals in the open sea remain scarce, but Maresh ez a/. (2014) recently
estimated the absolute cost of locomotion for 12 translocated northern elephant seals
(Mirounga angustirostris). They showed that seals spent more time recovering at the
surface when cost of transportation was artificially increased.

The aim of this paper is to study the dive-recovery metabolism in seals with free-
ranging individuals, using the southern elephant seal (Mirounga leonina, SES hereaf-
ter) as a case study. Elephant seals are known to be excellent pelagic divers. At the
end of the reproduction season, SES disperse at sea in the Southern Ocean (between
45°S and 70°S), and continuously dive for 3 mo until they come back to land to
molt. Elephant seals are among the most efficient divers in pinnipeds. They routinely
dive for 20 min and at 450 m, but they can dive to over 1,400 m and stay sub-
merged for up to 2 h (Slip ez a/. 1994). Their swimming effort has been shown to
vary depending on their foraging success, as they are more likely to accelerate when
catching prey (Thums ez /. 2011). However, foraging does not necessarily imply
active swimming. Elephant seals can glide passively during the ascent or descent
phases of their dives (Davis and Weihs 2007) depending on their buoyancy. Cost of
Transport (COT) is minimal at neutral buoyancy (Miller ez @/. 2012) but buoyancy
can change over several days as body fat fluctuates. Furthermore, elephant seals drift
passively during drift or recovery dives to rest and/or process food (Crocker et al.
1997, Biuw et al. 2003). Therefore, we expect the total energy spent during a dive to
vary depending on the underwater behavior and swimming effort and to be correlated
to breathing patterns when the seal surfaces. Oxygen consumption rates reflect energy
expenditure (e.g., Williams ez #/. 2004). Breathing behavior, breath count or breath-
ing frequency during postdive intervals may thus provide insights on the energy
expenditure while diving.

Fletcher e al. (2006) recorded respiratory frequency and heart rate of six translo-
cated northern elephant seals (Mirounga angustirostris) using a tape recorder for about
4 h. Later, Le Boeuf ez «/. (2000) used sound recordings to determine the breathing
rate of three adults and six juveniles Northern elephant seals during 8—29 postdive
surface intervals. However, they only recorded the maximum dive depth and had no
access to any other dive behavior or parameter. Dive depth was found to be a signifi-
cant predictor of the surface interval duration, but with an estimated coefficient that
varied widely (typically tenfold). Current technology allows collecting a more exten-
sive set of data and provides a more complete understanding of diving behaviors.
Using the latest acoustic tags, our goal is to quantitatively estimate how dive parame-
ters affect the seal’s postdive recovery. More specifically, this work aims at answering
three questions. (1) Can we reliably and automatically estimate the number of breaths
southern elephant seals take while at the surface from acoustic signals? (2) Is number
of breaths related to dive parameters such as dive duration, foraging success and
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swimming effort? (3) Do elephant seals recover from diving at a single-dive or multi-
dive timescale?

MATERIAL AND METHODS
Logger Deployment

In October 2011 two postbreeding females of similar body conditions (see
Table 1) were captured and equipped with data loggers on Kerguelen Island
(49°20'S, 70°20'E). The two females (ind. 1 and ind. 2) were sedated using tiletamin
and zolazepam (Zoletil 100) (McMahon ez «/. 2000) before gluing three tags on their
fur using quick-setting epoxy (Araldite AW 2101, Ciba). First, an Argos-GPS satel-
lite tag (SPLASH10 FastLoc GPS, Wildlife Computers, Redmond, WA) was
attached to the head of the seals. It provided real-time position of the seals through
the Argos system and collected GPS location data. Second, a TDR-accelerometer data
logger (MK10-X, Wildlife Computers) was glued in front of the SPLASH10 tag. It
samples tri-axial acceleration at 16 Hz and pressure (7.e., dive depth) every second.
Third, an Acousonde device (Greenridge Sciences) (Burgess and Tyack 1998, Burgess
2000) was glued on the back of the seal on the longitudinal axis, 10 ¢m behind the
scapula. The Acousondes recorded sound at a frequency of 6,278 Hz by its built-in,
low-frequency hydrophone. To save battery lifetime, the instcrument only sampled for
3 hevery 12 h. It also recorded depth and tri-axial acceleration at a 5 Hz frequency
continuously. The tags stopped recording after 1012 d of operation (Table 1) due to
battery exhaustion, providing approximately 60—72 h of recording per animal.

Signal Processing

Estimating swimming effort—Dives were defined and separated into descent, bottom
and ascent phases, and postdive surface intervals were quantified from data recorded
by the Acousondes and using custom-made MATLAB scripts (available upon request)
described in Vacquié-Garcia e /. (2012). We considered that animals were at the
surface when depth was above 15 m. We chose this value to account for subsurface
movements of seals between dives and to be able to separate dives with accuracy: a
lower depth threshold produces short, bogus dives due to the seals’ subsurface move-
ments or wave effects on the pressure transducer. However, it introduces an underes-
timation of breathing rates (see Discussion). All acceleration signals were corrected
for body orientation before analysis, using the mean surface orientation of ind. 1 as
the frame of reference and assuming that the animals had the same mean position
when at surface.

The frequency spectrum of the complete lateral acceleration data showed a clear
bimodality (Fig. 1). The high-frequency peak corresponds to the dynamic accelera-
tion due to tail movements (Watanabe e #/. 2006). Using high-pass filters bounded
at 0.63 Hz for ind. 1 and 0.72 Hz for ind. 2, we isolated this part of the signal and
extracted peak number and values using the built-in findpeaks MATLAB function.
We calculated swimming effort by summing the maximum value of these peaks over
a time-series window that integrates the number of tail swings and their intensity.
However, since our result does not have a straightforward SI unit (number of tail
swings X rn/sz), we did not include it in the results.

Descent phases are mostly passive (gliding) for negatively buoyant elephant seals.
It is also the case when animals alternate gliding descents and active ascents during



Table 1. Individual characteristics and dive habits of two equipped southern elephant seals (mean &= SD). Body characteristics are given at deployment
time.

Body Deployment
characteristics characteristics Mean dive parameters
Number Swimming Swimming
Estimated Length of Dive of capture effort effort Time spent
Length  Weight density Number  deployment duration Maximum attempts Swimming (bottom (ascent at surface
(cm) (kg (kg/m’) of dives (d) (min) depth (m) per dive effort (total) phase) phase) (min)

Ind. 1 254 255 1,038.7 + 3.4 590 10.3 19.8 £ 41 5123 £ 1861 53 £45 2099 + 394 71.7 £ 41.0 1045 + 48.2 25+ 05
Ind. 2 238 245 1,033.1 £ 58 1021 121 14.8 + 3.0 4134 4+ 1563 6.6 £57 2727 £50.9 1060 £ 49.7 145.6 + 49.8 23+ 35
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Figure 1. Power spectral density of the lateral acceleration for ind. 1 (red) and ind. 2 (blue).
Note the peak in power for both individuals corresponding to the tail swing frequency. Col-
ored ticks indicate value for maximum frequency.

the bottom phase of the dive. Consequently, negatively buoyant elephant seals only
swim actively and continuously when ascending (Sala ez #/. 2011, Aoki et a/. 2011,
Miller ez a/. 2012, Richard ez al. 2014) or during short feeding events. Therefore, we
only calculated the total swimming effort during the ascent and the bottom phases,
respectively referred to as SE, and SE,. We found differences in absolute values
between our two individuals: a much lower swimming effort was found for ind. 1 for
dives at identical depth (Table 1). We assessed whether methodological biases could
explain this difference. We first verified that it was not due to differences in logger
position using in-field photographs. Second, proper in-factory calibration of the accel-
erometers was also verified by comparing the recordings of the two loggers in several
identical static positions and exposed to identical accelerations. We also tested the
difference in density between the 2 individuals as seal buoyancy has a strong effect on
seal swimming effort—seals closer to neutral buoyancy have a lower Cost of Trans-
port (Miller ez /. 2012)—following a methodology from Biuw ez 2/ (2003) and
Richard ez @/ (2014).

Estimating seal density—We estimated seal density using Richard er a/.’s (2014)
methodology. We isolated drifting phases by first selecting data (1) from the descent
or bottom phase, (2) for which instantaneous swimming effort (as described previ-
ously) had values in the -0.2—0.2 m/s” range, and (3) for which vertical speed was
below 0.4 m/s. We then only kept data sequences longer than 20 s and used the
mean vertical speed of each sequence to obtain the seal density p(sez/) using the fol-
lowing equation:

. U(drift)” @ Cd @ p(sw) " S (seal)

p(seal) = p(sw) 2¢ V (seal)

where U(drift) is the mean vertical speed, Cd the drag coefficient of 0.69 (Aoki et al.
2011, Biuw et al. 2003), p(sw) the average density of sea water (1,027 g/L), V(seal),
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and S(sez/) the volume and total area of the seal respectively, and ¢ the gravity acceler-
ation (9.8 m/s”). Volume and total area were calculated by considering the shape of
the seal as two opposing cones with a common base as followed:

S(seal) \/1 +3L?+ \/1 +%
V(seal) L

where L is the measured length of the seal at tag deployment and R is the radius of
the cones’ common base. R was not measured in the field and was obtained using
empirical relationships between 7 the mass (kg), L the size (m), and G the girth (m)
measured at tag deployment: (Castellini and Calkins 1993). The mass was estimated
using a scale with a precision of 1.0 kg. Combining the previous equation and
using R as follows:

m

2
K 45.7L @ 412

Prey capture attempts—Jaw opening motions indicative of prey capture attempts can
be detected from head mounted accelerometers (Gallon e @/ 2012, Naito et /.
2010, Viviant ez @/. 2010). We identified prey capture attempts from the acceleration
data using custom-written MATLAB scripts applied on the signal obtained by the
head-mounted SPLASH10 tag using a method derived from Viviant et /. (2010).
First, we calculated the standard deviation over 1 s static windows of the three chan-
nels individually. Then, we calculated a standard deviation over a 5 s moving window
on these signals. Finally, we applied a £-means clustering method using two output
centroids on the final three signals. This categorized each sample of the acceleration
signal into high- and low-variance clusters. A capture attempt was then defined as a
continuous sequence of samples in which all of the three axes were classified in the
high-variance cluster.

Breath count—We isolated and extracted sound samples when the seal was at the
surface of the water only. Acoustic and visual inspections indicated that when the seal
is surfacing, most of the sound recorded is due to breathing excepted when water
splashes produced high-amplitude noise (possibly due to rough weather conditions)
which masked the breathing sound. Spectrograms showed that each seal exhibited a
stereotypical breathing behavior with constant breathing intensity (magnitude of one
breath) and duration within and between breathing sequences (Fig. 2).

The sound signal amplitude reached a maximum in the middle of a breath when
the seal stops inhaling and begins breathing out. Consequently, we estimated breath-
ing frequency by identifying and counting these peaks using the following method:
we first standardized the sound samples by dividing the signal by its standard devia-
tion (computed on the whole data set) to remove any possible differences due to indi-
vidual microphone sensitivity. We then applied a band-pass filter to select
frequencies within the 200240 Hz range. This attenuated the part of the signal that
was not related to breathing. Filtered sound samples with amplitude above 0.30 were
considered water noise and their values were zeroed to limit their influence in subse-
quent processing. We then filtered the remaining signal using a moving average
with 1, 1.2, and 5 s windows to obtain curves (a), (b), and (c) of Figure 3. Peaks
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Figure 2. Spectrogram of recorded sound during a post dive surface interval performed by
ind. 1 showing the stereotyped and continuous breathing behavior of the seal when surfacing.
Seal surfaces at timestamp 15 s and dives at 120 s.
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Figure 3. Extract of a sound recording processed for breath count. Upper panel: filtered
input signal in which breaths are distinguishable. Lower panel: output smoothed amplitude in
dark red (curve {a} in text), and lower bound for peak detection in blue (maximum of curves
[b}and [c} in text). Triangles correspond to output detected peaks. Y-axis units have no abso-
lute meaning.

corresponding to breathing were then detected in curve (a) using the MATLAB
built-in function findpeaks. Only peaks separated by at least 1.2 s and with values
above signal (b) and (c) were retained.

Water splash noise was the main source of peak miscount. We thus used the pro-
portion of the signal during which splash noise did not occur as an accuracy index for
this method. We only kept breathing events with an accuracy index over 0.994,
which gave us 248 breathing sequences across the two individuals (86 sequences were
omitted). We evaluated the accuracy of this method by comparing the result obtained
from the automated algorithm mentioned above to a visual count on spectrograms of
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eight randomly chosen surface intervals for each individual. The mean breath dura-
tion and interbreath durations were also visually evaluated using the same samples.

Statistical Analyses

Number of breaths taken during the surface interval
We looked at the relationship between the number of breaths and the duration of the
surface interval using linear mixed-effects models. We set individuals as random fac-
tor to estimate the significance of variations in breathing rate across individuals. We
used a stepwise model selection based on AIC to select the most adequate model
between a model with random intercept and slope across individuals, random inter-
cept only or without random effect. We followed the procedure suggested by Nakag-
awa and Schielzeth (2013) to obtain the R? for the relationship.

Energy spent and recovery time—We first used a linear-mixed effects model in R (R
Development Core Team 2012) to explore the effects of dive parameters on postdive
surface interval and the variation between individuals. We then used standard linear
modeling to compare the effects of the fixed factors within individuals. To do so, we
standardized the within-individuals fixed factors (by subtracting the mean and divid-
ing them by the standard deviation) so that the value of each coefficient is indicative
of its relative contribution to the explained factor. All models were evaluated for sur-
face intervals between 0 and 450 s. Values exceeding the £1.5 interquartile range
were considered outliers and removed from the analysis which represent 11 data
points (less than 0.7 % of the whole surface interval data set of » = 1,683, 2 for ind.
1 and 9 for ind. 2). We focused on recovery periods likely to be related directly to the
previous dive as extended surface intervals may be related to other surface behaviors,
such as socializing or extended recovery periods linked to food processing (Sparling
et al. 2007).

Time scale of recovery—Recovery can happen over a single dive time-scale during
which the animal pays back its oxygen debt from its previous dive completely before
the next dive. It can be also occur over a time-scale of a few dives depending on the
effort made during the preceding sequence of dives. This could be the source of out-
liers mentioned earlier and removed from the linear model analysis. We summed dive
durations, total swimming effort, and corresponding recovery times over an increas-
ing number of dives to evaluate the time-scale used. We used Spearman’s correlation
coefficients to evaluate time-scale of recovery: if the seal recovered its oxygen debt
over several dives, we expected a higher coefficient. This was done using the entire
data set for each individual, including the extended surface intervals.

RESULTS

Ind. 1 performed significantly deeper and longer dives compared to ind. 2
(r = 27.3,P <0.001; see Table 1).

Breath Characteristics

Both elephant seals in this study showed a stereotypical behavior during their sur-
facing intervals. They repeatedly took a series of regular, high-frequency breaths
when surfacing, separated with short duration interbreath intervals. Using hand-
counted samples, breath duration was found to be significantly different across
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individuals, although the difference was minimal (mean =+ standard deviation):
1.56 & 0.22 s (ind. 1) and 1.52 £ 0.22s (ind. 2) ( = 2.56, » = 16, P = 0.01). A
relative error of 7% =+ 4% on automated breath counts was found compared to visual
count. Ind. 1 took significantly more breaths during surface intervals (ind. 1: 56.6 +
5.6, 7 =28;ind. 2: 40.5 = 6.1, =135, #=13.7, P <0.001) and made longer surface
intervals than ind. 2 (152 & 29sws. 128 & 36s, 2 = 248, = 15.31, P < 0.001).

There is a strong linear relationship between number of breaths and time at the
surface across both individuals (Fig. 4). The model selection process favored a mixed-
model with random intercept only, thus supporting the assumption that both indi-
viduals had the same average breathing rate as measured by our automatic process:
0.30 % 0.01 breaths/s (estimate & SE). This model had a marginal R” (proportion of
variance explained by fixed factors) of 0.81 and a conditional R* of 0.84 (proportion
of variance explained by both fixed and random factors). Given these high R” values,
we neglected the residual error in this relationship, and used the time spent at the
surface as a direct proxy for the number of breaths taken. This procedure allowed us
to have more robust estimates by using the whole data set and not only the short
durations.

Swimming Effort

Ind. 1 showed a significantly lower total swimming effort compared to ind. 2 at
the dive scale: ind. 1 =0.177 £ 0.039, » =590; ind. 2 = 0.313 £ 0.052,

90

Number of breaths taken

30 P

T T T
100 200 300

Surface interval duration (s)

Figure 4. Linear relationship between surface duration (§,) and number of breath (B,,) taken
by the two seals (ind. 1 is in red, ind. 2 in blue). Only counts with a confidence index over
0.994 were used in this representation. Two linear fits are shown for both seals: ind. 1 B, =
8.95 + 0.295,and ind. 2 B,,=6.11 + 0.29S,,. Model selection through AIC supports the sim-
ilarity of the slopes which represent the breath rates (see Results).
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n=1019;¢ = -59.6, P <0.001; bottom of the dive: ind. 1 =0.211 &£ 0.141; ind. 2
=0.232 + 0.146; r = -2.79, P < 0.005 or during ascent: ind.1 = 0.474 £ 0.190;
ind. 2 = 0.737 £ 0.812;7 = -9.87, P < 0.001). Similarly, ind. 2 swimming effort
was on average 1.73 times greater than ind. 1 when departing from the same maxi-
mum depth (Fig. 5). No differences in Acousonde calibrations were detected, and
visual inspection of logger position on the seal’s back showed no conclusive differ-
ence. However, seal densities were found to differ signiﬁcantly (ind. 1:
1,038.7 + 3.4 kg/ma, n =97, ind. 2: 1,033.1 £ 5.8 kg/m’, » = 32, t = 5.13,
P < 0.001).

Postdive Recovery

The two individuals were found to adjust the duration of their surface interval
according to dive duration (T), maximum diving depth (D,), swimming effort dur-
ing ascent (SE,,), swimming effort during bottom (SE,), and the number of prey cap-
ture attempts (PCA). Correlations between pairs of variables were tested using the
Pearson’s correlation coefficient. When two variables had a correlation coefficient
above 0.7, we kept the variable that was directly related to energy expenditure. Maxi-
mum diving depth was found to be highly correlated to SE,. We kept SE, as an
explanatory variable to compare the respective contribution of SE, and SE, on surface
recovery. The number of prey capture attempts was also found to be positively related
to SE, but the correlation coefficient (ind. 1, R* = 0.33, » = 590, P < 0.001; ind. 2
R?=0.42,n = 1,020, P < 0.001) was lower than the threshold value so both vari-
ables were kept for the analyses. The relationship of post dive duration recovery was

300 - o o

Swimming effort during ascent

I I I
0 250 500 750 1000
Maximum depth (m)

Figure 5. Swimming effort performed during the ascent phase compared to the maximum
depth of the dive. Ind. 2 (blue) has a 1.7x greater swimming effort to return to the surface
from the same depth than ind. 1 (red).
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thus investigated in relation to dive duration, number of prey capture attempts,
swimming effort at bottom (SE,) and during ascent (SE,) of the previous dive.

Linear mixed models showed that the relationships varied significantly depending
on the individual: ind. 2 exhibited a greater SE, for a given dive depth than ind. 1.
Significant differences were found in the slope (ind. 1: 0.202 £ 0.005; ind. 2:
0.233 + 0.007, # = 36.5, P < 0.001) and intercepts (ind. 1: 5.08 £ 2.66; ind. 2:
49.20 £+ 2.99, r = 48.17, P < 0.001) of the two linear models (Fig. 6). A linear
model was fitted for each individual to explore the relative importance of each explan-
atory variable. SE, had the largest contribution for both seals, followed by dive dura-
tion and SE,. Number of prey capture attempts did not influence the duration of the
post dive surface interval for any of the individuals (see Table 2 and Fig. 5). How-
ever, ind. 2 spent a longer time at the surface than ind. 1 for a given dive duration,
SE, and SE,, as all parameter estimates were higher for ind. 2 (Table 2). Indeed, ind.
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Figure 6. Relationship between the duration of the surface interval and dive duration (A—
B), dive swimming effort (C—D), and swimming effort at the bottom of the dive (E-F). Ind. 1
is shown in red and ind. 2 in blue.

Table 2. Results of linear models looking at the surface interval durations in relation to
dive parameters.

Individual 1 (red) Individual 2 (blue)
Explanatory Coethicient estimate Coetficient estimate
variable (mean % sd) (mean £ SD)
Dive duration 4.14 £+ 00.90%3** 9.00 £ 1.64%**
Nb PCA ns ns
Swimming effort (bottom) 248 + 1.14% 442 £ 1.41%*
Swimming effort (ascent) 11.09 £ 0.91%%* 11.98 £ 1.53%:%%

Note: Asterisks indicate levels of significance, either *** for P < 0.001, ** for P < 0.01, or *
for P < 0.05. Color names in columns headers refer to colors in the graphs of this paper.
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1 spent significantly less time at the surface per minute spent diving compared to
ind. 2 (ind. 1: 8.16 £+ 1.68, » = 590; ind. 2: 8.53 £+ 3.78, » = 1,019, ¢ = -3.25
P = 0.001).

Time-scale of Recovery

Previous studies have shown that some diving mammals can recover their oxygen
debt over a few dives rather than over a single dive time-scale. The maximum correla-
tion coefficient was found when dive duration and total swimming effort were
summed over a window of about 20 dives for ind. 1 (Fig. 7). Adjustment capabilities
then plateaued past this threshold. Ind. 2 exhibited no such trend.

DiscussioN
Describing the Respivation of Elephant Seals Through Sound Recordings

This study shows that southern elephant seals are breathing at very high frequency
while at the surface. The relationship between number of breaths and surface duration
suggest a mean breathing frequency of 0.3 Hz, which is within the range of breath-
ing frequencies reported for juvenile and male northern elephant seals (Le Boeuf ez /.
2000). Despite very short surfacing intervals, elephant seals recovered primarily by
adjusting the duration of surface intervals—and therefore number of breaths—rather
than breathing rate (R* = 0.84, Fig.4).

The low error in automatic detection shows that it is possible to reliably estimate
the number of breaths taken by elephant seals when at the surface. This study acts as
a proof-of-concept and highlights that automatic quantitative analyses of sound
recordings provide a useful piece of information to explore multiple aspects of the
recovery of these animals. However, acoustic recordings are a very information-rich
support and much work remains to be done to fully extract the available information.

In this study we extracted the number of breaths from a sample based on the
sole amplitude of the sound signal after filtering. However, a more robust spectrum
analysis could certainly identify more precise breath patterns. This powerful tech-
nique is routinely used in the audio world where algorithms identify and match audio
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Figure 7. Correlation coefficient for different sizes of window used to sum the dive character-
istics. For ind. 1 (red) both correlations plateaued after 20 dives summed. This suggests that
ind. 1 is managing its effort over multiple dives. There is no comparable trend for ind. 2 (blue).
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patterns against a database using the full dimensionality of the sound signal (Cano
et al. 2005). This approach would likely be very efficient given the stereotyped nature
of the elephant seal recordings presented here. It would also likely efficiently detect
events such as hauling out for example during which the sound spectrum changes
drastically (Fig. 2). In addition, robust estimates with biologically meaningful errors
should be preferred instead of a confidence index quantifying noise. In other words,
detecting a breath in a sound sample is likely to be straightforward given modern
sound processing. However, extracting breath characteristics (e.g., duration, intensity,
volume of air inspired with errors) might remain challenging.

Recording sound for several months in cold water is expensive. It requires a sam-
pling frequency that is several orders of magnitude higher than for other dive parame-
ters. The two loggers deployed here were heavily duty-cycled and provided only
2 wk of data in a 2—3-mo-long postreproductive trip. However, this work suggests
that breaths have a very low-frequency signature in the sound signal. This characteris-
tic allowed us to detect and count them after submitting the raw signal to multiple
smoothing low-pass filters. A much lower sampling frequency should thus still cap-
ture breathing frequency as the automatically extracted breathing rate of 0.30 Hz
(Fig. 4) gives a theoretical minimum frequency of 0.60 Hz (Nyquist frequency). Of
course, a proper threshold should be empirically determined by subsampling an exist-
ing signal for example. However, this shows that the sampling effort—and thus the
battery drain—could be considerably reduced and yet similar results could still be
obtained.

As far as breathing rate is concerned, a critical parameter to set is the maximum
depth that defines surface intervals. In this work, we set it to 15 m to be able to rely
on previous work (Vacquié-Garcia ez /. 2012), and knowing that lower depth thresh-
olds are known not to discriminate dive phases well enough for subsequent analyses.
Lower thresholds result in short and very shallow, false positive dives. Indeed, closer
inspection of simultaneous depth and acoustic recordings show that pressure varia-
tions are present even though the seal is breathing at the surface, possibly due to wave
splash effects on the logger. However, the 15 m depth threshold we chose led to an
overestimation of the surface interval of about 6%—8% and therefore an underestima-
tion of breathing rates of 7%—10%: any time spent in shallow water (above 15 m) is
considered as breathing time, although seals can obviously not breathe everywhere in
the whole 0—15 m depth interval. Further processing of sound recordings could pro-
vide an elegant way to circumvent this, similar to the way swimming effort is com-
puted. As elephant seals breathe in a very regular fashion at the surface, the spectrum
of the corresponding sound recording should show a spike in the frequency that cor-
responds to the breathing patterns. This frequency is the breathing rate. The thresh-
old of 15 m discussed above would thus only be used to roughly select the surface
interval where the breathing behavior dominates the signal, and would not affect the
actual breathing rate value.

We could also extract other interesting variables linked with effort and recovery
from the sound signal. However, it would necessitate a refined process for automatic
detection. For example, Le Boeuf e 2/ (2000) showed significant correlations
between dive parameters and heart rate at the surface. These are visually and acousti-
cally detectable in the sound signals recorded here but our automatic process does not
yet provide enough resolution to extract heart rate. Beyond technical caveats linked
to the automatic processing of these recordings, our results highlight that sound
provides a useful tool to unravel how elephant seals manage their postdive recovery
when associated with other loggers.
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Recovery and Swimming Effort

Duration of the previous dive and the total swimming effort significantly predicted
surface interval duration in southern elephant seals as also reported for their northern
counterparts (Le Boeuf ez z/. 2000). Despite interindividual differences, both individ-
uals exhibited the same general patterns of postdive recovery. Time at the surface was
directly related to the dive duration and the swimming effort, and in particular to
the ascent swimming effort. This is in accordance with previous results obtained on
Weddell seals (Williams ez «/. 2004). Postbreeding females remain negatively buoy-
ant during most if not the entire duration of their postbreeding trip. Therefore, they
mostly passively glide down to the dive bottom but actively swim back to the sur-
face. This is supported by our results that show that SE, and dive duration have the
largest contribution explaining the post dive recovery. Although it is commonly
hypothesized that the main foraging costs for deep diving predators such as elephant
seals are from getting to the resource location in the water column, our work provides
direct evidence that in negatively buoyant recovery time is heavily influenced by the
effort exerted to return to the surface from the foraging depth (SE,). This is probably
why Le Boeuf ez 2/. (2000) found that dive duration had an unclear effect on recovery
time. Another important result of our study is that individuals can manage their
recovery either at a dive or at a multi-dives time scale.

Energy Management and Individual Characteristics

Both seals had similar body size (Table 1) but different body conditions: ind. 1
was in poorer condition (z.e., denser) than ind. 2. We thus expected that ind.1 would
exert a higher SE, because of its higher density. However, ind. 1 was found to exert a
lower SE, suggesting the existence of interindividual differences in diving behaviors.
Ind. 2 swam more actively than ind. 1 and exerted a significantly greater swimming
effort per unit of time spent diving. When controlling for dive duration, ind. 2 was
found to spend more time at the surface per unit of time spent diving, possibly due
to its greater swimming effort per unit of time. In comparison, ind. 1 dove deeper,
favored a less active diving strategy, and exerted a lower swimming effort per unit of
time spent diving.

One possible explanation to these differences is that our measure of swimming
effort was biased across individuals. Swimming effort is only an indirect proxy of
energy expenditure and the direct proportionality between our estimated swimming
effort and actual energetic costs remains to be validated (see Perspectives). While this
may contribute to the interindividuals differences, it unlikely explains it all. Indeed,
both accelerometers were calibrated and attached on an identical location for both
seals. Another possible explanation is intrinsic differences in foraging/diving/swim-
ming behavior between individuals. Ind. 1 showed a lower swimming effort per
ascended meter (Fig. 5) and thus a lower locomotion cost compared to ind. 2, even
though we expected the opposite due to its higher density. This suggests that ind. 1
was swimming differently than ind.2 as reflected also in a significantly steeper ascent
angle for Ind. 1 (50° &£ 17° #5. 48° 4+ 13°,# = 2.2, P = 0.03). This difference might
be due to extrinsic factors such as the number of prey encounters (Gallon ez 2/. 2012)
or environmental cues (Mclntyre ez a/. 2011, Guinet ez /. 2014) known to affect
swimming angle. However, intrinsic factors affecting physiology such as hypoxia
conditioning (Hassrick ez «/. 2010) or differences in metabolic capacities (Tift ez /.
2013) cannot be ruled out. Monitoring a broader number of individuals and over a
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longer time period would help in better understanding the effect of these factors on
swimming behaviors.

The recovery behavior of the two females also suggests interindividual differences.
Ind. 2 performed shallower and shorter dives and was mainly recovering at the sin-
gle-dive scale, while ind. 1 performed longer, deeper dives and with a lower swim-
ming effort per unit of time recovered. This suggests that ind. 1 could manage its
energy balance over several dives and thus accumulate an oxygen debt paid off only a
few dives later. The body of literature suggests that elephant seals mostly dive aerobi-
cally to maximize time underwater (Meir et @/. 2009, Hassrick ez «/. 2010, Meir et al.
2013). However, elephant seals sometimes do exceed their apparent aerobic dive limit
(ADL) as observed by Hassrick ez /. (2010). We thus cannot yet rule out that seals
pay off their oxygen debt through sustained breathing during extended surface inter-
vals. We did not see such intervals in our audio recordings probably because of our
sampling constraints. The increase in sampling effort in future work could help
answering this question. Seals could also defer digestion costs to periods of rest at the
surface (Crocker ez /. 1997). This could also explain the difference observed between
our two seals.

Despite differences in their recovery strategy, similar general relationships were
found for both individuals. Ascent swimming effort was the most influent factor on
surface recovery time (or likely descent swimming effort in positively buoyant seal),
then dive duration and to a lesser extent swimming effort at the bottom of the dive.
This latter variable is probably positively correlated to the foraging success of these
seals as the higher the swimming activity during the bottom phase, the higher the
number of possibly successful prey capture attempts.

Measuring Swimming Effort

Tri-axial overall dynamic body acceleration (ODBA) has been shown to reflect
swimming effort in numerous taxa (Wilson ¢t @/ 2006). In this study, we used a
more selective measure of swimming effort because it favored the count and ampli-
tude of tail swings, thus taking into account the propelling-related motions rather
than the sum of the overall acceleration. While ODBA was found to provide a good
proxy of energy expenditures in some species (Fahlman e 2/. 2008; Halsey et al.
2008, 2009), in other cases the relationship was weak.” It is possible to take partly
into account the position of the logger on the animal by using a peak count and cor-
recting for orientation. This is critical as further work based upon this study will be
based on data collected by accelerometers attached on the head of the animal.

From Breath Counts to Oxygen Acquisition

We provided a method to count the number of breaths taken by seals when surfac-
ing with reasonable accuracy using an automated counting process. This process
depends on numerous parameters, especially the peak detection. We also showed that
breath count could predict energy expenditure (dive duration and swimming effort).
However, we need to determine the amount of oxygen inhaled in a breath to translate
breath count into oxygen intake, the energetics currency. Refining the process using

“Personal communication from Tiphaine Jeanniard-du-Dot, Marine Mammal Research Unit, AERL
Building, 2202 Main Mall, University of British Columbia, Vancouver, British Columbia V6T 174,
Canada, 4 November 2014.
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mechanical data derived from sibling species such as the Weddell seal (Castellini
et al. 1992, Falke et al. 2008) or by calibrating Acousondes on captive seals for exam-
ple could provide better Information on Breath Types and Inhaled Volumes

Perspectives: Understanding the energy strategy of free-ranging marine mammals using indi-
rect evidence—The relationships found between indirect measurements of energy gains
(recovery time) and losses (underwater exertion and dive duration) suggest that esti-
mating the energetic balance through indirect, noninvasive bio-logging data can be a
valid strategy for free-ranging animals.

Energy costs are often split into several oxygen-consuming additive components:
resting metabolism costs, locomotor costs, digestion costs, and thermoregulatory
costs (Williams ez @/. 2004, Maresh er a/. 2014). The multilinear relationship we
found supports the additive effect of dive duration and swimming effort on oxygen
consumption. However, these behavioral characteristics are not related to the above
components in a simple way. The total number of strokes underwater has been shown
to be strongly proportional to the locomotor costs (Williams ez «/. 2004), which corre-
sponds here to our measure of swimming effort. Dive duration is likely to be most
correlated to costs proportional to the time spent underwater such as resting metabo-
lism and thermoregulation. However, our method does not provide insights on diges-
tion costs. This is still hard to quantify as digestion is a complex process involving
variables beyond oxygen consumption, such as prey quality or metabolism time lags.
For example, some seals are known to defer their digestion costs to extended surface
intervals (Rosen ez a/. 2007, Sparling ez a/. 2007) or drift dives (Crocker ez a/. 1997).
In any case, the new variables presented here likely summarize accurately the short
time-scale components of energy costs (basal metabolism, locomotion costs, and ther-
moregulatory costs).

However, since seals tend to end their dive at a given level of oxygen store (Meir ez a/.
2013), our results suggest that variations in surface intervals provide insights into ener-
getic costs linked to digestion and/or thermoregulation after taking into account dive
duration and swimming effort. Thermoregulatory costs, although probably very small in
near -0°C water conditions (Noren 2002), could vary to some extent as elephant seals for-
age in water temperatures ranging from -1°C to 13°C (Guinet ¢ «/. 2014). Conse-
quently, digestion costs are probably the main driver of the total oxygen expenditure
during a dive after correcting for the above variables (Rosen ez /. 2007).

Other parameters and longer time-scaled processes need to be better understood to
get a fuller picture of the energy balance. In particular the relationship between
energy balance and absolute costs should be better investigated for predictive analyses
(e.g., the work conducted by Maresh ez 2/. (2014) on pricing the strokes of northern
elephant seals). This is beyond the scope of this work but our results suggest that it is
possible to estimate energy balance of free-ranging marine mammals through indi-
rect, noninvasive logging. Understanding foraging cost benefit ratio of foraging and
its energy efficiency is critical to better understand environmental changes will
impact top predators.
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ABSTRACT

The underwater ambient sound field contains quantifiable information about the physical and biological
marine environment. The development of operational systems for monitoring in an autonomous way the
underwater acoustic signal is necessary for many applications, such as meteorology and biodiversity pro-
tection. This paper develops a proof-of-concept study on performing marine soundscape analysis from
acoustic passive recordings of free-ranging biologged southern elephant seals (SES). A multivariate multiple
linear regression (MMLR) framework is used to predict the measured ambient noise, modeled as a multi-
variate acoustic response, from SES (depth, speed, and acceleration) and environmental (wind) variables.
Results show that the acoustic contributions of SES variables affect mainly low-frequency sound pressure
levels (SPLs), while frequency bands above 3 kHz are less corrupted by SES displacement and allow a good
measure of the Indian Ocean soundscape. Also, preliminary results toward the development of a mobile
embedded weather sensor are presented. In particular, wind speed estimation can be performed from the
passive acoustic recordings with an accuracy of 2ms™ ", using a rather simple multiple linear model.

1. Introduction

1In the frequency band from a few tens of a hertz up to
50kHz, the dominant sources of ambient noise in the
ocean can be broadly divided into sounds resulting from
geophony (i.e., sounds from natural physical processes,
e.g., wind-driven waves, rainfall, seismicity, breaking
waves, current), biophony (i.e., sounds from biological
activities, e.g., whale vocalizations, snapping shrimp
beds), and anthropophony (i.e., man-made sounds, e.g.,
commercial shipping, sonar, seismic prospecting, oil
and gas surveys) (Knudsen et al. 1948; Wenz 1962). All
these sources contribute conjointly to the noise spec-
trum characteristics (e.g., pressure level, spectral slope)
in varying degrees, depending on their strength and
conditions prevailing at the measurement location. Thus,
the underwater ambient sound field contains quantifiable
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information about the physical and biological marine
environment. To extract this information, passive acoustic
systems have been used for monitoring, recording, and
interpreting in a continuous and autonomous way the
underwater acoustic signal, facilitating an all-weather and
all-season ocean monitoring.

The study of ocean ambient noise plays a growing role in
many different research fields. In biodiversity, it helps in
preserving marine animal ecosystems by better under-
standing the impacts of human activities on their ecology
(Sirovic et al. 2013). In meteorology, global climate models
and local weather forecasts rely on field information about
weather across oceans. Observations of rain and wind
phenomena from underwater noise allow for better study
of air—sea interactions, and increase greatly the spatio-
temporal resolution provided by satellite (Vagle et al.
1990; Nystuen and Selsor 1997; Ma and Nystuen 2005;
Pensieri et al. 2015). In cryogenics, the noise generated by
glaciers allows for quantification of melting processes in
the Arctic and is a good indicator of rapid climate pro-
cesses (Urick 1971; Glowacki et al. 2015). In oceanogra-
phy, measurement and characterization of ambient noise
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are essential to enhance the signal-to-noise ratio of
acoustic-based underwater instruments (Rahmati et al.
2014). The need for better assessment of global change and
its consequences have drawn attention and highlighted the
need for an intense monitoring of underwater noise level
and, consequently, for the development of innovative
sensors and networks (Duennebier et al. 2002; Johnson
and Tyack 2003; Aguzzi et al. 2011; Favali 2013) able to
collect and analyze long-term underwater sound data.

Ambient noise studies mostly take place in the north-
eastern Pacific (Chapman and Price 2011) and Atlantic
Oceans (Nieukirk et al. 2004). Previous studies in the In-
dian Ocean have focused on the northwestern (Wagstaff
2005) and the tropical regions of the Indian Ocean
(Miksis-Olds et al. 2013; Hawkins et al. 2014; Tsang-Hin-
Sun et al. 2015). Tournadre (2014) showed that the ship
traffic has had a global increase in the Indian Ocean in the
last two decades. In the Southern Ocean, a recent study
highlighted the predominant role of icebergs in the
Southern Hemisphere soundscape (Matsumoto et al.
2014). Miksis-Olds et al. (2013) reported that the observed
sound floor increases are consistent with concurrent in-
creases in shipping, wind speed, wave height, and blue
whale abundance in the Indian Ocean. Nair et al. (2015)
developed a semiempirical model to predict surface
ambient sound spectra in 1-50 kHz for rainfall rates in
2-200mmh ™" and wind speeds within 2-14ms™".

Most often, hydrophones used for marine soundscape
studies are bottom mounted, shore terminated, and
fixed at a certain depth. Other studies have also used
mobile hydrophones, either dragged behind a drifting
buoy or boat (Nystuen and Selsor 1997), or attached to
vertical profiler float (Ward et al. 2011; Kiisel et al. 2011;
Barclay and Buckingham 2013). More recently, with the
development of miniaturized electronic devices, hy-
drophones have been embedded in underwater gliders
(Baumgartner et al. 2008; Matsumoto et al. 2011; Klinck
et al. 2012). These gliders can survey a large area by
autonomously navigating the defined area (Rogers et al.
2004; Rudnick et al. 2004), and they have shown great
promise in monitoring marine mammals (Baumgartner
et al. 2008; Klinck et al. 2012), oceanographic phenom-
ena (Matsumoto et al. 2011), and meteorological surface
conditions (Cauchy et al. 2015).

In the same line of technological innovation, the use of
animalborne autonomous recording tags, called biolog-
ging, is becoming widespread (Ropert-Coudert and
Wilson 2005), and allows for the acquisition of huge
quantitative datasets for inferences on movement,
ecology, physiology, and behavior of animals moving
freely in their natural environment. Multichannel data-
loggers are used, and data are sampled at high resolution
over large temporal and spatial ranges, including
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geographical areas uncovered by satellite data. In ad-
dition to providing parameters related to the animal
biological processes, environmental parameters (e.g.,
temperature, salinity, light, fluorescence) can also be
continuously recorded.

In this project, southern elephant seals (SES) of the
Kerguelen Islands are used as acoustic gliders of op-
portunity. SES are wide-ranging animals during their
postbreeding and postmoulting migrations. Adult fe-
males (Mirounga leonina) from the Kerguelen Islands
(49°200'S, 70°200'E) forage mainly in oceanic waters of
the Antarctic and polar frontal zones (below 60°S) from
October to February (Bailleul et al. 2010). Among top
marine predators, air-breathing diving species such as
SES are particularly well suited for biologging because
their large size allows them to carry electronic devices
with minimal disturbance. These devices are stuck on
SES while they are on land in their breeding colonies. The
strong east—-west current speeds and the thick ice surface
layers in this part of the austral ocean make the use of
regular gliders very complicated, while these harsh en-
vironmental conditions are not a problem for SES.

So far, these biologged SES have been used to collect
measurements of physical (Charrassin et al. 2008; Costa
et al. 2008; Roquet et al. 2009) and biological (Guinet
et al. 2013) oceanographic parameters, in often in-
accessible regions. The SES and their closed-loop mi-
gratory route also provide the opportunity for using
Acousondes! (Acoustimetrics, Greeneridge Sciences, Inc.,
Felton, California) that can be retrieved at the end of
their migration. Acoustic data have already been re-
corded and used to investigate behavioral and eco-
physiological (breathing rate) parameters (Genin et al.
2015). While at sea, SES dive repeatedly to mesopelagic
depths (300-500 m up to 2000 m) and tend to follow the
diel vertical migration of their mesopelagic prey, diving
generally deeper during the day (Guinet et al. 2014).
SES regularly perform dives during which they spend a
large proportion of time descending passively through
the water column (Richard et al. 2014). In the following,
this type of dive will be referred to as drift dives.

The main objective of this current study is to dem-
onstrate that marine soundscape can be measured with
biologged SES used as acoustic gliders of opportunity.
However, the SES movements (e.g., depth/speed vari-
ations) impact the measured sound spectra. It is thus
first required to identify, characterize, and if possible
remove the acoustic noise produced by SES movements
that corrupts the measured soundscape. Under the

! Acousondes are miniature, self-contained, autonomous
acoustic recorder designed for underwater applications.
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assumption that different sound sources have unique
acoustic signatures, passive acoustics can be used to
make a classification of the ambient sound field. In this
paper, a multivariate acoustic response in a multivariate
multiple linear regression (MMLR) framework is used
to decompose the measured ambient noise into different
acoustic sources (acting as predictors) related either to
the environment or to the SES. The ambient noise is
modeled as a multivariate response of spectral param-
eters, namely, sound pressure levels (SPLs) and spectral
slopes (SS), in various frequency bands. These acoustic
features have been widely used in studies on marine
soundscape and acoustical meteorology (Nystuen and
Selsor 1997; Ma and Nystuen 2005; Pensieri et al. 2015).
Ancillary datasets on wind speed and on SES diving
behavior are used to define the predictors. Once we have
fully characterized the acoustic noise induced by the
SES displacements, we present results on the measured
soundscape, and we focus on the effect of wind speed on
the ambient noise level. These measures are compared
with those made in other ocean environments at com-
parable depths, and also with theoretical models.

This paper is organized as follows. Section 1 provides
details on acoustic measurements and on the different
variables used in the regression framework. Section 2
presents exploratory and qualitative results, with an
emphasis on the differences between spectra measured
during the drift and active swimming phases of the SES.
Then, more quantitative results are presented, in par-
ticular to evaluate the accuracy of estimating wind speed
from our passive acoustic recordings. Section 3 proposes
two general discussions on the relations between the
external influence variables and the measured spectra,
and on the marine soundscape resulting from our
acoustic glider of opportunity.

2. Methods
a. Materials

In the austral winter of 2012, five different postbreeding
female SES of similar body conditions were captured and
equipped with dataloggers on the Kerguelen Islands.
These loggers included an Acousonde 3A device (already
used in similar research studies; e.g., Burgess et al. 1998;
Burgess 2000) glued on the back of the seal on the lon-
gitudinal axis, 10 cm behind the scapula. The Acousonde
3A recorded sound at a sampling frequency F; of 12.2 kHz
with an acoustic sampling resolution of 16 bits, using a
built-in low-frequency hydrophone. It also has a high-pass
filter at 22 Hz (to remove powerful low-frequency flow
noise) and an antialias (low pass) filter at 4640 Hz. The
hydrophone response is flat in this band so that overall the

CAZAU ET AL.

209

TABLE 1. Global overview of the passive acoustic recording
database, with C as the cumulated duration. Each recording lasts
approximately 4 h.

Acousonde  No. of recordings Period C (h)
A626019 20 30 Oct-18 Nov 2012 76.4
A626020 13 22 Sep-10Nov 2012 512
A626021 4 30 Oct-2 Nov 2012 16
A626022 5 30 Oct-3 Nov 2012 18.6
A626040 24 31 Oct-23 Nov 2012 95.4

useable bandwidth is 22-4640 Hz (more details can be
found at http://acousonde.com/faqtechnical.html). Total
storage capacity is 64 GB. The unamplified raw sensitivity
of the hydrophone is —201dB (low-power-channel hy-
drophone) ref 1V (uPa) ', that is, 0.089mV Pa~'. There
is no onboard signal processing embedded into the
Acousonde. The Acousonde’s raw data have been con-
verted to pressure data using a MATLAB (MathWorks,
Natick, Massachusetts) program provided by Green-
eridge Sciences, Inc. (the Acousonde manufacturer). The
Acousonde also continuously recorded depth (pressure)
and triaxial acceleration with a sampling frequency
of 5Hz.

b. Acoustic database

Table 1 provides a global overview of the sound data-
base. The five Acousondes deployed were activated on
the field almost at the same time, making their recordings
overlap in time. The smaller number of recordings in
Acousondes A626021 and A626022 was caused by tech-
nological deficiency. To save onboard storage space, a
duty cycle was set up in each Acousonde that automati-
cally turned it on for 4h every 24 h. Each 4-h recording
was segmented into 10-s time windows (except for the
long-term averaged spectrogram, where we used 30-s time
windows), using non-overlapping Hamming windows. We
removed all the sound files for which the SES depth was
less than 10 m, which includes phases when the SES is on
land and phases when the SES is at the surface at sea. All
data processing and analysis were conducted using
MATLAB. A total of 184.2h of audio recordings have
eventually been used, providing 66296 observations of
10s long.

Figure 1 represents the migratory routes followed
by the SES during which the Acousondes were active.
The spatiotemporal coverage provided by SES routes
ranges from 71° to 87° in longitude and from —46° to
—52° in latitude.

c. ldentification of drift phases

As already done in Dragon et al. (2012), pressure
data were used to split the ascent and descent dive phases
into two different categories based on diving behavior,
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FIG. 1. Migratory routes of five different SES plotted on a map zoomed in on the Kerguelen
Islands (49°200'S, 70°200'E), in the Indian Ocean. Details of individual SES are given in Table 1.
These trajectories are based on GPS data from an Argos GPS satellite tag fixed on each SES. Only
the segments of routes during which the Acousondes were active are drawn.

namely, drift dives and active swimming dives. In our
study, drift dives are important, as they are expected to
offer the cleanest acoustic measures. Drift dive identifi-
cation was processed in two steps. First, we used first the
complete time-depth recorder (TDR), which allowed us
to (i) identify drift dives and (ii) isolate the passive drift
phases during those dives (Dragon et al. 2012). For each
drift dive, a drift rate was determined as the slope co-
efficient of a linear regression between depth and time
(Bailleul et al. 2010; Mitani et al. 2010). In the second step,
we used accelerometer data to exclude phases of active
swimming during drift phases assessed by the TDR-only
data. Active swimming was considered to take place when
lateral acceleration exceeded the —0.2 to 0.2ms ™2 range.
It is noteworthy that a more detailed taxonomy could
have been used [e.g., Richard et al. (2014) subdivided the
active swimming dives into exploratory dives, shallow
active dives, and deep active dives], but in this paper
diving characteristics of the SES will be limited to this
two-class behavior, for the sake of clarity and conciseness
with our acoustical meteorology application.

Table 2 provides statistical information on three dif-
ferent dive phases of SES, namely, surface, drifting, and
active swimming phases. The R package Biologging
tools* were used to estimate automatically the drift
phases of SES. Drift phases have an average duration of
2 min. Overall, they cover only 6% of the total recording

2Developed by Yves le Bras (CEBC-CNRS-UMR 7372 Uni-
versité de La Rochelle, Chizé, France) and available at https://
github.com/SESman/rbl.

period, with a higher presence of more active swimming
dives (83%). These estimated drift phases have already
been used in previous biological studies (Vacquié-
Garcia et al. 2012; Guinet et al. 2014; Richard et al. 2014;
Genin et al. 2015).

d. Regression variables

Table 3 presents details on the different variables used
in the regression analysis. They are detailed in the
following.

1) ACOUSTIC VARIABLES

Each 10-s time series has been fast Fourier trans-
formed (FFT) to obtain a 512-point power spectrum.
Each spectrum is integrated on one-third octave fre-
quency bands. The SPLs averaged over the one-third
octave subband centered around f, kHz, and the SS
between the frequencies f; and f,, have been extracted
from the measured spectra; they are labeled SPL( f.) and
SS(fi-f2), respectively. SPL measures are computed as

1 Py
I%Gf f:flower B ,

SPL(f.)"™ =10log,, (1)

TABLE 2. Statistics on dive phases, with D as the mean phase
duration, C as the cumulated duration, and Py, as the percentage
over total acoustic recordings.

Dive phases D (min) C (h) Piot (%)
Surface 2.5 42.5 11
Drift phases 2 229 6
Active phases 3 311.8 83
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TABLE 3. Details of variables used in the regression analysis, classified into four categories: acoustics, SES displacements, SES status dive,
and environment. All center frequencies f, in the SPL descriptors have been rounded to a multiple of 10 for clarity in the notation.

Variable categories Variable description Variable labels Units
Acoustics Sound pressure levels SPL(0.05), SPL(0.2), SPL(0.5), SPL(1), SPL(1.6), SPL(2.5), dB
SPL(3.2), SPL(4)
Spectral slope SS(1-2.5), SS(2.5-4) dB !
SES displacements Speed Vv ms!
Triaxial acceleration ay, ay, a; ms 2
Depth d m
Environment Wind speed w ms!
where fiower = £:10"2° and fpper = £:10002, pop = 1 uPa,
and B is the noise power bandwidth of the window 9 = arctan a4 ) 4)

function (B = 1.36 for a Hamming window). The power
spectrum P (f) is defined as

2

P(f)=2 :

X0 ()
s @

where X" (f) is the FFT of the mth segment, given by

N-1
X(’”)(f) — z xivnlg [n]e(—IZﬂ'fn)/N ’ 3)

n=0

where Xy, is a windowed segment of a time series. SS
are calculated using a least squares fit to the SPLs over
the specified frequency band. After correlation analysis,
it appeared that strong correlations exist between dif-
ferent pairs of acoustic features, implying that knowl-
edge of one necessarily implies knowledge of the other.
Then, to reduce the dimension of the acoustic feature
vector, we kept only the SPL(f.) measures per octave
and the two slopes that maximize the Pearson correla-
tion coefficient with the regression variables SES and
Environment presented in sections 2d(2) and 2d(3),
respectively. The acoustic descriptors resulting from
this process, listed in Table 3, form a ten-dimensional
feature vector over all the observations consisting
of the following descriptors: {SPL(0.05), SPL(0.2),
SPL(0.5), SPL(1), SPL(1.6), SPL(2.5), SPL(3.2), SPL
(4), SS(1-2.5), SS(2.5-5)}. In the following, all f, values
have been rounded to a multiple of 10 for clarity in the
notation, and all sound pressure levels are given in dB
ref uPa’.

2) SES DISPLACEMENTS

The raw triaxial acceleration data from the acceler-
ometer of the Acousonde 3A were used and labeled a,,
ay, and a, (longitudinal, lateral, and vertical axes, re-
spectively). To estimate swimming speed V, we first
need to compute the pitch 0 of the seal, defined as the
angle 6 between the SES body direction and the hori-
zontal, that is,

/2 2
ay+az

As explained in Sato et al. (2003) and Aoki et al. (2011),
the acceleration data used to compute the pitch using
Eq. (4) have been filtered with a low-pass filter at 0.2 Hz in
order to isolate the gravity component of the movement.
Then V was computed by combining information on the
vertical speed and the seal pitch as follows:

U
— vert
v sin(9)’ ®)

where U, corresponds to the vertical speed (as de-
termined from the depth recorder) of the SES, and V
corresponds to the vertical speed corrected by the orien-
tation of the SES given by its pitch. As already reported in
past studies (Miller et al. 2004; Richard et al. 2014; Genin
et al. 2015), this method is reliable only for steeper body
angles (with an absolute body pitch over 30°). As a result,
we use this proxy for deep descents and ascents, that is,
ending and starting below 400 m deep, respectively, and
with an absolute pitch over 30°. Eventually, the variable
depth d is directly read from the TDR, with negative
values below the ocean surface. Figures 2a— represent
the histograms of speed, acceleration, and depth data,
respectively, matched with the analyzed passive acoustic
recordings. As expected, higher extrema values of speed
and rms acceleration (labeled rms — @) are obtained
for active swimming periods (going from a range of
[0.15-2]ms™! and [0-6]ms™? to [0.7-3]ms™! and
[0-10] ms™2, respectively, for the drift and active swim-
ming phases, respectively), while depth and wind speed
are reasonably well balanced between the two categories.

3) ENVIRONMENT

The dataset on wind speed was extracted from the
Advanced Scatterometer (ASCAT) retrievals® and

3 Available at ftp:/ftp.ifremer.fr/ifremer/cersat/products/gridded/
MWEF/L3/ASCAT/Daily/Netcdf/.
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FIG. 2. Histograms of (a) SES swimming speed, (b) acceleration, (c) depth, and (d) wind speed data matched with
the analyzed passive acoustic recordings. Each histogram has been individually unitary normalized. Each obser-
vation is labeled either as a drift phase (blue) or an active swimming phase (red).

provided gridded daily-averaged wind and wind stress
fields over global oceans (Bentamy and Croize-Fillon
2012). The calculation of daily estimates uses ascending
and descending available and valid retrievals. The ob-
jective method aims to provide daily-averaged gridded
wind speed, zonal component, meridional component,
wind stress, and the corresponding components at global
scale. The error associated with each parameter, related
to the sampling impact and wind space and time vari-
ability, is provided too. When compared with buoy
measurements, this error for wind speed is below 2ms ™!
(Bentamy and Fillon 2015). More details about data, the
objective method, and computation algorithm can be
found in Bentamy and Croize-Fillon (2012). The European
Centre for Medium-Range Weather Forecasts (ECMWF)
analyses have been used as a temporal interpolation
basis of ASCAT retrievals. The resulting fields are 10m
high above the ocean surface, and have spatial resolu-
tions of 0.25° in longitude and latitude, and a 3-h tem-
poral resolution.

An acoustic measurement is a spatially integrated
measure, with an area of measurement at the ocean
surface (also called the listening area in literature) that
depends on the hydrophone depth and on the beam
pattern of the ambient noise field. The listening area of a
500-m-depth hydrophone is around 8km?® (Nystuen
et al. 2015), which is well included in the satellite pixel
resolution (around 30 km? at the SES latitudes).

Figure 2d represents the histogram of wind speed data
matched with the analyzed passive acoustic recordings.

From operational point of view, it is more significant to
provide the correct classification of wind speed class
than wind speed estimates. We thus identified from
these data four different classes of wind speeds, labeled
W, (below 7.5ms™ 1), W, (between 7.5 and 12.5ms™ 1),
W3 (between 12.5 and 17.5ms™ '), and W, (higher than
17.5ms™1). Each class corresponds to an average in-
crease of 5ms™! in wind speed, except for classes W,
and Wj. These classes correspond roughly to the sea
states of the Beaufort scale from 2 to 5 (light wind) for
Wy, from 6 to 7 (high wind) for W, and W3, and from 8 to
9 (gale wind) for W, (Knudsen et al. 1948). Sea state 1
has not been used, as noise produced by weak wind
speed is too low to be detected (Pensieri et al. 2013).

e. Multivariate multiple linear regression

1) MODEL FORMULATION

MMLR is acommon statistical tool that informs about
the linear relationship between dependent variables
(i.e., the response) and independent variables (i.e., the
predictors). With multiple response variables available,
as in our case, the standard approach to modeling them
is to regress each response variable separately on the
same set of explanatory variables. However, although
it is simple and popular, this univariate response ap-
proach may not be optimal, since they do not utilize the
joint information among response variables. To solve
this multiresponse regression problem, Breiman and
Friedman (1997) proposed a method, called the curd



JANUARY 2017

and whey, that uses the relationship among response
variables to improve predictive accuracy. They showed
that their method can outperform separate univariate
regression approaches when there are correlations
among the response variables. The multivariate general
linear model is

Y = X B + E, (6)

~~ ~~ =~~~ ~~
(n,r) (np+1) (p+1,r) (n,r)

where Y is a matrix of n observations on r response
variables. The X is a model matrix with columns for p
regressors, including an initial column of ones for the
regression constant, also called intercept. The B is a ma-
trix of regression coefficients, one column for each re-
sponse variable. The E is a matrix of errors that follows
a Gaussian law N(0, 0?). Each response (dependent
variable) geltus its own linear equation of the form
Y, ~Bop + 2,-1B:,Xp + En,, conjointly estimated along
with the other responses, and depending only on the
predictors (independent variables), whose contributions
are weighted by the regression coefficients 3,, (Breiman
and Friedman 1997).

Parametric nonlinear models also exist, and represent
the relationship between a continuous response variable
and one or more continuous predictor variables in the
formY = f(X, B) + E, where fis any function of X and
that evaluates each row of X along with the vector 8 to
compute the prediction for the corresponding row of Y.

In regression analysis terms, two noncorrelated pre-
dictors used in combination would predict unique vari-
ance in a response, while two more correlated predictors
tend to predict shared variance, and so are less efficient.
Prior to MMLR, a principal components analysis (PCA)
can then be used to decorrelate predictors. PCA is a
dimension reduction method that constructs indepen-
dent new variables that are linear combinations of
the original variables, by reducing redundancy (i.e., in-
creasing standard deviation) between all variable di-
mensions. PCA was performed to see how our different
SES and environmental variables were structured within
the dataset, and whether the acoustic variables were
responding to this structure. PCA also avoids mul-
ticollinearity problems in regression analysis (Zhang
et al. 2006). Such problems make regression coefficients
become unstable when highly correlated predictors
are present. This further justifies the use of PCA in
our study.

In this project, two different setups of the MMLR
method were used. We first studied the contributions of
SES and environment variables (i.e., the predictors X,
with p = 6) in the multivariate acoustic response char-
acterizing the measured spectra (i.e., the responses Y,
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with r = 10) over all 10-s observations (n = 66296).
Here, predictors are the different physical processes
contributing independently to the distribution of
acoustic energy in the measured spectra. In the second
application, we evaluated the classification accuracy of
an MMLR on PCA-processed acoustic measures (p =
10) in predicting wind speed (r = 1).

Also, all variables were standardized (i.e., zero mean
and unitary variance), which allows a better comparison
of regression weights between each predictor (especially
with variables having different range values, as for depth
and wind speed in our study), as the unstandardized
weights are a function of the variance of the predictor
variables. Standardization removes most of the corre-
lation between linear and higher-order terms, which
reduces the chance of adding these terms unnecessarily.

2) EVALUATION METRICS

To assess quantitatively the quality of our regression
analysis and estimation, we provided as evaluation
metrics the p value and the multiple correlation co-
efficient squared [ordinary R? (%)], also called the co-
efficient of determination. To further evaluate the
impacts of each predictor in the MMLR model, we
performed a sequential significance testing of each de-
pendent variable through the metric AR?, defined as

RS — Ra(=p)|

ARy =, (7)

where R? refers to the adjusted R* metric, and R2(—p)
refers to the adjusted R?> metric obtained with an
MMLR performed without the predictor p. This amount
of change in R? is a measure of the increase in predictive
power of a particular dependent variable, given the de-
pendent variable or variables already in the model. In
other words, this metric allows for performing signifi-
cance testing to determine whether the addition of
another dependent variable to the regression model
significantly increases the value of R?. Also, the ordinary
R? value systematically increases with the addition of
terms to the regression model; consequently, in order to
compare models with different numbers of predictors,
we use the adjusted R? metric.

3. Results
a. Exploratory data analysis

Figure 3 shows a typical long-term spectral average
computed over four acoustic recordings (i.e., a total of
16h of recordings from four different days) from the
SES individual A626019. SES variables and wind speed
values are superimposed onto this spectrogram. It can
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FIG. 3. Long-term spectrogram averaged over four acoustic recordings (i.e., a total of 16 h
of recordings from four different days) from SES A626019. It was generated using 2048-point
FFTs, Hamming windows, and no overlap, and averaged every 30s. The four variables V,
rms — a, d, and W are superimposed onto the spectrogram with relative linear scales ranging
from 0.3 t0 2.7 ms ™!, 0.2 to 10 ms™2, =150 to 600 m, and 4 to 18 ms™!, respectively.
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be seen that the drift and active swimming phases are
clearly identified through the acoustic energy in low-
frequency bands that correlate well with the SES speed.
Also, acoustic energy in higher-frequency bands appear
to be reinforced with higher wind speed, independently
from other SES-related variables. In other words, two
frequency regions of the spectra are mainly impacted,
showing first strong evidence of correlations: a first re-
gion in frequency subbands below 2.5 kHz, modulated
accordingly to SES speed, and a second region above
this frequency that is more dominated by wind speed.

To provide more details on the shape of spectra
measured during drift phases, Fig. 4 represents an av-
eraged spectrum computed during temporal phases with
values of SES speed and acceleration belonging to their
5th percentiles. In the following, these phases will be
referred to as extreme drift phases. Also, this averaged
spectrum will be associated with our measured sound-
scape. Regarding median levels across this acoustic data-
set, they ranged between 47 and 70dB ref 1 uPa®Hz .
The spectrum slope falls off quickly from its highest
level at 50 Hz at a rate of about —5 dB per octave up to

75
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FIG. 4. Averaged spectrum computed during extreme drift phases, i.e., with values of SES
speed and acceleration belonging to their 5th percentile. Two representative theoretical SS
(dB per octave) are superimposed onto the spectrum. The approximate signs mean that these
slopes are only locally correct in frequency (i.e., the first slope is a decrease of —5 dB within
the octave 500-1000 Hz, and the second slope is a decrease of —2 dB within the octave 2500—
5000 Hz).
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FIG. 5. Differences between averaged logarithmic PSD with values of SES speed and acceleration belonging to
their 20th, 60th, and 95th percentiles (dot-plus-circle, dashed-dotted, and solid lines, respectively), and their 5th
percentile. (a) The full spectrum, (b) a zoomed-in view of the frequency range [10; 2000] Hz and level range [—8; 8]

dB.

2 kHz, where it becomes flatter up to 5000 Hz, assuming a
slope of —5dB per octave.

We then quantified the averaged deformation of
spectra due to SES displacements relative to this ex-
treme drifting behavior. In Fig. 5, we computed the
differences between averaged logarithmic power spec-
tral density (PSD) with values of SES speed and accel-
eration belonging to their 20th, 60th, 95th percentiles
(dot-plus-circle, dashed-dotted, and solid lines, re-
spectively), and their 5th percentile. From Fig. Sa, we
can observe that SES speed strongly impacts the
acoustic data for frequencies lower than 2000 Hz, with
variations that can reach 40 dB. The three acceleration
components contribute to an increase in the measured
noise below 800Hz, with gains from —30 to —10dB.
From Fig. 5b, it can be observed from the dashed-dotted
curves that the acoustic distortions from our marine
soundscape spectrum above (see Fig. 4) are quite mini-
mal, that is, in the order of magnitude of 5dB with the
SES speed and less than 1dB with the acceleration
variables. Also, we did not find any significant influences
of depth on the acoustic features (see Fig. Al).

b. Correlation analysis

To provide a more global insight into the correlation
structure of our variables, we performed a PCA on the
complete variable dataset. Figure 6 shows both the or-
thonormal principal component coefficients of each
variable on the first two principal axes and the principal
component scores for each observation (i.e., the co-
ordinates of the original data in the new coordinate
system defined by the principal components). In the
space of the principal components of the acoustic/SES/
environmental variables, the first two principal compo-
nents distinctly separate the different acoustic features.
Indeed, these features move from the first to the second
principal axis as their center frequencies increase. In
other words, low-frequency SPL observations remain in

the bottom-right half-space, while the higher-frequency
SPL observations are in the top-right half-space. We can
now see how SES and wind speed variables distribute on
the fan of SPL values. SES speed V is among low-
frequency SPLs with a high score on the first PCA axis
and a negative score on the second axis (PCA; = 0.3;
PCA; = —0.1), while wind speed W contributes much
more to the second PCA axis (PCA; = -0.02;
PCA, = 0.48). The discriminative power over wind
speeds with this PCA analysis is revealed by color
mapping different classes of wind speed, W to Wy (de-
fined in section 3) in Fig. 6. This plot illustrates the

0.6 SI;L(4) 1

SPL(3.2
0.4r 9

0.2

2nd Principal Component
(=]

—0.4F

0.6/
0.6

-04 -0.2 0 0.2 0.4
Ist Principal Component

FIG. 6. Orthonormal PCA for each variable (blue lines), and the
principal component scores for each observation resulting from the
PCA in the first two PCA axes. For the sake of clarity, all the SPL
acoustic features are located at their respective black bullet in in-
creasing order, as illustrated by the black arrow. Also, observations
are classified into four different classes of wind speeds, W;—Wj,
with different colors.
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TABLE 4. Results of the MMLR model for the multivariate acoustic response. SES and environmental variables are taken as predictors.
Results are reported in terms of regression coefficients, p values, ordinary R?, and AR2, as described in section 2. All numerical values have
been rounded to the closest hundredth. Most significant regression results are in bold, and their P values are labeled with superscript letters.

Regression coefficients Ordinary R? (%) AR?

Bo Vv a, ay a, d w All %4 ay a a, d w
SPL(0.05) 0.1  0.33" 0.09 0.11 0.07 -0.02 -0.01 88 0.76° 0.12 0.1 0.11 <0.01 <0.01
SPL(0.2) 0.13 0.35° 0.1 013 0.08 0.04 0.03 83 0.74° 0.06 0.03 0.08 <0.01 <0.01
SPL(0.5) 0.04 0.37° 0.09 0.05 0.04 0.03 0.04 76 0.88° 0.04 0.02 0.06 <0.01 <0.01
SPL(1) 021 0.24° -0.03 0.07 0.04 0.07 0.05 54 0.66° 0.04 0 0.05 0.01 0.1
SPL(1.6) 036 0.17° 0.02 0.03 0.05 0.04 0.07 51 0.54° 0.01 <0.01 0.02 0.08 0.26
SPL(2.5) 03  0.05 0.03 0.01 0.01 -0.01 0.08 45 0.37 0.09 <0.01 <0.01 0.1 0.41°
SPL(32) 0.74 0.04 0.04 0.04 0.02 0.02 0.15° 37 0.23 0.04 <0.01 <001 <0.01 0.78°
SPL(4) 0.8 0.03 0.01 0.02 0.01 -0.01 0.16* 41 0.19 0.1 <0.01 <0.01 0.02 0.84°
SS(1-2.5) 0.42 0.06 0.01 0.05 0.04 0.07 0.08 63 0.34 0.11 0.07 0.05 0.07 0.54
SS(2.5-4) 021 0.05 0.02 0.04 0.01 0.04 0.11¢ 45 026 <0.01 0.04 0.03 0.01 0.72
2P <0.01.
P> 0.05.
P <0.05.

positive correlation of wind speed over the second PCA
axis. These first two principal components explained
80% (first component, 60%; second component, 20%)
of the total variable variance.

These correlation tendencies were already high-
lighted through individual pairwise correlations be-
tween the acoustic, SES, and environmental features
(see appendix B). To further compare the contributions
of SES and environmental variables to the measured
spectra, a multivariate regression analysis was eventu-
ally conducted. Previous correlation analysis (section 1)
showed that our acoustic responses are at least moder-
ately correlated, which is necessary for the multivariate
regression analysis to make sense. Also, our acoustic
database is assumed to be large enough so this analysis
is reliable. We then modeled the multivariate ten-
dimensional acoustic response with an MMLR model,
and used SES and environment parameters as in-
dependent predictors. Table 4 shows the details of this
analysis, with the regression coefficients B8 set up in the
multivariate regression equations of the model dis-
played in the first column, and the evaluation metrics
ordinary R* and AR? in the other two columns. The
same results as in the previous analysis are reached,
with this clear duality between the variables SES and
wind speeds in explaining acoustic feature variations,
largely dominating the other variables of SES depth and
acceleration.

SES speed has coefficients at least around 10 times as
superior as the other predictors in the response from
SPL(0.05) to SPL(0.2). Wind speed becomes preva-
lent in the higher-frequency SPL responses, which is
consistent with the correlation analysis results above.
Above SPL(3.2), the coefficients of wind speed are at
least around 4 times as superior as the other variables,

and as high as 10 times for SPL(4). The acoustic response
SPL(4) is predicted by the equation SPL(4) = 0.8 + 0.03 X
V +0.0la, + 0.02a, + 0.01a, —0.01 X d + 0.16 X W. Also,
41% of the variance in the measure of SPL(4) can be ex-
plained by measures of all predictors, with a relative con-
tribution of the wind speed equal to 0.84. Observing the R?
values, it can be stated that the model better fits the low-
frequency data through the SES speed. Regarding depth and
acceleration, their contributions remain quite constant in the
different acoustic responses and are largely dominated by
either the SES speed or the wind speed.

c. Wind dependence of ambient noise

1) QUALITATIVE OBSERVATIONS

In Fig. 7, passive acoustic recording spectra have been
median averaged on the basis of our four wind speed
classes, W1—-W,, for the drift (Fig. 7a) and active swim-
ming (Fig. 7b) phases. We superimposed onto these
spectra the Wenz curves (Wenz 1962), expressed by

SPL(f,U) = a —Slog,(f) + Slog,(U), 8)

where we used the median of each wind speed class for
the value of U, and arbitrarily set « so the first curve fits
the first class Wy. Note that because of @, Eq. (8) does not
depict exactly Wenz curves. Adding an offset is neces-
sary, probably because the global ambient noise level is
site specific. The Wenz curves state that doubling fre-
quency reduces the noise level by 5 dB, and that doubling
wind speed (in kt; 1kt = 0.51ms™") increases the noise
level by 5dB. In Fig. 7, we can see that the averaged
measured spectra follow the Wenz predictions. This is
particularly true for frequencies above 2.5kHz, both in
terms of noise level (i.e., SPL increases of +5, 3, and
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FIG. 7. Representation of four averaged ambient noise spectra corresponding to the different wind speed classes,
W,—W,, for the (a) drift and (b) active swimming phases. The superimposed black dotted curves correspond to the
Wenz curves, computed with the center wind speed value of each interval.

2.5dB between our four classes at a given frequency) and
in terms of spectral slope (for a given wind speed). Dif-
ferences can also be observed between the measured
spectra of the drift and active swimming phases, with a
better fit to the Wenz curves for the drift phases. But
still a strong discrimination is noticeable between the
spectra of the different wind speed classes for both active
swimming and drifting behavior.

2) QUANTITATIVE VALIDATION

In a further experiment, a sample fitting verification
was performed to testify the effectiveness of different
regression classifiers to predict wind speed. These classi-
fiers were tested on a drift-only dataset and on the com-
plete dataset. A fivefold cross validation with a stratified
procedure has been applied to each dataset, meaning that
each fold contains roughly the same proportions of ob-
servations from the different wind speed classes.

As listed in the first column of Table 5, we first tested a
simple linear regression model, using the SPL(4) as the
single predictor. This descriptor was the most correlated
acoustic feature with wind speed (r = 0.67, P < 0.001,
from Fig. B1). We also tested a multiple linear model
and a nonlinear regression model, using as predictors
the first three principal axes of a PCA performed on the
ten-dimensional acoustic vector, labeled PCA;, PCA,,
and PCA;, respectively.

As an evaluation metric, we use the rms difference ey,
between the ground truth and the estimated wind speed.

The average error g, was then computed on the re-
sulting errors in each fold. We also report the median
absolute deviation on these tests to assess the statistical
significance of our experiments.

An example of wind speed prediction is represented in
Fig. 8a using the multiple linear regression model su-
perimposed onto the ground truth. Figure 8b represents
the fitting plot of the adjusted model, showing that the
model as a whole is significant (i.e., a horizontal line
does not fit between the confidence bounds). The slope
of this line is the slope of a fit to the predictors projected
onto their best-fitting direction—in other words, the
norm of the coefficient vector. Wind speed values are
displayed in unstandardized (natural) units.

Table 5 displays for each regression model the av-
erage error &,, and coefficient R?, differentiating the
drift and active swimming phases. The regression equa-
tions (with their standard deviation over the folds) set
during training and used for prediction are 4.74(+0.02) +
0.6(0.03)SPL(5) and 9.6(=0.002) +0.01(+0.002)PCA +
0.51(=0.006)PCA, —0.42(*0.001)PCA; for the simple
linear model and the PCA-based multiple linear regression
model, respectively. Globally, the classification performance
with our models was very satisfactory, with e, ranging from
1.9 to 3.4ms™ . The best-performing model for the drift
phases was the PCA-based multiple linear regression
model, although no major improvement was brought by
any of our classifiers regarding the simple linear regres-
sion model. Indeed, taking the complete ten-dimensional

TABLE 5. Performance of different regression classifiers to estimate wind speed. Performance is reported in terms of the wind speed
estimation error gy (m sfl), with its standard deviation.

Classifiers Drift phases Active swimming phases
Eys (+std dev) (ms™!) Ordinary R? £ys (*std dev) (ms™) Ordinary R?
Simple linear regression 22 +0.6 54 34 +08 74
PCA-based multiple linear regression 1.9 =03 63 27+03 81
PCA-based nonlinear regression 21*04 58 2.6 0.5 65
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FIG. 8. Predictions of wind speeds obtained with an MMLR model, taking acoustic features as predictors. (a) The
ground truth (blue) and the rms error of the model (orange) are superimposed. (b) The fitting plot of the adjusted

model is represented.

acoustic feature vector instead of one single SPL feature
only reduces ey from 2.2 to 19 'ms™ L Similarly, the in-
crease in model complexity with the nonlinear model did
not induce noticeable performance improvement, reducing
s from2.2t02.1 ' ms ™. For the active swimming phases,
the use of more complex models brought more significant
improvement, reducing the average error ey from 34 to
27 'ms 'and3.4t02.6 ' ms~ ! for the multiple linear and
nonlinear regression models, respectively, in reference to the
simple linear regression model. For these phases, the mul-
tiple linear model includes a more complete modeling of the
full spectrum that is beneficial to wind speed estimation.
Also, we can note that the PCA-processed acoustic features
stabilize wind speed predictions between the different folds.

4. Discussion

Our correlation and regression analysis allowed us to
detail the acoustic contributions of different explanatory
variables in the overall measured spectra. These vari-
ables depend on either the SES (displacements and dive
types) or the environment. Our results show that the
variables of SES swimming speed and acceleration im-
pacted mostly low-frequency SPLs, with regression co-
efficients decreasing with the increase of SPL center
frequencies (see Table 3). These high low-frequency
SPL values most likely result from the turbulent flow
noise generated by the SES body when moving in the
fluid. Indeed, the turbulence of a flow is characterized by
its Reynolds number, which mainly depends on a rep-
resentative dimension of solid-fluid contact, and the
speed of the solid. For the SES, the solid dimension D, is
taken as the dimension of the head, that is, 0.2m, and
with V between 1 and 3ms ™ '. The Reynolds number can
then be computed as

pVD

R= h~4x10° 9)
i3

with p = 1000kgm™ as the water density (rough ap-
proximation of the depth-dependent density of ocean
water that is denser) and u = 1cP is the water viscosity.
For Reynolds numbers higher than 16000, a fully de-
veloped turbulent flow field is generated around the
hydrophone, since the pressure fluctuations in the sur-
rounding fluid are in direct contact with the active area
of the hydrophone. As shown in specialized literature
(Tennekes and Lumley 1972; Van Dyke 1982), for fre-
quencies in the inertial subrange, the energy spectrum of
turbulence is expected to scale with frequency as f 7,
which is equivalent to a spectral slope of —17 dB decade ™.
To fully validate the hypothesis of a turbulent flow-
generated noise, a comparison of the averaged spectra
slope during active swimming phases and the theoretical
slope of a chaotic flow noise, following a frequency de-
crease in f >3, was performed over the band frequency
ranging from 10 to 1000 Hz. A Pearson correlation of r =
0.86 (P < 0.0001) was found and then showed good
agreement with turbulent self-noise. The effect of flow
turbulence on the acoustic recordings has already been
studied in previous studies. Barclay and Buckingham
(2013) proposed a postprocessing method to remove
from the computation of spatial coherence the contri-
butions of pseudosound, while Burgess et al. (1998)
showed that flow noise could be used as a proxy for the
hydrophone carrier speed.

As SES speed and acceleration are highly reduced
during drift phases (a strong negative correlation co-
efficient between drift phases and V, r = —0.95, P <
0.0001), the self-noise due to pressure fluctuations
around the hydrophone is also reduced (Burgess et al.
1998). This tendency has already been documented in
different moving hydrophone situations, like with ver-
tical profilers (Barclay and Buckingham 2013). These
drift phases then provide clean experimental conditions
for acoustic analysis, with a domination of environment-
related acoustic events over SES variables.
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The SES depth d was seen to have much minor effects on
the measured spectra, with regression coefficients inferior
to 0.4 (P < 0.0001) over the different acoustic descriptors.
This result can be explained easily. Indeed, the SES ex-
planatory variables impacting the spectra are directly
linked to the SES, and so independent from its depth. Also,
our main explanatory variable for the environment, the
wind speed, is assumed to be a uniformly distributed sur-
face sound source, with an underwater propagation that is
at near-vertical angle, as for most geophysical sound
sources (wind/rain/drizzle). Refraction by the sound speed
profile of the associated acoustic energy is then negligible,
and is consequently independent of depth if absorption is
neglected. In our data, absorption effects were not signifi-
cant in comparison to the other explanatory variables of
SES speed and wind speed. This property of depth in-
dependence has also been studied by Barclay and
Buckingham (2013), validating experimentally Cron and
Sherman’s (1962) theory that predicts a constant (vertical)
directional density function for wind-driven sources.

Our results from the marine soundscape part will be the
focus now. To capture a marine soundscape, a full non-
corrupted measured spectrum (typically from 10 to
10000 Hz) is needed. According to our correlation anal-
ysis, the most corrupted frequency bands are below
1kHz, with major contributions from V. This ensures us
that for low V values, corruption from nonenvironmental
sources should be canceled out for these SPL responses.
Following this idea, we performed a measure of our
marine soundscape using only on the Sth percentile
values of the SES speed and acceleration (see Fig. 4),
referring to these dives as extreme drifts, when the SES is
very slow. These V values range from 0.2 to 0.6ms ™' and
induce variations strictly inferior to 5 dB in the SPL(0.05)
(from Fig. 5), which are negligible regarding SPL varia-
tions in the same frequency band from classical acoustic
sources present in a marine soundscape [e.g., Tsang-Hin-
Sun et al. (2015) reported, for the same geographical area,
daily variations in the sound pressure level in the order of
20dB at 10Hz and 15dB at 50 Hz, which are associated
with tectonic and shipping noise, respectively]. The
spectrum shape obtained during these drift phases is quite
similar from standard deep-ocean ambient noise spectra.
The deep-water Atlantic curve falls off rapidly from its
highest level at 50 Hz at a rate of about —8 dB per octave.
It is flat from 200 to 400 Hz and then assumes a slope
of —4dB to 1000 Hz (Perrone 1969; Marshall 2005). Our
spectrum shape can also be well approximated by the
standard Knudsen—Alford-Emling curves, which are
straight lines of constant negative slope of 5 dB per octave
over the full frequency range (Knudsen et al. 1948).
Considering the median levels of our averaged spectrum,
in the Kerguelen Islands region, they were the same order
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of magnitude as those recently reported in the Indian
Ocean by Tsang-Hin-Sun et al. (2015). For example, our
SPLs ranged generally from 65 to 75dB ref 1 uPa®Hz !
in the frequency band [50-100] Hz, whereas levels across
the sites studied in Tsang-Hin-Sun et al. (2015) have been
reported to be 75-85 dB ref and 65-70dB ref 1 uPa® Hz "
(with the hydrophone WKER1, moored at 500 m below
the sea surface) at 50 and 100 Hz, respectively. These
levels are quite coherent with a measure done above the
sound fixing and ranging (SOFAR) channel.

Regarding the measurement of wind speed, studies in
acoustical meteorology (Vagle et al. 1990; Nystuen and
Selsor 1997; Ma and Nystuen 2005; Pensieri et al. 2015)
have shown that surface wind speed impacts the linearly
ocean ambient noise level in such a way that relatively
simple computational approaches (typically a constant
threshold set to a one-third octave subband-averaged
SPL) are sufficient to predict wind speed from un-
derwater acoustics. Selecting the proper frequency
bands is often the critical issue in such studies. It is
known that SPL spectra associated with wind result from
resonant acoustic radiation from bubbles generated by
breaking waves (Medwin and Beaky 1989). The pop-
ulation size distribution of the bubbles defines the shape
of the SPL spectra, and this shape of distribution is in-
variant with wind speed. However, as wind speed in-
creases, the total bubble concentration increases
because the fractional area coverage of breaking waves
increases. The increase in bubble concentration leads
to a concomitant increase in the SPL across all fre-
quencies. This uniform increase as a function of fre-
quency allows the SPL at a single frequency to be used to
estimate wind speed. For example, the wind speed al-
gorithm Wind Observations Through Ambient Noise
(WOTAN) from Vagle et al. (1990) is based on the SPL
at 8kHz. More recently, Cauchy et al. (2015) applied the
WOTAN algorithm to acoustic passive recordings from
an underwater glider, with an error of 2ms™! in wind
speed estimates. In this paper, we first observed a uni-
form increase of sound levels with an increasing wind
speed over a range of approximately 15 dB (from Fig. 7)
that was observed in other studies for similar wind speed
values (e.g., Pensieri et al. 2015). We also tested the use
of different regression models to predict the wind speed
from the acoustic descriptors detailed in Table 4. Our
simplest model consists of a linear regression using the
acoustic feature SPL(4) as predictor, in a very similar
way as the WOTAN algorithm. The classification per-
formance of this simple model was satisfactory, with an
accuracy of 2.1ms™! that validates the possibility of
predicting wind speed from our spectra using similar
methods as those found in literature (although the 8-kHz
sample frequency could not be used in our study due to
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technological limitations). Our numerical experiments
also tested more complex models, such as a multiple linear
regression model, using PCA-based acoustic features as
predictors and a multiple nonlinear regression model.
Using a higher number of acoustic predictors and non-
linear fitting models did not induce significant perfor-
mance enhancement, leading to the conclusion that the
SES passive acoustic recordings do not increase the pro-
cessing complexity in the task of extracting wind speed
information from a measured spectra.

Another interesting finding of our study is that wind
speed estimation can be performed quite independently
of SES diving behavior. Indeed, the error estimations
between the drift and active swimming phases do not
show discrepancies statistically significant, with average
errors of ey = 1.9 = 02ms 'and ey = 2.7 = 03ms ™!
for the multilinear regression model. This result can be
explained as follows. Noise spectra for hydrophones in
the deep ocean show little dependence on wind at fre-
quencies below 400Hz (Piggott 1964). Most “meteo
bands” used in studies are between 2 and 10 kHz, which
fit well with the frequency subbands identified in our
study to extract wind speeds. This result shows great
promise in using SES as an acoustic glider for wind speed
estimation. Because so few passive drift dives are per-
formed daily (Dragon et al. 2012), wind speed measures
would become difficult to assess at a fine temporal scale
using only these dives. In contrast, our ability to measure
wind speed accurately over all dive phases provides a
high-frequency time series, with SES performing ap-
proximately 60-70 dives daily (Dragon et al. 2012).

5. Conclusions

Measuring and interpreting marine soundscape re-
quire passive acoustic recordings that are free from
nonenvironmental noise. This current study explored
the possibility of measuring soundscape with record-
ings from biologged southern elephant seals (SES).
This technological approach offers valuable advan-
tages, such as a high temporal resolution in acoustic
measurements (in comparison to satellite-based mea-
sures). Also, SES allow the exploration of regions that
are inaccessible to other technologies (e.g., underwater
gliders). Indeed, the strong east-west current speeds
and the rough sea state in the Southern Ocean make the
use of regular gliders very complicated, while these
harsh environmental conditions are not a problem
for SES.

In this study, a multivariate multiple linear regression
framework was essentially used to discriminate the
acoustic contributions between the processes related to
SES and the ocean environment. Our results showed
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that with passive acoustic recordings from a tagged free-
ranging SES, minimal sound corruption from the SES
could be obtained during extreme drift phases, allowing
for the analysis of marine soundscape. Also, in fre-
quency bands higher than 2.5 kHz, wind speed could be
estimated using simple classification approaches (such
as linear regression models), independently from the
SES biological processes.

Future studies should use a more complete recording
dataset, including additional environmental (e.g., rain,
current, aquatic seisms), anthropological (e.g., ship
traffic), and biological (e.g., whale vocalizations) vari-
ables that were not significantly present in our current
dataset. This will be needed to fully validate our system
as an operational measuring system to measure marine
soundscape and to explain its characteristics with a full
set of acoustic sources. Also, the ability to associate
mobile acoustic data with estimates of surface weather
conditions allows for a novel approach to studying
air—sea interactions, which will need to be tested at a
larger scale, that is, using different types of mobile
platforms (e.g., gliders, profiling floats), in different
ocean environments.
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APPENDIX A

Influence of Depth on the Acoustic Features

Figure A1l shows the effect of depth on the SPL de-
scriptors. We computed the differences between the SPLs
above 100m and at successive depths down to 800m,
averaged over 200 descending dives of the SES. We made
the assumption that during the duration of these dives, the
ocean ambient noise does not vary significantly. We can
observe that the two lowest-frequency SPLs, SPL(0.05)
and SPL(0.5), vary accordingly with the SES swimming
speed V (represented by the black dashed curve) rather
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than with depth, and remain nearly parallel from one APPENDIX B

depth measure point to another. On the contrary, the two

highest-frequency SPLs, SPL(3.2) and SPL(4), have a  pajrwise Correlation and Scattering Plot of Variables
lower decreasing rate that seems to be more decorrelated

to V and could traduce some attenuation effects due to The pairwise correlation between the acoustic, SES,
absorption or geometrical dispersion. Overall, depth in- and environmental features was performed using stan-
duces some minor acoustic modifications that remain dardized values. Resulting correlation coefficients are
globally inferior to 2 dB above 500 m. provided in Fig. B1 along with scattering plots. Strong
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FIG. B1. Scattering plots and pairwise correlations between acoustic variables and SES and environment variables, using standardized
values. Pearson correlation coefficients higher than 0.4, and with a P value below 0.001 (red).
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correlation relations appear between specific parame-
ters, such as SES speed with SPL(0.05), SPL(0.2), and
SPL(0.5) (r > 0.9, P < 0.001), and wind speed with
SPL(3.7) and SPL(4) (r of 0.59 and 0.67 with P < 0.001,
respectively). Other variables, such as SES depth and
acceleration, did not show significant correlation with
any acoustic features, with coefficients remaining below
0.2 (P < 0.001). An analysis of pairwise correlations
between SES and environment variables also informed
us that they were relatively low (r < 0.2, with an average
P value < 0.001). Also, we can observe that globally
SPL descriptors explain better data variability than SS
descriptors.
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Abstract

Understanding the diving behaviour of diving predators in relation to concomitant prey distri-
bution could have major practical applications in conservation biology by allowing the
assessment of how changes in fine scale prey distribution impact foraging efficiency and
ultimately population dynamics. The southern elephant seal (Mirounga leonina, hereafter
SES), the largest phocid, is a major predator of the southern ocean feeding on myctophids
and cephalopods. Because of its large size it can carry bio-loggers with minimal disturbance.
Moreover, it has great diving abilities and a wide foraging habitat. Thus, the SES is a well
suited model species to study predator diving behaviour and the distribution of ecologically
important prey species in the Southern Ocean. In this study, we examined how SESs adjust
their diving behaviour and horizontal movements in response to fine scale prey encounter
densities using high resolution accelerometers, magnetometers, pressure sensors and
GPS loggers. When high prey encounter rates were encountered, animals responded by (1)
diving and returning to the surface with steeper angles, reducing the duration of transit dive
phases (thus improving dive efficiency), and (2) exhibiting more horizontally and vertically
sinuous bottom phases. In these cases, the distance travelled horizontally at the surface
was reduced. This behaviour is likely to counteract horizontal displacement from water cur-
rents, as they try to remain within favourable prey patches. The prey encounter rate at the
bottom of dives decreased with increasing diving depth, suggesting a combined effect of
decreased accessibility and prey density with increasing depth. Prey encounter rate also
decreased when the bottom phases of dives were spread across larger vertical extents of
the water column. This result suggests that the vertical aggregation of prey can regulate
prey density, and as a consequence impact the foraging success of SESs. To our knowl-
edge, this is one of only a handful of studies showing how the vertical distributions and struc-
ture of prey fields influence the prey encounter rates of a diving predator.
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Introduction

Foraging behaviour and more specifically, foraging success, is critical to the growth, reproduc-
tion and survival of animals and is therefore subject to natural selection [1]. As a result, forag-
ing behaviour is expected to be optimized so that net energy gains are maximized for a given
level of time and energy spent foraging [2-4]. While foraging at sea, diving predators are cen-
tral place foragers from the ocean’s surface, where they need to come back to breathe between
dives required to reach their prey at depth [5,6]. Under such constraints, the efficient diving
behaviour of a predator is presumably the key to the optimization of their energy balance.

As the movements of free-ranging animals reflect how they interact with their physical and
biological environment, spatial patterns in their trajectories provide a basis from which to
understand foraging behaviour as well as gain insights on prey distribution and accessibility
[6,7]. Recent technological advances in miniaturised electronic devices have enabled the detec-
tion of foraging events and the description of diving behaviour over very fine scales. Indeed,
tri-axial jaw-mounted [8-10] or head-mounted [11,12] accelerometers has been successfully
used to detect Prey Encounter Events (PEE hereafter) in several diving species of pinniped.
Pitch angle, derived from three-dimensional acceleration data, provides spatial information on
the vertical movements which cannot be obtained from time-depth dive profiles. As such,
pitch angle can be helpful in addition to dive profiles for interpreting the diving behaviour of
diving predators [13,14]. Three-dimensional magnetometry allows the computation of head-
ing angle which, similarly to pitch angle according to vertical movement, complements time-
depth data with information on horizontal movements. In this study, the spatial information
obtained from pressure, accelerometer and magnetometer data are used to quantitatively
assess how changes in vertical and horizontal diving behaviours relate to prey encounter rate.

Without acceleration data, accurate feeding indices are often difficult to obtain. A large
number of studies use changes in surface GPS track patterns [15-18] or diving behaviour [19-
22] as foraging indices. In various predator species, resource acquisition has been linked to a
type of behaviour called area-restricted search (ARS) [23]. In a patchy environment, such as
the open ocean, an animal will intensify its foraging in response to an increase in prey density
[17]. Therefore, ARS is characterized by a decrease in displacement speed and an increase in
track sinuosity in areas of putative prey aggregation [23,24].

Similarly, according to the vertical dimension, diving seabirds, marine mammals and leath-
erback turtles are expected to adjust their diving behaviour according to the quality and depth
of the targeted prey patch [25-27]. A number of species, such as penguins and pinnipeds, per-
form behavioural adjustments in relation to prey density, such that they modulate the duration
of the bottom phase of a dive [28-31]. The bottom phase of a dive has been validated as the
time when most feeding occurs in several species including Antarctic fur seals (Arctocephalus
gazella) [32,33], northern elephant seals (Mirounga angustirostris) [34], grey seals (Halichoerus
grypus) [35], Magellanic penguins (Spheniscus magellanicus) [36], Weddell seals (Leptonychotes
weddellii) [37] and leatherback turtles (Dermochelys coriacea) [38]. King penguins and maca-
roni penguins perform behavioural adjustments during the descent and ascent phases of their
dives in relation to prey encounter rates during the previous dive [39,40], as predicted by
Thompson and Fedak ([25]). Similarly, elephant seals increase their dive angles on putative
foraging dives [14,41]. These adjustments take place mainly through changes in body angle,
rather than through a change in swimming speed [40,42,43]. However, there is a lack of studies
investigating quantitatively the mechanisms explaining how changes in diving behaviour
(such as pitch angle adjustments during descent and ascent phases or pitch and heading vari-
ability during bottom phase) in response to prey encounter rate may impact the horizontal
speed of the animal track at surface. Indeed, in most studies relating dive behaviour to
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horizontal speed measured from surface locations, no acceleration data were available and
analyses were conducted on pressure-only dive metrics.

Living in the Southern Ocean, female Southern Elephants Seals (SES hereafter) with their
large size and their great diving abilities are well suited for studying foraging behaviour, as
using bio-logging tools causes minimal disturbance. SES spend 10 months a year at sea, cover-
ing thousands of kilometres during foraging trips and 90% of which is spend diving [44]. An
average dive lasts between 20 and 30 minutes, at a depth ranging generally between 300-500
m, punctuated by surface periods of 2-3 minutes [45]. As for many diving predators, SES for-
age mostly at the bottom of their dives [6,11,46].

Female SES feed mainly on myctophids and cephalopods [47], both ecologically important
groups of species within the Southern Ocean [48-51]. Because of its overall abundance and
individual body mass, the SES is a major consumer of Southern Ocean marine resources
[52,53]. As such, understanding better the foraging behaviour of data rich species such as SES
[54] could provide valuable insight toward the biology and distribution of these important
groups of species which are otherwise difficult to sample [55]. Prey abundance and density
within the water column are likely to be key factors in the foraging success of these predators.
As such, understanding the diving behaviour of SES in response to prey density could help to
predict how changes in prey distribution may impact predator populations.

In this study, we examine (1) how diving behavior relates to prey encounter rates during
the bottom phase of a dive, (2) the repercussions of these relationships on the travel transit rate
of SESs and (3) their diving efficiency.

o To achieve (1), we used two metrics of diving behaviour describing (i) the vertical location of
foraging activity through the water column (such as the depth of the bottom phase and its
vertical extent through the water column) and (ii) fine-scale indicators of active foraging
search (such as directional changes in pitch and heading angles). Then, we addressed a series
of two sub-objectives. First, quantitatively measure the behavioural response of SES to
changes in a proxy of prey density (prey encounter rate). Second, assess how this proxy
relates to the vertical foraging location in the water column for a given level of active foraging
search as it could help to predict how prey distribution may impact SES population in the
future.

Horizontal speed, mea