N
N

N

Transition évolutive vers la vie marine chez les vertébrés

HAL

open science

a respiration aérienne

Francois Brischoux

» To cite this version:

Frangois Brischoux. Transition évolutive vers la vie marine chez les vertébrés a respiration aérienne.

Sciences de I’environnement. Université de La Rochelle, 2014. tel-01085336

HAL Id: tel-01085336
https://hal.science/tel-01085336

Submitted on 21 Nov 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/tel-01085336
https://hal.archives-ouvertes.fr

Université de La Rochelle

Rapport de travaux de recherches présenté par

Francois Brischoux

En vue de I'obtention de

I"'Habilitation a Diriger des Recherches

Transition évolutive vers la vie marine chez les vertébrés a
respiration aérienne

Soutenue au Centre d’Etudes Biologiques de Chizé (UMR7372 CNRS-ULR) le 21
Octobre 2014 devant le jury composé de :

Yann Voituron Université de Lyon Rapporteur
Manuel Massot Université Pierre et Marie Curie Rapporteur
Christophe Barbraud =~ CEBC-Université de La Rochelle Rapporteur
Yan Ropert-Coudert IPHC-Université de Strasbourg  Examinateur
Paco Bustamante Université de La Rochelle Examinateur



Sommaire

I. Présentation du projet de recherche

1. Cadre général : les transitions évolutives
2. Les transitions "retour"
3. La transition vers la vie marine chez les vertébrés a respiration aérienne
4. Projet de recherche
4.1. Originalité du modele
4.2. Hypothése centrale
II. Osmorégulation et transition vers la vie marine chez les tétrapodes

1. Résumé des travaux
2. Articles
2.1. Perspectives on the convergent evolution of tetrapod salt glands

2.2. Hypernatremia in Dice snakes (Natrix tessellata) from a coastal
population: Implications for osmoregulation in marine snake
prototypes

2.3. Variations of natremia in sea kraits (Laticauda spp.) kept in seawater
and fresh water

2.4. Dehydration and drinking responses in a pelagic sea snake

2.5. Pelagic sea snakes dehydrate at sea
2.6. Effects of oceanic salinity on body condition in sea snakes

2.7. Behavioral and physiological correlates of the geographic
distributions of amphibious sea kraits (Laticauda spp.)
2.8. Salinity influences the distribution of marine snakes: implications for
evolutionary transitions to marine life
2.9. Marine lifestyle is associated with higher baseline corticosterone
levels in birds
II1. Curriculum Vitae

IV. Liste compléte des publications

V. Liste des travaux présentés lors de colloques et de séminaires

VI. Encadrement d’étudiants
1. Theses
2. Masters et Licences

VII. Références citées

O O U1 = W W

11
13
13
18
19
31

36

41
49
54
64

68

78

86
86
89
91
91
91
92



I. Présentation du projet de recherche

1. Cadre général : les transitions évolutives

L’histoire évolutive des organismes est ponctuée de grandes étapes. Ce constat a
notamment inspiré la théorie des équilibres ponctués, évoquée par Darwin (1859), et
formalisée par Eldrege et Gould (1972). Selon cette théorie, 'émergence rapide d’un
trait nouveau offrirait parfois a une lignée un avantage adaptatif déterminant dans
un contexte sélectif particulier (Schluter 2000). Cet avantage, a condition d’étre
soumis aux processus de sélection, permettrait I’émergence trés rapide de nouveaux
traits associés a l'utilisation de nouvelles niches écologiques. Il serait a la base de
I'apparition de nouvelles espéces adaptées a des milieux, ou a l'exploitation de
ressources, particuliers. Ces transitions évolutives seraient ainsi suivies de radiations
adaptatives explosives (Schluter 2000). A l'appui de cette vision par grandes étapes
de I'histoire évolutive des organismes, la succession des especes se caractérise a la
fois par une apparition abrupte dans le registre fossile et par une grande stabilité
suite a leur apparition.

Ces transitions concernent tous les niveaux d’intégration. Par exemple, a 1'échelle
cellulaire, l'hypothése de I'endosymbiose pour expliquer I'existence des
mitochondries et chloroplastes est basée sur un processus relativement brutal : la
capture de bactéries par d’autres organismes au cours d’une étape majeure (Margulis
1970). A plus grande échelle, I'acquisition de la vascularisation par les végétaux a été
un tournant capital dans la diversification du régne végétal, notamment pour la
conquéte des milieux terrestres (Raven 1993). Dans le méme ordre d’idée, les
transitions vers la viviparité ou l'endothermie ont fagconné I'histoire évolutive des
vertébrés (Shine 1995, Farmer 2000).

Un défi majeur est d’identifier a la fois les moteurs évolutifs (causes) et les
mécanismes proximaux sous-jacents. Par exemple, dans le cadre de I'apparition de
I'endothermie chez les vertébrés (indépendamment chez les oiseaux et les
mammiféres), un avantage en terme de qualité des conditions de développement
embryonnaire aurait favorisé I'émergence d’'un maintien de température corporelle
optimale, élevée et stable (Farmer 2000). Les mécanismes physiologiques de
production endogene de chaleur auraient par exemple été sélectionnés. Dans ce
cadre, une approche comparative de formes ectothermes et endothermes offre la
possibilité d’identifier les mécanismes mis en place pour générer et maintenir cette
température corporelle élevée et stable (thermogénese). Par ailleurs, cette hypothese
suppose que si les anatomies et physiologies respectives des oiseaux et des
mammiferes se ressemblent plus que ce qui pouvait étre attendu par hasard, c’est
I'avantage reproducteur lié a 'endothermie qui aurait canalisé tout le cortége de
traits morpho-fonctionnels dans la méme direction dans deux groupes zoologiques
distincts (Farmer 2000).



2. Les transitions "retour"

Parmi ces grandes étapes qui jalonnent I'histoire des organismes, certaines
transitions revétent un intérét tres particulier : ce sont des transitions inverses ou
retour. Il s’agit de situations ou les organismes retournent vers des étapes
écologiques par lesquelles leurs ancétres sont déja passés, par exemple retour vers un
milieu abandonné au cours de I'évolution (Figure 1). Si les organismes reviennent
vers une position écologique ancestrale, ils ne s’y réadaptent toutefois pas dans leurs
conditions d’origine. L’histoire évolutive qui les a faconnés ne leur permet d’y
revenir que de maniéere analogue (Figure 1).

Habitat 1

Espece A
trait a

transition

Habitat 2

Espéece B

trait a

Figure 1. Exemple de transition
évolutive retour. Ici, une espéce
ancestrale a colonisé un nouvel habitat
(habitat 2). Ce nouvel habitat a travers

de nouvelles pressions de sélections a
favorisé certains traits. Un retour dans
le milieu ancestral (habitat 1)
s’accompagne de nouvelles
adaptations. Si les especes A et D sont
dans une situation homologue (méme
habitat), leurs adaptations sont bien
différentes (analogues). La taille des
caractéres caractérisant chaque trait
reflete la sélection (ou contre-sélection)
de ce trait hypothétique dans les deux
habitats.
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Ces situations tres particulieres offrent, comme pour des transitions plus "classiques",
la possibilité d’identifier les causes et les mécanismes qui accompagnent de telles
étapes. Mais, l'avantage conceptuel clé de l'étude de ces situations réside dans
I'homologie des pressions ancestrales et actuelles. Les mémes causes écologiques
produisent-elles les mémes phénomenes adaptatifs? 11 est donc possible de
comprendre comment des adaptations antérieures contraignent la marge de
manceuvre évolutive des organismes. En conséquence, ces situations permettent de
mieux comprendre la diversité de réponses évolutives a des contraintes similaires.

Par exemple, certaines études suggerent que les ancétres des crocodiliens actuels
étaient des reptiles endothermes tres actifs (voir Seymour et al. 2004). L’alternance
sur une échelle de temps évolutive des modes métaboliques ectotherme-endotherme-
ectotherme (transition retour) expliquerait I'existence chez cette lignée de vertébrés
ectothermes de parametres morpho-fonctionnels typiques des especes endothermes a
activité élevée (cceur cloisonné, pression sanguine élevée, architecture pulmonaire
complexe, diaphragme musculaire, os fibrolamellaires, soins maternels post-nataux ;
Seymour et al. 2004). Cette transition retour, et le passage par un mode métabolique
différent (endothermie) a profondément faconné les crocodiliens actuels : leurs



adaptations morpho-fonctionnelles sont effectivement différentes de celles présentes
chez les autres vertébrés ectothermes (Grigg & Gans 1993, Seymour et al. 2004).

3. La transition vers la vie marine chez les vertébrés a respiration aérienne

Quel que soit le type d’organisme examiné, certaines transitions offrent la possibilité
d’examiner a la fois différents niveaux d’intégration. C’est typiquement le cas des
grandes transitions entre habitats, qui integrent un vaste cortege d’adaptations
morpho-fonctionnelles et qui concernent tous les aspects de la physiologie,
morphologie ou comportement des organismes. Cette situation offre un substrat trés
fertile a des investigations en écophysiologie évolutive (Mazin & de Buffrénil 1996).

J'ai choisi de proposer un projet de recherche qui repose précisément sur une grande
transition entre habitats : la transition retour depuis le milieu terrestre vers le milieu
marin (Mazin & de Buffrénil 1996).

Cette transition présente quatre caractéristiques cruciales. Tout d’abord, il s’agit
d’une des grandes transitions-retour, cette recolonisation du milieu aquatique suit la
colonisation des milieux terrestres par les formes ancestrales aquatiques des
organismes terrestres actuels (Mazin & de Buffrénil 1996). Ensuite, il s’agit d'une
transition évolutive tres largement représentée : elle concerne un nombre important
d’organismes vivants appartenant a des phylums trés différents comme les plantes
phanérogames, les mollusques, les arthropodes, ou les vertébrés tétrapodes (Vermeij
& Dudley 2000, Figure 2). Le moteur évolutif a 1'origine de cette transition pourrait
étre a chaque fois l'acquisition de la ressource alimentaire dans un nouveau milieu.
Enfin, cette transition entre milieux est intégratrice dans le sens ou elle incorpore un
cortege  d’adaptations = morpho-fonctionnelles  (morphologie,  physiologie,
comportement) qui permettent aux organismes de faire face aux contraintes d’un
nouveau milieu radicalement différent du dernier milieu d’origine.

Figure 2. Quelques exemples
d’especes ayant entrepris cette
transition-retour typique vers la vie
marine (posidonie, acarien marin,
manchots, tortue).




Parmi les grands groupes d’organismes qui ont effectué cette transition-retour, les
vertébrés semblent étre les mieux représentés (Vermeij & Dudley 2000, Figure 3). En
comparaison aux autres groupes (plantes phanérogames et arthropodes
principalement), les vertébrés présentent en effet a la fois le plus grands nombre de
transitions indépendantes vers ce nouveau milieu mais aussi le plus grand nombre
d’especes utilisant le milieu marin actuellement (Vermeij & Dudley 2000). C’est sur
ce groupe particulier que j'ai décidé de focaliser mon programme de recherche.

Les caractéristiques physico-chimiques du milieu marin sont tres contrastées par
rapport a celles du milieu terrestre. Ces différences se déclinent principalement
autour de deux grands parametres : la densité et la composition chimique. Elles
imposent des pressions de sélections différentes aux organismes. En conséquence, la
transition du milieu terrestre vers le milieu marin entraine une série de modifications
importantes des traits d’histoire de vie (Mazin & de Buffrénil 1996). Tout d’abord, il
est remarquable de constater que les vertébrés qui sont retournés vers la vie
aquatique ont conservé un mode de respiration aérienne. Ce fait illustre a quel point
les transitions retours ne correspondent pas a des phénomenes d’évolution inverse
(e.g., ré-acquisition d'une respiration branchiale). D’autres traits sont plus
malléables, c’est le cas de nombreux comportements et de la morphologie
notamment. C'est précisément sur 1'équilibre entre des contraintes de parametres
physiologiques relativement rigides et les solutions éco-physiologiques plus
plastiques que se concentre mon projet de recherches.

Figure 3. Cette figure illustre les
relations phylogénétiques
(simplifiées) tres disparates entre
lignées de vertébrés marins a
respiration aérienne. Tous ces
groupes présentent aussi des
homologues terrestres.

Les vertébrés marins a respiration aérienne présentent en effet des séries
d’adaptations spécifiques a la vie marine (Boyd 1997, Kooyman 1989). Par exemple,
le milieu marin exerce des pressions sur des attributs tels que la capacité a se
mouvoir efficacement sous I'eau (et donc de poursuivre et de capturer des proies), de
rester immergé pendant de longues périodes sans revenir a la surface pour respirer
(et donc d’augmenter le temps passé en contact avec des proies) et de plonger a des
profondeurs considérables (et donc d’augmenter la dimension de I'espace de chasse,
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Kooyman 1989). Les caractéristiques morphologiques, physiologiques et
comportementales qui facilitent de telles taches sont profondément différentes de
celles des organismes terrestres.

Par conséquent, les lignées de vertébrés qui ont entrepris d’exploiter le milieu marin
fournissent des exemples frappants d’adaptation a la vie marine (Boyd 1997,
Kooyman 1989, Butler & Jones 1997). Les informations disponibles sur certains
groupes (oiseaux et mammiferes principalement, Brischoux et al. 2008) montrent, que
comparés a leurs homologues terrestres, ces animaux sont capables de stocker de
grandes quantités d’oxygene, de réduire leur consommation d’oxygene lorsqu’ils
plongent et de réduire leur susceptibilité aux pressions hydrostatiques (Butler &
Jones 1997). Associées a ces adaptations a la plongée et donc a une acquisition
efficace de la ressource alimentaire, ces animaux présentent aussi une morphologie
hydrodynamique optimale, des membres modifiés en palettes natatoires (Fish 1998),

et des structures excrétrices particuliéres pour maintenir leur balance hydrominérale
(Schmidt-Nielsen 1998).

Les données paléontologiques ont permis de découvrir l'existence des transitions
évolutives. Associées aux données génétiques, elles offrent toujours un substrat
extrémement riche pour comprendre les successions de formes qui ont permis
I'invasion de nouveaux milieux. Par exemple, les vertébrés marins actuels tels que
les pinnipedes, les sphéniscidés et les cétacés partagent des caractéristiques distinctes
telles qu'une morphologie hydrodynamique (fusiforme) et des membres transformés
en palettes natatoires (Fish 2001). Ces formes aquatiques sont le résultat d"une série
d’étapes intermédiaires partant de la morphologie ancestrale de quadrupedes
terrestres (Fish 1992). La présence dans le registre fossile de ces étapes
intermédiaires permet de reconstruire les grandes étapes évolutives qui jalonnent les
arbres phylogénétiques (Fish 1992).

Mais il manque de nombreux segments de I'histoire de ces transitions, en particulier
ceux qui ne s'impriment pas, ou tres mal dans le registre fossile. Typiquement, la
physiologie, le comportement ou méme 1'écologie des formes intermédiaires clés
restent tres difficile a appréhender. Il est alors trés ardu de comprendre non
seulement les ajustements fins et graduels qui ont conduit aux formes actuelles ; mais
surtout il est presque impossible d’identifier les pressions de sélections initiales et les
traits essentiels qui ont permis aux organismes de coloniser de nouveaux milieux.

Une autre approche consiste a comparer des especes actuelles utilisant des milieux
contrastés. Par exemple, il est possible de comparer directement des mammiferes ou
des oiseaux marins a leurs homologues terrestres. Ce type d’investigation a permis
de mettre en évidence des contrastes majeurs au niveau de la physiologie des espéces
utilisant différents milieux (voir ci-dessus). Comparer des organismes différents
ayant entrepris une transition similaire offre la possibilité d’identifier des
convergences ou des divergences entre lignées différentes en réponse a des
contraintes écologiques similaires (Figure 3). Toutefois, de telles comparaisons sont
par nature limitées aux éléments actuels de continuums évolutifs généralement en
grande partie constitués d’especes éteintes. Les formes intermédiaires des



mammiferes marins et des oiseaux marins ont par exemple toutes disparues, les
aspects dynamiques des processus impliqués restent effacés a jamais.

De telles limites brouillent forcement l'image que l'ont peut construire de ces
processus évolutifs, d’autant plus que les comparaisons disponibles sont souvent
limitées a quelques lignées relativement restreintes, ce qui géne considérablement les
possibilités de généralisation. Par exemple, I'étude des relations liant les capacités de
plongée (duré maximum d’apnée) a la masse corporelle a permis d’identifier une
relation allométrique forte entre ces deux parametres, et ce chez des organismes aussi
différents que les oiseaux, les mammiferes et les tortues (Schreer and Kovacs 1997,
Halsey et al. 2006a,b). En conséquence, la masse corporelle a méme été proposée
comme un des déterminants évolutifs clés des capacités de plongée et donc de
I'évolution vers la vie marine (Halsey et al. 2006a,b). Mais en étudiant d’autres
groupes zoologiques, principalement des vertébrés ectothermes aquatiques
(crocodiles, iguanes, serpents, tortues), il a été montré que cette relation n’était vraie
que chez les vertébrés endothermes, et que I'inclusion d"un échantillon relativement
important de vertébrés ectothermes a sérieusement bouleversé un paradigme qui
était trop étroitement basé sur les vertébrés endothermes (Brischoux et al. 2008).

En somme, comme souvent lorsque 'on s’intéresse a des processus ayant lieu a
’échelle des temps évolutifs, I"étude des transitions évolutives est particuliéerement
compliquée. Notre connaissance des processus évolutifs reste encore tres limitée
pour deux raisons majeures :

1. La premiere concerne les possibilités de généralisation des processus évolutifs
connus et potentiellement impliqués dans la transition retour vers la vie aquatique.
L’essentiel des connaissances acquises sur cette étape de I'évolution des vertébrés
concerne un groupe trés particulier de vertébrés endothermes, les oiseaux et les
mammiferes, et de facon plus limitée les tortues marines (Brischoux et al. 2008,
Ropert-Coudert et al. 2006). Cependant les modes métaboliques endothermes et
ectothermes sont extrémement contrastés, et les contraintes qui y sont associées bien
différentes (Pough 1980). Il reste tout a fait possible que la forte convergence
évolutive détectée entre oiseaux et mammiferes marins reste trés fortement liée a
I'endothermie qui impose une canalisation des traits de ces groupes d’origines
différentes (Farmer 2000).

On peut s’attendre a ce que des vertébrés marins a respiration aérienne ectothermes
aient suivi des chemins évolutifs différents de celui suivi par les endothermes.
Notamment, par rapport aux endothermes, on s’attend a ce que cette transition-
retour chez les ectothermes se soit développée a travers des processus
physiologiques trés économes en énergie. En outre, il est vraisemblable que les
différents phylums de vertébrés marins a respiration aérienne ectothermes aient suivi
des chemins évolutifs différents. Les données nécessaires pour examiner ces

questions ne sont pas disponibles pour 'instant (Brischoux et al. 2008).
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2. La deuxieme complication concerne la difficulté a reconstruire les chemins
évolutifs suivis par les différentes especes au cours du temps. L’absence de formes
intermédiaires ("chainons manquants") rend tres difficile la description et la
conceptualisation de la dynamique des mécanismes impliqués. Les différences
observées entre homologues terrestres et marins nous montrent sans doute une
partie des mécanismes par lesquels la transition a eu lieu. Mais il ne s’agit que d"une
comparaison entre deux extrémités d’un continuum. Typiquement, des ajustements
physiologiques, morphologiques et comportementaux fins et graduels, qui devraient
étre centraux et qu’il est de toutes les facons indispensable d’étudier pour
comprendre les causalités mises en jeu, restent tres difficiles a saisir. En "absence de
formes intermédiaires actuelles, les innovations initiales, point de départ des
adaptations successives a un nouveau mode de vie, nous restent inaccessibles.
L'accés a une gamme de formes intermédiaires (terrestres, semi-aquatiques,
marines...) dans une lignée phylogénique donnée entre milieu terrestre et marin
permettrait d’avoir acceés a une image beaucoup plus dynamique des mécanismes en
jeu.

L’'acces a des formes intermédiaires est indispensable pour appréhender les
ajustements fins et graduels qui ont accompagné les transitions évolutives (e.g.,
Brischoux & Shine 2011). Ces formes intermédiaires sont aussi indispensables pour
distinguer les différents mécanismes évolutifs sous-jacents. De telles formes
intermédiaires n’ont, & ma connaissance, jamais été utilisées dans le cadre
d’investigations de la transition du milieu terrestre au milieu marin.

Sur la base de ces deux constats, j'ai identifié un modele d’étude original (squamates)
qui offre la possibilité de nourrir a la fois des approches comparatives endothermes-
ectothermes mais aussi ectothermes-ectothermes. Plus important, ce modele offre
une gamme de formes intermédiaires tres étendue permettant d’aborder cette
transition évolutive d'un point de vue dynamique.

4. Projet de recherche
4.1. Originalité du modele

Au sein du groupe des vertébrés marins a respiration aérienne, il existe une lignée
ectotherme particuliérement bien représentée : les serpents. Sur les 3000 espéces de
serpents appartenant précisément au groupe des Caenophidia (“advanced snakes”,
ce qui exclue les especes primitives fouisseuses), environ 225 sont totalement
aquatiques et plus d'une centaine sont marines (Lillywhite et al. 2008, Figure 4). Cette
diversité dans une lignée phylogénique précise pour la transition retour vers la vie
aquatique est supérieure a ce qui existe chez les autres vertébrés.
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Figure 4. Cette figure illustre les transitions indépendantes multiples qui caractérisent le groupe des
serpents. Elle illustre aussi la quantité de formes intermédiaires auxquelles on peut avoir acces dans
le cadre de ce projet de recherche. Les nombres dans les colonnes indiquent le nombre approximatif
d’especes utilisant les différents milieux (probablement sous-estimé). Les fleches noires indiquent les
transitions d’'un milieu a l'autre, les nombres associés indiquent le nombre de transitions
indépendantes. Les fleches rouges indiquent de nouvelles transitions inverses. * l'espece de
Viperidae saumatre (Agkistrodon piscivorus) a été identifiée trés récemment comme un bon candidat
pour la reconstruction d’un scénario évolutif de transition vers la vie marine (Lillywhite et al. 2008). **
la famille des Acrochordidae pourrait éventuellement étre un modéle atypique dans le sens ott une
des hypotheéses actuelles évoque une forme ancestrale marine ayant donné naissance aux espéeces
marine, saumatre et d’eau douce actuelles (McDowell 1979).

Le modele serpents présente un cortéege de traits particuliers, il offre des
opportunités uniques d’aborder la transition entre milieu terrestre et milieu marin.

1. Les serpents ont effectué des transitions multiples et indépendantes vers tous les
types de milieux aquatiques: eau douce, eau saumatre, océan. De nombreuses
especes sont amphibies tandis que d’autres sont totalement pélagiques. Une telle
diversité, unique chez les vertébrés, permet d’accéder a des formes intermédiaires
sur le plan des modes de vie et de la physiologie (Figure 4).

2. Il existe une tres grande diversité biogéographique de cette transition puisqu’elle
concerne toutes les zones géographiques ou les serpents sont présents, c'est-a-dire
sur presque toutes les régions de la planéte.

3. Dans des unités phylogénétiques tres réduites, comme la famille ou le genre, il
existe des gradients d’adaptation au milieu aquatique. Par exemple, chez les
Elapidae, on trouve des especes terrestres, des espéces dulgaquicoles, des especes
de milieux saumatres, des especes marines amphibies et des espéces totalement
marines qui se sont totalement émancipées des liens qui les rattachaient au milieu
terrestre ancestral, hormis la respiration aérienne (Figure 4).

4. Enfin, certaine espéeces de serpents ont effectué de nouvelles transitions inverses.
Des especes marines ont entrepris une nouvelle transition-retour en s’éloignant des
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océans pour retourner vers les milieux saumatres et dulcaquicoles (Figure 4). Cette
opportunité, unique au sein du groupe des vertébrés, offre la possibilité d’examiner
une dimension supplémentaire dans le cadre de cette grande transition évolutive
entre milieux.

Outre ces caractéristiques cruciales, les serpents présentent une suite de traits qui en
font de tres bons modeles en écophysiologie évolutive (Shine & Bonnet 2000).

5. Ces animaux sont caractérisés par une morphologie relativement simple en
comparaison aux tétrapodes classiques (corps allongé, absence de membres, Gans
1975). Cette situation particuliére offre un cadre simplifié pour les mesures
biométriques. En conséquence, dans le cas de la transition évolutive vers la vie
marine, on retrouve des especes dont les morphologies sont extrémement
homogenes, facilitant les comparaisons entre homologues terrestres, aquatiques et
marins par exemple. Des déviations subtiles par rapport a cette architecture basale
étant tres facilement mises en relation avec l'habitat (Aubret & Shine 2008,
Brischoux et al. 2010, Brischoux & Shine 2011). Typiquement, il est possible de
s’émanciper des interactions souvent tres complexes qui lient les membres, leurs
morphologies mais aussi 1'architecture corporelle et son hydrodynamisme par
exemple (Fish 2001).

6. Les serpents en général offrent une gamme étendue de tailles corporelles a
I’échelle spécifique (variations interindividuelles entre adultes souvent supérieures
a 50%, parfois plus de 100%). 1l est donc possible d’accéder aisément aux relations
allométriques qui sont a la base de nombreuses analyses morpho-fonctionnelles.
Les variations allométriques intra-spécifiques sont souvent tres faibles chez
d’autres modeles a croissance déterminée dont la taille et la masse sont étroitement
canalisées (variations presque toujours inférieures a 10%). Classiquement, ce type
de contraintes impose d’approcher ces relations allométriques d'un point de vue
interspécifique, en injectant dans ce type d’analyses les biais inhérents aux
comparaisons d’entités phylogénétiquement disparates. Par exemple, dans le cadre
de la relation qui lie la masse corporelle aux capacités d’apnée, seule 'approche
interspécifique a pu étre entreprise a I'heure actuelle (Schreer & Kovacs 1997,
Halsey et al. 2006a,b, Brischoux et al. 2008). Cette limite pourra donc étre
transgressée a travers le travail proposé dans ce projet de recherche.

4.2. Hypothése centrale

Les transitions vers la vie marine chez les vertébrés a respiration aérienne semblent
liées a 'acquisition des ressources alimentaires. En fait, il s’agit méme d’un des seuls
points communs qui caractérisent oiseaux, mammifeéres, tortues, crocodiles, iguanes
ou serpents. Méme des formes intermédiaires amphibies qui maintiennent un lien
fort et obligatoire avec le milieu terrestre ancestral (pour la reproduction par
exemple) utilisent le milieu marin principalement pour acquérir leurs ressources
alimentaires.
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D’ailleurs, cette similitude suggere fortement que c’est 'acquisition de la ressource
alimentaire dans un nouveau milieu (vraisemblablement en occupant de nouvelles
niches, peut-étre moins compétitives) qui est le principal moteur évolutif de cette
transition.

Dans le cadre de mon projet de recherche, je définis cette transition comme
impliquant une utilisation obligatoire et intensive du milieu marin afin d'y acquérir
la ressource alimentaire. L’acquisition des ressources alimentaires doit étre
maximisée par la mise en place d’adaptations spécifiques permettant d’utiliser le
nouveau milieu de maniere efficace.

Méme si ce constat n’a jamais été formalisé a ma connaissance, il est clair qu'une des
caractéristiques de l'acquisition des ressources alimentaires dans le milieu marin par
des vertébrés a respiration aérienne implique des niveaux élevés d’activité sur des
périodes de temps longues. Ce type d’observation est corroboré par les durées de
voyages en mer (dédiés a l’alimentation) mesurées chez les oiseaux et les
mammifeéres marins par exemple (e.g., Bost et al. 2009), mais aussi par mes travaux
sur le comportement de plongée chez des serpents marins amphibies. Or les
vertébrés ectothermes en général, et les serpents en particuliers sont bel et bien
caractérisés par des faibles niveaux d’activité de chasse, ayant lieu sur des courtes
périodes de temps, et souvent soutenus par le métabolisme anaérobie (Pough 1980).

L’hypothese centrale de mon projet de recherche concerne donc la mise en place
d’adaptations spécifiques, permettant le maintien de niveaux d’activité de recherche
alimentaire intenses sur des périodes de temps longues. L’acquisition efficace des
ressources alimentaires permettant en retour d’entretenir ces adaptations spécifiques
cotiteuses, en limitant les cotits pour d’autres activités clés telles que la croissance, la
maintenance et la reproduction (Figure 5).

Figure 5. Illustration de I'hypothése centrale
de mon projet de recherche. La mise en place
d’adaptations spécifiques concernant

Activité Capture I'osmorégulation, la respiration et la
Recherche alimentaire locomotion vient supporter une activité de
recherche alimentaire intense sur des
périodes de temps longues au détriment
d’'une partie de I'énergie disponible.
N L’acquisition  efficace  des  ressources
- Osmorégulation Energie disponible alimentaires permettant en retour d’entretenir
ces adaptations spécifiques cotlteuses, en
. limitant les cotits pour d’autres activités clés
- Locomotion telles que la croissance, la maintenance et la
reproduction.

Proies

Assimilation

- Respiration

Reproduction Maintenance

Croissance
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J'ai décidé d’explorer cette hypothése en abordant les trois défis évolutifs auxquels
les organismes ont d faire face lors de la transition retour :

a) I'osmorégulation, et donc le maintien de 1’équilibre hydrominéral dans un milieu
hyperosmotique ;

b) la respiration permettant le maintien d"un métabolisme aérobie dans un milieu ou
"acquisition d’oxygene nécessite des retours réguliers a la surface ;

¢) la locomotion dans I'eau en étudiant les processus de la réduction des cotts liés a
une activité élevée pour progresser dans un milieu dense.

Chacun de ces volets de recherche se replace dans I'hypothese centrale de mon
projet. La diminution des cofits (recherche alimentaire) doit se faire a travers la mise
en place d’adaptations spécifiques permettant le maintien d"une activité élevée en
limitant les cotits pour d’autres fonctions clés telles que la reproduction, la croissance
ou la maintenance. Ceci est vrai pour les trois volets de recherche envisagés : une
balance hydrominérale stable doit permettre le maintien d’'une activité élevée
indépendamment d'un acces imprédictible a l'eau douce; des adaptations
respiratoires doivent permettre I'augmentation du temps passé en contact avec les
proies (durée de plongée par exemple); des ajustements locomoteurs doivent
permettre de diminuer les cotts liés a des déplacements extensifs dans un milieu
dense.

II. Osmorégulation et transition vers la vie marine chez les tétrapodes

Dans le cadre de ce mémoire d’"HDR, j'ai décidé de résumer mes travaux portant sur
la gestion de I'équilibre osmotique. Les articles publiés sur ce sujet sont placés apres
le résumé des résultats principaux. Les autres travaux concernant mon projet de
recherche (écologie alimentaire, locomotion, respiration) ou d’autres sujets sont listés
au point IIL

1. Résumé des travaux

L’eau de mer est hyperosmotique par rapport aux fluides corporels de la plupart des
organismes. En conséquence, la plupart des especes vont perdre de I'eau et/ou se
charger en sodium a travers les surfaces perméables (Schmidt-Nielsen 1998). En
addition, I'absorption d’eau de mer (inévitable lors de la capture de proie par
exemple) impose une charge en sel supplémentaire (Costa 2002, Houser et al. 2005).
De fait, vivre dans 1'eau de mer entraine un risque majeur de déshydratation et
d’hypernatrémie, et la plupart des vertébrés marins doivent réguler leur équilibre
hydrominéral pour survivre (Schmidt-Nielsen 1998).

Les vertébrés secondairement marins présentent une diversité de structures
excrétrices qui permettent d’éliminer une surcharge en sel et de maintenir I'équilibre
hydrominéral dans une gamme compatible avec la vie (Schmidt-Nielsen 1998,
Houser et al. 2005). Les reins des mammiferes marins sont lobulés (réniculés), et les
systemes de contrecourant de leurs néphrons permettent de maintenir 1'équilibre
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osmotique en excrétant de grande quantité d’ions dans une urine hyperosmotique
(Ortiz 2001). Les reins reptiliens ne possedent pas les anses de Henle qui caractérisent
les reins des mammiferes, et ils ne sont pas capables de produire une urine
hyperosmotique (Peaker and Linzell 1975). Les reptiles marins au sens large (i.e., en
incluant les oiseaux) possédent des glandes a sel extrarénales capables de sécréter
des solutions concentrées en sel pour maintenir leur équilibre osmotique (Peaker and
Linzell 1975 ; Article I, Figure 6)

( a (b) Figure 6. Glandes a sel supra-

oculaires chez l'iguane marin (a) ou
\ chez les oiseaux marins (b). Les
glandes a sel semblent dérivées des
glandes oculaires chez les 1ézards, les
tortues et les oiseaux. Les serpents
(glandes salivaires modifiées, c) et les

WA,

\ crocodiles (glandes linguales
| _ modifiées) représentent des
= '-}_-:— = déviations par rapport a ce bauplan

o i “classique”.

Il existe trés peu de restes fossiles des taxons qui ont fait la transition entre les
habitats terrestres et les habitats aquatiques. Lorsqu’ils existent les fossiles ne
permettent pas de clarifier des aspects cruciaux concernant la physiologie ou le
comportement (Mazin et de Buffrénil 2001). Il est donc difficile de quantifier le role
des contraintes de 1'osmorégulation au cours des transitions évolutives vers la vie
marine. Par exemple, la présence de glandes a sel chez les reptiles marins disparus
reste un sujet trés débattu (Witmer 1997, Modesto 2006, Young et al. 2010, mais voir
Fernandez and Gasparini 2008). En plus, les caractéristiques morphologiques seules
ne permettent pas d’obtenir des réponses univoques sur les fonctions. Par exemple,
les reins lobulés caractéristiques des mammiferes marins sont également présents
chez les ongulés terrestres (Houser et al. 2005). D’autre part, les glandes a sel existent
également chez beaucoup d’oiseaux terrestres et chez des crocodiliens d’eau douce
(Babonis and Brischoux 2012).

Les serpents offrent I'opportunité de clarifier le role des contraintes liées a
I'osmorégulation durant la transition vers la vie marine. Cette lignée présente une
combinaison rare de caractéristiques qui permettent de contourner la plupart des
limitations expliquées ci-dessous. Tout d’abord, 4 lignées phylogénétiques de
serpents ont effectué la transition vers la vie marine indépendamment, et ces 4

14



lignées appartiennent a 3 familles (Homalopsidae, Acrochordidae ; et au sein des
Elapidae, les sous-familles Laticaudinae et Hydrophiini [Heatwole 1999]). Toutes ces
transitions indépendantes montrent une évolution convergente des glandes a sel,
alors qu’aucun serpent terrestre ou aquatique ne posseéde de telles adaptations
(Babonis and Brischoux 2012). Ensuite, le grand ratio surface/volume imposé par la
morphologie des serpents (Brischoux and Shine 2011) fait du maintien de I'équilibre
osmotique un défi physiologique majeur pour les serpents marins. Par ailleurs, ces
lignées de serpents marins se situent le long d'un continuum d’émancipation de
I'environnement terrestre ancestral et couvrent une grande variété de stades
écologiques entre la terre et les océans (Heatwole 1999). Certaines especes sont
parmi les tétrapodes les plus marins, complétement indépendant de I'environnement
terrestre, alors que d’autres dépendent de cet environnement ancestral pour
accomplir de nombreuses activités. Enfin, beaucoup d’espéces d’eau douce sont
connues pour utiliser fréquemment des eaux saumatres ou salées (Murphy 2012); et
permettent d’accéder a des stades précoces le long du continuum évolutif entre la
terre et les océans (i.e.,, des chainons manquants qui font défaut dans les autres
lignées de tétrapodes marins). Cette combinaison de traits fait des serpents un
modeéle particulierement pertinent pour explorer les contraintes physiologiques liées
a la salinité océanique au cours de la colonisation des environnements marins par des
vertébrés terrestres.

Les serpents en tant que vertébrés ectothermes font preuve d’une trés grande
plasticité, mais aussi d'une tres grande résistance face a des variations de leurs
parametres physiologiques (Pough 1980, Bradshaw 1997). Les serpents sont capables
de faire face a des déviations de leurs parametres physiologiques (plasmatiques par
exemple) sans encourir d’effets pathologiques brutaux et/ou immédiats. Le
maintien de leur balance hydrominérale est trés probablement une contrainte forte
limitant la capacité des serpents a conquérir le milieu marin (Dunson 1975). Par
contre, leur capacité a résister a des déviations de ce parametre sans effet
pathologique brutal leur permet probablement d’utiliser le milieu marin sans mettre

en place des adaptations complexes.

Pour examiner ces questions au niveau de situations écologiques qui pourraient
refléter les différentes étapes évolutives entre les environnements terrestre et marin,
j'ai examiné trois groupes de serpents.

1) Un espece de serpent amphibie, d’eau douce, européenne : la couleuvre tessellée
Natrix tessellata (Figure 7). La couleuvre tessellée a une distribution Paléartique
étendue de I'Europe centrale a 'Egypte du Nord jusqu’a la Chine Occidentale. C’est
un Natricinae typique qui se nourrit de poissons et d’amphibiens dans les cours
d’eau, les rivieres et les lacs. Bien qu’elle ne possede pas de glande a sel, certaines
populations sont présentent dans des environnements saumatres ou salés le long des
cotes de la mer Adriatique, des mers lonienne et Egée, de la mer noire et de la mer
Caspienne. C’est sur une population cotiére de la mer Noire en Bulgarie que j'ai
travaillé.

2) Deux espéces de serpents marins amphibies : les tricots rayés Laticauda laticaudata
et L. saintgironsi (Figure 7). Les tricots rayés sont des serpents marins qui ne se sont
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pas totalement émancipés de l'environnement terrestre ancestral. Ils cherchent et
capturent leur proie (principalement des murenes et des congres) dans les récifs
coralliens mais reviennent a terre pour toutes les autres activités (digestion, mue,
reproduction, etc.). Ils possedent des glandes a sel fonctionnelles, et les deux especes
étudiées se situent le long d’un continuum d’utilisation de I'habitat : L. saintgironsi est
plus terrestre que L. laticaudata. ]'ai travaillé sur ces deux especes en Nouvelle
Calédonie.

3) Deux especes de serpent totalement marin: le serpent marin a téte de tortue
Emydocephalus annulatus et le serpent marin a ventre jaune Pelamis platurus (Figure 7).
Ces especes sont totalement émancipées du milieu terrestre ancestral et ne reviennent
jamais a terre. Emydocephalus annulatus se nourrit d’ceufs de poissons coralliens et j'ai
travaillé sur cette espéce en Nouvelle Calédonie. Pelamis platurus est totalement
pélagique, présent dans la totalité des Océans Indien et Pacifique tropicaux, et jai
travaillé sur une population de la cote Pacifique du Costa Rica.

Figure 7. Illustration des espéces de
serpents sélectionnées dans le cadre
de ce projet. En haut a gauche, une
couleuvre tessellée (Natrix tessellata)
dans la mer Noire. En haut a droite,
un tricot rayé jaune (Laticauda
saintgironsi) en recherche alimentaire
dans le lagon calédonien. En bas a
gauche un serpent marin a téte de
tortue  (Emydocephalus  annulatus)
explorant les fonds corallien en
Nouvelle Calédonie. En bas a droite
un accouplement de serpents marins a
4 ventre jaune (Pelamis platurus) a la

£ oo v surface de 1'océan.
¥l -
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En accord avec la prédiction ci-dessus, les résultats que j'ai obtenus montrent que les
individus d’une population cotiere de couleuvres tessellées sont réguliérement en
hypernatrémie (Article II), sans effet apparent sur plusieurs traits physiologiques ou
comportementaux (e.g., hématocrite, condition corporelle ou recherche alimentaire).

Par contre, de maniére contre-intuitive, méme des espéces de serpents marins,
possédant des glandes a sel fonctionnelles, sont également réguliérement en
hypernatrémie. Les travaux que jai menés sur les tricots rayés de Nouvelle
Calédonie, des serpents marins amphibies révelent que ces animaux présentent
également des taux de sodium circulant situés bien au-dessus des valeurs de
normonatrémie (Article III).
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En fait, les données de natrémie publiées dans la littérature sur de nombreuses
especes de serpents (d’eau douce, ou marines) suggerent que l'apparition de la
glande a sel ne signifie pas une régulation fine et précise des taux de sodium
circulant (Article II & III). Ensemble, ces résultats suggerent que la mise en place
d’une tolérance physiologique a !'hypernatrémie a été cruciale au cours de
I'évolution d’une physiologie euryhaline, et qu’elle a probablement précédé

"apparition des glandes a sel.

Grace a cette tolérance accrue a l'hypernatrémie, la sécrétion de sodium par les
glandes a sel n’interviendrait que lorsque la natrémie dépasserait des seuils élevés
(e.g., entre 170 et 200 mmol.1"! chez P. platurus, Dunson et al. [1971]).

L’hypothese majeure sous-jacente est que la restriction de la sécrétion active de
sodium représente un moyen important pour économiser de 1'énergie chez les "low-
energy specialists" que sont les serpents (Pough, 1980). Si le fonctionnement cotiteux
des glandes a sel n'intervient que lorsque le sodium dépasse dangereusement des
seuils élevés, cela permettrait de réduire substantiellement les cotits liés au
fonctionnement continu des glandes a sel (Peaker and Linzell, 1975; Gutiérrez et al.,
2011); ces colts représentant probablement une dépense d’énergie qui serait
excessive pour la survie de ces organismes (Pough, 1980).

En support a ces résultats, les observations concernant des especes de serpents de
milieux saumatres ou marins montrent que pour rétablir cette balance osmotique, ces
animaux sont capables de profiter d"une ressource indispensable, I'eau douce (Article
III et IV). Cette déshydratation est probablement liée a la combinaison de deux
processus différents : le gain de sel ou la perte en eau.

Les serpents marins amphibies (ou tricots rayés, Laticauda spp.) bénéficient de 1'eau
douce lors de leur retour a terre ou celle-ci est relativement aisée a acquérir (Article
III). Néanmoins, les serpents capturés sur le terrain, notamment en période estivale
présentent des taux de natrémie élevée et boivent 'eau douce de maniére frénétique
quand celle-ci est présente (Article III).

Les serpents totalement marins (Hydrophinii) ne retournent jamais a terre.
L’acquisition d’eau douce est donc probablement problématique pour ces animaux.
Comme les tricots rayés, ces animaux boivent abondamment 1'eau douce lorsqu’elle
est présente (Article IV & V). En fait, il semble méme que certaines espéeces passent
au moins 6 a 7 mois de I'année dans un état de déshydratation (ou d’hypermatrémie)
et qu’elles ne bénéficient de 1'accés a 'eau douce que pendant la saison des pluie au
cours de laquelle des précipitations violentes permettraient 1'existence transitoire et
localisée de lentilles d’eau douce a la surface de 1'océan (Article V).

Que ce soit pour les especes amphibies ou les especes marines, le rétablissement de
I'équilibre osmotique dépend trés largement des conditions climatiques locales. Lors
de périodes seches, non seulement l'acces a 'eau douce est encore plus précaire mais
également la salinité océanique augmente (Article VI). La condition corporelle des
serpents marins répond de maniere forte a ces variations que ce soit pour des especes
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amphibies ou des espéces totalement marines (Article VI). Evidemment, outre les
cotits liés au fonctionnement méme transitoire des glandes a sel, cette faible
condition corporelle doit avoir un impact fort sur la croissance, la survie et la
reproduction de ces especes, et donc pourrait influencer la persistance des

populations.

En plus de ces processus a petite échelle temporelle, cette contrainte osmotique a
probablement des implications évolutives tres fortes.

La capacité des serpents marins amphibies (Laticauda spp.) a acquérir 'eau douce a
terre et a tolérer la déshydratation et I’hypernatrémie déterminent ensemble leurs
tolérances environnementales et leurs distributions géographiques (Article VII).

Ce résultat montre que les patrons de spéciation au sein de ce groupe ont été
influencés par les variations interspécifiques de leur sensibilité a une salinité élevée
combinée au degré d'utilisation de I'environnement marin (Article VII).

Plus généralement, ces résultats suggerent que les contraintes osmotiques ont joué un
role dans la diversification des tétrapodes marins.

Enfin, a une échelle plus large, des analyses de la distribution des quatre lignées de
serpents marins montrent que la salinité océanique contraint leur distribution
actuelle. Ceci est d’autant plus fort pour des espéeces qui doivent ressembler a des
formes de transitions précoces (e.g., especes amphibies, Article VIII). Au niveau
spécifique, des glandes a sel plus efficaces permettent a une espéce d’exploiter des
zones océaniques plus salées et donc plus grandes (Article VIII).

La salinité apparait comme le prédicteur le plus robuste de la richesse spécifique des
serpents marins. Cette richesse spécifique est négativement liée a la salinité moyenne
annuelle, mais positivement liée a sa variation mensuelle (Article VIII).

Il a longtemps été admis que les tétrapodes marins (i.e., mammiféres, oiseaux,
tortues, serpents, 1ézards et crocodiles) pouvaient réguler leur natrémie grace a des
structures excrétrices spécialisées et pouvaient maintenir leur balance osmotique
sans consommer d’eau douce (Randall et al. 2002, Houser et al. 2005). Ce dogme
apparait maintenant plus fragile, au moins chez les serpents pour lesquels les
données récemment acquises suggerent que méme des especes marines (avec des
glandes a sel fonctionnelles) ne peuvent réguler leur balance osmotique sans accées a
I'eau douce. En ouvrant ces travaux aux oiseaux, j’ai pu montrer que ces contraintes
s’appliquent également avec force a d’autres lignées de tétrapodes marins (Article
IX).

En fait, il semble bien que les contraintes éco-physiologiques et évolutives de la
salinité océanique aient largement été négligées jusqu’a présent ; et concernent tres
probablement la plupart des especes de tétrapodes marins. Ce constat ouvre des
champs de recherches féconds a explorer.

2. Articles
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Synopsis Since their discovery in 1958, the function of specialized salt-secreting glands in tetrapods has been studied in
great detail, and such studies continue to contribute to a general understanding of transport mechanisms of epithelial
water and ions. Interestingly, during that same time period, there have been only few attempts to understand the
convergent evolution of this tissue, likely as a result of the paucity of taxonomic, embryological, and molecular data
available. In this review, we synthesize the available data regarding the distribution of salt glands across extant and extinct
tetrapod lineages and the anatomical position of the salt gland in each taxon. Further, we use these data to develop
hypotheses about the various factors that have influenced the convergent evolution of salt glands across taxa with special
focus on the variation in the anatomical position of the glands and on the molecular mechanisms that may have
facilitated the development of a salt gland by co-option of a nonsalt-secreting ancestral gland. It is our hope that this
review will stimulate renewed interest in the topic of the convergent evolution of salt glands and inspire future empirical
studies aimed at evaluating the hypotheses we lay out herein.

Introduction et al. 2006; Butler 2007; Cramp et al. 2007; Hughes
Discovered by Schmidt-Nielsen et al. (1958), the et al. 2007; Cramp et.al. 2010), phenotypic plasti.city
of the form and function of salt glands under various
environmental conditions (Cramp et al. 2008;
Babonis et al. 2009; Gutierrez et al. 2011), the com-
bined osmoregulatory function of salt glands and
other organs (Hughes 2003; Laverty and Skadhauge
orous taxa), and there have been several thorough 2008 Bal.jor}is et f‘l' 2011), and several recent reports
reviews summarizing these data (Peaker and Linzell of bacterial infections of salt glands (Klopfleisch et al.
1975; Gerstberger and Gray 1993; Shuttleworth and 2005; Brito-Echeverria et al. 2009; Suepaul et al.
Hildebrandt 1999; Hildebrandt 2001; Dantzler and 20105 Oros et al. 2011). Interestingly, although the

physiology of tetrapod salt glands has been studied
in great detail. Over the past several decades, much
has been learned about the basic mechanisms by
which these cephalic glands facilitate the net secre-
tion of concentrated NaCl (or KCl, in some herbiv-

Bradshaw 2009; Holmgren and Olsson 2011).
Building on this foundation, recent studies of tetra-
pods’ salt glands have taken the form of comparisons
among closely related marine and freshwater species
(Bennett and Hughes 2003; Babonis and Evans
2011), the role of water-regulatory proteins in mod-
ulating the secretory output of the glands (Muller
et al. 2006; Babonis and Evans 2011), variation in
the composition of the secretion (Butler 2002), the
modulation of secretion by various endocrine and
neurological agents (Reina et al. 2002; Krohn and
Hildebrandt 2004; Franklin et al. 2005; Hughes
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basic physiology of these glands has been quite
well characterized, there have been relatively few
hypotheses about the convergent evolution of this
specialized tissue across taxa (but see Peaker and
Linzell 1975).

The ability of salt glands to secrete concentrated
salt solution and the taxonomically wide-spread
association between the use of desiccating habitats
and the possession of functional salt glands in tetra-
pods suggest that this tissue may have been critical in
facilitating the invasion (or re-invasion) of desiccat-
ing environments during the evolution of tetrapods
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(Brischoux et al. 2012). Despite this, the past
50 years of research have seen only few hypotheses
regarding the potential mechanisms that may have
led to the convergent evolution of this gland across
diverse taxa (Dunson and Dunson 1973; Peaker and
Linzell 1975; Taplin et al. 1982; Babonis and Evans
2011). This paucity of hypotheses regarding the con-
vergent evolution of tetrapod salt glands undoubt-
edly lies in the lack of several important types of
data, notably (1) a thorough catalog of the pres-
ence/absence of salt glands from extinct and extant
taxa (from which to infer the number of times salt
glands have originated), (2) information about the
homology of salt glands alternatively named “pre-
orbital,” “supraorbital,” and “nasal” (see Technau
1936), as evidenced through the embryological
origin of these glands, and (3) a mechanism by
which a gland with a salt-secreting function may
have evolved by co-option from an ancestral gland
with another function. In this review, we attempt an
initial remedy to this situation by (1) providing an
exhaustive list of the extinct and extant tetrapod taxa
currently known to have salt glands (as well as in-
formation about the anatomical position of the salt
gland in these taxa), (2) summarizing the known
embryology of glands from representative taxa, and
(3) synthesizing the literature regarding the molecu-
lar development of cephalic glands from model sys-
tems. We then use these combined results to propose
mechanisms by which salt glands may have evolved,
independently, across diverse tetrapod taxa and pre-
sent a call for future empirical studies aimed at test-
ing the hypotheses we lay out herein. Since this
review is largely speculative, we believe it is impor-
tant to start by clearly laying out our assumptions
about tetrapod salt glands.

Assumptions

Salt glands are so-defined because they secrete a
product that is more concentrated in inorganic
salts (NaCl or KCl) than is the blood plasma.
Although there is diversity (and in some cases, plas-
ticity) in the type of inorganic salt secreted by salt
glands (particularly among lizards), for the purposes
of this review, we do not distinguish among glands
of different secretory types and merely refer to all
such glands as “salt glands.”

Salt glands have evolved independently, multiple
times throughout the evolution of tetrapods. We,
parsimoniously, assume that the minimum number
of independent origins is represented by the number
of unique anatomical positions occupied by salt
glands across taxa (e.g., “nasal,” “lachrymal,” and
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“sublingual” glands represent a minimum of three
origins); however, we acknowledge that the actual
number of origins may well have been much greater
than this (i.e., gain of a nasal salt gland followed by
loss of this gland and another independent gain
would be indistinguishable from a single-gain sce-
nario in the absence of robust fossil data).

Salt glands are not unique/novel glands, they
simply have a unique/novel form/function when
compared with other cephalic glands in the same
species. Indeed, although salt glands are present in
marine (and some desert) taxa, the homologous
gland in the nonmarine sister taxon is present but
not specialized for the secretion of salt. Since the
homologous position in a nonmarine sister taxon is
occupied by a gland with a nonsalt-secreting func-
tion, convergent evolution of salt glands has likely
resulted from the repeated co-option of various
existing (unspecialized) glands rather than de novo
organogenesis.

Anatomy of salt glands in tetrapods

Across diverse tetrapod taxa (see Supplementary
Table S1 for an exhaustive list of the tetrapod taxa
that have been reported, thus far, to have salt
glands), the anatomy of cephalic salt glands is largely
consistent (Babonis et al. 2009). This tissue com-
prises a mass of secretory tubules that terminate
blindly (i.e., without secretory acini); thus, they are
called compound tubular glands. The secretory tu-
bules are separated by vascularized connective tissue
and are arranged radially around the perimeter of a
central duct. Together, these structures constitute an
individual lobule of the gland; multiple such lobules
in association are joined by the connection of their
central ducts to a main duct, the conduit whereby
secreted salts exit the body (for illustrations, see
Schmidt-Nielsen 1960). Unlike other types of
cephalic glands, the secretory epithelium of salt
glands is populated almost exclusively by salt-
secreting principal cells, as exemplified by marine
snakes (Dunson et al. 1971; Dunson and Dunson
1974; Babonis et al. 2009). Where variation does
exist (e.g., in the salt glands of some turtles and liz-
ards) (Abel and Ellis 1966; Cowan 1969; Van Lennep
and Komnick 1970), the various cell types present in
the gland are scattered throughout the secretory
epithelium rather than being confined to single-
function units like the mucus acini versus the
serous acini of some mixed-function salivary
glands. Although the size of these glands across
taxa has been hypothesized to vary with the degree
of marine tendency (i.e., the time spent in a marine
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habitat and/or the osmolality of the food items) in
birds (Technau 1936; Holmes et al. 1961; Staaland
1967; Ernst and Ellis 1969), lizards (Hazard et al.
1998), turtles (Holmes and McBean 1964; Cowan
1969; Dunson 1970), crocodiles (Taplin 1985;
Cramp et al. 2008), and snakes (Dunson and
Dunson 1974, 1979), the basic tubular morphology
of this tissue appears largely invariant across taxa.
Interestingly, not all tetrapods inhabiting desiccating
environments have a salt gland (see Supplementary
Table S2 for a list of species that have been
reported to lack a salt gland) suggesting much
remains to be learned about the relationship between
environmental constraints and salt-gland function in
tetrapods.

Distribution and nomenclature of
salt glands in tetrapods

Although there are many glands present in the head
of the idealized tetrapod (Fig. 1A), only one (or one
pair, for paired glands) is the salt gland in any given
taxon (Fig. 1B). The anatomical position of the salt
gland(s) in tetrapods varies quite extensively among
lineages, and three main cephalic areas are currently
recognized (1) nasal glands in extinct archosaurs,
extant birds, and lizards, (2) orbital glands in turtles,
and (3) oral glands in extant crocodiles and snakes
(Supplementary Table S1). Interestingly, those glands
typically described as “nasal” can vary in location
from the vestibule of the nostril, (Fig. 1C, I) to
small preorbital structures, midway between the nos-
tril and the orbit (Fig. 1C, II), to the supraorbital
position exemplified by the salt gland in the marine
iguana, and many marine birds (Fig. 1C, III). This
variation in the anatomical location of the body of
the gland has resulted in variation in the nomencla-
ture of the gland (Technau 1936) and has contrib-
uted to confusion about the homology of this gland
across taxa (see later for more details on the homol-
ogy of these glands). Interestingly, salt glands housed
in the frontal region of the cranium are the most
widespread among tetrapod lineages.

Orbital salt glands are found only in chelonians
and occur in two phylogenetically divergent lineages:
the sea turtles (Cheloniidae and Dermochelyidae)
(Schmidt-Nielsen and Fange 1958; Hudson and
Lutz 1986) and the diamondback terrapin,
Malaclemys terrapin (Emydidae) (Schmidt-Nielsen
and Fange 1958). Although the morphology and
the function of the lachrymal glands (and their
ducts) have been well characterized for turtles (Ellis
and Abel 1964; Abel and Ellis 1966; Cowan 1969;
Marshall 1989; Marshall and Saddlier 1989), the
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identity of the chelonian salt gland has been an
intense subject of debate. Historically, this gland
has been dubbed the nasal gland (Benson et al
1964; Holmes and McBean 1964), the lachrymal
gland (Abel and Ellis 1966) and the Harderian
gland (Dunson and Taub 1967; Dunson 1969;
Chieffi-Baccari et al. 1992, 1993). Although some
debate still exists regarding the nomenclature of the
salt-secreting glands in chelonians (Chieffi-Baccari
et al. 1992, 1993), most researchers in this field still
consider them to be modified lachrymal glands
(Belfry and Cowan 1995; Lutz and Musick 1997;
Hirayama 1998; Reina and Cooper 2000; Oros
et al. 2011), and we will refer to them here as
such. Although salt glands have not been reported
officially in either flatback sea turtles (Natator depres-
sus) or Kemp’s Ridley sea turtle (Lepidochelys
kempii), the presence of osteological characteristics
consistent with large lachrymal glands in extinct che-
lonian sea turtles (Hirayama 1998), combined with a
recent study of the phylogenetics of sea turtles
(Naro-Maciel et al. 2008), suggests that salt glands
are ancestral in this group.

Oral salt glands have evolved independently in at
least two lineages of tetrapods: extant crocodilians
and snakes. Among crocodilians, lingual salt-
secreting glands were originally identified by Taplin
and Grigg (1981) in the tongue epithelium from
Crocodylus porosus and have since been identified
in all species of the Crocodylidae that have been
studied (Supplementary Table S1), including the
freshwater species (Taplin et al. 1985). Interestingly,
the other two lineages of extant crocodilians (alliga-
torids and gavialids) appear to have (presumably
homologous) lingual glands that lack the capacity
to produce a hypertonic salt secretion (Taplin et al.
1985). These observations suggest that either lin-
gual salt glands evolved in the ancestor to all
modern crocodilians, but the concentrating capacity
was lost in modern alligatorid and gavialid lineages
or that functional salt glands evolved by
modification of unspecialized lingual glands after
the crocodylids split from the alligatorid and
gavialid lineages (crocodilian relationships after
Man et al. 2011).

Among snakes, salt glands have evolved at least
four times in lineages that have independently
undergone an evolutionary transition to marine
life: the files snakes (Acrochordidae) (Dunson and
Dunson 1973), rear-fanged water snakes
(Homalospidae) (Dunson and Dunson 1979), and,
within the Elapidae, two lineages of sea snakes
(Laticaudinae and Hydrophiinii) (Dunson et al
1971). Similar to the crocodilians, all these lineages
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Mammals

Fig. 1 Cephalic glands in the tetrapod lineages listed in Supplementary Table S1. (A) An idealized tetrapod exhibiting all possible
cephalic glands. Top-down view with anterior to the left and posterior to the right. The cranium/maxilla is pictured on the top, and the
mandible/lower jaw is pictured on the bottom. Small black ovals are nostrils, and large black ovals are eyes; glands are outlined in dark
grey and filled with light grey. (B) Salt glands are present in representatives of each of the pictured lineages and occupy the gland in
each lineage highlighted in red. Among snakes, salt glands have been identified in two different locations; however, each species of snake
with a salt gland has only one of these. (C) An evolutionary scenario to illustrate how traditionally defined “nasal” glands (highlighted in
grey) might have migrated from a position near/in the nostril (I) to either a “preorbital” (Il) or “supraorbital” (lll) position. The length of
the duct differs in each of these scenarios, resulting in a different cranial location of the body of the gland. A, anterior (sublingual
glands); H, harderian gland; IL, infralabial gland; L, lachrymal gland; Li, lingual glands; N, nasal gland; P, posterior (sublingual gland); PM,
pre-maxillary gland; S, sublingual gland(s); SL, supralabial gland; T, tongue; V, venom gland. TAn extinct lineage.

evolved oral salt glands: acrochordids, laticaudines,
and hydrophines have a posterior sublingual salt
gland located in the lower jaw beneath the tongue
casing, whereas the homalopsids have a pre-maxillary
salt gland. It is noteworthy that despite their rela-
tively close ancestry with lizards, snakes followed
independent evolutionary pathways leading to their

convergence on salt glands; no snakes studied thus
far have a salt gland that is homologous with the
nasal gland of lizards.

Embryology and homology

Glands occupying distinct cephalic  positions
(e.g., the lachrymal salt glands of turtles, lingual
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glands in extant crocodiles, and sublingual and
pre-maxillary glands in snakes) are clearly not ho-
mologous with salt glands in any other taxon.
Thus, these examples represent a minimum of four
independent convergent evolutionary events. The
case is not as clear for the “nasal” salt glands of
extinct archosaurs, modern birds, and modern liz-
ards. Indeed, the homology of the “nasal,” “pre-
orbital,” and “supraorbital” glands has been
questioned (Dunson 1969), likely because of the dra-
matic variation in the position of the body of the
gland in the cranium. From embryological studies of
various bird taxa, it is known that nasal glands
develop initially as an outgrowth of the nasal epithe-
lium (Marples 1932). This primordial bud develops
into the distal-most portion of the duct and grows
posteriorly to the position where the body of
the gland is to develop. From there, the body of
the gland expands from the posterior end of the
duct. If this developmental scheme is also true of
nasal-gland development in extinct archosaurs (as
proposed by Fernandez and Gasparini 2000;
Gandola et al. 2006) and modern lizards (as yet,
unstudied), it can be assumed that all glands (inde-
pendent of where the mature body of the gland lies)
that develop from an outgrowth of the nasal epithe-
lium are homologous. Following these assumptions,
it is reasonable to assume that the diversity of
modern “nasal” glands (this term now includes
those glands alternatively labeled “preorbital” and
“supraorbital”) is simply a result of variation in
the length of the duct of the nasal gland, resulting
in a gland body that may be housed anywhere from
the nostril to the supraorbital position. Although it is
possible that the “nasal” salt glands of lizards are not
homologous with the “supraorbital” glands of birds,
we find this to be unlikely. Only detailed embryolog-
ical studies of cephalic glands in lizards and birds
will resolve this issue. Considering that salt glands
have been positively identified in representatives of
at least 8 of the 26 currently recognized families of
lizards (Vidal and Hedges 2009), in at least 40 fam-
ilies of birds (Supplementary Table S1) representing
nearly all orders of birds except the Passeriformes
(Hackett et al. 2008), and several lineages of extinct
crocodilians and dinosaurs, nasal salt glands may
indeed be an ancestral characteristic in the diapsids.

There have been several detailed embryological
studies of turtles (Ewert 1985, and references therein)
including marine turtles (Miller 1985, and references
therein), yet the embryology of the lachrymal gland
does not appear to have been described. Despite this,
all lineages (extinct and extant) of turtles have
evolved salt glands in the position of the lachrymal
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gland (but see Chieffi-Baccari et al. 1993).
Considering that the ducts of the lachrymal glands
in those turtles that have been studied all open in the
same location (onto the lateral portion of the nicti-
tating membrane) (Cowan 1973), all the glands iden-
tified as “lachrymal” among turtles are, indeed, likely
homologous. The phylogenetic distance between
modern lineages exhibiting salt glands (sea turtles
and terrapins) makes it difficult to assess whether
salt glands evolved twice among turtles (both times
in the position of the lachrymal gland) or whether
the lack of salt-secreting abilities of this gland among
other turtles represents loss of the lachrymal salt
gland subsequent to its origin in the ancestor to all
turtles. Evidence of large interorbital foramina
(Hirayama 1998) in the skulls of fossil emydine tur-
tles would be suggestive of the presence of salt glands
in these taxa and provide more support for a single
origin of salt glands among turtles.

Embryological studies of species with oral salt
glands are also lacking. The lingual salt glands of
crocodilians are reported to develop from the
dorsal epithelium of the tongue (Ferguson 1985),
but no other data on the generation of the secretory
tubules or the onset of secretory-cell identity are
available. Comparative studies of lingual-gland devel-
opment in alligators (or gavials) and crocodiles, with
special focus on the acquisition of a salt-secreting
function, would be particularly useful for under-
standing the molecular mechanisms that underlie
convergence. Similarly, among snakes, there have
been no developmental studies of either the sublin-
gual or pre-maxillary glands. As such, we cannot dis-
tinguish between two possible scenarios among
snakes that salt glands evolved multiple times (once
as the sublingual gland in the file snakes, at least
once [and probably twice] as the sublingual gland
of laticaudine and hydrophine sea snakes, and once
as the pre-maxillary gland of water snakes) or that
salt glands evolved only twice, represented by the two
unique anatomical positions, and that salt glands
were lost in the intervening taxa. Considering,
again, the phylogenetic distance between file snakes
and sea snakes (or, indeed, between laticaudine and
hydrophine sea snakes), we think it is more likely
that salt glands evolved at least three (and potentially
four) times in snakes.

Toward a coherent evolutionary
hypothesis on the diversity of salt glands
The diversity in the location of modern salt glands

alone suggests that this structure has evolved multi-
ple times, independently, among modern tetrapod
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taxa; however, similarities in the location of the
gland and, importantly, the position of the duct,
combined with the presumed embryological origin
of the nasal salt glands in both extant (e.g., birds
and lizards; see earlier) and extinct lineages
(e.g., birds, dinosaurs, mesosaurs, and metrior-
hynchid crocodiles) (Supplementary Table S1), are
consistent with the hypothesis that nasal salt glands
were also present in the ancestor of all diapsids
(Fernandez and Gasparini 2000). Interestingly, from
this putative starting point, deviations are observed
in turtles, one of the first groups to diverge from the
ancestral diapsid form, extant crocodilians, which
likely evolved from an ancestor that had lost the
original nasal salt glands, and snakes, which, as a
group, have likely experienced several origins of salt
glands. The various origins of salt glands in
nonhomologous positions may suggest that con-
straints specific to each of these lineages led to the
development of a salt gland in these novel locations.

Gasparini et al. (2006) and Pierce et al. (2009)
suggested that skull morphology among extinct cro-
codiliforms may have been influenced by a shift
toward a more highly aquatic lifestyle, including
changes in feeding strategy (e.g., a shift toward
ambush predation) (Seymour et al. 2004) and in-
creases in the mechanical resistance of the snout.
They used these ideas to propose that the evolution
of new feeding habits was likely the driving force
separating the skull morphologies across species. In
this light, it is possible that the shape of the snout
imposed constraints in relationship to the capture of
prey and that ambush predation limited the capacity
of the skull to house a salt gland, leading to a second
origin of salt glands among crocodilians in the soft
tissue of the tongue’s epithelium. Recent phyloge-
netic studies suggest that turtles are sister to the
archosaurian lineage (Shen et al. 2011; Voronov
et al. 2011) and, thus, should be placed within the
Diapsida. This suggests, then, that the anapsid turtle
skull is derived from a diapsid ancestor and that
turtles may, therefore, have evolved from a lineage
that possessed nasal salt glands (Fernandez and
Gasparini 2000). Considering that the chelonian ana-
psid skull constitutes a major modification from the
ancestral diapsid form, it is not unreasonable to
hypothesize that the lachrymal position of the salt
gland in turtles may have resulted from functional
constraints associated with this extensive cranial
remodeling. Similarly, among the four lineages of
snake that evolved salt glands, it is possible that de-
viation from the putative ancestral nasal gland is a
result of the relatively recent evolution of modern
snake taxa from burrowing or aquatic ancestors
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with reduced ocular structures (Walls 1940; Heise
et al. 1995; Caprette et al. 2004). For example, the
covering of the eye of snakes by a scale fused with
the scales of the body would preclude egress of se-
cretions to the external environment from an orbital
salt gland. Functional constraints linked to ancestral
ecology in this group (e.g., loss of lachrymal glands)
(Taub 1966), reliance of this group on vomerolfac-
tion, or indeed a combination thereof might well
have played a significant role in the modification
of oral glands.

An evo/devo approach to the study of
convergent evolution in salt glands

To develop useful hypotheses about the mechanisms
that may have supported the convergent evolution of
salt glands across taxa, it is necessary to first define
the features that must have appeared during the evo-
lution of a salt-secreting gland. As aforementioned,
all salt glands identified thus far have a compound
tubular shape with extensive secretory epithelium
that is populated in large part by principal secretory
cells at the expense of the mucous cells or other cell
types that typify this epithelium in unspecialized
glands. To our knowledge, there have been only
few studies aimed specifically at the development of
cephalic glands in nonmammalian tetrapods
(e.g., Marples 1932; Ellis et al. 1963; Kochva 1965;
Nogawa 1978; Ovadia 1984; Chieffi Baccari et al.
1995, 1996; Rehorek et al. 2005), and all these studies
are limited to morphological/histochemical surveys
and lack molecular data. In contrast, the develop-
ment and regeneration of salivary glands (particularly
the submandibular glands, sublingual glands, and pa-
rotid glands) in mammalian models are active areas
of research extending well beyond descriptive embry-
ology to include vast details regarding the molecular
regulation of gland shape and cellular identity
(recently reviewed by Tucker 2007; Larsen et al.
2010; Harunaga et al. 2011; Lombaert et al. 2011).
From these mammalian studies, it is possible to de-
velop hypotheses about the molecular regulation of
compound tubular shape and salt-secreting versus
mucus-secreting cellular identity and, therefore, to
postulate about the mechanism by which salt
glands were co-opted from unspecialized glands.

Glandular organogenesis

The organogenesis of salivary glands is a well-
conserved process in mammals (Tucker 2007), and
Supplementary Table S3 summarizes some of the
signaling molecules involved in each stage. In
brief, the earliest stages of glandular development
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(stage 1: pre-bud; Supplementary Table S3) involve
thickening of the oral epithelium and proliferation of
the gland primordium to form the initial bud (stage
2; Supplementary Table S3). Continued cell prolifer-
ation in the gland primordium leads to further out-
growth and invasion of the surrounding mesenchyme
(stage 3: pseudoglandular; Supplementary Table S3),
a process that relies on signaling molecules from
both the epithelium of the developing gland and
the surrounding mesenchyme. At the same time,
the earliest rudiments of a lumen begin to form
through the directed expression of apoptotic signals
(in those cells destined to form the cavity of the
lumen) or the expression of anti-apoptotic signals
(in those cells destined to become the epithelium
lining the lumen). Cells destined to become the
epithelium lining the lumen begin to express polar-
izing signals (as apical/basal polarity is a defining
feature of epithelia) by this stage, and, furthermore,
some evidence suggests that cells in this stage (stage
4: cannalicular; Supplementary Table S3) are already
fated to become either duct cells or acinar cells
(Walker et al. 2008). Extensive branching morpho-
genesis follows initial formation of the lumen, ulti-
mately giving rise to the gross architecture of the
gland (stage 5: terminal bud; Supplementary Table
S3). This process is, again, regulated by opposing
signals from the growing epithelium and the
surrounding mesenchyme. Although we believe that
studies of de novo glandular organogenesis in marine
and nonmarine tetrapods will represent a new and
important contribution to this field, studies of this
type are unlikely to reveal the evolutionary mecha-
nism resulting in the possession of a specialized
salt-secreting gland in a marine taxon or in the pos-
session of an unspecialized homologous gland in its
nonmarine sister taxon. Thus, we use the remainder
of this discussion to develop hypotheses about the
co-option of an unspecialized gland that was already
in place.

Co-option of an existing gland

The complete set of cephalic glands in tetrapods
(Fig. 1A) includes both compound tubular and com-
pound acinar glands of mucous, serous, and mixed
function (Tucker 1958). Assuming a similar comple-
ment of shapes and functions of glands in the ances-
tor of modern marine taxa, two scenarios are likely
for the evolution of salt glands: co-option of an
existing tubular gland or co-option of an existing
acinar gland. To keep these comparisons simple,
this review will focus on the evolution of
salt-secreting glands from ancestral glands with
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a mucus-secreting or mixed (mucoserous) function.
Since many cephalic glands have a mucus-secreting
component (e.g., wholely mucous acini, mixed
mucous, and serous acini, or mucus-secreting cells
lining the ducts) (Babonis and Evans 2011), we
find the hypothesis that salt glands evolved from
mucous glands to be most plausible; however, the
approach we apply in this section could be applied
with equal validity to hypotheses invoking co-option
from another ancestral type of gland.

Co-option of an existing (unspecialized or mucus-
secreting) compound tubular gland likely involves a
change in cellular identity without a concomitant
change in glandular morphology. This process may
have been gradual, whereby portions of the gland
adopted a salt-secreting function simply through a
gradual change in the domain of expression of signals
regulating the acquisition of salt-secreting cellular
identity (see Fig. 2A for an example). In contrast,
co-option of an existing (unspecialized or mucus-
secreting) compound acinar gland invokes a change
both in the cell’s identity and in the shape of the
gland (Fig. 2B and C). This would involve a shift
from mucus-secreting to salt-secreting cellular identity
and a shift from acinar to duct/tubule cellular identity
and likely resulted from either (1) loss of the acinar
component of the ancestral gland by re-specification
of these cells as duct/tubule cells (Fig. 2B) or (2) actual
loss of the presumptive acinar epithelium and compen-
satory growth of the portion of the gland already spe-
cified as duct to form ductal/tubular termini (Fig. 2C).
Since the acinar component of a typical mammalian
salivary gland is specified early (Walker et al. 2008),
evaluation of this hypothesis will require careful studies
of the timing and location of expression of cell-identity
markers (pre-acinar versus pre-ductal markers)
(Supplementary Table S3) during early glandular de-
velopment (Fig. 2D). Evidence of apoptotic signals in
the pre-acinar component of salt glands and a lack of
these signals in the early development of nonsalt-se-
creting salivary glands might suggest that the homoge-
neous makeup of salt glands is a result of actual loss of
other cell types. In contrast, a lack of pre-acinar mar-
kers in the absence of apoptotic signals early in glan-
dular development may support the hypothesis that
these cells have undergone early re-specification as
duct cells. Although Supplementary Table S3 is far
from an exhaustive list of molecular components of
salivary-gland development, this summary should pro-
vide a solid starting point from which to test specific
hypotheses about changes in the timing or distribu-
tion/range of expression of various cell-identity mar-
kers in specialized and unspecialized glands across
tetrapods.
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Fig. 2 Hypothetical scenarios for the co-option of an ancestral gland to form a salt gland. (A) The appearance of salt-secreting cells

(grey) in the secretory epithelium may have occurred gradually (forms |-IV), first in only a small portion of the gland and later taking on
a homogeneous distribution. (B) An ancestral acinar gland exhibiting nonsalt-secreting (white) cells in the acini (I) may have undergone
first a transition to become populated by principal cells (grey; Il) followed by a change in the shape of the gland from acinar to tubular
(I). (C) Alternatively, loss of the acinar component of the ancestral gland (I, Il), followed by elongation of the ductal/salt-secreting
component (lll) may have resulted in a homogeneous tubular secretory epithelium (IV). (D) The ancestral acinar gland may have
expressed Notch/Delta (Dang et al. 2009) in the pre-acinar component and the transcription factor GLI1 (Fiaschi et al. 2011) in the

pre-ductal component (I). Misexpression of GLI1 (Il) in the pre-acinar component may have resulted in a shift in the identity of these
cells from pre-acinar to pre-ductal. For comparison, misexpression of Notch/Delta (Ill) might have resulted in a gland that was

homogeneously acinar in cell type.

Future directions for this research

The hypotheses we have developed in this article are
speculative and clearly point out the lack of knowl-
edge on the evolution of salt glands in tetrapods.
Understanding the evolutionary history of tetrapods’
salt glands is an exciting field of investigation, but it
will require not only a thorough resolution of the
presence and locations of salt glands throughout
the evolutionary history of tetrapods (e.g., using re-
construction of ancestral states) (Witmer 1997;
Fernandez and Gasparini 2000) but also a precise
investigation of the functional constraints of nasal
salt glands in lineages that deviate from the putative
basal bauplan (nasal salt glands) and detailed molec-
ular studies of glandular development in various
taxa. Because of the number of tetrapod lineages
that have independently re-invaded marine habitats,
there are many examples of closely related marine
and nonmarine sister taxa among tetrapods, provid-
ing abundant opportunities for comparative studies.
Furthermore, there are many species that have salt

glands with mixed function (serous-secreting and
mucus-secreting cells) that would also make nice de-
velopmental models (e.g., the skink Tiliqua rugosa)
(Saint Girons et al. 1977). By examining the devel-
opment of the salt gland in these species, it will be
possible to identify the signals leading to the devel-
opment of salt-secreting and mucus-secreting cells in
the same gland at the same time. Finally, recent stud-
ies of rectal (salt) gland morphogenesis in Iago
sharks (Fishelson et al. 2004) and orbital-gland mor-
phogenesis in various nonmammalian tetrapods
(Chieffi-Baccari 1996; Rehorek et al. 2005, 2007)
provide a basis for assessing morphological changes
occurring during the development of specialized and
unspecialized cephalic glands (e.g., development of
the salt-gland capsule and the associated capillaries
and amplification of the basolateral membrane of
principal cells) but do not provide molecular
hypotheses about the signals regulating these various
morphological events. These initial comparisons can
then be used to (1) evaluate hypotheses about the
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mechanisms leading to the acquisition of a special-
ized salt-secreting gland in any individual marine
lineage, (2) make comparisons of developmental
mechanisms of salt glands across lineages to under-
stand the processes by which convergent evolution
occurs, and (3) to compare the developmental path-
ways resulting in specialized and unspecialized glands
to understand how existing structures may be mod-
ified through evolution. It is our hope that this
review will provide a starting place for anyone inter-
ested in pursuing these ideas further.

Acknowledgments

We wish to recognize numerous colleagues, especially
those in attendance at the 2012 Society for
Integrative and Comparative Biology (SICB) meet-
ing, for their thoughts and comments during the
development of these ideas and Dr. Eric Rottinger
(Kewalo Marine Laboratory) for translation and in-
terpretation of German texts cited in this manu-
script. This manuscript was submitted as part of a
symposium at the 2012 SICB meeting.

Funding

Support for this symposium was provided by
National Science Foundation [IOS-1132369 to H.B.
Lillywhite], Society for Integrative and Comparative
Biology, the University of Florida, Sable Systems
International, Vide Preciosa International, Inc.
(Dave & Tracy Barker) and The Gourmet Rodent,
Inc. F.B. was funded by the National Science
Foundation [I0S-0926802 to H.B. Lillywhite (USA)
and the CNRS (France)].

Supplementary Data

Supplementary Data are available at ICB online.

References

Abel JH Jr, Ellis RA. 1966. Histochemical and electron micro-
scopic observations on the salt secreting lacrymal glands of
marine turtles. Am J Anat 118:337-57.

Babonis LS, Evans DH. 2011. Morphological and biochemical
evidence for the evolution of salt glands in snakes. Comp
Biochem Physiol A Mol Integr Physiol 160:400-11.

Babonis LS, Hyndman KA, Lillywhite HB, Evans DH. 2009.
Immunolocalization of Na®/K*-ATPase and Na*/K*/2Cl~
cotransporter in the tubular epithelia of sea snake salt
glands. Comp Biochem Physiol Part A Mol Integr Physiol
154:535-40.

Babonis LS, Miller SN, Evans DH. 2011. Renal responses to
salinity change in snakes with and without salt glands.
] Exp Biol 214:2140-56.

Belfry CS, Cowan FBM. 1995. Peptidergic and adrenergic in-
nervation of the lachrymal gland in the euryhaline turtle,
Malaclemys terrapin. J Exp Zool 273:363-75.

253

Bennett DC, Hughes MR. 2003. Comparison of renal and salt
gland function in three species of wild ducks. J Exp Biol
206:3273-84.

Benson GK, Holmes WN, Phillips JG. 1964. Observations on
the histological structure of the nasal glands of turtles.
J Anat 98:290.

Brischoux F, Tingley R, Shine R, Lillywhite HB. 2012. Salinity
influences the distribution of marine snakes: implications
for evolutionary transitions to marine life. Ecography,
doi: 10.1111/j.1600-0587.2012.07717.x [Epub ahead of
print].

Brito-Echeverria J, Lopez-Lopez A, Yarza P, Anton ],
Rossello-Mora R. 2009. Occurrence of Halococcus spp. in
the nostrils salt glands of the seabird Calonectris diomedea.
Extremophiles 13:557-65.

Butler DG. 2002. Hypertonic fluids are secreted by medial and
lateral segments in duck (Anas platyrhynchos) nasal salt
glands. J Physiol 540:1039—46.

Butler DG. 2007. ANG II-induced attenuation of salt
gland function in Pekin ducks is not catecholamine-
dependent. ] Comp Phys B Biochem System Environ
Phys 177:733-42.

Caprette CL, Lee MSY, Shine R, Mokany A, Downhower JF.
2004. The origin of snakes (Serpentes) as seen through eye
anatomy. Biol J Linn Soc 81:469-82.

Chieffi-Baccari G. 1996. Organogenesis of the harderian
gland: a comparative survey. Microsc Res Tech 34:6-15.
Chieffi-Baccari G, Di Matteo L, Minucci S. 1996. Effects of
prolactin and cortisol on the Harderian gland of the terra-
pin, Pseudemys scripta, adapted to different salinities. Anat

Rec 244:225-34.

Chieffi-Baccari G, Dimatteo L, Minucci S. 1992. The orbital
glands of the chelonians Pseudemys scripta and Testudo
graeca: comparative histological, histochemical, and ultra-
structural investigations. ] Anat 180:1-13.

Chieffi-Baccari G, Minucci S, Dimatteo L. 1993. The orbital
glands of the terrapin Pseudemys scripta in response to os-
motic stress: a light and elctron microscope study. J Anat
183:21-33.

Chieffi Baccari G, Di Matteo L, Minucci S. 1995.
Organogenesis of the orbital glands in the lizard Podarcis
sicula: a histological, histochemical and ultrastructural
study. Anat Embryol 192:43-52.

Cowan FBM. 1969. Gross and microscopic anatomy of orbital
glands of Malaclemys and other Emydine turtles. Can
] Zool 47:723-29.

Cowan FBM. 1973. Homology of the cranial glands in turtles:
with special reference to the nomenclature of “salt glands.”
] Morphol 141:157-69.

Cramp RL, De Vries I, Anderson WG, Franklin CE. 2010.
Hormone-dependent dissociation of blood flow and secre-
tion rate in the lingual salt glands of the estuarine croco-
dile, Crocodylus porosus. ] Comp Physiol B Biochem Syst
Environ Physiol 180:825-34.

Cramp RL, Hudson NJ, Holmberg A, Holmgren S,
Franklin CE. 2007. The effects of saltwater acclimation on
neurotransmitters in the lingual salt glands of the estuarine
crocodile, Crocodylus porosus. Regul Pept 140:55-64.

Cramp RL, Meyer EA, Sparks N, Franklin CE. 2008.
Functional and morphological plasticity of crocodile
(Crocodylus porosus) salt glands. J Exp Biol 211:1482-89.

210 ‘07 A o narssnf SN 1 I /310" s[euInolpioyxo-qor//:diy woij papeoumo



254

Dang H, Lin AL, Zhang B, Zhang HM, Katz MS, Yeh CK.
2009. Role for Notch signaling in salivary acinar cell growth
and differentiation. Dev Dyn 238:724-31.

Dantzler WH, Bradshaw SD. 2009. Osmotic and ionic regu-
lation in reptiles. In: Evans DH, editor. Osmotic and ionic
regulation: cells and animals. Boca Raton, FL: CRC Press.
p. 443-503.

Dunson WA. 1969. Electrolyte excretion by the salt gland of
the Galapagos marine iguana. Am J Physiol 216:995-1002.

Dunson WA. 1970. Some aspects of electrolyte and water
balance in three estuarine reptiles, the diamondback terra-
pin, American and “salt water” crocodiles. Comp Biochem
Physiol 32:161-74.

Dunson WA, Dunson MK. 1973. Convergent evolution of
sublingual salt glands in the marine file snake and true
sea snakes. ] Comp Physiol 86:193-208.

Dunson WA, Dunson MK. 1974. Interspecific differences in
fluid concentration and secretion rate of sea snake salt
glands. Am J Physiol 227:430-38.

Dunson WA, Dunson MK. 1979. Possible new salt gland in a
marine Homalopsid snake (Cerberus rhynchops). Copeia
661-73.

Dunson WA, Packer RK, Dunson MK. 1971. Sea snakes: an
unusual salt gland under the tongue. Science 173:437-41.
Dunson WA, Taub AM. 1967. Extrarenal salt excretion in sea

snakes (Laticauda). Am J Physiol 213:975-82.

Ellis RA, Abel JH Jr. 1964. Intercellular channels in the salt
secreting glands of marine turtles. Science 144:1340—42.
Ellis RA, Delellis RA, Goertemiller CC, Kablotsky YH. 1963.
Effect of a salt water regimen on development of salt glands

of domestic ducklings. Dev Biol 8:286-308.

Ernst SA, Ellis RA. 1969. Development of surface specializa-
tion in secretory epithelium of avian salt gland in response
to osmotic stress. ] Cell Biol 40:305.

Ewert MA. 1985. Embryology of turtles. In: Gans C, Billet F,
Maderson PF, editors. Biology of the reptilia. New York:
John Wiley and Sons. p. 76-267.

Ferguson MJ. 1985. The reproductive biology and embryology
of crocodilians. In: Gans C, Billet F, Maderson PF, editors.
Biology of the reptilia. New York: John Wiley and Sons.
p. 329-491.

Fernandez M, Gasparini Z. 2000. Salt glands in a Tithonian
metriorhynchid crocodyliform and their physiological sig-
nificance. Lethaia 33:269-76.

Fiaschi M, Kolterud A, Nilsson M, Toftgard R, Rozell B. 2011.
Targeted expression of GLI1 in the salivary glands results in
an altered differentiation program and hyperplasia. Am J
Pathol 179:2569-79.

Fishelson L, Baranes A, Delarea Y. 2004. Morphogenesis of
the salt gland in the viviparous Oman shark, Iago omanen-
sis (Triakidae) from the Gulf of Agaba (Red Sea). ] Mar
Biol Assoc UK 84:433-37.

Franklin CE, Taylor G, Cramp RL. 2005. Cholinergic and
adrenergic innervation of lingual salt glands of the estuarine
crocodile, Crocodylus porosus. Aust ] Zool 53:345-51.

Gandola R, Buffetaut E, Monaghan N, Dyke G. 2006. Salt
glands in the fossil crocodile Metriorhynchus. J Vertebr
Paleontol 26:1009-10.

Gasparini Z, Pol D, Spalletti LA. 2006. An unusual marine
crocodyliform from the Jurassic—Cretaceous boundary of
Patagonia. Science 311:70-3.

L. S. Babonis and F. Brischoux

Gerstberger R, Gray DA. 1993. Fine structure, innervation, and
functional control of avian salt glands. In: Kwang W],
Jonathan J, editors. International review of cytology,
Vol. 144. San Diego: Academic Press Inc. p. 129-215.

Gutierrez JS, Masero JA, Abad-Gomez JM, Villegas A,
Sanchez-Guzman JM. 2011. Understanding the energetic
costs of living in saline environments: effects of salinity
on basal metabolic rate, body mass and daily energy con-
sumption of a long-distance migratory shorebird. J Exp
Biol 214:829-35.

Hackett SJ, Kimball RT, Reddy S, Bowie RCK, Braun EL,
Braun M]J, Chojnowski JL, Cox WA, Han KL,
Harshman J, et al. 2008. A phylogenomic study of birds
reveals their evolutionary history. Science 320:1763-68.

Harunaga J, Hsu JC, Yamada KM. 2011. Dynamics of salivary
gland morphogenesis. ] Dent Res 90:1070-77.

Hazard LC, Shoemaker VH, Grismer LL. 1998. Salt gland
secretion by an intertidal lizard, Uta tumidarostra. Copeia
231-34.

Heise PJ, Maxson LR, Dowling HG, Hedges SB. 1995.
Higher-level snake phylogeny inferred from mitochondrial
DNA sequences of 12S rRNA and 16S rRNA genes. Mol
Biol Evol 12:259-65.

Hildebrandt JP. 2001. Coping with excess salt: adaptive func-
tions of extrarenal osmoregulatory organs in vertebrates.
Zoology 104:209-20.

Hirayama R. 1998. Oldest known sea turtle. Nature
392:705-8.

Holmes WN, McBean RL. 1964. Some aspects of electrolyte
excretion in the green turtle Chelonia mydas. J Exp Biol
41:81-90.

Holmes WN, Phillips JG, Butler DG. 1961. Observations on
effect of maintaining glaucous winged gulls (Larus glauces-
cens) on fresh water and sea water for long periods. |
Endocrinol 23:53.

Holmgren S, Olsson C. 2011. Autonomic control of glands
and secretion: a comparative view. Auton Neurosci
165:102-12.

Hudson DM, Lutz PL. 1986. Salt gland function in
the leatherback sea turtle, Dermochelys coriacea. Copeia
247-49.

Hughes MR. 2003. Regulation of salt gland, gut and kidney
interactions. Comp Biochem Physiol A Mol Integr Physiol
136:507-24.

Hughes MR, Bennett DC, Gray DA, Sharp PJ, Poon AM.
2006. Influences of sex and saline intake on diurnal changes
in plasma melatonin and osmoregulatory hormones of
Pekin ducks (Anas platyrhynchos). Gen Comp Endocrinol
149:124-33.

Hughes MR, Kitamura N, Bennett DC, Gray DA, Sharp PJ,
Poon AMS. 2007. Effect of melatonin on salt gland and
kidney function of gulls, Larus glaucescens. Gen Comp
Endocrinol 151:300-7.

Klopfleisch R, Muller C, Polster U, Hildebrandt JP, Teifke JP.
2005. Granulomatous inflammation of salt glands in duck-
lings (Anas platyrhynchos) associated with intralesional
Gram-negative bacteria. Avian Pathol 34:233-37.

Kochva E. 1965. The development of the venom gland in the
opisthoglyph snake Telescopus fallax with remarks on
Thamnophis  sirtalis  (Colubridae, Reptilia). Copeia
1965:147-54.

210 ‘07 A o narssnf SN 1 I /310" s[euInolpioyxo-qor//:diy woij papeoumo



Convergent evolution of salt glands

Krohn M, Hildebrandt JP. 2004. Cross-talk of phosphoinosi-
tide- and cyclic nucleotide-dependent signaling pathways in
differentiating avian nasal gland cells. J] Comp Physiol B
Biochem System Environ Physiol 174:461-70.

Larsen M, Yamada KM, Musselmann K. 2010. Systems anal-
ysis of salivary gland development and disease. Wiley
Interdiscip Rev Syst Biol Med 2:670-82.

Laverty G, Skadhauge E. 2008. Adaptive strategies for post-
renal handling of urine in birds. Comp Biochem Physiol A
Mol Integr Physiol 149:246-54.

Lombaert IMA, Knox SM, Hoffman MP. 2011. Salivary gland
progenitor cell biology provides a rationale for therapeutic
salivary gland regeneration. Oral Dis 17:445-49.

Lutz PL, Musick JA. 1997. The biology of sea turtles. Boca
Raton, FL: CRC Press. p. 432.

Man Z, Yishu W, Peng Y, Xiaobing W. 2011. Crocodilian
phylogeny inferred from twelve mitochondrial protein-
coding genes, with new complete mitochondrial genomic
sequences for Crocodylus acutus and Crocodylus novaegui-
neae. Mol Phylogenet Evol 60:62-7.

Marples BJ. 1932. The structure and development of the nasal
glands of birds. Proc Zool Soc Lond Part 4:829-44.

Marshall AT. 1989. Intracellular and luminal ion concentra-
tions in sea turtle salt glands determined by X-ray micro-
analysis. ] Comp Physiol B Biochem Syst Environ Physiol
159:609-16.

Marshall AT, Saddlier SR. 1989. The duct system of the lac-
rimal salt gland of the green sea turtle, Chelonia mydas. Cell
Tissue Res 257:399—-404.

Miller JD. 1985. Embryology of marine turtles. In: Gans C,
Billet F, Maderson PF, editors. Biology of the reptilia. New
York: John Wiley and Sons. p. 270-328.

Muller C, Sendler M, Hildebrandt JP. 2006. Downregulation
of aquaporins 1 and 5 in nasal gland by osmotic stress in
ducklings, Anas platyrhynchos: implications for the produc-
tion of hypertonic fluid. J Exp Biol 209:4067-76.

Naro-Maciel E, Le M, FitzSimmons NN, Amato G. 2008.
Evolutionary relationships of marine turtles: a molecular
phylogeny based on nuclear and mitochondrial genes.
Mol Phylogenet Evol 49:659-62.

Nogawa H. 1978. The development of the salivary glands in
the Japanese quail Coturnix coturnix japonica. ] Fac Sci
Univ Tokyo Sect IV 14:95-104.

Oros J, Camacho M, Calabuig P, Arencibia A. 2011. Salt gland
adenitis as only cause of stranding of loggerhead sea turtles
Caretta caretta. Dis Aquat Org 95:163—66.

Ovadia M. 1984. Embryonic development of Duvernoy’s
gland in the snake Natrix tessellata (Colubridae). Copeia
1984:516-21.

Peaker M, Linzell JL. 1975. Salt glands in birds and reptiles.
London: Cambridge University. p. 307.

Pierce SE, Angielczyk KD, Rayfield EJ. 2009. Shape and me-
chanics in thalattosuchian (Crocodylomorpha) skulls: im-
plications for feeding behaviour and niche partitioning. J
Anat 215:555-76.

Rehorek SJ, Hillenius WJ, Sanjur J, Chapman NG. 2007. One
gland, two lobes: organogenesis of the “Harderian” and “nic-
titans” glands of the Chinese muntjac (Muntiacus reevesi) and
fallow deer (Dama dama). Ann Anat 189:434—46.

Rehorek SJ, Legenzoff EJ, Carmody K, Smith TD,
Sedlmayr JC. 2005. Alligator tears: a reevaluation of the

255

lacrimal apparatus of the crocodilians. J Morphol
266:298-308.

Reina RD, Cooper PD. 2000. Control of salt gland activity in
the hatchling green sea turtle, Chelonia mydas. ] Comp
Physiol B Biochem Syst Environ Physiol 170:27-35.

Reina RD, Jones TT, Spotila JR. 2002. Salt and water regula-
tion by the leatherback sea turtle Dermochelys coriacea. ]
Exp Biol 205:1853-60.

Saint Girons H, Lemire M, Bradshaw SD. 1977. Structure and
function relationships of the external nasal gland of Tiliqua
rugosa (Reptilia, Scincidae). Zoomorphologie 88:277-88.

Schmidt-Nielsen K. 1960. The salt-secreting gland of marine
birds. Circulation 21:955-67.

Schmidt-Nielsen K, Fange R. 1958. Salt glands in marine rep-
tiles. Nature 182:783-5.

Schmidt-Nielsen K, Jorgensen CB, Osaki H. 1958. Extrarenal
salt excretion in birds. Am J Physiol 193:101-7.

Seymour Roger S, Bennett Stamper Christina L, Johnston
Sonya D, Carrier David R, Grigg Gordon C. 2004.
Evidence for endothermic ancestors of crocodiles at the
stem of archosaur evolution. Physiol Biochem Zool
77:1051-67.

Shen XX, Liang D, Wen JZ, Zhang P. 2011. Multiple genome
alignments facilitate development of NPCL markers: a case
study of tetrapod phylogeny focusing on the position of
turtles. Mol Biol Evol 28:3237-52.

Shuttleworth TJ, Hildebrandt JP. 1999. Vertebrate salt glands:
short- and long-term regulation of function. J Exp Zool
283:689-701.

Staaland H. 1967. Anatomical and physiological adaptations
of the nasal glands in Charadriiformes birds. Comp
Biochem Physiol Part A Mol Integr Physiol 23:933—44.

Suepaul RB, Alley MR, van Rensburg MJ. 2010. Salt gland
adenitis associated with bacteria in blue penguins
(Eudyptula minor) from Hauraki Gulf (Auckland, New
Zealand). ] Wildl Dis 46:46-54.

Taplin LE. 1985. Sodium and water budgets of the fasted
estuarine crocodile, Crocodylus porosus, in seawater.
J Comp Physiol B Biochem Syst Environ Physiol
155:501-13.

Taplin LE, Grigg GC. 1981. Salt glands in the tongue of the
estuarine  crocodile  Crocodylus ~ porosus.  Science
212:1045-47.

Taplin LE, Grigg GC, Beard L. 1985. Salt gland function in
fresh water crocodiles: evidence for a marine phase in
Eusuchian evolution? In: Grigg GC, Shine R, Ehmann H,
editors. Biology of Australasian frogs and reptiles. New
South Wales: Royal Zoological Society of New South
Wales. p. 403-10.

Taplin LE, Grigg GC, Harlow P, Ellis TM, Dunson WA. 1982.
Lingual salt glands in Crocodylus acutus and Crocodylus
johnstoni and their absence from Alligator mississipiensis
and Caiman crocodilus. ] Comp Physiol 149:43-7.

Taub AM. 1966. Ophidian cephalic glands. ] Morphol
118:529-42.

Technau G. 1936. Die Nasendruse der Vogel. ] Ornithol
84:511-617.

Tucker AS. 2007. Salivary gland development. Semin Cell Dev
Biol 18:237-44.

Tucker R. 1958. Taxonomy of the salivary glands of verte-
brates. Syst Zool 7:74-83.

210 ‘07 A o narssnf SN 1 I /310" s[euInolpioyxo-qor//:diy woij papeoumo



256

Van Lennep EW, Komnick H. 1970. Fine structure of the
nasal salt gland in the desert lizard Uromastyx acanthi-
nurus. Cytobiologie 2:47-67.

Vidal N, Hedges SB. 2009. The molecular evolutionary tree of
lizards, snakes, and amphisbaenians. C R Biol 332:129-39.

Voronov AS, Shibalev DV, Kupriyanova NS. 2011.
Evolutionary relationships between reptiles inferred from
the comparison of their ITS2 sequences. Russ ] Genet
47:864-73.

Walker JL, Menko AS, Khalil S, Rebustini I, Hoffman MP,
Kreidberg JA, Kukuruzinska MA. 2008. Diverse roles of

L. S. Babonis and F. Brischoux

E-cadherin in the morphogenesis of the submandibular
gland: insights into the formation of acinar and ductal
structures. Dev Dyn 237:3128—41.

Walls GL. 1940. Ophthalmological implications for the early
history of the snakes. Copeia 1940:1-8.

Witmer LM. 1997. The evolution of the antorbital cavity of
archosaurs: a study in soft-tissue reconstruction in the fossil
record with an analysis of the function of pneumaticity. Soc
Vert Paleo Mem 3:1-73.

210 ‘07 A o narssnf SN 1 I /310" s[euInolpioyxo-qor//:diy woij papeoumo



OPEN a ACCESS Freely available online

@PLOS | ONE

Hypernatremia in Dice Snakes (Natrix tessellata) from a
Coastal Population: Implications for Osmoregulation in

Marine Snake Prototypes

Francois Brischoux'*, Yurii V. Kornilev?

1 Centre d’Etudes Biologiques de Chizé, CEBC UMR 7372 CNRS-ULR, Villiers en Bois, France, 2 Bulgarian Society for the Protection of Birds, NCC “Poda”, Burgas, Bulgaria

Abstract

The widespread relationship between salt excreting structures (e.g., salt glands) and marine life strongly suggests that the
ability to regulate salt balance has been crucial during the transition to marine life in tetrapods. Elevated natremia (plasma
sodium) recorded in several marine snakes species suggests that the development of a tolerance toward hypernatremia, in
addition to salt gland development, has been a critical feature in the evolution of marine snakes. However, data from
intermediate stage (species lacking salt glands but occasionally using salty environments) are lacking to draw a
comprehensive picture of the evolution of an euryhaline physiology in these organisms. In this study, we assessed natremia
of free-ranging Dice snakes (Natrix tessellata, a predominantly fresh water natricine lacking salt glands) from a coastal
population in Bulgaria. Our results show that coastal N. tessellata can display hypernatremia (up to 195.5 mmol.I”") without
any apparent effect on several physiological and behavioural traits (e.g., hematocrit, body condition, foraging). More
generally, a review of natremia in species situated along a continuum of habitat use between fresh- and seawater shows
that snake species display a concomitant tolerance toward hypernatremia, even in species lacking salt glands. Collectively,
these data suggest that a physiological tolerance toward hypernatremia has been critical during the evolution of an
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euryhaline physiology, and may well have preceded the evolution of salt glands.
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Introduction

Living in seawater entails physiological consequences such as
water loss and salt gain, and coping with these constraints
represents one of the principal challenges of secondarily marine
vertebrates [1]. Accordingly, marine tetrapods (i.e., mammals,
birds, turtles, snakes, lizards and crocodiles) display specific
adaptations related to the maintenance of osmotic balance. For
instance, marine mammals have specialized nephrons which allow
highly concentrated urine [2]. Although marine reptiles lack the
ability to excrete excess salt in urine, they have evolved salt glands
that secrete concentrated salt solution [3,4].

The widespread relationship between marine life and presence
of specific salt-excretory structures, found across very different
taxa, strongly suggests that the ability to excrete excess salt has
been critical during the invasion of marine environments by
tetrapods. However, as with most evolutionary processes, transi-
tional steps are missing and are seldom represented by fossil
remains [5]. In addition, crucial characteristics such as physiology
and/or behaviour do not print well within the fossil records [3].
Yet, some research works have proposed scenarios of the evolution
of an euryhaline physiology during the transition to marine life
[6,7,8]. For instance, Dunson and Mazzotti [6] have proposed
four successive steps that should ultimately lead to an efficient
maintenance of the osmotic balance. The first step consists of a
primary reliance on behavioural osmoregulation (e.g., frequent
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obligate fresh water drinking [9]). The second step involves a
reduction in salt gain and water loss through permeable surfaces
[10,11,12]. The third and fourth steps include the evolution of
rudimentary salt secreting features and their subsequent develop-
ment [4], which would ultimately allow exploiting more saline,
thus larger, oceanic areas [13].

Clearly, these successive stages would ultimately allow organ-
isms to progressively become emancipated from regular access to
fresh water, and thus to thrive in saline environments. Likely, this
has led to the conclusion that marine tetrapods could maintain
their water balance without consuming fresh water [14,15].
However, recent investigations have challenged this paradigm.
Specifically, the most detailed studies performed on marine snakes
have shown that species having a functional salt gland cannot
equilibrate their hydromineral balance without access to fresh
water [12,16]. Dehydration in seawater has been shown to occur
in amphibious sea snakes (Laticaudine sea kraits) as well as in fully
marine species (Hydrophine sea snakes) [12,16,17]. In addition,
elevated plasmatic sodium concentrations have been measured in
various marine snake species [18-25]. These studies have led to
the hypothesis that the development of a physiological tolerance to
hypernatremia may have been an important feature of the
evolution of marine snakes [25]. However, data gathered under
experimental conditions show that fresh water species lacking salt
glands (including coastal presumably salt tolerant species) rapidly
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accumulate large salt loads when acclimated in brackish and salt
water [24,26]. In most of these cases, the resulting hypernatremia
was lethal [24,26]. Taken together, these elements highlight the
lack of information from groups thought to resemble transitional
forms between the land and the sea (species lacking salt glands but
occasionally using salty environments) to draw a comprehensive
picture of the evolution of an euryhaline physiology in these
organisms.

Snakes provide a suitable study system with which to clarify the
steps that allowed coping with osmotic challenge [13]. Indeed, this
lineage displays a unique gradient of habitat use which allows
studying groups thought to resemble transitional forms between
the land and the sea [13,27]. Importantly, these transitional steps
can be investigated at several phylogenetic scales along a gradient
of habitat use [27]. Species that are salt tolerant, but imperfectly
marine (1.e., lacking salt glands) represent a powerful opportunity
to investigate the early steps of the evolution of an euryhaline
physiology. In the current investigation, we examine such a study
system. The European Dice snake (Natrix tessellata) is a typical semi-
aquatic fresh water natricine species that occurs over Eurasia
(broadly from Italy to China [28]). Although this species relies
primarily on fresh water bodies to forage for fish and amphibians,
some populations are known to use, more or less extensively,
brackish or saline habitats, thereby offering the possibility to
Investigate an intermediate step during the evolution to marine
life. In this study we report natremia (plasma sodium concentra-
tion, an indicator of the osmotic challenge linked to marine life in
snakes [25]) measured in free-ranging Dice snakes inhabiting a
coastal ecotone between freshwater and the Black Sea in Bulgaria.
In combination with a review of plasmatic sodium concentration
of snakes, these results are discussed in the light of the secondary
transition to marine life in tetrapods.

Materials and Methods

Ethics statement

All procedures were approved by IFrench and Bulgarian
regulations (Comité d’éthique Poitou-Charentes approval number
CE2013-5 to FB; Ministry of Environment and water of Bulgaria
permit to YVK: 298/09.03.2011).

Study species

Natrix tessellata is a medium-sized (up to 130 cm [29]) species
with an extended Palearctic distribution: from central Europe to
northern Egypt and east as far as north-western China [30,31]. It
is a typical semi-aquatic natricine foraging mainly for fish, and to a
lesser extent for amphibians in streams, rivers, and lakes [28].

Although the vast majority of M. tessellata populations rely on
fresh water bodies, few do occur in saline environments along the
coasts of the Adriatic Sea [28,32-35], the Ionian and Aegean Seas
[36], the Black Sea ([37-40], this study) and the Caspian Sea
[41,42]. In most of these cases, N. fessellata occurs in brackish
waters of lagoons, salt marshes and river mouths.

Study site

We surveyed a population of Dice snakes on the southern
Bulgarian Black Sea coast, in the “Poda” Protected Area (Iig. 1).
The Poda wetland (1 km?) consists of a coastal ecotone inserted
between a large predominantly freshwater reservoir (Mandra
Lake) and the Black Sea (Fig. 1). Poda is mainly composed of an
alternation of shallow pools of water (usually <1 m deep)
intersected by embankment lands and lower, temporarily flooded
areas. The proximity of the Mandra Lake and the Black Sea and
seasonal climatic fluctuations create a wide variety of aquatic
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Figure 1. Map of the study area. The upper panel gives the location
of the Poda Protected Areas in the vicinity of Bourgas, Bulgaria.
Emergent lands are indicated in white, water is indicated in light grey.
The lower panel shows the Poda Protected Area (dashed area).
Emergent lands are indicated in white and water is indicated in light
grey. Numbers designate salinity (%o) recorded for three ponds, two
locations on the shore of the Black Sea, and one location at the mouth
of the Mandra Lake. The two arrows show sites where tracks from
snakes commuting between the land and the Black Sea were observed.
doi:10.1371/journal.pone.0092617.g001

habitats spanning from fresh (<1%o) and brackish (1-10%o) to salt
water (>10%o), including some hyperhaline waters during the
summer (32-33 %o, [43], Fig. 1).

Field procedures

In April 2012, a total number of 19 snakes were captured by
hand. Snakes were typically found while basking in the sun.
Individuals were measured (snout-vent length [SVL] and total
length [TL], 0.5 cm), weighted (*1 g), and sexed by eversion of
the hemipenis. Feeding and reproductive status were assessed by
gentle palpation.

Only large adult females (>140 g, N =13) were blood-sampled
to avoid putative detrimental effects of the procedure on smaller
individuals, and to avoid sex effects on plasmatic parameters.
Blood (~400 pl) was sampled through cardiocentesis using 30 G-
needles. A small fraction (10 pl) of the blood was collected in a
micro-capillary tube and centrifuged on site in a minihaematocrit
Compur M1101 (Bayer) for 3 min to record haematocrit (packed
blood cell volume, %). The remaining blood was centrifuged
(3 min at 8,000 G) and the plasma was separated and stored at
—25°C until assays were processed. Plasma sodium concentrations
were assessed with an ISE module on a Pentra C 200 (Horiba
Medical Ltd) compact chemistry analyzer.

At the end of the procedures (usually <30 min), snakes were
released at the location of capture.

Water samples were collected from water bodies where N
lessellata were observed foraging and/or in the vicinity of which we
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Figure 2. Natremia (plasma sodium concentration) of thirteen free-ranging individual N. tessellata captured at Poda Protected Area,
Bulgaria. The dashed lines indicate the range of normonatremia (130-160 mmol.l”" [45]) and the horizontal black line indicates mean
normonatremia (145 mmol.I”"). For clarity, individuals are ranked by ascending order of natremia.
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collected snakes. These sampled stations included 3 ponds within
Poda, 2 sites along the coast of the Black Sea as well as 1 site
situated at the mouth of the Mandra Lake (Fig. 1). Salinity (%o) was
assessed with a Pocket Salt Meter (PAL-ES2, Atago).

Analyses

We quantified a body condition index (BCI) using residual
scores from the linear regression between body size (SVL) and
body mass (both variables were log transformed for linearity [44]).
We excluded individuals with prey in the stomach from the BCI
calculations.

Relationships between natremia and possible correlates (BCI,
Hect) were investigated using Spearman rank correlations.

Results and Discussion

Free-ranging M. tessellata display highly variable plasma sodium
concentrations (mean 169.9+18.2 mmol.l™") ranging from nor-
monatremia (which range from 130 to 160 mmol.l™' in non-
mammalian  tetrapods  [45]) to hypernatremia (up to
195.5 mmol.I ™!, Fig. 2). Most individuals (N = 10, 77%) displayed
hypernatremia, and only three snakes had values within the range
of normonatremia (130-160 mmol.l™" [45]). Classically, devia-
tions of the osmotic balance trigger several behavioural and
physiological adjustments in snakes. For instance, dehydrated
and/or hypernatremic individuals tend to seclude themselves in
well-buffered shelters in order to reduce additional water loss [8,9].
Such behaviour is usually accompanied by a thermal depression
and decreased metabolism which result in a strong reduction in
activity levels [46,47]. Apparently, the high natremia we recorded
did not trigger such adjustments in . fessellata. Indeed, all the
individuals we captured were basking in the sun, or actively
moving in the open, and tried actively to evade capture. Remnants
of food were palpated in three individuals that did not display
particularly low plasma sodium (155.6, 167.4 and 173.8 mmol.I™"
Na* respectively). In addition, BCI was not related to plasma
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sodium (Spearman rank correlation, r,= —0.47, p>0.05), suggest-
ing an absence of long-term effect of hypernatremia on foraging.

The elevated natremia we found in some individuals could be
the result of mere dehydration (i.e., the more dehydrated an
individual, the more concentrated its body fluids). However, this
hypothesis seems unlikely as we did not find any relationship
between plasma sodium and BCI (see above) or haematocrit
(Spearman rank correlation, r,=0.20, p>0.05), two parameters
known to correlate with hydration state [17,48]. Our results rather
suggest that free-ranging N. tessellata gained salt during their day-
to-day activities. Indeed, measurements of environmental salinity
in Poda showed that most potential foraging areas were saline (up
to 14.3%o, Fig. 1, see also [43]). Likely, Dice snakes foraged in
water bodies that were brackish or saline, or indeed at sea (as
witnessed by tracks of snakes commuting to the Black Sea, Fig. 1);
and gained salt passively through permeable surfaces. Marine
snakes display a significant reduction in salt gain and water loss
through permeable surfaces [10-12,49], and future studies should
assess skin permeability to water and sodium in N. tessellata and
compare coastal versus inland populations.

Voluntary or incidental (e.g., during prey capture) salt water
drinking is an additional process that leads to salt gain [13].
Accordingly, marine forms usually display an increased ability to
discriminate water salt content and to avoid salt water drinking
[12,16,26,50,51]. We do not know whether N. tessellata is able to
discriminate water salt content and/or to avoid salt water drinking
and such issues need to be clarified. In addition to salt water
drinking avoidance, many marine taxa can rely on behavioural
osmoregulation such as fresh water drinking. Indeed, dehydrated
and hypernatremic marine snakes are known to drink large
amounts of fresh water when available to restore osmotic balance
[9,12,16,25].  Interestingly, two individuals (151.3 and
162.6 mmol.l ™' Na* respectively) regurgitated copious amounts
of fresh water upon capture, suggesting that these individuals have
drank shortly before. The variety of aquatic habitats found in Poda
(fresh, brackish and salt water, Fig 1) over a small spatial scale,
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Figure 3. Published data on snake natremia. These data were available from strictly fresh water species (Nerodia fasciata and N. sipedon [24,26]),
salt tolerant species lacking salt glands (N. clarckii clarckii, N. clarckii compressicauda, Thamnophis valida [24,26]), amphibious sea kraits with functional
salt glands (Laticauda saintgironsi, L. laticaudata, L. semifasciata [24,25]) and fully marine sea snakes with functional salt glands (Acrochordus
granulatus, Hydrophis elegans, H. cyanocinctus, Pelamis platurus [18,19,21-23]. The dashed lines indicate the range of normonatremia (130-
160 mmol.I” " [45]) and the horizontal black line indicates mean normonatremia (145 mmol.I”"). Numbers above the bars indicate survival rates (no

number =100%). Data are mean values per species = SD.
doi:10.1371/journal.pone.0092617.g003

may allow hypernatremic Dice snakes to easily access fresh water,
and thus to periodically restore osmotic balance. Accordingly,
specific environments characterized by low and/or variable
salinity may have facilitated evolutionary transitions to marine
life in snakes by allowing regular access to relatively fresh water
over short time-scales and decreasing the cost of osmotic
maintenance [13].

More generally, a review of plasmatic sodium concentration of
snakes experimentally maintained in fresh water or seawater gives
additional insights to our results (Fig. 3 and references therein).
These data suggest that when kept in fresh water, irrespective of
their primary habitat (i.e., fresh- versus seawater) all species shared
similar normonatremia (~140-150 mmol.l !, Fig. 3). Similarly, in
full-strength seawater, plasma sodium increased in all species
regardless from their osmoregulatory attributes (i.e., presence/
absence of salt glands, Fig. 3, [25]). Importantly, survival differed
among species and treatments, with strictly fresh water species
(Nerodia fasciata and N. sipedon) having decreased short-term (i.e.,
hours) survival in osmotically challenging treatments (Fig. 3).
Survival decreased also for salt tolerant species, although to a lesser
extent, with only one species (Thamnophis valida) out of three having
its short-term survival decreased in full-strength seawater (Fig. 3).
The other salt tolerant species survived for several days in full-
strength seawater. Survival stayed high (100%) in both groups of
marine adapted snakes (Fig. 3). Overall, these patterns seem to
indicate that along a continuum of habitats use between fresh- and
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seawater, snake species display a concomitant physiological
tolerance toward high plasma sodium, even in species lacking salt
glands (Figs. 2 and 3). In turn, this physiological flexibility would
allow reducing detrimental effects of salt gain such as decreased
activity levels and decreased short-term survival [26]. Such
resistance would allow individuals to periodically access fresh
water, and hence to occasionally restore their osmotic balance.
Ultimately, in marine species having salt glands, such flexibility
would allow excreting excess salt when natremia exceeds high
thresholds [22], which would substantially decrease energetic costs
linked to salt gland functioning [25].

In conclusion, the combination of these data strongly suggest
that the development of a physiological tolerance toward
deviations of the osmotic balance (e.g., increased plasma sodium)
might have been a critical innovation in the evolution of an
euryhaline physiology and may well have preceded the evolution
of salt glands. Although only few populations of N. fessellata are
found in saline environments, our results show that these
populations may be salt tolerant, and use saline water bodies
despite lacking salt glands. In this respect, N. tessellata seems a
promising study model (i.e., a marine snake prototype) of the
secondary transition to marine life in vertebrates.
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Marine life free-ranging sea kraits display hypernatremia (up to 205 mmol-1~1). Experimental data showed that
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to saltwater, thereby demonstrating a marked flexibility in their relation to environmental conditions. A
literature survey indicated that all free-ranging marine snake species usually display hypernatremia despite
having functional salt glands. Overall, sea snakes exhibit a marked tolerance to salt load compared to other
marine tetrapods and apparently trigger substantial salt excretion only once natremia exceeds a high thresh-
old. We hypothesise that this high tolerance significantly decreases energetic costs linked to salt gland

functioning.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

One of the paramount challenges for marine tetrapods (i.e., mam-
mals, birds, turtles, snakes, lizards and crocodiles) is to maintain
hydromineral balance within vital boundaries (Schmidt-Nielsen,
1983). Because seawater is hyperosmotic to body fluids, marine spe-
cies tend to gain salt and lose water (Schmidt-Nielsen, 1983). As a
consequence, in most marine vertebrates, hydromineral balance
regulation requires expenditure of energy (Schmidt-Nielsen, 1983).
Marine tetrapods display a variety of structures that actively excrete
excess salt. For instance, marine mammals possess a sophisticated
countercurrent system with elongated nephrons that excrete large
loads of ions in hypertonic urine (Ortiz, 2001). Reptiles do not pro-
duce highly concentrated urine, but they have evolved a diversity of
cephalic salt glands that excrete concentrated salt solutions (Peaker
and Linzell, 1975; Babonis and Brischoux, 2012).

Owing to their developed salt excreting abilities, marine tetrapods
have long been thought to maintain their water balance without con-
suming fresh water (Randall et al., 2002; Houser et al., 2005). This
long-standing dogma has been recently challenged in some lineages
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(Lillywhite et al., 2012). Detailed studies performed on snakes showed
that marine species cannot equilibrate their hydromineral balance
without access to fresh water (Lillywhite et al.,, 2008, 2012). Dehydra-
tion in seawater has been documented in amphibious sea snakes (sea
kraits) as well as in fully marine species (hydrophiines) (Lillywhite et
al., 2008, 2012; Brischoux et al., 2012a). Interestingly, dehydration
rates are dependent on the degree of emancipation from the ancestral
terrestrial environment, both within and across phylogenetic lineages
(Brischoux et al,, 2012a; Lillywhite et al., 2012). Life in seawater can
thus impose significant physiological costs that have likely influenced
the secondarily evolutionary transition to marine life in tetrapods
(Brischoux et al., 2012b).

Dehydration rates of marine snakes in seawater have been mainly
assessed through variation in body mass, an integrative parameter
that primarily informs about net water loss (Lillywhite et al., 2008,
2012; Brischoux et al., 2012a). However, underlying variations of con-
centrations of ions or osmolytes in body fluids that exert a crucial influ-
ence on the maintenance of osmotic balance should be investigated
(Schmidt-Nielsen, 1983; Ortiz, 2001; Dantzler and Bradshaw, 2009). Al-
though salt strongly influences osmolality, many other osmolytes, such
as proteins, carbohydrate and nitrogenous wastes can also be involved
(Schmidt-Nielsen, 1983). Conversely, in the marine environment, sodi-
um is one of the primary ions that can be passively gained through per-
meable surfaces (Schmidt-Nielsen, 1983, but see Dunson and Robinson,
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1976; Dunson and Stokes, 1983). Therefore, natremia (plasma sodium
concentration) should directly reflect the outcome of the main osmotic
challenge faced by marine tetrapods (Schmidt-Nielsen, 1983), includ-
ing marine snakes (Dunson, 1968, 1980; Dunson et al., 1971; Dunson
and Dunson, 1973, 1974, 1975; Duggan and Lofts, 1978; Babonis et al.,
2011). In support of this view, sodium excretion rates and thus presum-
ably salt gain have been shown to influence sea snakes environmental
tolerances (Brischoux et al., 2012b).

We investigated salt gain and salt regulation by monitoring
natremia in marine snakes transferred from fresh water to seawater.
Amphibious sea snakes (sea kraits, Laticauda spp.) provide an excel-
lent opportunity to investigate physiological tolerances to salinity
constraints within a restricted phylogenetic framework (Brischoux
et al., 2012a, 2013). First, the high surface to volume ratio due to
the snake body plan likely increases salt gain through permeable sur-
faces (Brischoux and Shine, 2011). Second, sea kraits obligatorily use
both marine and land environments to forage, digest, and reproduce
(Heatwole, 1999). Importantly, they dehydrate in the field and
drink fresh water when available in order to restore their osmotic bal-
ance (Bonnet and Brischoux, 2008; Lillywhite et al., 2008; Brischoux
et al.,, 2012a). Third, species from this clade differ in their relative
use of terrestrial versus marine environments and display a concom-
itant gradient of adaptations to marine life (Lillywhite et al., 2008,
2009; Brischoux et al., 2013). Finally, life in seawater poses strong
physiological challenges to sea kraits (Dunson, 1975; Brischoux et
al.,, 2012a) and likely limits their distribution (Brischoux et al.,
2012b, 2013). We examined natremia of free-ranging individuals
and patterns of salt gain of individuals experimentally transferred
from fresh water to seawater in two-closely related species of sea
kraits (Laticauda laticaudata and L. saintgironsi) which vary in their
degree of habitat use (marine versus terrestrial) and their susceptibil-
ity to dehydration in seawater.

Specifically, we predicted that the more marine L. laticaudata,
which displays relatively lower dehydration rates in seawater, should
display a higher resistance to salt gain in seawater and a higher salt
tolerance compared to the more terrestrial L. saintgironsi. Conversely,
we expected both species to restore normonatremia when kept in a
presumably less constraining medium such as fresh water.

2. Materials and methods
2.1. Captive animals

Ten adult male L. saintgironsi and 10 adult male L. laticaudata were
caught on Signal islet, New Caledonia (22°17'45 S; 166°17'34 E) be-
tween November 18th and November 20th 2011. Upon capture, the
stomach of each individual was palpated in order to ensure that no
recently fed individuals were included in the experiment. The snakes
were weighed and subsequently kept in calico bags. On November
21th 2011, the snakes were brought back at the Aquarium des Lagons
Research Facility (Nouméa, New Caledonia) where all experimental
procedures were performed.

2.2. Experimental protocols

Our experimental treatment was split into two successive phases.
Snakes were placed in fresh water for two days in order to allow them
to drink ad libitum. This first step will be abbreviated “2-d-FW"therafter.
After the 2-d-FW treatment, snakes were handled and blood sampled
through intra-cardiac punctures using 30G-needles. The blood (~300 pL
representing <0.2% of a snake's body mass) was immediately centri-
fuged (3 min at 8000 g) and the plasma was separated and stored at
—25 °C. Each snake was weighed and randomly allocated to the next
experimental step.

In this second treatment, we subjected the sea kraits to different
salinity levels (either fresh water or full strength seawater, thereafter

FW and SW) during 12 days; an ecologically relevant duration similar
to that of a foraging trip at sea (Brischoux et al., 2007). To limit cage
effect, each treatment was repeated in two aquaria. Five individuals
per species were subjected to each treatment (2 to 3 snakes per
aquarium). Aquaria were fitted with a platform placed approximately
1 to 2 cm below the water's surface, providing to the snakes with a
resting place, notably to breathe without swimming, while remaining
in permanent contact with water. At the end of this treatment, snakes
were recaptured, and blood sampled as described above. We did not
detect any effects of the aquaria per treatment on the parameters an-
alyzed (all p > 0.7) therefore pairs of aquaria were pooled for each
treatment for analyses.

Two L. laticaudata (one for each treatment) and one L. saintgironsi
(FW treatment) escaped during the experiment and followed the
water drain which opens in the Lagoon therefore thereby reducing
our final sample 4 FW and 4 SW L. laticaudata and 4 FW and 5 SW
L. saintgironsi. The remaining snakes were released at the site of
capture after the experiment.

2.3. Field animals

To compare natremia between experimental and free-ranging in-
dividuals, we also sampled snakes directly in the field at a near-by
site (Amédée islet, 22°28'38 S, 166°28'06 E) where a tourist facility
allowed us to use a similar protocol for collecting blood as described
above. We collected blood from 4 male L. saintgironsi and 2 male
L. laticaudata shortly after capture (<3 min).

2.4. Natremia

Plasma sodium concentrations were assessed with an ISE module
on a Pentra C 200 (Horiba Medical Ltd) compact chemistry analyzer.

3. Results
3.1. General observations

When placed in fresh water (onset of the 2-d-FW period) all individ-
uals drank abundantly, often before exploring their new environment
and despite the stress of capture. During the 2-d-FW period, many
individuals defecated as indicated by large amounts of nitrogenous
wastes (insolubilized urates) quickly accumulating at the bottom of
the aquariums.

3.2. Variations in body mass

Despite fresh water uptake, we detected a slight loss of body mass
between capture and the end of the 2-d-FW period (possibly due to
defecation), significant in L laticaudata solely (L. saintgironsi: body
mass 1 = 153.0 & 21.4 g, body mass 2 = 151.3 + 21.8, paired t-tests,
t = 147, df = 13, p = 0.16; L. laticaudata: body mass 1 = 206.5 +
38.2 g, body mass 2 = 201.2 4 35.3, paired t-tests, t = 3.15, df = 14,
p = 0.007).

In both species, we detected a significant loss of body mass during
the second step of the experiment, but with no treatment effect
(repeated measures ANOVA, Time effect: F;, ; = 47.67, p < 0.001,
Time*Treatment: F; ; = 0.36, p = 0.56, body mass 3 = 143.9 +
6.9 g for L. saintgironsi; Time effect: F; ;0 = 150.31, p < 0.0001,
Time*Treatment: F; 10 = 0.51, p = 0.49, body mass 3 = 187.2 &+
10.3 g for L. laticaudata).

3.3. Natremia
In L. saintgironsi, the mean natremia of individuals sampled in the

field was significantly higher compared to the mean value for individ-
uals sampled after two days in fresh water (ANOVA, F;, 50 = 36.27,
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Fig. 1. Natremia (plasma sodium concentration, mmol-1~') of sea kraits (L. saintgironsi
and L. laticaudata) sampled in the field (black circles), and under experimental condi-
tions (black and grey squares). FW and SW stand for fresh water and seawater; and are
represented by grey and black symbols respectively. Connected dots indicate that the
same individuals were sampled for those treatments. See text for details.

p < 0.0001, Fig. 1), and was higher compared to the value recorded in
individuals transferred and kept in sea water for 12 additional days
(ANOVA, F;, 16 = 18.22, p < 0.001, Fig. 1). Focusing on the experi-
mental individuals, we found a significant treatment effect (repeated
measures ANOVA, effect of treatment through time F; ¢ = 6.06, p =
0.04, Fig. 1). Post hoc tests revealed that the natremia of snakes kept
in fresh water did not change after 12 days (Fisher's LSD, p = 0.55);
by contrast salt gain increased in snakes transferred to saltwater
(p <0.01, Fig. 1).

In L. laticaudata, we also found that the mean natremia of individ-
uals sampled in the field was higher compared to individuals sampled
two days after transfer to fresh water (ANOVA, F; 13 = 24.64,
p < 0.0001, Fig. 1), and also compared to snakes 12 days after transfer
to seawater (ANOVA, F; g = 17.79, p < 0.003, Fig. 1). Focusing on
the experimental individuals, we found a significant treatment effect
(repeated measures ANOVA, effect of treatment through time F; 5 =
5.05, p = 0.05, Fig. 1). Post hoc tests showed that the natremia of
snakes kept in fresh water decreased after 12 days (Fisher's LSD,
p = 0.03), while it stayed constant in individuals transferred to
seawater (p = 0.71, Fig. 1).

4. Discussion
Physiological capacity for excreting salt is essential for marine

vertebrates (Peaker and Linzell, 1975; Schmidt-Nielsen, 1983; Ortiz,
2001). Owing to their salt glands, sea snakes were expected to be

able to maintain their natremia within a narrow range when exposed
to various salinities. Unexpectedly, our results show that 1) free-
ranging sea kraits can display elevated natremia (up to 205 mmol-1~,
Fig. 1), and 2) that sea kraits can undergo important changes of
natremia in response to the salt content of their aquatic environment
(Fig. 1). Interestingly, such marked changes occurred relatively inde-
pendently from variations in body mass, suggesting possible decoupling
between natremia and net water flows between body compartments
and the environment (Lillywhite et al., 2008, 2012).

The elevated natremia we recorded on free-ranging individuals
could be merely a concentration of body fluid due to dehydration. In-
deed, amphibious species such as sea kraits dehydrate both on land
(Lillywhite et al., 2009) and at sea (Lillywhite et al., 2008; Brischoux
et al,, 2012a). To cope with dehydration, and restore their water bal-
ance, sea kraits drink fresh water when available (Bonnet and
Brischoux, 2008; Lillywhite et al., 2008, this study). In our study, in-
take of fresh water presumably allows adjustment of natremia
down to ~150 mmol-1~! (Fig. 1), a level considered as normal in
snakes (Campbell, 2004). Although teasing apart the respective role
of water loss (and thus concentration of body fluids) versus salt
gain on natremia was not possible on the free-ranging individuals
we sampled, our results suggest that despite having a functional salt
gland, sea kraits display a high tolerance to hypernatremia.

Although both species are amphibious and share basic ecological
traits (foraging at sea versus other activities on land: Heatwole,
1999), they also vary in their degree of emancipation from the terres-
trial environment, L. saintgironsi being more terrestrial (Shine et al.,
2003; Bonnet et al., 2005, 2009; Bonnet and Brischoux, 2008). Each
sea krait species also displays specific physiological adaptations: de-
hydration rate in seawater of L. saintgironsi (as assessed for its sister
species Laticauda colubrina: Lillywhite et al., 2008) should be higher
compared to L. laticaudata (Lillywhite et al., 2008). These differences
are reflected by their relationship to salinity (Brischoux et al.,
20123, 2013). Accordingly, the two species of sea kraits displayed dif-
ferent responses to salinity (Fig. 1). When transferred to seawater,
the natremia of L. saintgironsi increased by 8.5% but remained stable
in snakes kept in fresh water (Fig. 1). Salt gain was unlikely the result
of drinking as captive sea kraits refuse to drink seawater (Lillywhite
et al, 2008), our findings rather suggest that L. saintgironsi gain
salt through permeable skin surfaces when kept in seawater for
12 days. In contrast, natremia in L. laticaudata rose only 1.2% follow-
ing 12 days in seawater (Fig. 1). Interestingly, in L. laticaudata kept
in fresh water, natremia continued to decrease by 9.4% (Fig. 1).
These data suggest that either it took longer for L. laticaudata to
restore osmotic balance through drinking and/or that an influx of
fresh water through permeable surfaces had occurred in this species.
This latter hypothesis may reveal important trade-offs with skin per-
meability, and deserves further study (see Dunson and Robinson,
1976; Dunson and Stokes, 1983). Overall, our experiment shows
that, over an ecologically relevant time scale (duration of a foraging
trip), the more terrestrial L. saintgironsi is more susceptible to salt
gain through the skin than is the more marine L. laticaudata. These re-
sults dovetail remarkably well with interspecific differences in dehy-
dration rates in seawater measured elsewhere (Lillywhite et al., 2008;
Brischoux et al.,, 2012a).

A review of plasma sodium concentration of marine snakes kept in
fresh water or seawater provides additional insights (Table 1). Free-
ranging marine snakes (including file snakes, sea kraits and hydrophines
sea snakes) exhibit elevated natremia under natural conditions
(Table 1). However, when transferred to fresh water, all of these species
restore natremia to normal levels (140-150 mmol-1~': Campbell,
2004). This suggests that sea snakes share with other tetrapods (marine
and terrestrial) relatively similar normonatremia as shown by the
remarkable consistency of the levels they attain when hydrated
(Table 1, Campbell, 2004). However, in striking contrast to other marine
tetrapods (seabirds, marine mammals) sea snakes tolerate strong
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Table 1

Summary of published data on plasma sodium concentration in several marine snake
species (having salt glands). Most data from seawater (SW) comes from individuals
captured in natural conditions; while data from fresh water acclimated (FW) snakes
come from laboratory experiments. Data are mean values collected from Dunson, 1968
(a), Dunson and Dunson, 1973 (b), 1974 (c), 1975 (d), Dunson et al., 1971 (e), Duggan
and Lofts, 1978 (f), Babonis et al., 2011 (g) and the present study (h).

Habits Family Species Natremia
(mmol-1~1)
FW SW
Amphibious Laticaudinae Laticauda saintgironsi® 149.7 180.7
L. laticaudata® 1434 1892
L. semifasciata & 152.2 158.2
Aquatic Acrochordidae Acrochordus granulatus® 128.0 160.3
Hydrophinii Hydrophis cyanocinctus’ 152.2 2314
H. elegans® 134.0 205.5
Pelamis platurus®-¢ 140.0 232.1

hypernatremia and can sustain very high sodium concentrations in the
plasma (Table 1, up to 307 mmol-1~! recorded in free-ranging Pelamis
platurus). Although marine snakes' distributions and tolerances to salin-
ity have been shown to correlate with the efficiency of their salt glands
(Brischoux et al., 2012b), remarkably our results question the useful-
ness and/or efficiency of their functional salt gland. Empirical and
experimental studies (Table 1) suggest that salt glands of sea snakes
do not maintain normonatremia as in other marine tetrapods; instead
they seem to serve to limit extreme salt loads. For instance according
to Dunson et al. (1971), effective salt secretion is initiated once natremia
deviate from high thresholds between 170 and 200 mmol-1~! in
P. platurus.

We hypothesise that restricting active salt excretion to high levels of
natremia represents an effective means of saving energy in these
low-energy specialists (Pough, 1980). One would have expected more
marine adapted species (hydrophiines) to regulate their natremia
more precisely. Counter intuitively, “true” sea snakes (hydrophiines)
which have relatively more highly developed and thus more efficient
salt glands (Brischoux et al., 2012b) also show the highest tolerance to
hypernatremia (all >200 mmol-1~1, Table 1), while other species, pre-
sumably less marine-adapted (acrochordids, laticaudines: Brischoux
et al., 2012b), show lower natremia under natural conditions (160-
190 mmol-1~1, Table 1). We suggest that, in addition to modifica-
tions of skin permeability (Dunson and Robinson, 1976; Dunson
and Stokes, 1983), and the evolution of salt glands (Babonis and
Brischoux, 2012) life in seawater might have substantially modified
the tolerance of marine snakes to hypernatremia. A greater tolerance
to hypernatremia would be beneficial since active salt excretion
would occur only when plasma sodium dangerously exceeds an upper
threshold. In turn, this would substantially decrease energetic costs
linked to salt gland functioning (Peaker and Linzell, 1975; Gutiérrez et
al., 2011) an otherwise continuous expenditure of energy that might
be prohibitive in the day-to-day life of these organisms (Pough, 1980).
Future studies should test this hypothesis in the context of the evolu-
tionary transition to marine life in secondarily marine vertebrates.
For instance, physiological performances (e.g. swimming) should dete-
riorate at a higher threshold of natremia in true sea snakes compared
to other, presumably less marine-adapted species. More generally, our
results support the notion that the great flexibility conferred by
ectothermy is a major adaptive strategy related to the saving of energy
in low-energy specialists (Pough, 1980; Shine, 2005).
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Synopsis Recent investigations of water balance in sea snakes demonstrated that amphibious sea kraits (Laticauda spp.)
dehydrate in seawater and require fresh water to restore deficits in body water. Here, we report similar findings for
Pelamis platurus, a viviparous, pelagic, entirely marine species of hydrophiine (“true”) sea snake. We sampled snakes at
Golfo de Papagayo, Guanacaste, Costa Rica and demonstrated they do not drink seawater but fresh water at variable
deficits of body water incurred by dehydration. The threshold dehydration at which snakes first drink fresh water is
—18.3+ 1.1 % (mean & SE) loss of body mass, which is roughly twice the magnitude of mass deficit at which sea kraits
drink fresh water. Compared to sea kraits, Pelamis drink relatively larger volumes of water and make up a larger
percentage of the dehydration deficit. Some dehydrated Pelamis also were shown to drink brackish water up to 50%
seawater, but most drank at lower brackish values and 20% of the snakes tested did not drink at all. Like sea kraits,
Pelamis dehydrate when kept in seawater in the laboratory. Moreover, some individuals drank fresh water immediately
following capture, providing preliminary evidence that Pelamis dehydrate at sea. Thus, this widely distributed pelagic
species remains subject to dehydration in marine environments where it retains a capacity to sense and to drink fresh
water. In comparison with sea kraits, however, Pelamis represents a more advanced stage in the evolutionary transition to
a fully marine life and appears to be less dependent on fresh water.

Introduction defecation, and excretion of waste products. Thus,

Secondary evolutionary transitions between terrestrial  living in SW incurs severe risk of dehydration.

and marine environments pose great difficulties for Secondarily, marine vertebrates have evolved
organisms and are not well understood. Such transi- means of conserving water including specialized ex-
tions involve numerous adaptations of morphology,  cretory structures that eliminate excess salt. Although

physiology, and behavior of organisms (Mazin and
de Buffrenil 2001). The maintenance of water balance
in hyperosmotic environments is especially a prob-
lematic aspect of secondary marine transitions and is
possibly the principal deterrent to successful marine
life (Dunson 1979; Brischoux et al. 2012). Seawater
(SW) is hyperosmotic to body fluids of most verte-
brates, and therefore marine forms will tend to lose
water and gain salts across permeable surfaces.
Additional salts will be gained by drinking SW,
whether incidentally or intentionally, and additional
body water will be lost via pulmonary evaporation,

Advanced Access publication April 17, 2012

these aspects of hydromineral balance are generally
well studied, less is known regarding the means of
replacing lost body water and the sources from
which this water comes. Observations of drinking
and behavioral responses to freshwater (FW) sources
are especially scant, and recent observations suggest
that some generalizations regarding drinking of SW
may not be correct (Lillywhite et al. 2008).

Several independent lineages of reptiles have suc-
cessfully colonized coastal waters, but comparatively
few are capable of permanent residence in SW, espe-
cially in vast open seas. Sea snakes are the exception,

© The Author 2012. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.
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being widely distributed throughout much of the
world’s tropical marine waters (Heatwole 1999).
Recent studies of amphibious sea kraits (Laticauda
spp.) indicate that these species dehydrate in SW
and require FW for water balance, in spite of pos-
sessing functional salt glands (Lillywhite et al. 2008).
We do not yet know, however, whether the principal
lineage of “true” sea snakes—some 60 species of
Hydrophiini that are viviparous and entirely ma-
rine—also require FW. Therefore, to further under-
stand the FW drinking requirements of sea snakes
requires examination of this important marine clade.

Here, we report that yellow-bellied sea snakes
Pelamis platurus drink FW and restore water balance
when experimentally dehydrated, but, like sea kraits,
do not drink SW. This finding is significant because
it emphasizes some dependence on FW in what is
arguably one of the more fully marine-adapted spe-
cies of sea snake.

Methods
Animals and study site

We investigated dehydration and drinking behaviors
in yellow-bellied sea snakes (P. platurus) at coastal
sites in Golfo de Papagayo, Guanacaste, Costa Rica
during three research trips conducted in 2010 and
2011. Snakes were collected 2-10km offshore,
during morning hours beginning after sunrise. Each
snake was captured individually, either by hand or by
using a handheld dip net, while the snake floated in a
“float-and-wait” posture on the ocean surface
(Brischoux and Lillywhite 2011). The snake was im-
mediately transferred to a plastic container, inspected
for epibionts and size, then transferred into a mesh
bag for transport to shore.

Dehydration and drinking

In principle, we followed methods that were used in
previous studies of sea kraits and reported by
Lillywhite et al. (2008). Snakes (n=29) were weighed
following their return to the laboratory after brief
exposure to room air while lying on a dry towel
until their skins were dry to the touch. Snakes
were weighed to the nearest 0.1g using a Sartorius
ELT2001 electronic balance. Each snake was dehy-
drated by exposure to room air while being held
individually inside a marked mesh bag. Mean air
temperature was 25.8 +0.6°C and the mean relative
humidity was 53.6 £4.5% during the times snakes
were dehydrating.

H. B. Lillywhite et al.

Each animal was weighed daily (without bag)
during the period of dehydration and testing,
which varied from 3 to 13 days (mean 6.4+1.3
days). The bags containing dehydrating snakes were
kept separated on shelves and exposed to laboratory
air during periods between weighings. Snakes in bags
appeared remarkably calm, assumed relaxed loose
coils, and moved little. After snakes had lost variable
amounts of the original body mass, each was placed
individually inside a plastic container half-filled with
SW (approximately 2—4 I, depending on the size of
snake) and observed for drinking (Fig. 1). Each snake
was held overnight and re-weighed the following
morning, 18-20h later. Prior to each weighing, a
snake was placed on an absorbent cloth towel,
patted lightly to remove surface water, and then ex-
posed to room air until the skin reached a dry con-
dition as determined by touch (5-15min). Each
snake was treated similarly, and we attempted to be
consistent with respect to the final condition of the
skin prior to weighing.

After being weighed, each snake was then placed
individually into a plastic aquarium half-filled with
FW (~2-4 1, depending on the size of the snake) and
observed for drinking (Fig. 1). Each snake was held
in FW overnight and re-weighed the following morn-
ing, 18-20h later. If a snake did not drink FW, it
was placed inside a mesh bag and the dehydration
process was continued (in air) until the snake’s mass
was further reduced by variable amounts; the above
protocol was then repeated. These steps were contin-
ued until drinking occurred, or until the loss of mass
reached 27% of initial body mass (see below).

Drinking resulted in a gain in mass by snakes, but,
to account for possible measurement error, we
judged that drinking had occurred if a snake
gained >1g following 18-20h in water. The majority
of snakes that were kept in FW or SW and did not
drink lost mass during similar periods.

The snakes used in these tests were collected on
two different occasions. The second group of snakes
(n=11) was returned to the laboratory and tested
immediately for drinking FW using the protocol de-
scribed above. These snakes were then dehydrated as
above and subsequently used for further drinking
tests. Also, when we tested this second group of
snakes, we already knew (based on data from the
first group) that the dehydration threshold for drink-
ing FW usually exceeded a loss of 12% body mass.
Therefore, we dehydrated snakes to greater deficits
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Fig. 1 Yellow-bellied sea snakes (P. platurus) resting in FW inside containers that were used in experiments on dehydration and
drinking. The head down position of some of these snakes is typical of postures that are assumed by snakes floating at the ocean’s

surface (inset).

than that before we tested them for FW drinking at
further intervals of dehydration (e.g., Fig. 2).

Tests of drinking in brackish water

In addition to the above experiments, 19 snakes
(48.6 £9.1g body mass) were tested for drinking
FW immediately following capture, then dehydrated
to —19.2+1.1% of their original body mass and
subsequently tested for drinking in a regressive
series of brackish water beginning at full SW (32
ppt), then 70% SW, 50% SW, 25% SW, 10% SW,
and ending with FW (0 ppt). For each discrete step
in the series, snakes were subjected to the drinking
protocol described above, except that time in each
salinity was 8h. Each snake was placed in the next
sequential water immediately following weighing,
without any additional time in air between the sali-
nities tested. Each snake went through the entire
series of drinking tests regardless of the concentra-
tion at which drinking was first observed.

Dehydration in seawater

Five snakes were held in SW and their mass mea-
sured each day over a period of 11 days. Each snake
was dried externally before weighing, as described

above. Snakes rested in SW in various positions,
but usually with the head angled slightly downward,
which is typical of the “float-and-wait” posture seen
when snakes are floating on the ocean’s surface

(Fig. 1).

Data analysis

All data are expressed as mean =+ SE and were ana-
lyzed using Statview 5.0.1.0. Differences among var-
iables were tested for significance using ANOVA and
Fisher’s PLSD post hoc tests. Percentages were
log-transformed prior to analysis. Rates of loss of
mass were determined using standard regression
analysis.

Results
Dehydration and drinking

During two separate visits to the field site, we col-
lected a total of 29 snakes (mass=68.2 + 6.3 g; range
14.6-155.8 g). Three snakes died during the initial
dehydration process, with one individual refusing
to drink even when dehydrated to —16.7% of orig-
inal body mass. Three of the 11 snakes collected in
the second sample drank FW amounting to 9.2%,
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Fig. 2 Changes of body mass in an individual snake that was
dehydrated by exposure to air in the laboratory. The arrows
indicate points during the dehydration schedule when snakes
were offered FW according to the protocol described in the text.
This individual drank at the third opportunity when FW was
offered at —21.4% loss of body mass. Drinking made up
approximately 3/4 of the mass deficit.
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Fig. 3 Histogram illustrating variability in the threshold for
drinking FW by P. platurus. The counts are number of snakes
that drank at the indicated % loss of body mass.

10.4%, and 11.5% of the snake’s body mass, respec-
tively, immediately following capture.

Not a single snake drank SW in the laboratory.
When held in FW, snakes drank measurable volumes
at varying levels of dehydration (Fig. 2). The major-
ity of snakes (85%) drank FW at dehydration deficits
varying from 9.7% to 26% loss of body mass (Fig. 3).
Four snakes (15% of total) refused to drink during
dehydration up to 14.5%, 23%, 26%, and 27% of
body mass, respectively. In comparison with sea
kraits studied previously (Lillywhite et al. 2008),
Pelamis dehydrated to greater deficits of body mass

H. B. Lillywhite et al.

and drank relatively greater volumes of water to re-
plenish a greater percentage of the dehydration def-
icit (Table 1; Fig. 4).

Few snakes were observed drinking, but ingestion
of water was evident from increases in body mass. In
some cases, ingested water was also evident from a
distended stomach and from water dripping from
the lips. Care was taken to keep snakes level or
with the head elevated during drying and weighing.
In the few cases when snakes were observed to drink
FW, movements of the mouth usually involved short
to medium gapes with relatively rapid closure. Such
drinking movements usually occurred at or near the
surface of the water and were reflected in increases of
mass by the snakes that we observed expressing this
behavior.

Tests of drinking in brackish water

Of the 19 dehydrated snakes presented with the op-
portunity to drink from a regressive series of brack-
ish water, none drank SW or 70% SW, and 5 snakes
did not drink at any of the concentrations tested
(Table 2). Snakes tended to drink relatively a greater
volume of water at values up to 25% SW, then
somewhat less at 50% SW (Fig. 5). Each of the
snakes that first drank at 50% SW also drank further
upon subsequent exposure to more dilute values.
One of the snakes that first drank at 25% SW also
drank at 10% SW, but none of the snakes that first
drank at 10% SW drank again at FW. One of the 19
snakes drank 30.6% of its body mass in FW imme-
diately following capture and prior to dehydration
and subsequent testing in brackish water.

Dehydration in seawater

Regression analysis indicated that snakes kept in full
SW lost mass at a rate of 0.5440.03% body mass
per day. This rate was roughly an order of magnitude
less than the rates of loss in air (4.32+0.82% body
mass per day) at equivalent temperatures.

Discussion

We have explored the drinking behaviors of a pelagic
sea snake and report that P. platurus does not drink
SW but will drink FW when dehydrated sufficiently
to induce a drinking response. This has important
implications for the little-explored question of how
marine vertebrates might respond to the distribution
of FW sources (Lillywhite and Ellis 1994; Lillywhite
et al. 2008, 2010; Lillywhite and Tu 2011;
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Table 1 Dehydration parameters (mean £ SE) for four species of sea snakes dehydrated for 2 weeks in air, then offered SW followed

by FW
SwW

Species (n) Body mass (g) Cumulative dehydration deficit ingested FW ingested

g % Mass g % Mass % Deficit
Laticauda colubrina (14) ~ 258.1 £65.5° 21.9+3.7% 9.6 £0.5° 0 11.1+£25% 49407 51.8+7.17
L. laticaudata (9) 205.1+£16.2% 31.5+£2.3% 15.5405° 0 15.8+£2.6" 8.0+26 51247.2%
L. semifasciata (12) 554.6 +38.4° 75.5+4.8° 13.7404° 0 29.9 +4.4° 54406  39.5+45°
P. platurus (27) 682 +£6.3° 12.29 +1.6° 183+£1.1° 0 8.24+£0.9° 13.06+1.0° 773+7.8°

Species are listed in order of decreasing terrestrial tendencies. L. colubrina spends considerable time on land, hiding among rocks near shoreline;
L. laticaudata emerges onto rocks but spends most time in water; and L semifasciata is nearly fully aquatic except for egg laying. P. platurus is
pelagic and entirely marine. Data for Laticauda spp. are from Lillywhite et al. (2008).

Parameters with different symbols are statistically different for comparisons of species within a column (ANOVA, P <0.05).

Count
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Fig. 4 Histograms illustrating variability in the amount of (A)
body mass deficit that was made up by drinking FW (expressed
as percentage of the mass deficit rehydrated), and the resulting
(B) hydration status of the snakes (P. platurus) following drinking,
expressed as percentage of original body mass.

Brischoux et al. 2012). In the context of water bal-
ance and responses to FW resources, P. platurus is
especially important for two reasons: (1) It represents
the only clade of marine snakes (Hydrophiini) that
was previously not investigated with respect to

drinking FW. (2) It is pelagic, being the most
widely distributed species of snake (southern Africa
through Indo-Pacific to Central America) and the
only sea snake to range into the eastern Pacific
Ocean (Heatwole 1999). This species is totally
marine, whereas laticaudine sea kraits we investigated
previously (Lillywhite et al. 2008) are amphibious
and represent separate and less advanced (transi-
tional) stages in the adaptation to marine life by
sea snakes. Pelamis platurus is part of the
Hydrophiini clade of elapid snakes, which contains
about 60+ species of viviparous, completely marine
sea snakes (Slowinski and Keogh 2000; Sanders et al.
2008). Because of its pelagic habits and extensive
range, Pelamis is arguably one of the more highly
adapted species of marine snakes. Indeed, it offers
a useful model for exploring distributional con-
straints in relation to water salinity and the evolu-
tionary transitions from land to sea (Brischoux et al.
2012).

We found Pelamis to be different from sea kraits
(1) in being far less inclined to drink FW (roughly
two-fold higher threshold) (2) and in drinking a
higher percentage of body water deficits during re-
plenishment (Table 1; Figs. 3 and 4). Drinking a
relatively larger volume of water is likely the result
of the greater dehydration threshold at which these
snakes first drink. Clearly, there is an evolutionary
suppression of drinking response in Pelamis relative
to sea kraits, the latter representing an earlier lineage
of elapid sea snakes that evolved marine adaptations
independent of the Hydrophiini (Slowinski and
Keogh 2000). Because Pelamis exhibit a high dehy-
dration threshold before drinking, we could not
know the dehydration deficit of snakes before they
were dehydrated in the laboratory. Therefore, the
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Table 2 Summary of salinity thresholds at which 19 snakes (P. platurus) that had been dehydrated to —19.17 +4.69% of their original
body mass drank brackish or FW when exposed to a regressive series of salinities at the end of the dehydration period

SW 70% SW 50% SW 25% SW

10% SW 0% SW (FW) No drinking

0 0 4 (93+26)

5 (154 43.0)

2 (13.9+08) 3 (69+20) 5

Table entries for each species indicate the number of snakes drinking from indicated water source when offered in series: 100% SW, 70% SW,

50% SWV, 25% SW, 10% SW, 0% SW (FW).

Numbers in parentheses indicate the percentage of the original body mass of water ingested. Numbers are mean =+ SE.
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Fig. 5 Percentages of tested snakes that first drank at various
salinities when tested in regressive order (100% SW to FW). The
dots indicate the mean amounts of water drunk, scaled to the
vertical axis on the right-hand side of the graph. The upper graph
is based on data reported previously for Laticauda species
(Lillywhite et al. 2008), and the lower graph illustrates data for
P. platurus from the present study. All snakes were initially
dehydrated to the species’ mean threshold for drinking before
exposing them to indicated salinities.

true body water deficit might be even greater than
those we measured when snakes first drank FW. This
fact renders our estimates of drinking threshold to be
conservative and possibly contributes to the variation
in the drinking responses measured.

Importantly, four of the snakes that were tested
for drinking immediately following capture drank
FW, thus indicating they were thirsty and, therefore,
in a dehydrated state (Bonnet and Brischoux 2008;
Lillywhite et al. 2008). We are presently conducting
further research to assess the extent to which Pelamis
are naturally dehydrated at sea.

Our data also indicate that Pelamis drink brackish
water up to 50% SW, whereas Laticauda spp. volun-
tarily drink brackish water only up to 30% SW
(Fig. 5) (Lillywhite et al. 2008). Moreover, 20% of
the Pelamis we tested did not drink water at all, and
one snake refused to drink even after dehydration to
a loss of 27% of its body mass. This observation
reinforces the conclusion that the drinking response
in this species is suppressed (or less sensitive) relative
to that of Laticauda. Note that at lower salinities,
both sea kraits and Pelamis drink progressively
greater volumes as the salinity of the water increases
(Fig. 5). However, there is a tendency in both species
for the amount of water ingested to stabilize at
higher salinities, and in the case of Pelamis to de-
crease at 50% SW (Fig. 5). This pattern likely reflects
a trade-off between the relative amounts of water
and salt that are ingested as the salinity of the
water increases. None of the numerous snakes we
tested ever ingested SW (Lillywhite et al. 2008; this
study; unpublished observations).

The evolutionary origin of P. platurus is nested
within the Hydrophis clade of sea snakes, which spe-
ciated rapidly within the past 5 Myr (Sanders et al.
2008). This and other species of sea snake conceiv-
ably represent middle to late evolutionary transition
along a continuum leading to full physiological in-
dependence from FW sources. The evolution of vi-
viparity (Sanders et al. 2008) and comparatively high
rates of secretion from salt glands (Dunson 1968)
bestow hydrophiine sea snakes with a high degree
of adaptation to marine life compared with many
other marine reptiles, including Laticauda spp.
These conditions are reflected in a higher degree of
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diversification than is characteristic of any of the
other groups. Yet, P. platurus remains subject to de-
hydration in marine environments where it retains a
capacity to sense and to drink FW.

The only potential sources of FW available to a
pelagic species living in the open ocean are (1) fresh
or brackish water lenses formed during heavy rains
(Tomczak 1995) and (2) water in prey. Digestion of
prey, however, incurs losses of water attributable to
digestion, defecation, and excretion of salts and ni-
trogenous wastes via the salt glands and kidney.
Increasing theoretical and empirical evidence sug-
gests that consumption of prey might actually incur
a net loss, rather than gain, of water (Peterson 1996;
Henen et al. 1998; Longshore et al. 2003; Lillywhite
et al. 2008; Davis and DeNardo 2010). The extent to
which sea snakes of any species drink water from FW
lenses in nature remains to be investigated (see also
Lillywhite and Ellis 1994).

Dunson and Robinson (1976) also found that fast-
ing Pelamis dehydrate in SW, and they documented
drinking of FW when it was offered to dehydrated
snakes. Snakes kept in SW survive for long periods if
fed on FW fish (Dunson and Robinson 1976), but it
remains unclear whether these snakes can survive for
long periods if kept in full SW and fed marine spe-
cies of fishes.

As with sea kraits, rates of net water efflux in SW
are roughly an order of magnitude less than are
those when snakes are in air at the same tempera-
ture. We estimated rates of net water loss using data
for changes of mass in fasting snakes in SW, using
the methods described by Lillywhite et al. (2008,
2009). Such rates of water loss in sea kraits vary
with the aquatic tendencies of species, with more
fully marine species having the lower rates (Fig. 6).
We expected rates of water loss in Pelamis to be even
lower due to its pelagic habits. Instead, net water
efflux in Pelamis was intermediate in comparison
with the three species of Laticauda (Fig. 6).
Nonetheless, using the mean rate and assuming
that 25% of the loss of mass is attributable to met-
abolic carbon (Lillywhite et al. 2008), we estimate
that Pelamis can remain at sea without a source of
FW for about 3 months if the lethal dehydration is
about 36% of its body mass. The actual rates of net
water efflux in nature are likely to be different from
those measured in the laboratory, however, due to
the influence of temperature, hydrostatic pressure
acting on the skin when snakes are below the
ocean’s surface (87% of the time according to
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Fig. 6 Estimated rates of net water efflux for snakes kept in SW
in the laboratory. Data are based on changes in mass and assume
that 25% of the loss of mass is attributable to metabolic carbon
(Lillywhite et al. 2008). The data for sea kraits (Laticauda) are
from Lillywhite et al. (2009).

Rubinoff et al. 1986), and, importantly, behavior.
In all likelihood, rates of water loss in freely ranging
Pelamis are lower than those measured in the labo-
ratory. Similarly, tolerance for dehydration might be
greater than we suppose. All these factors require
further investigation, which will be difficult due to
the pelagic habits of this species. In spite of these
limitations, knowledge of water balance in P. platurus
and its behavioral response to water resources is im-
portant because of its position on the scale of evo-
lutionary transition from the terrestrial to the marine
habitat.
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Pelagic sea snakes dehydrate at sea
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Secondarily marine vertebrates are thought to live independently of fresh
water. Here, we demonstrate a paradigm shift for the widely distributed
pelagic sea snake, Hydrophis (Pelamis) platurus, which dehydrates at sea
and spends a significant part of its life in a dehydrated state corresponding
to seasonal drought. Snakes that are captured following prolonged periods
without rainfall have lower body water content, lower body condition and
increased tendencies to drink fresh water than do snakes that are captured
following seasonal periods of high rainfall. These animals do not drink sea-
water and must rehydrate by drinking from a freshwater lens that forms on
the ocean surface during heavy precipitation. The new data based on field
studies indicate unequivocally that this marine vertebrate dehydrates at
sea where individuals may live in a dehydrated state for possibly six to
seven months at a time. This information provides new insights for under-
standing water requirements of sea snakes, reasons for recent declines and
extinctions of sea snakes and more accurate prediction for how changing
patterns of precipitation might affect these and other secondarily marine
vertebrates living in tropical oceans.

1. Introduction

Water is essential to life, and it is a key resource especially in dehydrating environ-
ments such as deserts and ocean. The Earth’s oceans teem with life, yet these salty
environments are physiologically challenging because of the virtual absence of
fresh water. The evolutionary transition of animals from land or fresh water to
a marine habitat therefore is difficult because of the osmoregulatory challenges
posed by salinity [1,2]. The successful clades of marine vertebrates that have
undergone significant radiations in marine environments—bony fishes, ceta-
ceans, pinnipeds, sea turtles, sea snakes and some birds—are thought to live
independently of fresh water and to have overcome the osmoregulatory chal-
lenges by evolving anatomical and physiological specializations that maintain
water balance (e.g. salt glands in birds and non-avian reptiles) [3]. However,
the efficacy of such mechanisms has been questioned recently by noting depen-
dence on fresh water that appears to limit the distribution and abundance of
marine snakes [1,4-7].

The yellow-bellied sea snake, Hydrophis (Pelamis) platurus, is the only pelagic
species of sea snake and is arguably one of the more marine-adapted species. It is
the only sea snake that occurs in the eastern Pacific and, in fact, has the broadest
global distribution of any species of squamate reptile. It ranges from coastal
southeast Africa across the Indo-Pacific to the shores of Central America where
the latitudinal distribution includes the Gulf of California to the north and
Ecuador to the south [8].

We have investigated dehydration and drinking behaviour of H. platurus
since 2009, with special focus on the population of snakes inhabiting the
Golfo de Papagayo of northwestern Guanacaste, Costa Rica [4,9-11]. These
marine waters and the adjoining dry forest experience drought for roughly
half of the year (December through May or June) when rainfall is absent or neg-
ligible [12,13] (figure 1). Because H. platurus is pelagic and inhabits the open
ocean, the only potential source of fresh water in its environment is a brackish

© 2014 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Spatial and temporal patterns of precipitation during the years 2010—2012. (a) Daily average rainfall for the tropical Indo-Pacific during the years 2010
2012. (b) Daily average rainfall during the dry season, December—May, 2010—2012. (c) Daily average rainfall during the wet season, June — November, 2010 -2012.
Data are from NASA metadata project TRMM v. 7, multisatellite precipitation. Red star represents Golfo de Papagayo, Costa Rica.

or freshwater lens that forms during heavy rainfall and, ideally,
minimal mixing conditions of ocean water. Rainfall is more
likely to occur over land, so the open ocean can be a virtual
‘desert’ especially during the dry season (figure 1b). Thus, we
became interested to test whether this pelagic vertebrate dehy-
drates at sea. Here, we show that this pelagic species likely
spends much of its life in a dehydrated state corresponding
to cycles of prolonged seasonal drought.

2. Material and methods

We have made 10 field trips to the Guanacaste coast where, in
different seasons, we collected a total of more than 500 live
H. platurus. We sampled snakes during five to eight consecutive
mornings each trip and tested whether they would drink fresh
water immediately following capture. Snakes were captured
using a dip net, returned to the laboratory in damp mesh bags,
weighed to the nearest 0.1 g, placed in fresh water, observed
for drinking and finally re-weighed the following morning ca
20 h later. Before each weighing to determine mass of a snake,
it was gently blotted and allowed to air-dry on a towel for several
minutes so the skin surface was dry to the touch and did not
hold superficial water. Details and discussion of these methods
may be found in previous publications [4,5,14]. Drinking
is stimulated by thirst, which in turn indicates some level of
dehydration prior to capture [5].

We measured the mass and length of snakes and calculated
an index of body condition at capture. The body condition
index (BCI) was quantified using residual scores based on
linear regression of body size and body mass (log-transformed

for linearity) [15,16]. We excluded snakes from analysis if they
were gravid with advanced embryos or had fish in the stomach,
conditions that we determined by gentle palpation (and in some
cases voluntary regurgitation of fish).

We determined the total body water (TBW) of 40 snakes we
collected during three of the field sessions in Costa Rica and
dried to total desiccation in a 70°C oven. Seven of these snakes
appeared as healthy as the others but died of unknown causes
at various times following the initial mass determination.
The others were euthanized prior to drying in the oven. Two
sets of measurements were made at the end of the dry season
(n =9, 11), while the other set was obtained at the end of the
wet season (n = 20).

3. Results

The percentage of snakes drinking varied from 0 to 46%
and exhibited a seasonal pattern, with most snakes drinking
following periods of low rainfall (figure 2). The BCI was
significantly lower in snakes that drank fresh water compa-
red with those that did not drink following their capture
(figure 3a). Moreover, the amount of water that snakes
drank varied inversely with the BCI (figure 3b).

Using log-transformed data, mean TBW (+s.e.) in snakes
captured at the end of the dry season (75.2 £ 0.3% body
mass) was significantly lower than that measured in snakes
at the end of the wet season (77.7 &+ 0.6% body mass; t-test,
p=0.0005). In six snakes drinking fresh water, mean TBW
was significantly lower before drinking (75.8 + 0.9% body
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Figure 2. Patterns of monthly rainfall and the percentages of sea snakes (H. platurus) drinking fresh water (FW) during three drought cycles at Golfo de Papagayo,
(osta Rica. Plots for rainfall are monthly totals, and the snakes drinking are percentages of the snakes sampled (n = numbers next to data points) that drank FW
immediately following capture from the open sea. Note that FW drinking increases following periods of several months without significant rainfall. FW drinking
decreases following periods having large amounts of precipitation (see text for further explanation of the patterns). Data for rainfall are from NASA, TRMM 3B43 v. 7,
and reflect monthly totals for a 25 x 25 km quadrat of ocean centred at the area from which snakes were collected. The data point representing a single snake
(right-hand “dry season’) is included for completeness, although unusual conditions of a red tide combined with cold water, turbidity and high winds prevented a

larger sampling of snakes at that time.

mass) than after drinking (78.6 4+ 1.1% body mass; paired t-test,
p = 0.0214). The maximum TBW we measured varied from
79 to 81.6% in six individuals, and the minimum TBW we
measured ranged from 73.3 to 75% in seven individuals.

4, Discussion

Previous studies have demonstrated thirst and drinking—
hence dehydration—in amphibious sea kraits that spend
time in terrestrial environments ([5,11] and references
therein). Here, we show that pelagic sea snakes dehydrate
at sea during seasonal drought. While there is an obvious
seasonal pattern to drinking, both the numbers of snakes
drinking and the seasonal timing of maxima and minima
are variable and somewhat offset from the associated pattern
of rainfall (figure 2). The observed pattern can be attributable
to at least four factors. First, there is variability in the dehy-
dration threshold at which snakes are stimulated to drink
fresh water, the mean being a deficit of —18.3 + 1.1% s.e.
loss of body mass [4]. Moreover, individuals dehydrated in
the laboratory exhibit a range of such deficits spanning
from 10 to 27% loss of body mass [4]. Therefore, snakes are
likely to be in variable stages of dehydration and may not
drink because of the variation and relative insensitivity of
the response (high dehydration threshold; cf. amphibious
sea kraits: [5]). Second, sea snakes dehydrate slowly in

seawater. H. platurus loses 0.54 £+ 0.03% body mass per day
in laboratory conditions, reflecting an efflux that is likely to
be even smaller when snakes are in natural circumstances
at sea [4]. Thus, snakes at Guanacaste are expected not to
drink until well into the dry season because it requires several
months to reach the dehydration threshold for drinking [4].
Third, precipitation is not necessarily tightly correlated with
drinking because storms can be brief and spotty in location.
Presumably, large and prolonged rain events with appropri-
ate mixing conditions are required for the production of a
freshwater lens that is suitable for drinking. Thus, a given
storm might ‘water” snakes at a particular location, while
other individuals remain in drought perhaps only a few kilo-
metres away. Finally, H. platurus are pelagic and subject to
large-scale movements that involve drifting with currents
[8,9,17,18]. Thus, any given collection of snakes for drinking
observations might include individuals from locations
having unknown histories of precipitation. Prevailing cur-
rents on the Guanacaste coast flow from south to north, so
snakes drifting from more southerly and less drought-prone
locations could arrive having had more recent access to
fresh water than did those that might have been resident at
Golfo de Papagayo for longer periods.

The BCI we measured in H. platurus was significantly
lower in snakes that drank fresh water immediately following
capture compared with those that did not drink follow-
ing their capture (figure 31), and the amount of water that
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Figure 3. B(l related to consumption of fresh water by sea snakes (H. platurus)
collected over three wet—dry cyces at Golfo de Papagayo, Costa Rica.
Snakes that drink fresh water immediately following capture have signifi-
cantly lower BCl than do those not drinking (a) (ANOVA, log-transformed
data, p < 0.0001), and the amount of water ingested (% original body
mass) varies inversely with the BCl (b) (r* = 0.067, p = 0.0156).

snakes drank varied inversely with the BCI (figure 3b). These
results suggest that captured snakes having lower BCI reflect,
at least in part, dehydration at sea. Elsewhere, it has been
shown that annual increases of oceanic salinity exert a nega-
tive effect on BCI in populations of sea snakes inhabiting a
lagoon at New Caledonia [6].

The body water content we measured in hydrated
H. platurus (and some other sea snakes; H.B.L. 2012, unpub-
lished data) is relatively high (roughly 80% body mass in
hydrated individuals) compared with that of many other ver-
tebrates, including freshwater snakes (means, 68.6-77.1%
body mass [19]) and marine turtles (means, 64—-66% body

mass [20]). The condition of TBW in sea snakes possibly rep- n

resents a specialization that enhances dehydration tolerance,
or may simply reflect a characteristically lower content of
body fat compared with other species [20]. In any event,
the extent of dehydration we have quantified in terms of
reduced TBW (minima = 73.3—-75% in seven individuals) cor-
responds very well with the expected reductions of TBW if
snakes dehydrate to the mean threshold for drinking. A
hypothetical loss of 18% body mass owing to dehydration
[4] reduces TBW from 80 to 75.6% body mass. The previous
measurements of TBW in this species by Dunson & Robinson
(73.9% [21]) appear to represent dehydrated animals (1 = 6).

In summary, data for spontaneous and voluntary drinking
of fresh water, as well as the status of hydration and body con-
dition, indicate unequivocally that this species of broadly
distributed and exclusively marine snake dehydrates at sea
and potentially remains in negative water balance for six to
seven months at a time. We also conclude that such dehy-
dration is not effectively mitigated either by functioning of
salt glands or the consumption of marine fish [11,14]. Without
a source of fresh water, H. platurus is in negative water balance
in seawater and has sodium turnover rates that are too low to
reflect significant ingestion of seawater [21]. Dehydration at
sea by this and other sea snakes is quite possibly unique
among secondarily marine vertebrates [22,23], and this
phenomenon is an important consideration for determining
the reasons for recent extinctions and population declines of
marine snakes [24]. A more complete understanding of
the water requirements in sea snakes and other secondarily
marine vertebrates will potentially aid in more accurately pre-
dicting how changing precipitation patterns in the tropical
oceans might impact these animals [25-27].

This research was conducted within guidelines and approval of the
University of Florida IACUC.
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Synopsis Since the transition from terrestrial to marine environments poses strong osmoregulatory and energetic chal-
lenges, temporal and spatial fluctuations in oceanic salinity might influence salt and water balance (and hence, body
condition) in marine tetrapods. We assessed the effects of salinity on three species of sea snakes studied by mark-
recapture in coral-reef habitats in the Neo-Caledonian Lagoon. These three species include one fully aquatic hydrophiine
(Emydocephalus annulatus), one primarily aquatic laticaudine (Laticauda laticaudata), and one frequently terrestrial
laticaudine (Laticauda saintgironsi). We explored how oceanic salinity affected the snakes’ body condition across various
temporal and spatial scales relevant to each species’ ecology, using linear mixed models and multimodel inference. Mean
annual salinity exerted a consistent and negative effect on the body condition of all three snake species. The most
terrestrial taxon (L. saintgironsi) was sensitive to salinity over a short temporal scale, corresponding to the duration of
a typical marine foraging trip for this species. In contrast, links between oceanic salinity and body condition in the fully
aquatic E. annulatus and the highly aquatic L. laticaudata were strongest at a long-term (annual) scale. The sophisticated
salt-excreting systems of sea snakes allow them to exploit marine environments, but do not completely overcome the
osmoregulatory challenges posed by oceanic conditions. Future studies could usefully explore such effects in other
secondarily marine taxa such as seabirds, turtles, and marine mammals.

success (e.g., Pinaud et al. 20055 Weimerskirch

Introduction

Secondarily marine, air-breathing vertebrates provide
robust model systems with which to explore the
complex effects of bio-physical parameters of the
oceanic environment across a range of temporal
and spatial scales. Research over the past two decades
has revealed strong links between environmental
parameters (e.g., sea surface temperature, primary
production, sea-ice extent, El Nifio or La Nifa
events, and fisheries offtake) on population parame-
ters such as abundance (e.g., Baez et al. 2011),
growth rates (e.g., Quillfeldt et al. 2007), survival
(e.g., Rolland et al. 2010), breeding probabilities
(e.g., Jenouvrier et al. 2003), breeding success (e.g.,
Leaper et al. 2006; Lee 2011), and aspects of individ-
ual behavior, such as spatial ecology and foraging

Advanced Access publication June 18, 2012

et al. 2010). In several taxa, environmentally induced
variation in such traits ultimately influences popula-
tion dynamics (Forcada et al. 2006; Rolland et al.
2009). Understanding such links can enhance our
ability to predict biotic responses to environmental
perturbations (Jenouvrier et al. 2009; Wolf et al.
2010).

Although simply documenting empirical links
between environmental variation and population re-
sponses is useful, an understanding of the proximate
mechanisms that cause such links provides a stronger
(and more general) basis for accurate prediction
(Helmuth et al. 2005; Kearney and Porter 2009). In
most cases, such mechanisms will include several
intermediate steps between the physical properties
of the marine environment and their ultimate effects

© The Author 2012. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.
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on individuals, or populations, of predators. All spe-
cies of secondarily marine vertebrates use the oceanic
environment to forage, so that the effects of physical
oceanic parameters on apex predators likely are me-
diated by intermediate trophic levels (Pinaud et al.
2005). Even apparently direct effects, such as those of
currents, fronts, or the extent of sea-ice on the at-sea
distribution of seabirds or marine mammals, may in
fact be mediated by the distribution of trophic re-
sources (Bost et al. 2009).

Clearly, however, not all impacts of environmental
variables on organismal function work through in-
termediate steps such as shifts in availability of food;
some environmental effects act directly on the indi-
vidual organism (Tomanek and Somero 2000;
Helmuth et al. 2002). For example, water tempera-
ture directly affects body temperatures (and thus
metabolic rates) of ectothermic vertebrates and,
hence, influences the duration of their dives (Priest
and Franklin 2002; Storey et al. 2008; Pratt and
Franklin 2010); and substantially modifies the
energy budgets of endothermic divers (de Leeuw
1996; Butler and Jones 1997; Grémillet et al. 2001).
Although typically overlooked (but see Gutiérrez
et al. 2011; Brischoux et al. 2012), salinity poses a
major physiological challenge to air-breathing marine
vertebrates. Since seawater is hyperosmotic to body
fluids, marine species gain salt and lose water across
permeable surfaces (Schmidt-Nielsen 1983). Drinking
of seawater (e.g., during prey capture) imposes a
supplementary salt-load (Costa 2002; Houser et al.
2005). Thus, most marine vertebrates must regulate
their osmotic balance (Schmidt-Nielsen 1983).
Excreting excess salt through specific structures
(salt glands in nonmammalian vertebrates [Peaker
and Linzell 1975], reniculate kidneys, and elongated
nephrons in marine mammals [Ortiz 2001]) can
entail significant energetic costs (Schmidt-Nielsen
1983; Ortiz  2001; Gutiérrez et al. 2011).
Dehydration due to osmotic loss of water to a
saline medium is another risk faced by marine ver-
tebrates (Lillywhite et al. 2008). Taken together, these
elements suggest that oceanic salinity may impose
significant energetic and hydric costs to air-breathing
vertebrates.

Herein, we test the hypothesis that salinity may
impose costs to marine tetrapods, using three species
of sea snakes from the family Elapidae as our study
system. Two independent phylogenetic transitions
from terrestrial to marine life have occurred within
this family (Hydrophiinii and Laticaudinae) (Heat-
wole 1999). Extensive research on these taxa offers a
robust ecological and physiological background to
understand potential effects of salinity. Importantly,

F. Brischoux et al.

the degree of reliance on marine versus terrestrial
habitats varies extensively among species within
these lineages. Hydrophiines are totally aquatic,
whereas laticaudines are amphibious (Heatwole
1999). Within the laticaudines (sea kraits), some
taxa use terrestrial habitats more frequently than
do others (Greer 1997; Bonnet et al. 2005; Lane
and Shine 2011a, 2011b), and laticaudine species
vary in their ability to tolerate saline conditions (as
measured by dehydration rates in seawater) (Lilly-
white et al. 2008). Maintaining osmotic balance
seems to pose a physiological challenge to marine
snakes, and some species require access to fresh or
brackish water for their survival (Bonnet and
Brischoux 2008; Lillywhite et al. 2008). Finally, salin-
ity likely influenced the evolutionary transition to
marine life in snakes and currently constrains the
diversity and geographic distributions of sea snakes
(Brischoux et al. 2012).

This combination of traits renders the elapid sea
snakes a powerful model system with which to ex-
plore the effects of salinity on marine vertebrates.
Salinity might affect sea snakes through two path-
ways: (1) the energetic costs of excreting excess salt
(Peaker and Linzell 1975; Gutiérrez et al. 2011) and
(2) dehydration due to water loss from the body to
the surrounding seawater (Lillywhite et al. 2008).
Both of these processes should influence a snake’s
body mass (through utilization of body reserves for
the former and due to water loss for the latter) and,
hence, its body condition (mass relative to body
length, sensu Bonnet and Naulleau [1995]). We
thus explored the effect of salinity on the body con-
dition of three species of sea snakes (a hydrophiine
sea snake, Emydocephalus annulatus, and two laticau-
dine sea kraits, Laticauda laticaudata and Laticauda
saintgironsi) from populations that we have regularly
surveyed through mark-recapture studies since 2002
on the coral reefs of New Caledonia. Since these
species differ in their degree of reliance on oceanic
habitats (see earlier), we adopted two complementary
approaches. First, we used a large time-scale analysis
to compare inter-annual variation in body condition
to concurrent variation in oceanic salinity. Second,
we used a finer-scaled approach to explore potential
effects of salinity at temporal and spatial scales rele-
vant to each species’ ecology.

Materials and Methods
Study species and study sites
Amphibious sea kraits (Laticauda spp.) at Signal Island

Two species of sea kraits occur in New Caledonia,
Laticauda laticaudata and L. saintgironsi (Brischoux
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and Bonnet 2009; Lane and Shine 2011a, 2011b).
Both species are amphibious: they forage at sea,
mainly for anguilliform fish (moray eels, conger
eels, and snake eels) (Brischoux et al. 2007, 2009,
2011) but return to small islands to digest their
prey, slough their skins, mate, and lay eggs
(Brischoux and Bonnet 2009). Laticauda saintgironsi
is more terrestrial than L. laticaudata as measured
through locomotor ability on land (Shine et al.
2003b; Bonnet et al. 2005) and habitat selection
(Bonnet et al. 2009). When on land, L. laticaudata
is mainly found under rocks that are submerged at
high tide (Bonnet et al. 2009), whereas L. saintgironsi
ventures farther inland (Bonnet et al. 2009; Lane and
Shine 2011a). As a result, the primarily aquatic L.
laticaudata spend most of the time in intimate con-
tact with seawater, whereas the more terrestrial L.
saintgironsi can more easily obtain freshwater
during rainfall events (Bonnet and Brischoux 2008;
Bonnet et al. 2009).

At sea, the two species forage in different habitats
and take different prey species (Brischoux et al. 2007,
2009, 2011) and thus differ in the spatial extent and
duration of their foraging trips (Brischoux et al.
2007; Fig. 1). When kept in seawater, the primarily
aquatic L. laticaudata dehydrates less rapidly than
does L. colubrina, a sister species of L. saintgironsi
(Lillywhite et al. 2008; Lane and Shine 2011b).

Since 2002, we have regularly surveyed sea krait
populations on Signal Island, in the South-Western
Lagoon of New Caledonia (22°17’'S, 166°17'E; Fig. 1).
This small island is situated midway between the
external barrier reef and the main island of New
Caledonia (Fig. 1) (see Bonnet and Brischoux 2008;
Brischoux and Bonnet 2008, 2009 for details on our
field procedures). For this study, we focus on the
2002-2008 period, when we have detailed data both
on sea kraits and on oceanic salinity (see later)
(Fig. 2). Our mark-recapture data set included
1007 individually marked L. laticaudata and 1127
recaptures (N=2134) and 699 individually marked
L. saintgironsi and 444 recaptures (N=1143, see
“Analyses” later).

Turtle-headed sea snakes (Emydocephalus annulatus) at
Nouméa

Emydocephalus annulatus is a shallow-water sea snake
that spends its entire life under water (Cogger 1975;
Ineich and Laboute 2002) and feeds on the eggs of
damselfish, blennies, and gobies (Voris 1966; Guinea
1996; Ineich and Laboute 2002). Since 2002, we have
regularly surveyed two adjacent sites at Nouméa,
New Caledonia (22°16'S, 166°26'E; Baie des Citrons
and Anse Vata, separated by a few hundred meters)
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Main Island

22"?IU'5

Pacific ocean

U] 5 10 km

T
166°20'E

Fig. 1 Map of the southwestern lagoon in New Caledonia. Thick
black circles (labeled 1, 2, 3, and 4) are centered on each study
site and illustrate the spatial scales on which we focused our
analyses; “17, “2,” and “3” are centered on Signal Island

(black dot within 1) and illustrate the 500 m, 14 and 21 km radii,
respectively, and “4” is centered on Anse Vata and illustrates the
500 m radius (Baie des Citrons is adjacent, northwest of Anse
Vata and included within that circle). See text for details. Black
areas indicate emergent land (main island and small coralline
islands within the lagoon), gray areas represent coral-reef flats,
and light gray areas represent the barrier reef and other fringing
reefs. Modified from Brischoux et al. 2007.

(Fig. 1). Details on our field procedures can be found
elsewhere (Shine et al. 2003a, 2004, 2005, 2010; Shine
2005). For this study, we focus on the 2002-2008
period, as for Laticauda spp. Our mark-recapture
data set included 443 individually marked snakes
and 276 recaptures (N=719, see “Analyses” later).

Index of body condition

For each species, we quantified the body condition
index (BCI) using residual scores from the linear
regression between body size (snout-to-vent length)
and body mass (both variables were log transformed
for linearity) (Bonnet and Naulleau 1995). In both
Laticauda spp., we excluded individuals with prey in
the stomach and reproductive females (i.e., with
vitellogenic follicles or oviductal eggs) from our cal-
culations. For E. annulatus, our calculations excluded
reproductive females but not recently fed individuals.
Because E. annulatus feed only on tiny fish eggs
(mean individual prey mass ~0.00008g) (Shine
et al. 2004), relative prey mass is trivial (e.g., 1000
eggs represent <0.1% of the snake’s mean body
mass).

Salinity
Because long-term, fine-scale monitoring of salinity
over contrasted spatial scales were lacking, salinity in
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Fig. 2 Salinity around Signal Island at various spatial scales

(500 m, 14 and 21 km; upper panel) and salinity around Anse Vata
(Nouméa; lower panel). Curves represent monthly means be-
tween January 2002 and April 2008. PSS, Practical Salinity Scale.
See text for details.

the lagoon was computed from the MARS3D (Model
for Application at Regional Scales) model (further
details can be found in Lazure and Dumas [2008]).
The configuration is implemented on a 540 m reso-
lution horizontal grid (i.e., fitting our smallest radii,
see later) and 30 layers on a vertical grid. These
layers are terrain-following and distributed to en-
hance resolution close to the sea’s surface. This
grid is oriented along the longitudinal axis of the
main island of New Caledonia to optimize the
number of wet cells, and the total domain encom-
passes both our study sites.

We used a high-resolution atmospheric model
Weather Research & Forecasting (WRF) to estimate
wind and heat fluxes at the sea’s surface (see Lefevre
et al. 2010). The numerical solution of the Bluelink
ReANalysis (BRAN) model (http://www.marine.csiro.
au/ofam1/) was used to predict temperature, salinity,
sea-surface height, and velocity of current along the
lateral open boundary (e.g., open Pacific ocean out-
side the lagoon) (Fig. 1). High-frequency movements
(tides and surges) of the sea-surface elevation were
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added to the BRAN solution by harmonic composi-
tion from Advanced Circulation Model (ADCIRC)
tidal components and an inverse barometer compo-
nent. Finally, river flows were included, to estimate
salinity near river mouths. Comparisons of predic-
tions against data sets from coastal stations and hy-
drographic surveys show a good accuracy of the
model (daily mean absolute error between predicted
and observed values was ~0.5% around Signal Island
and ~1% around Anse Vata). We used this model to
predict oceanic salinity every 3 days between 2002
and 2008, but we used salinity integrated over
longer durations (e.g., fortnights and months versus
calculation of daily errors), thereby decreasing the
overall error over the temporal scale of our analyses.

We used our information on snakes’ spatial ecol-
ogy to choose appropriate spatial and temporal scales
for analysis of the putative links between salinity and
the snakes’ body condition. At our study sites, the
foraging trips of Laticauda spp. are bimodal
(Brischoux et al. 2007): either very short (<1 day,
for one-third of the foraging trips) when snakes cap-
ture a prey item on the reef flats surrounding Signal
Island (mean radius of ~500m) (Fig. 1) or much
longer (1-3 weeks, for the remaining two-thirds of
the trips) in which case snakes capture their prey
much further away (mean radius of ~14km for
L. laticaudata and ~21km for L. saintgironsi)
(Brischoux et al. 2007) (Fig. 1). As a consequence,
we computed salinity values integrated over the ver-
tical column within a radius of 500m of Signal
Island for both Laticauda spp., and within a radius
of 14km for L. laticaudata and 21 km for L. saintgir-
onsi (Figs. 1 and 2). In contrast, E. annulatus is a
shallow-water species, restricted to a small area
around our study sites (e.g., virtually no exchange
of individuals among our two study populations, de-
spite the small distance between them [Lukoschek
and Shine 2012]). We thus computed mean salinity
values within a radius of 500m, centered on Anse
Vata (Figs. 1 and 2).

Analyses

To explore temporal and spatial extents of the effects
of salinity on the snake’s body condition, we incor-
porated scales relevant to each species’ ecology. For
each study site and/or radius, we calculated average
salinity over the year, month, fortnight, and week
during which a snake was captured. Because the
effect of salinity will be integrated over time (i.e., a
snake’s body condition may reflect its history of ex-
posure and current salinity levels), we also incorpo-
rated time-lags by calculating mean values of salinity
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for the month previous to the month of capture, the
fortnight previous to the fortnight of capture, and
the week previous to the week of capture. Finally,
we also computed mean salinity values over the
month/fortnight/week 2 months/fortnights/weeks pre-
vious to the month/fortnight/week of capture. In
total, we computed one time-constant model, and
10 models with different temporal scales of salinity
variation for the three species, over two spatial scales
for the Laticauda spp. This resulted in a total of 53
models: 11 for E. annulatus and 21 each for
L. laticaudata and L. saintgironsi.

All models were linear mixed models with salinity
as a fixed effect and individual identity as a random
effect to account for individual heterogeneity (several
individuals were captured more than once which
could generate pseudoreplication). We used the
Imer procedure in the lme4 package of R software
(Crawley 2007). Due to temporal correlation between
the various salinity variables, each variable was in-
cluded in a separate model to explain variation in
the BCI. To avoid multiple testing problems, we used
an information theoretic approach to compare com-
peting models and for statistical inference based on
the Akaike Information Criterion (AIC) (Burnham
and Anderson 2002). We began model selection
with the time-constant model and models with
annual salinity. Then, if the best model included
annual salinity, we proceeded to examine models
with salinity averaged over finer temporal scales.
The best model was taken to be the one with the
lowest AIC and AAIC <2 (where AAIC;=AIC;—
min AIC). The AIC weights (AICw;), a measure of
relative likelihood of each model, were calculated as
AICw; = exp(—0.5 x AAIC,)/Y (exp[—0.5 x AAIC]).

Results
Annual effects

In all three species of marine snakes, models incor-
porating mean annual salinity were better than
time-constant models (lower AICs), indicating
that temporal variation in the snake’s body condi-
tion was partly explained by variation in mean
annual salinity (Table 1). For Laticauda spp.,
models that included mean annual salinity at the
largest spatial scale relevant to snake foraging trips
(within radii of 14 or 21km around Signal Island
depending on the species) (Fig. 1) were more pow-
erful (>90% support) in explaining variation in the
snake’s body condition than were models that incor-
porated salinity variation at smaller spatial scales
(Table 1).
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Temporal and spatial effects of salinity

In the fully aquatic E. annulatus, variations in salinity
over short (e.g., weekly) time scales were less success-
ful at explaining temporal variation in the snake’s
body condition than was the model incorporating
mean annual salinity (Table 2). A similar result was
seen in the more aquatic of the two laticaudine spe-
cies, L. laticaudata, whereby variation in the snake’s
body condition was most strongly linked to mean

Table 1 Selection of a model for body condition of snakes as
a function of mean annual oceanic salinity

Model Definition AIC AAIC AlCw
Laticauda saintgironsi
1 21 km —1126 0 0.94
2 500m —-1120 5 0.06
3 Constant —1115 11 0.00

Laticauda laticaudata

1 14 km —2145 0 0.98

2 500m —2137 8 0.02

3 Constant —2119 26 0.00
Emydocephalus annulatus

1 500m -1183 0 1.00

2 Constant —1121 63 0.00

AIC is the Akaike Information Criterion. AAIC is the difference be-
tween the best model (lowest AIC) and the AIC of the model con-
sidered. AICw is the AIC weight representing the relative likelihood
of the model considered. The best model is shown in bold face, and
the italicized time-constant model is used as a reference model. See
text for details and Tables 2—4 for the relative weights of these annual
models when taking into account other temporal scales.

Table 2 Selection of a model for temporal fluctuations in body
condition of the sea snake Emydocephalus annulatus as a function
of variation in oceanic salinity at various temporal scales

Model Definition AIC AAIC AlCw
1 Year —1183.26 0.0 1.000
3 Previous 2 fortnights —1138.76 44.5 0.000
4 Previous fortnight —1130.17 531 0.000
5 Month —1129.46 538 0.000
6 Previous 2 weeks —1128.88 544 0.000
7 Previous month —1124.71 59.1 0.000
8 Fortnight —1123.71 59.6 0.000
9 Week —1123.07 60.2 0.000
10 Previous week —1122.33 60.9 0.000
11 Previous 2 months —-1122.19 61.1 0.000

See text for details and Table 1 for legend. Model 1 is identical to
that in Table 1 but is now used as a reference model. “Previous 2
months/fortnights/weeks” stand for the salinity calculated during the
month/fortnight/week 2 months/fortnights/weeks previous to the
month/fortnight/week of the snake’s capture.
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annual salinity over a large spatial scale (Table 3).
For this species, most of the top 10 models incorpo-
rated salinity values over the largest spatial scale
(i.e., 14km) (Table 3).

The more terrestrial L. saintgironsi showed a
different pattern, with fluctuations in the body con-

Table 3 Selection of a model for body condition of the sea snake
Laticauda laticaudata as a function of salinity at various temporal
and spatial scales (500 m and 14km from the snake’s home
island)

Model Definition AIC AAIC AICw
1 Year—14 km —2144.92 0.0 0.998
4 Previous 2 fortnights—14 km —2131.25 13.7 0.001
5 Previous month—14 km —212898 159 0.000
6 Previous 2 weeks—14 km —2128.60 163 0.000
7 Previous 2 months—14 km —212832 16.6 0.000
8 Previous 2 weeks—500m —2124.87 201 0.000
9 Previous fortnight—14 km —2122.73 222 0.000
10 Previous 2 months—500 m —212194 230 0.000
11 Previous month—500 m —212190 230 0.000
12 Previous 2 fortnights—500m  —2120.90 24.0 0.000

Only the top 10 models and the time-constant model (italicized) are
presented. See text for details and Table 1 for legend. Model 1 is
identical to that in Table 1 but is now used as a reference model.
“Previous 2 months/fortnights/weeks” represents the mean salinity
calculated during the month/fortnight/week 2 months/fortnights/
weeks previous to the month/fortnight/week of capture.

Table 4 Selection of a model for body condition of the sea snake
Laticauda saintgironsi as a function of salinity at various temporal
and spatial scales (500 m and 21km from the snake’s home
island)

Model Definition AIC AAIC  AICw
4 —1149.41 0.0 0.524
5 Fortnight—21 km —1146.05 34 0.098
6 Previous 2 fortnights—21 km —1145.94 3.5 0.093
7
8
9

Previous month—21 km

—1145.79 3.6 0.086
—1145.65 3.8 0.080
—1145.59 3.8 0.078

Previous week—21 km
Previous 2 weeks—21 km

Previous month—500 m

10 Previous fortnight—21 km —114232 741 0.015
11 Previous week—500 m 114177 76 0.012
12 Week—21 km —114162 78 0.011
13 Fortnight—500 m —1139.15 103 0.003
1 Year—21 km —1126.05 234 0.000

Only the top 10 models and the time-constant model (italicized) are
presented. See text for details and Table 1 for legend. Model 1 is
identical to that in Table 1 but is now used as a reference model.
“Previous 2 months/fortnights/weeks” represents the salinity calcu-
lated during the month/fortnight/week 2 months/fortnights/weeks
previous to the month/fortnight/week of the snake’s capture.
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dition of this species best explained by variations in
salinity over a shorter time scale (i.e., the month
previous to the month of capture) (Table 4 and
Fig. 3). Most other models with substantial support
(i.e., AAIC<4 and AICw>0.08, Table 4) involved
shorter time scales as well, bracketing a time lag
spanning the week before the week of capture and
the month before the month of capture (Table 4).
Unlike the case with E. annulatus or L. laticaudata,
the model incorporating mean annual salinity was
poorly supported for the more terrestrial laticaudine
species (Table 4). However, similarly to L. laticau-
data and regardless of time scale, most of the top
10 models incorporated salinity values over the larg-
est spatial scale (i.e., 21 km versus 500 m) (Table 4).
Using model averaging (i.e., summing AIC weights
of all models with salinity measured at 21km),
models that included salinity calculated at the largest
spatial scale received 90.6% support among all tested
models.

In all three snake species, the best models (E.
annulatus: model 1, Table 2; L. laticaudata: model
1, Table 3; and L. saintgironsi: model 4, Table 4)
indicated a negative effect of salinity on body
condition (E. annulatus: slope=—0.221=£0.026,
Pywa1q4<0.0001; L. laticaudata: slope=—0.131=+
0.022, Pywaqa=0.0001; and L. saintgironsi: slope=
—0.1624£0.038, Pyaq=0.002, Fig. 3). That is,
higher values of oceanic salinity consistently were
associated with reduced body condition in sea
snakes (all slopes were negative; values not shown).

Discussion

To our knowledge, our analysis is the first to assess
the effects of variation in oceanic salinity on the
body condition of free-ranging marine snakes. As
expected from the physiological challenges of living
in a hyperosmotic environment, sea snakes were in
lower body condition during (and following) periods
of high oceanic salinity, across a range of temporal
and spatial scales (Tables 1-4 and Fig. 3).

There are some limits to our study, however, as
our analysis did not include other environmental
factors (such as water temperature or availability of
food) that should also influence the body condition
of free-ranging sea snakes. Incorporating such factors
is difficult, for several reasons. First, the divergent life
histories of the two families included in this study
preclude a straightforward inclusion of these param-
eters. For example, including measurements of water
temperature (if available) in our models would be
straightforward for the totally aquatic E. annulatus
but not for amphibious sea kraits that come back
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Fig. 3 Relationships between oceanic salinity (Practical Salinity Scale [PSS]) and body condition index (BCI) for three species of sea
snakes. The panels show the relationship between mean annual salinity and mean body condition for E. annulatus (upper left panel),
L. laticaudata (upper right panel), L. saintgironsi (lower left panel), and between mean salinity during the month previous to the month
of capture and body condition for L. saintgironsi (lower right panel). Regression lines are drawn from the best models, and error

bars represent standard errors. See text for details of the analyses.

on land to digest their prey. Thus, for both L. saint-
gironsi and L. laticaudata, thermal data would have
to somehow combine at-sea and on-land thermal
regimes (e.g., under beach rocks and in bird bur-
rows) (Bonnet et al. 2009). That complexity prevents
simple comparisons of similar models among species.
Second, it was logistically impossible to obtain (or to
model) detailed data for those parameters over the
duration of our study and for the range of temporal
and spatial scales we used. In addition, variation in
salinity may directly affect the prey of the snakes.
However, this hypothesis is not robustly supported
by available data. First, the two lineages of sea snakes
we examined in this study are highly divergent in
their diets. Sea kraits feed on relatively large
(mostly subadult and adult) anguilliform fish
(Brischoux et al. 2007, 2009, 2011), whereas E. annu-
latus feeds exclusively on the eggs of damselfish,
blennies, and gobies (Voris 1966; Guinea 1996;
Ineich and Laboute 2002). It is unlikely that high
salinity could similarly affect two contrasting life
stages of two different fish lineages over similar tem-
poral scales. Second, such putative direct effects of
salinity on prey species cannot explain the different

effects of salinity we found between the most terres-
trial taxon (L. saintgironsi—sensitive to salinity over
a short temporal scale, see “Results” section) and the
more aquatic species (E. annulatus, fully aquatic, and
L. laticaudata, highly aquatic; both being sensitive to
salinity over an annual scale). Thus, we cannot
totally evaluate the impact of variation on salinity
relative to other sources of variation (such as in tem-
perature or food supply); all we can say is that our
analyses suggest that oceanic salinity (a parameter
largely overlooked to date) affects a sea snake’s
body condition. Future studies could usefully
attempt to quantify the relative contributions of var-
ious environmental parameters.

Models incorporating mean annual salinity were
better predictors of the snake’s body condition than
were time-constant models, as expected if (1) all
three snake species were negatively affected by salinity
and (2) they integrate the negative effects of salinity
over a long period of time (Table 1 and Fig. 3).
Incorporating variation in salinity over shorter time-
scales did not improve our ability to predict variation
in body condition in two of our study species: the
totally aquatic E. annulatus and the highly aquatic
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L. laticaudata; in both of these taxa, annual salinity
was the best predictor of body condition among all
variables tested (Tables 2 and 3). In contrast, the
more terrestrial species (L. saintgironsi) appeared to
be sensitive to fluctuations in salinity over shorter
timescales (weeks to months) (Table 4). This time
lag is consistent with the probable duration of a
snake’s most recent foraging trip at sea before capture
(= 1-3 weeks) (Brischoux et al. 2007; Ineich et al.
2007). Digestion of a large meal requires 1-2 weeks
(Brischoux et al. 2007; Ineich et al. 2007), so the
foraging cycle (prey capture at sea and its subsequent
digestion on land) is likely to last 2—-5 weeks. As our
analysis omitted snakes with prey items in their
digestive tracts, the duration of the foraging cycle
dovetails well with our conclusion that body condi-
tion in L. saintgironsi is affected by oceanic salinity
over the preceding few weeks (Table 4).

In combination, our results suggest that L. saint-
gironsi is more sensitive to salinity over a short time
than are the other taxa. There are three plausible
(and complementary) reasons for this difference.
First, L. saintgironsi is exposed to oceanic salinity
only intermittently (during foraging bouts), so may
be affected by conditions only at that time rather
than averaged over a broader timescale. Second, the
more terrestrial habits of this species (Bonnet et al.
2005, 2009; Lane and Shine 2011a) increase its access
to freshwater during rare and unpredictable rainfall
events (Bonnet and Brischoux 2008). Such events
may allow L. saintgironsi to restore osmotic balance,
regardless of oceanic levels of salinity (Bonnet and
Brischoux 2008; see also Lilywhite et al. 2008). Third,
higher dehydration rates in seawater (assessed in
L. colubrina, a sister species of L. saintgironsi)
(Lane and Shine 2011b) suggest that local salinity
should affect body condition more rapidly in
L. saintgironsi than in L. laticaudata (Lillywhite
et al. 2008). All three of these processes might
render body condition in L. saintgironsi sensitive to
short-term rather than long-term levels of oceanic
salinity.

Both L. laticaudata and L. saintgironsi sometimes
forage close to their home island (on the reef flat
within 500 m; Fig. 1) and sometimes much further
away (mean radius of 14 and 21 km for L. laticaudata
and L. saintgironsi, respectively) (Brischoux et al.
2007) (Fig. 1). The strongest effects of salinity on
the body condition of these snakes are over the
larger spatial scales (Tables 1-4), perhaps because
the longer trips expose snakes to those salinity con-
ditions for a prolonged period (Brischoux et al.
2007). In contrast, the highly sedentary E. annulatus
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is affected by salinity levels over a small spatial scale
(i.e., 500m) (Fig. 1).

In summary, the invasion of marine habitats by
terrestrial snakes has been accompanied by a wide
range of morphological, behavioral, and physiological
modifications that have enabled these animals to
thrive in tropical oceans (Heatwole 1999; Aubret
and Shine 2008; Brischoux and Shine 2011).
Nonetheless, adaptations to marine life may not
have completely emancipated snakes from the con-
straints associated with salt balance and water bal-
ance in a hyperosmotic environment (Lillywhite et al.
2008; Brischoux et al. 2012). Reflecting their ances-
tral dependence on freshwater, even these highly spe-
cialized marine snakes exhibited reduced body
condition after periods of higher-than-average oce-
anic salinity. Although variation in salinity through
time in the Neo-Caledonian lagoon is relatively
minor (e.g., ~1 Practical Salinity Scale), sea snakes
are exposed to salt overloading because for pro-
longed periods they remain in intimate contact
with an hyperosmotic medium with very limited
access to freshwater (Bonnet and Brischoux 2008;
Lillywhite et al. 2008). Our analysis clearly detected
negative effects despite the low range of variation in
oceanic salinity. In support of these results, salinity
constrains the current diversity and geographic dis-
tributions of sea snakes (Brischoux et al. 2012).
Other populations of marine snakes are found in
areas that fluctuate from very dilute to full-strength
saltwater and may show much more dramatic effects.
Also, our correlative analysis does not allow teasing
apart the effects of the energetic costs of excreting
excess salt (Peaker and Linzell 1975; Gutiérrez
et al. 2011) and/or the dehydration due to loss of
water to the surrounding sea (Lillywhite et al. 2008).
Experimental approaches will be crucial for un-
raveling the respective contributions of these two
different but complementary, physiological processes.
Such experimental approaches also would improve
our understanding of the mechanisms and intensity
of the effect of salinity on marine snakes’ body con-
dition. In addition, future studies could usefully ex-
amine the effect of salinity on traits such as growth
rates, survival, reproductive frequency, and repro-
ductive output, as well as exploring the impacts of
other environmental parameters such as temperature,
rainfall, and availability of food. Fluctuations in
oceanic salinity might well influence the popula-
tion dynamics of this overlooked assemblage of
tropical, marine, apex predators (Ineich et al. 2007;
Brischoux and Bonnet 2008). Osmoregulatory con-
straints may be important in other secondarily
marine vertebrates also, such as seabirds, turtles,
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cetaceans, and pinnipeds (e.g., see Gutiérrez et al.
2011). For a comprehensive understanding of the
impacts of climatic change on such animals, we
cannot afford to ignore the potential role of oceanic
salinity.

Acknowledgments

We thank H. B. Lillywhite for useful discussions and
comments on an earlier draft of the manuscript. We
thank P. Douillet (IRD), F. Dumas, and R. Le
Gendre (IFREMER) for their crucial help with
salinity modeling. The Aquarium des Lagons, the
DENV Province Sud, and the IRD de Nouméa
helped with logistical support. We are especially
grateful to C. Chevillon, R. Farman, C. Goiran, and
D. Ponton. The study was carried out under permits
6024-179/DRN/ENV,  6024-3601/DRN/ENV, and
503/DENV/SMER issued by the DENV, Province
Sud, New Caledonia.

Funding

Supported by National Science Foundation (grant
10§-0926802 to H. B. Lillywhite, USA), the CNRS
(France), the Endeavour Awards (Australia), and
the Australian Research Council. We thank all the
sponsors who made the “Sea Snake Symposium”
possible: SICB (DAB, DCPB, DNB, DPCB, DVM),
National Science Foundation (grant 10S-1132369 to
H. B. Lillywhite), University of Florida, Sable Sys-
tems International, Vida Preciosa International Inc.,
and Gourmet Rodent Inc.

References

Aubret F, Shine R. 2008. The origin of evolutionary innova-
tions: locomotor consequences of tail shape in aquatic
snakes. Funct Ecol 22:317-22.

Baez JC, Bellido JJ, Ferri-Yanez F, Castillo JJ, Martin JJ,
Mons JL, Romero D, Real R. 2011. The North Atlantic
Oscillation and sea surface temperature affect loggerhead
abundance around the Strait of Gibraltar. Sci Mar
75:571-5.

Bonnet X, Brischoux F. 2008. Thirsty sea snakes forsake their
shelter during rainfall. Austral Ecol 33:911-21.

Bonnet X, Naulleau G. 1995. Estimation of body reserves
in living snakes using a body condition index (B.C.L).
In: Llorente G, Santos X, Carretero MA, editors. Scientia
Herpetologica. Barcelona: Association of Herpetologists
Espanola. p. 237-40.

Bonnet X, Ineich I, Shine R. 2005. Terrestrial locomotion in
sea snakes: the effects of sex and species on cliff-climbing
ability in sea kraits (Serpentes, Elapidae, Laticauda). Biol
] Linnean Soc 85:433—41.

Bonnet X, Brischoux F, Pearson D, Rivalan P. 2009.
Beach-rock as a keystone habitat for sea kraits. Environ
Conserv 36:62-70.

243

Bost C-A, Cotté C, Bailleul F, Cherel Y, Charrassin J-B,
Guinet C, Ainley DG, Weimerskirch H. 2009. The
importance of oceanographic fronts to marine birds
and mammals of the southern oceans. ] Mar Syst
78:363-76.

Brischoux F, Bonnet X. 2008. Estimating the impact of sea
kraits on the anguilliform fish community (Muraenidae,
Congridae, Ophichthidae) of New Caledonia. Aquat
Living Resour 21:395-9.

Brischoux F, Bonnet X. 2009. Life history of sea kraits in New
Caledonia. Zoologia Neocaledonica 7, Mémoires du
Muséum national d’Histoire naturelle 198:133-47.

Brischoux F, Shine R. 2011. Morphological adaptations to
marine life in snakes. ] Morphol 272:566-72.

Brischoux F, Bonnet X, Shine R. 2007. Foraging ecology of sea
kraits (Laticauda spp.) in the Neo-Caledonian lagoon. Mar
Ecol Prog Ser 350:145-51.

Brischoux F, Bonnet X, Shine R. 2009. Determinants of die-
tary specialization: a comparison of sympatric species of sea
snakes. Oikos 118:145-51.

Brischoux F, Bonnet X, Cherel Y, Shine R. 2011. Isotopic
signatures, foraging habitats and trophic relationships be-
tween fish and seasnakes on the coral reefs of New
Caledonia. Coral Reefs 30:155-65.

Brischoux F, Tingley R, Shine R, Lillywhite HB. Forthcoming
2012. Salinity influences the distribution of marine snakes:
implications for evolutionary transitions to marine life.
Ecography (doi: 10.1111/j.1600-0587.2012.07717 x).

Burnham KP, Anderson DR. 2002. Model selection and mul-
timodel inference: a practical information-theoretic
approach. New York: Springer.

Butler PJ, Jones DR. 1997. Physiology of diving of birds and
mammals. Physiol Rev 77:837-99.

Cogger HG. 1975. Sea snakes of Australia and New Guinea.
In: Dunson WA, editor. The biology of sea snakes.
Baltimore: University Park Press. p. 59-140.

Costa DP. 2002. Osmoregulation. In: Perrin WF,
Thewissen JGM, Wursig B, editors. Encyclopedia of
Marine Mammals. London: Academic Press. p. 337—42.

Crawley M]J. 2007. The R Book. Chichester, England: John
Wiley and Sons.

de Leeuw JJ. 1996. Diving costs as a component of daily
energy budgets of aquatic birds and mammals: generalizing
the inclusion of dive-recovery costs demonstrated in tufted
ducks. Can ] Zool 74:2131-42.

Forcada J, Trathan PN, Reid K, Murphy EJ, Croxall JP. 2006.
Contrasting population changes in sympatric penguin spe-
cies in associate with climate warming. Global Change Biol
12:411-23.

Greer AE. 1997. The biology and evolution of Australian
snakes. Sydney: Surrey Beatty.

Grémillet D, Wanless S, Carss DN, Linton D, Harris MP,
Speakman JR, Le Maho Y. 2001. Foraging energetic of
arctic cormorants and the evolution of diving birds. Ecol
Lett 4:180—4.

Guinea ML. 1996. Functions of the cephalic scales of the sea
snake Emydocephalus annulatus. ] Herpetol 30:126-8.

Gutiérrez JS, Masero JA, Abad-Goémez JM, Villegas A,
Sanchez-Guzman JM. 2011. Understanding the energetic
costs of living in saline environments: effects of salinity
on basal metabolic rate, body mass and daily energy

7102 ‘0T An[ uo 3sang Aq /310°sjeuIno(piojxo-qor//:dyy woiy papeojumoq



244

consumption of a long-distance migratory shorebird. ] Exp
Biol 214:829-35.

Heatwole H. 1999. Sea snakes. Australian natural history
series. New South Wales: University of New South Wales.

Helmuth B, Harley CDG, Halpin PM, O’Donnell M,
Hofmann GE, Blanchette CA. 2002. Climate change and
latitudinal patterns of intertidal thermal stress. Science
298:1015-17.

Helmuth B, Kingsolver JG, Carrington E. 2005. Biophysics,
physiological ecology, and climate change: does mechanism
matter? Ann Rev Physiol 67:177-201.

Houser DS, Crocker DE, Costa DP. 2005. Ecology of water
relations and thermoregulation. eLS published online (doi:
10.1038/npg.els.0003216).

Ineich I, Bonnet X, Brischoux F, Kulbicki M, Séret B, Shine R.
2007. Anguilliform fishes and sea kraits: neglected predators
in coral-reef ecosystems. Mar Biol 151:93-802.

Ineich I, Laboute P. 2002. Sea snakes of New Caledonia. Paris:
IRD & MNHN Editions.

Jenouvrier S, Barbraud C, Weimerskirch H. 2003. Effects of
climate variability on the temporal population dynamics of
southern fulmars. ] Anim Ecol 72:576-87.

Jenouvrier S, Caswell H, Barbraud C, Holland M, Stroeve J,
Weimerskirch H. 2009. Demographic models and IPCC
climate projections predict the decline of an emperor pen-
guin population. Proc Natl Acad Sci USA 106:1844-7.

Kearney M, Porter WP. 2009. Mechanistic niche modelling:
combining physiological and spatial data to predict species’
ranges. Ecol Lett 12:334-50.

Lane AM, Shine R. 2011a. When seasnake meets seabird: eco-
system engineering, facilitation and competition. Austral
Ecol 36:544-9.

Lane AM, Shine R. 2011b. Phylogenetic relationships within
laticaudine sea kraits (Elapidae). Mol Phylogenet Evol
59:567-77.

Lazure P, Dumas F. 2008. An external-internal mode coupling
for a 3D hydrodynamical model for applications at regional
scale (MARS). Adv Water Resour 31:233-50.

Leaper R, Cooke J, Trathan P, Reid K, Rowntree V, Payne R.
2006. Global climate drives southern right whale (Eubalaena
australis) population dynamics. Biol Lett 2:289-92.

Lee DE. 2011. Effects of environmental variability and breed-
ing experience on northern elephant seal demography.
] Mammal 92:517-26.

Lefevre J, Marchesiello P, Jourdain NC, Menkes C, Leroy A.
2010. Weather regimes and orographic circulation around
New Caledonia. Mar Pollut Bull 61:413-31.

Lillywhite HB, Babonis LS, Sheehy CM III, Tu M-C. 2008. Sea
snakes (Laticauda spp.) require fresh drinking water: impli-
cation for the distribution and persistence of populations.
Physiol Biochem Zool 81:785-96.

Lukoschek V, Shine R. Forthcoming 2012. Sea snakes rarely
venture far from home. Ecol Evol (doi: 10.1002/ece3.256).

Ortiz RM. 2001. Osmoregulation in marine mammals. ] Exp
Biol 204:1831-44.

Peaker M, Linzell J. 1975. Salt glands in birds and reptiles.
London: Cambridge University Press.

Pinaud D, Cherel Y, Weimerskirch H. 2005. Effect of envi-
ronmental variability on habitat selection, diet, provision-
ing Dbehaviour and chick growth in yellow-nosed
albatrosses. Mar Ecol Prog Ser 298:295-304.

F. Brischoux et al.

Pratt KL, Franklin CE. 2010. Temperature independence of
aquatic oxygen uptake in an air-breathing ectotherm and
the implications for dive duration. Comp Biochem Physiol
A 156:42-5.

Priest TE, Franklin CE. 2002. Effect of water temperature and
oxygen levels on the diving behavior of two freshwater tur-
tles: Rheodytes leukops and Emydura macquarii. ] Herpetol
36:555-61.

Quillfeldt P, Strange IJ, Masello JF. 2007. Sea surface temper-
atures and behavioural buffering capacity in thin-billed
prions Pachyptila belcheri: breeding success, provisioning
and chick begging. J Avian Biol 38:298-308.

Rolland V, Barbraud C, Weimerskirch H. 2009. Assessing
the impact of fisheries, climate and disease on the dynamics
of the Indian vyellow-nosed Albatross. Biol Conser
142:1084-95.

Rolland V, Weimerskirch H, Barbraud C. 2010. Relative in-
fluence of fisheries and climate on the demography of four
albatross species. Global Change Biol 16:1910-22.

Schmidt-Nielsen K. 1983. Animal physiology: adaptations and
environments. Cambridge: Cambridge University Press.

Shine R. 2005. All at sea: aquatic life modifies mate-
recognition modalities in sea snakes (Emydocephalus annu-
latus, Hydrophiidae). Behav Ecol Sociobiol 57:591-8.

Shine R, Bonnet X, Elphick M, Barrott E. 2004. A novel for-
aging mode in snakes: browsing by the sea snake Emydo-
cephalus annulatus (Serpentes, Hydrophiidae). Funct Ecol
18:16-24.

Shine R, Brischoux F, Pile AJ. 2010. A seasnake’s colour
affects its susceptibility to algal fouling. Proc R Soc B
277:2459-64.

Shine R, Shine T, Shine B. 2003a. Intraspecific habitat parti-
tioning by the sea snake Emydocephalus annulatus
(Serpentes, Hydrophiidae): the effects of sex, body size,
and colour pattern. Biol J Linnean Soc 80:1-10.

Shine R, Cogger HG, Reed RR, Shetty S, Bonnet X. 2003b.
Aquatic and terrestrial locomotor speeds of amphibious
sea-snakes (Serpentes, Laticaudidae). J Zool 259:261-8.

Shine R, Shine T, Shine JM, Shine BG. 2005. Synchrony in
capture dates suggests cryptic social organization in sea
snakes (Emydocephalus annulatus, Hydrophiidae). Austral
Ecol 30:805-11.

Storey EM, Kayes SM, De Vries I, Franklin CE. 2008. Effect of
water depth, velocity and temperature on the surfacing fre-
quency of the bimodally respiring turtle Elseya albagula.
Funct Ecol 22:840-6.

Tomanek L, Somero GN. 2000. Time course and magnitude
of synthesis of heat-shock proteins in congeneric marine
snails (genus Tegula) from different tidal heights. Physiol
Biochem Zool 73:249-56.

Voris HK. 1966. Fish eggs as the apparent sole food item for a
genus of sea snake, Emydocephalus (Krefft). Ecology
47:152—4.

Weimerskirch H, Le Corre M, Tew-Kai E, Marsac F. 2010.
Foraging movements of great frigatebirds from Aldabra
Island: relationship with environmental variables and inter-
actions with fisheries. Prog Oceanography 86:204—13.

Wolf SG, Snyder MA, Sydeman W], Doak DF, Croll DA.
2010. Predicting population consequences of ocean climate
change for an ecosystem sentinel, the Cassin’s auklet.
Global Change Biol 16:1923-35.

7102 ‘0T An[ uo 3sang Aq /310°sjeuIno(piojxo-qor//:dyy woiy papeojumoq



Journal of Sea Research 76 (2013) 1-4

Contents lists available at SciVerse ScienceDirect

Journal of Sea Research

journal homepage: www.elsevier.com/locate/seares

Behavioral and physiological correlates of the geographic distributions of amphibious
sea kraits (Laticauda spp.)

Francois Brischoux *P*, Reid Tingley !, Richard Shine ¢, Harvey B. Lillywhite *

2 Department of Biology, University of Florida, Gainesville, FL 32611, USA
b Centre d'Etudes Biologiques de Chizé, CEBC-CNRS UPR 1934, 79360 Villiers en Bois, France
€ School of Biological Sciences A08, University of Sydney, NSW 2006, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 23 August 2012

Received in revised form 22 October 2012
Accepted 29 October 2012

Available online 13 November 2012

The physiological costs of living in seawater likely influenced the secondary evolutionary transitions to ma-
rine life in tetrapods. However, these costs are alleviated for species that commute between the land and
the sea, because terrestrial habitats can provide frequent access to fresh water. Here, we investigate how
differences in the ecology and physiology of three sea krait species (Laticauda spp.) interact to determine
their environmental tolerances and geographic distributions. These three species vary in their relative use
of terrestrial versus marine environments, and they display concomitant adaptations to life on land versus at

ﬁ;ﬁﬁi‘trapods sea. A species with relatively high dehydration rates in seawater (Laticauda colubrina) occupied oceanic areas
Osmoregulation with low mean salinities, whereas a species with comparatively high rates of transcutaneous evaporative
Salinity water loss on land (Laticauda semifasciata) occupied regions with low mean temperatures. A third taxon
Sea snakes (Laticauda laticaudata) was intermediate in both of these traits, and yet occupied the broadest geographic

range. Our results suggest that the abilities of sea kraits to acquire fresh water on land and tolerate dehydration
at sea determine their environmental tolerances and geographic distributions. This finding supports the notion
that speciation patterns within sea kraits have been driven by interspecific variation in the degree of reliance
upon terrestrial versus marine habitats. Future studies could usefully examine the effects of osmotic challenges

on diversification rates in other secondarily marine tetrapod species.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Oceanic salinity imposes an osmotic challenge to vertebrates liv-
ing in seawater (Schmidt-Nielsen, 1983). This is especially true for
marine tetrapods, a group that has evolved a diversity of structures
that help to maintain osmotic balance (sophisticated nephrons in
mammals, Ortiz, 2001; salt glands in reptiles, Peaker and Linzell,
1975). Regardless of the efficiency of these excretory structures, living
in seawater inevitably entails significant physiological costs (Gutiérrez
et al,, 2011; Ortiz, 2001; Schmidt-Nielsen, 1983). Hyperosmotic condi-
tions not only affect the day-to-day life of marine vertebrates, but also
likely influenced their evolutionary transition to marine life (Brischoux
et al., 2012a). For example, despite having salt-secreting glands, the di-
versity and geographic distributions of extant sea snakes are constrained
by oceanic salinity (Brischoux et al., 2012a).

Although osmotic challenges apply to most or all marine tetrapods,
some ecological situations alleviate these constraints. For example,
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species that regularly commute between saline and terrestrial environ-
ments have increased opportunities to frequently access freshwater
(ie., shorebirds, Gutiérrez et al, 2011; sea kraits, Bonnet and
Brischoux, 2008; Liu et al., 2012). In such situations, interactions be-
tween dehydration at sea and freshwater acquisition on land can influ-
ence individual movement rates (e.g., a dehydrated individual will
commute more often to a source of freshwater). On a broader spatial
scale, such interactions also may affect the extent of a species' geo-
graphic range. For example, species that are sensitive to dehydration
at sea might be able to withstand saline conditions in the marine envi-
ronment if their terrestrial habits allow regular access to freshwater
sources. Such circumstances should allow species to occupy areas that
are extremely saline relative to their dehydration rates, thereby increas-
ing the extent of their geographic distributions, provided that suitable
terrestrial habitats are available.

Sea kraits (Laticauda spp.) provide an excellent opportunity to in-
vestigate how the relative use of terrestrial versus marine environments
influences environmental tolerances and geographic distributions. First,
sea kraits are characterized by obligatory use of both land (to bask, di-
gest prey, mate, and oviposit) and sea (where they forage for fish)
(Heatwole, 1999). Second, this clade is divided into three major com-
plexes (Heatwole et al.,, 2005), which broadly overlap in geographic
range, but differ in their relative use of terrestrial versus marine
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environments. Species from the “L. colubrina complex” (N =4 species)
are more terrestrial; species from the “L. semifasciata complex” (N=2
species) are more aquatic; and L. laticaudata (disregarding the closely
related, lake-locked Laticauda crockeri) is intermediate (Greer, 1997;
Heatwole, 1999). Third, experimental studies have shown that the
three nominal species lie along a gradient of adaptations to life on
land versus at sea (Lillywhite et al., 2008, 2009). Finally, life in seawater
poses a major physiological challenge to sea kraits (Brischoux et al.,
2012b; Dunson, 1975), and thus limits their distribution (Brischoux et
al., 2012a; Lillywhite et al., 2008).

Herein, we investigate how differences in the ecology (relative use
of terrestrial versus marine environments) and physiology (dehydra-
tion rates on land versus at sea) of sea kraits are related to their environ-
mental tolerances (salinity and temperature), and ultimately, their
geographic distributions.

2. Materials and methods
2.1. Study species and physiological data

Sea kraits (Laticaudinae) are amphibious snakes common through-
out coral reefs of the Eastern Indian and Western Pacific Oceans
(Heatwole, 1999). Sea kraits forage at sea for fish, but return to land
to digest, rest, slough their skins, mate, and lay eggs (Heatwole, 1999).
Importantly, these snakes rely on the frequent use of both environ-
ments (typically returning to land once every two weeks, Brischoux et
al., 2007; Shetty and Shine, 2002).

Data on dehydration rates in seawater and rates of transcutane-
ous evaporative water loss on land in L. colubrina, L. laticaudata and
L. semifasciata were measured experimentally using field-caught an-
imals (see Lillywhite et al., 2008, 2009 for further details). These
three species differ significantly in their relative use of terrestrial
versus marine environments (Greer, 1997; Liu et al., 2012).

2.2. Geographic range and environmental data

Data on the distribution of each species of sea krait were taken from
extent-of-occurrence range maps assembled by the IUCN Sea Snake
Specialist Group (http://www.iucnredlist.org/technical-documents/
spatial-data). Salinity and sea surface temperature (SST) were averaged
within each species' geographic range using long-term gridded climate
data available from Bio-ORACLE (Tyberghein et al., 2012). We did not
use terrestrial temperature data because we lacked information on the
terrestrial distributions of sea kraits. Instead, we used SST data as a
proxy for air temperatures on land. The relationship between sea sur-
face and terrestrial air temperatures should be particularly strong with-
in the areas occupied by sea kraits because these species are largely
restricted to coastlines (Bonnet et al., 2009; Lane and Shine, 2011a).
Oceanic range sizes were calculated using an equal-area Behrmann
projection.

3. Results

Dehydration rates in seawater were inversely related to the mean
salinity within each species' oceanic range (Fig. 1a). The mean salinity
within the range of L. laticaudata was intermediate between that of
L. colubrina and L. semifasciata (ANOVA with the mean salinity in each
grid cell as the dependent variable and species as the predictor,
F2,158,329 =347.65, p< 0.0001, Flg 13.)

The mean SSTs within each species' range were inversely related to
the mean rates of transcutaneous evaporative water loss (Fig. 1b). The
mean SST within the range of L. laticaudata was again intermediate be-
tween that of L. semifasciata and L. colubrina (ANOVA with the mean SST
in each grid cell as the dependent variable and species as the predictor,
F2,158320 =4039.8, p<0.0001, Fig. 1b).

—_
QD
~

—~ 0.8 .
=2 n
= 72]
= - F34.0 o
8 0.7 -
@ =
H z
§ 0.6 1 o
< +33.9 E
« 051 i
a 2
» 04 = 2
b7} -33.8 £
g ®
= ®
i~ 0.3 2
—= ©
< @
0 .2 337 =
3:. 0.6 29.6
a
£
S 0.5 - L
& 292
E o
[72] 4 ~
L 04 288 b
=) £ ] )
1
% 0.3 =
E - 28.4 g
g
2 027
g = L 28.0
@ 0.1 . 1 T
o L. colubrina L. laticaudata L. semifasciata

Fig. 1. Characteristics of the environmental conditions within the geographic ranges of
sea kraits (Laticauda spp.). (a) Gray squares: daily mass loss in seawater for each spe-
cies (modified from Lillywhite et al., 2008), and black circles: the mean salinity within
each species' range. (b) Gray squares: transcutaneous evaporative water loss (modified
from Lillywhite et al., 2009), and black circles: the mean sea surface temperature (SST)
within each species range. Values shown are means + SE.

The three species also diverged in geographic range size (Fig. 2).
L. laticaudata occupied the broadest geographic range, whereas
L. colubrina had a range that was intermediate in size between that
of L. semifasciata and L. laticaudata.

4. Discussion
The three species of sea kraits included in our analyses differ in
their reliance on aquatic versus terrestrial habitats, and exhibit a

counter-gradient of physiological attributes related to water balance
(Lillywhite et al., 2008, 2009). The more terrestrial L. colubrina is
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Fig. 2. Geographic range size of three species of sea kraits (Laticauda spp.).
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resistant to desiccation on land, but sensitive to dehydration in seawa-
ter, relative to the other species. Conversely, the more aquatic
L. semifasciata is resistant to dehydration in seawater, but relatively
more sensitive to desiccation on land. L. laticaudata is intermediate in
both traits (Fig. 1). Accordingly, the mean salinity within each species’
oceanic range follows the reverse trend to that observed for dehydra-
tion rates in seawater (Fig. 1a). Sea surface temperature (a proxy for
thermal conditions on land) within each species’ range also follows
the reverse trend to that observed for rates of transcutaneous evapora-
tive water loss (Fig. 1b). Taken together, these results support the hy-
pothesis that physiological constraints imposed by salinity and
temperature limit the distribution and dispersal of sea kraits.

Because salinity poses a physiological challenge to sea kraits, these
species have to restore their osmotic balance by acquiring fresh water
during unpredictable rainfall events (Bonnet and Brischoux, 2008;
Guinea, 1991). However, the ease with which fresh water can be ac-
quired depends on the degree of terrestriality of the species (Bonnet
and Brischoux, 2008). Precipitation is more likely to fall over tropical
islands than over open ocean, and even minor rainfall events can pro-
vide fresh water for sea kraits in coastal environments (Bonnet and
Brischoux, 2008). In the ocean, on the other hand, heavy rainfall and ap-
propriate environmental conditions are required to form freshwater
lenses. As a consequence, the more terrestrial L. colubrina is more likely
to acquire fresh water and restore its osmotic balance than is the more
marine L. semifasciata, and to a lesser extent L. laticaudata (Brischoux et
al., 2012b). In addition, high rates of evaporative water loss are likely to
limit the ability of L. semifasciata to spend significant amounts of time
on land, preventing this species from accessing fresh water following
rainfall events. Conversely, long periods in seawater, either during for-
aging trips or during dispersal over larger oceanic areas, will dehydrate
L. colubrina more rapidly than L. semifasciata, and to a lesser extent
L. laticaudata (Brischoux et al., 2012b). Thus, the differential abilities
of sea kraits to acquire fresh water on land and tolerate dehydration
at sea are likely to influence the extent of their geographic distributions.
In support of this view, the intermediate species L. laticaudata, moder-
ately efficient at accessing freshwater on land (Bonnet and Brischoux,
2008), but also moderately resistant to dehydration at sea, occupies
the widest geographic range (Fig. 2).

Recent genetic analyses have shown that the distribution of ter-
restrial habitats within the oceanic range of L. laticaudata has little
impact on gene flow (Lane and Shine, 2011b). Conversely, the more
terrestrial “L. colubrina complex” (L. colubrina, Laticauda frontalis,
Laticauda guineai and Laticauda saintgironsi) shows stronger geo-
graphic differentiation in allelic frequencies, associated with island
groups (Lane and Shine, 2011b). Although we lack genetic data for the
“L. semifasciata complex” (L. semifasciata and Laticauda schistorhincha),
the existence of two species in this complex also suggests geographic
differentiation. Taken together, these patterns suggest that the ability
to restore osmotic balance during rainfall events might be more impor-
tant for individual survival during infrequent dispersal events over large
oceanic areas than is the resistance to dehydration in seawater. Accord-
ingly, the restricted ranges of L. semifasciata and L. schistorhincha sug-
gest that limitations on acquiring fresh water on land constrain
successful dispersal in the more marine laticaudines. The intermediate
ecology of L. laticaudata allows this species not only to colonize the wid-
est range, but also to maintain gene flow among populations (Lane and
Shine, 2011b). Collectively, these observations support the hypothesis
that sea krait speciation patterns have been driven by differences in
the importance of terrestrial versus marine habitats in the species' ecol-
ogy (Lane and Shine, 2011b).

There are, however, several caveats to our conclusions. First, our
analysis is based on correlations, and we have no direct evidence of cau-
sation. For example, it remains possible that sea snake distributions are
determined by factors unrelated to osmotic challenges and that the cor-
relations we see reflect adaptation of snake physiology to the osmotic
conditions that each species experiences over its range; that is,

interspecific differences in osmoregulatory ability may be consequences
rather than causes of the interspecific differences in geographic distri-
bution. It is likely that the osmoregulatory abilities of extant snakes
are evolving in relation to their present distributions. Second, our com-
parisons are based upon a small number of species, and the validity of
our interpretations can only be tested by expanding the suite of taxa
that are studied. The multiple evolutionary invasions of the marine en-
vironment throughout the tetrapod phylogeny provide abundant op-
portunities for such studies. For example, if it is generally true that an
ability to cope with the osmotic challenges associated with marine life
has influenced geographic ranges and speciation patterns of secondarily
marine organisms (Brischoux et al.,, 2012a), such processes might have
contributed to the remarkably rapid radiation of hydrophiine sea snakes
(Sanders et al., 2008, 2010). Future studies could usefully compare os-
moregulatory capacities to geographic distributions in these and other
species of secondarily marine tetrapods.
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Salinity influences the distribution of marine snakes: implications
for evolutionary transitions to marine life

Francois Brischoux, Reid Tingley, Richard Shine and Harvey B. Lillywhite
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Secondary transitions from terrestrial to marine life provide remarkable examples of evolutionary change. Although the
maintenance of osmotic balance poses a major challenge to secondarily marine vertebrates, its potential role during evo-
lutionary transitions has not been assessed. In the current study, we investigate the role of oceanic salinity as a proximate
physiological challenge for snakes during the phylogenetic transition from the land to the sea. Large-scale biogeographical
analyses using the four extant lineages of marine snakes suggest that salinity constrains their current distribution, especially
in groups thought to resemble early transitional forms between the land and the sea. Analyses at the species-level suggest
that a more efficient salt-secreting gland allows a species to exploit more saline, and hence larger, oceanic areas. Salinity
also emerged as the strongest predictor of sea snake richness. Snake species richness was negatively correlated with mean
annual salinity, but positively correlated with monthly variation in salinity. We infer that all four independent transitions
from terrestrial to marine life in snakes may have occurred in the Indonesian Basin, where salinity is low and seasonally
variable. More generally, osmoregulatory challenges may have influenced the evolutionary history and ecological traits of
other secondarily marine vertebrates (turtles, birds and mammals) and may affect the impact of climate change on marine

vertebrates.

Evolutionary transitions between habitats provide powerful
opportunities to understand how selective pressures imposed
by the new habitat have shaped the morphology, physiol-
ogy, and behaviour of organisms. For example, secondary
transitions from terrestrial to marine life provide remark-
able examples of evolutionary change, driven by contrasting
physical and chemical properties of the two environments
(Mazin and de Buffrénil 2001). As a result, secondarily
marine air-breathing vertebrates display a suite of special-
izations linked to marine life (Kooyman 1989). Compared
to their terrestrial counterparts, these species exhibit a spe-
cialized morphology that allows efficient movement through
water; their ability to store large amounts of oxygen, and to
decrease rates of oxygen use, allow them to remain under-
water for long periods; and their reduced susceptibility
to high hydrostatic pressures allows them to dive deeply
(Kooyman 1989, Boyd 1997, Butler and Jones 1997).
Adaptations of the respiratory system to marine life have
attracted extensive research (Seymour and Webster 1975,
Boyd 1997, Halsey et al. 2006, Brischoux et al. 2008). For
example, a capacity for prolonged apnoea may well have been
critical to the evolutionary success of secondarily marine air-
breathing vertebrates. However, marine life poses physiolog-
ical challenges other than respiration — notably, related to
the chemical composition of seawater and, in particular, the
high concentration of sodium chloride (Schmidt-Nielsen
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1983). Because seawater is hyperosmotic relative to the inter-
nal milieu of most vertebrates, marine forms will tend to
gain salt and lose water across permeable surfaces (Schmidt-
Nielsen 1983). Additionally, drinking seawater (inevitable
during prey capture) will impose a supplementary salt-load
(Costa 2002, Houser et al. 2005). As a consequence, living in
seawater entails a significant risk of dehydration, and most
marine vertebrates have to regulate their hydro-mineral
balance in order to survive (Schmidt-Nielsen 1983).

Secondarily marine vertebrates have evolved a diver-
sity of excretory structures that eliminate excess salt and
maintain hydro-mineral balance within a range compatible
with life (Schmidt-Nielsen 1983, Houser et al. 2005). The
kidneys of marine mammals are lobulated or reniculated,
and the countercurrent geometry of elongated nephrons
allows them to maintain osmotic balance by excreting large
ion loads (Ortiz 2001). Reptilian kidneys lack the loops
of Henle that are characteristic of mammals, and they are
not able to excrete large ion loads in highly concentrated
urine (Peaker and Linzell 1975). However, marine reptiles
(sensu lato i.e. including birds) possess specialized extra-
renal salt glands capable of excreting concentrated solutions
of salt to maintain osmotic balance (Peaker and Linzell
1975).

We have very little fossil evidence of the taxa that are
transitional between terrestrial and aquatic habitats — and



even when such fossils are available, they are unlikely to be
preserved in enough detail to clarify critical aspects of physi-
ology or behaviour (Mazin and de Buffrénil 2001). Hence,
it is difficult to identify the role of physiological challenges
(such as those linked to osmoregulation) during phyloge-
netic transitions to marine life. For example, the presence of
salt glands in extinct marine reptiles is still a topic of active
debate (Witmer 1997, Modesto 20006, Young et al. 2010, but
see Ferndndez and Gasparini 2008). Additionally, morpho-
logical features alone may not provide unequivocal evidence
as to function: for example, the specialised salt-excreting fea-
tures of marine mammals (lobulated kidneys) are also seen
in terrestrial ungulates (e.g. ruminants, pigs: Houser et al.
2005). Similarly, salt-excreting glands occur in many ter-
restrial birds and lizards and some freshwater crocodilians
(Peaker and Linzell 1975).

In the current investigation, we examine a study system
that facilitates exploration of the hypothesis that oceanic
salinity was a major proximate challenge during evolution-
ary transitions from terrestrial to marine life. We use snakes
as our model system because this lineage displays a combi-
nation of characteristics that circumvent some of the limi-
tations highlighted above. First, four phylogenetic lineages
of snakes independently underwent the transition to marine
life; and those four lineages are spread across three Families
(Homalopsidae, Acrochordidae and within Elapidae, the
subfamilies Laticaudinae and Hydrophiini [Heatwole 1999]).
Second, all of these independent transitions exhibit conver-
gent evolution of salt-secreting glands (modified sub-lingual
glands in Acrochordidae, Laticaudinae and Hydrophiini
[Dunson 1976] and modified pre-maxillary glands in
Homalopsidae [Dunson and Dunson 1979]), whereas no
extant terrestrial or freshwater snakes are known to possess
any such salt-secreting adaptations (Babonis et al. 2011).
Third, the high ratio of surface area to volume imposed
by the snake body plan (Brischoux and Shine 2011) likely
makes maintaining osmotic balance a major physiological
challenge for marine snakes, and some species cannot sur-
vive without access to fresh or brackish water (Lillywhite and
Ellis 1994, Lillywhite et al. 2008). Finally, these lineages of
marine snakes vary significantly in their degree of emancipa-
tion from the terrestrial environment, covering a continuum
of intermediate ecological stages between the land and the
ocean (Heatwole 1999). Some marine snakes are among the
most fully marine tetrapod taxa, completely independent
from land, whereas others depend upon terrestrial habitats
for many of their daily activities.

This unique combination of traits within snakes provides
a model system for investigating the role of oceanic salin-
ity as a physiological challenge during the colonization of
marine environments by terrestrial vertebrates, and suggests
the following predictions: 1) salinity should constrain the
oceanic distributions of marine snakes, and the extent of this
constraint should vary concomitantly with their degree of
marine life. 2) Marine snake richness should be negatively
correlated with oceanic salinity, and positively correlated
with variation in salinity because highly variable salinity
should provide frequent access to rehydration with less saline
water. 3) Snake species with more effective salt-excreting
glands should extend into more saline areas, and hence be
distributed over larger areas. 4) The transition from terrestrial

to marine life is most likely to have occurred in areas with
low and/or variable salinity.

To test these predictions, we adopted two complementary
approaches. First, we used large-scale analyses on broad phylo-
genetic groups (i.e. the four lineages of marine snakes) to iden-
tify abiotic factors affecting sea snake distribution, and snake
richness. Second, we used a fine-scale (species-level) analysis
to investigate the relationship between salt gland function and
the geographic distributions of sea snake species.

Material and methods
Marine snake groups

Snakes underwent four independent transitions to marine life
(ancestors of the present-day Homalopsidae, Acrochordidae
and [within the Elapidae] the Laticaudinae and Hydrophiini).
The potential minimum crown age for the marine adapted
homalopsids is 18 My; 16 My for acrochordids; 13 My for
laticaudines; and 7 My for hydrophiines (Alfaro et al. 2008,
Sanders and Lee 2008, Sanders et al. 2010a). Although the
minimum ages for these transitions fall in the Miocene, the
transition to marine life could have occurred earlier (e.g.
due to possible disparities between stem and crown ages for
some of these clades). We did not include one facultatively
marine species of Colubridae (the salt-marsh snake Nerodia
clarkii) in our analyses because the osmoregulatory biology
(e.g. presence or absence of a salt gland) remains unknown in
this species (Babonis et al. 2011).

The species belonging to these four phylogenetic groups
are conservative in their broad life-history traits (except
hydrophiines, see below).

1) The Acrochordidae (filesnakes) consists of three extant
species, placed within a single genus, Acrochordus. The three
acrochordid species span the entire range from freshwater
(A. arafurae) through brackish (A. javanicus) to saltwater
(A. granulatus) (McDowell 1979). We considered only the
two latter species in our analysis. These species are widely
distributed through marine, estuarine and freshwater
habitats, especially mangrove areas, and feed mainly on
gobioid fishes which are located by active foraging in small
crevices on the sea bottom (Voris and Glodek 1980). The
posterior sublingual gland of A. granulatus is a salt gland
(Dunson and Dunson 1973, see Biogeography and salt
gland function). Freshwater drinking is important to water
balance of A. granulatus (Lillywhite and Ellis 1994).

2) The Homalopsidae (Oriental-Australian rear-fanged water
snakes) include 10 genera and 34 species of medium-sized
snakesdistributed fromIndiaacrosssoutheast Asiatonorth-
ern Australia (Gyi 1970, Greer 1997, Voris et al. 2002).
Eight species are coastal, living in mangrove forests, tidal
mudflats, near-shore coastal waters and estuarine habitats
(Bitia hydroides, Cantoria violacea, C. annulata, Cerberus
rynchops, Enhydris bennetti, Fordonia leucobalia, Gerarda
prevostiana, Myron richardsonii, Heatwole 1999), and we
included these eight marine species in our analyses. Most
research on ecophysiology linked to marine life has been
conducted on the dog-faced water snake C. rynchops,
which has the widest distribution of any homalopsid, and
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is the only homalopsid species known to possess a salt
gland (pre-maxillary glands, Dunson and Dunson 1979,
see Biogeography and salt gland function).

3) The Laticaudinae (sea kraits) are present in most coral reef
areas of the Indian and Western-Pacific Oceans (Heatwole
1999). These amphibious snakes forage for fish in coral reef
systems but return to land to perform all other activities
(digestion, mating, egg-laying, Heatwole 1999, Brischoux
and Bonnet 2009). Of the eight laticaudine species
(Heatwole et al. 2005, Cogger and Heatwole 2006), we
did not include the brackish water, lake-locked L. crockeri
(derived from marine ancestors) in our analysis (Cogger
etal. 1987). Laticaudine sea snakes have salt glands (Dunson
and Taub 1967, Dunson et al. 1971, Babonis et al. 2009,
see Biogeography and salt gland function), but often drink
freshwater (on land during rainfall events; Guinea 1991,
Bonnet and Brischoux 2008, Lillywhite et al. 2008).

4) The Hydrophiini (true sea snakes) include the major-
ity of marine snake species. They are the most truly
marine of all extant reptilian taxa, never voluntarily
leaving the water (Heatwole 1999). Two secondarily-
derived freshwater species were excluded from our analy-
ses (Heatwole and Cogger 1993). We thus included 54
hydrophiine species that are found mostly on coral reef
areas of the Indian and Western Pacific ocean (Heat-
wole 1999). Although most species are benthic forag-
ers on coral reefs, one taxon (yellow-bellied sea snake
Pelamis platurus) is truly pelagic, and hence is the only
marine snake not associated with the benthic community
(Marsh et al. 1993). Pelamis platurus is widespread over
the tropical Indo-Pacific, feeding on small fish at the sea
surface (Heatwole 1999, Brischoux and Lillywhite 2011).
Salt glands have been described in five different genera of
hydrophiines (see Biogeography and salt gland function),
and it is likely that all hydrophiines possess such glands
(Dunson 1968, Dunson and Dunson 1974).

Our analyses below are largely based on these four inde-
pendent examples of the transition from terrestrial to marine
life (acrochordids, homalopsids, laticaudines, and hydrophi-
ines). Due to the unique life history of P platurus (see above),
we also performed our analyses on hydrophiines excluding
P platurus, and on P, platurus alone.

Geographic range data

Data on the distribution of each species of marine snake were
taken from extent-of-occurrence range maps assembled by
the IUCN Sea Snake Specialist Group (< www.iucnredlist.
org/technical-documents/spatial-data >). These range maps
provided detailed information on the distribution of the
four phylogenetic groups (acrochordids, n=28083 grid
cells; homalopsids, n =779; laticaudines, n = 9085; hydro-
phiines, n=26975 [excluding P platurus; n=9898; and
P platurus alone, n=17077]). Range maps for each group
were converted to a 0.25° grid to match the resolution of
our environmental data (see below). Because we were inter-
ested in the abiotic factors associated with the transition to
marine life, we excluded all snake locations from freshwater
environments.
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Environmental data

We investigated whether six environmental variables were
correlated with the presence of each snake group: 1) mean
annual salinity, 2) standard deviation of mean monthly salin-
ity, 3) mean annual temperature, 4) standard deviation of
mean monthly temperature, 5) water depth, and 6) distance
to the nearest shoreline. Temperature and salinity data (0.25°
resolution) were taken from the World Ocean Atlas 2009
(Antonov et al. 2010, Locarnini et al. 2010). Bathymetry
data (0.017° resolution) were extracted from the ETOPO1
global relief model (Amante and Eakins 2009), and re-
sampled to match the resolution of the climate data. Both
climate and bathymetry data were standardized to exclude
terrestrial areas using a vector shoreline dataset (National
Geospatial-Intelligence Agency 1990). This shoreline dataset
was also used to calculate the distance from the centre of
each grid cell to the nearest shoreline (using an equidistant
cylindrical projection). Pair-wise correlations between envi-
ronmental variables were generally low (r=10.015-0.48),
with the exception of mean temperature and variation in
temperature, which were significantly correlated with each

other (r=—0.77).

Statistical analyses

To determine which environmental variables influenced
sea snake presence/absence, we used classification trees as
implemented in the rpart and caret libraries in R 2.12.0
(R Development Core Team). Classification trees have the
advantage of flexibly incorporating variable interactions and
non-linear relationships, while producing models that are
easy to interpret (De’ath and Fabricius 2000). These models
attempt to explain variation in a categorical response vari-
able (in this case, sea snake presence/absence) by repeatedly
splitting the data into smaller, more homogenous groups.
Splits in the tree divide the response variable into two
mutually exclusive subsets (nodes) using a rule based on a
single explanatory variable (e.g. mean temperature =< 20°C).
Each resulting node is then further partitioned using this
splitting procedure. The end result is a decision tree con-
sisting of numerous nodes, each of which is defined by a
threshold value of an explanatory variable, a typical value of
the response, and the sample size within the group (De’ath
and Fabricius 2000).

Classification trees require the selection of a tree-size that
represents an optimal trade-off between model parsimony
and classification error. To determine the optimal-sized tree,
we used a cross-validation procedure based on the area under
a receiver operating characteristic curve (AUC), which is a
threshold-independent measure of classification accuracy that
ranges from 0.5 (random) to 1.0 (perfect). Our validation pro-
cedure involved three steps. First, we grew a nested sequence
of trees of increasing size. Second, we calculated the AUC
of each tree based on leave one-group out cross-validation,
whereby CT models were trained on 75% of the data, and
tested on the remaining 25%. To reduce sampling errors, this
step was repeated 50 times for each tree. Finally, we chose the
tree that had the highest AUC that was within one standard
error of the maximum AUC value (Breiman et al. 1984).



Species distribution models such as classification trees
require information on locations where species are absent,
in addition to where they are present. Because we lacked
absence data, we randomly sampled ‘pseudo-absences’ (Elith
et al. 2006) within the latitudinal and longitudinal extents
occupied by sea snakes, which roughly corresponds to the
distributions of the Indian and Pacific Oceans. The number
of pseudo-absence records for each group was equal to five
times the number of presence records.

In a second set of analyses, we used regression trees to
explore environmental constraints on sea snake species rich-
ness. IUCN range maps were intersected with a 0.25° reso-
lution grid, and the number of species in each grid cell was
summed. The procedure used to select the optimal-sized tree
which adequately predicted sea snake richness was the same
as that used in our presence-absence analyses, except that R2
was used as a measure of model fit instead of AUC. Pelamis
platurus was excluded from these analyses due to its unique
life-history and large geographic range.

Biogeography and salt gland function

Because marine snakes have evolved specific excretory struc-
tures that eliminate excess salt, the efficiency of such salt
secreting structures may limit (and thus, predict) the salinity
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characteristics of the oceanic areas exploited by marine
snakes. To test this hypothesis, data on maximum sodium
(Na™) excretion rates were collected from the literature for
eight species belonging to the four lineages of marine snakes
(Acrochordidae: Acrochordus granulatus, Dunson and Dunson
1973; Homalospidae: Cerberus rynchops, Dunson and
Dunson 1979; Laticaudinae: Laticauda semifasciata, Dunson
and Taub 1967; Hydrophiini: Aipysurus laevis, Lapemis
hardwickii, Hydrophis elegans, H. major, Dunson and Dunson
1974, and Pelamis platurus, Dunson 1968). We then corre-
lated these maximum Na™ excretion rates with two measures
of environmental tolerance: 1) the maximum salinity within
each species’ geographic range, and 2) geographic range size
(calculated using cylindrical equal-area projections).

Results

All four groups of sea snakes were largely restricted to areas
within 46 km from the nearest shoreline (Fig. 1). Within
these areas, however, environmental constraints differed
among the four groups.

The highest-ranked classification tree for Hydrophiini
contained a secondary split on the distance to the nearest
shoreline at 32.6 km (Fig. 1A), suggesting that this variable
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Figure 1. Highest-ranked classification trees predicting the distributions of hydrophiine (A), acrochordid (B), homalopsid (C), and laticau-
dine (D) sea snakes at a global scale. Trees are read from top to bottom. Each split in the tree attempts to divide the response variable (snake
presence [1] or absence [0]) into homogenous groups according to a threshold value of an explanatory variable (shown above each split). A
<>’ symbol indicates that cases with lower values go to the left, whereas a *><" symbol means that cases with lower values go to the right.
Sea snake presence (1) or absence (0) and sample sizes (number of 0.25° grid cells) are given below each node. D_coast = distance to the
nearest shoreline (km), Depth = ocean depth (m), Temp_mean = mean annual temperature (°C), Temp_std = standard deviation of mean
monthly temperature, Salt_mean = mean annual salinity (according to the practical salinity scale), Salt_std = standard deviation of mean

monthly salinity.
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was the sole constraint on the distribution of this group.
Results were qualitatively similar when the wide-ranging P
platurus was considered in isolation (Supplementary material
Appendix 1). However, when P platurus was excluded from
the Hydrophiini (Supplementary material Appendix 1), the
remaining hydrophiines were also more likely to occur in
warm climates (annual temperatures>19.9°C), suggest-
ing that the broad thermal tolerance of P platurus obscured
the influence of temperature on the overall distribution of
hydrophiines.

Environmental distribution of
Acrochordidae were more complex. Acrochordids occupied
areas that were characterized by low annual salinities (< 34.9
PSS) and high annual temperatures (>24.1°C; Fig. 1B).

Homalopsid occurrence was linked to monthly variation
in salinity (Fig. 1C). In regions with high salinity variation
(standard deviation >0.2), homalopsids were most likely to
occur in areas with warm annual temperatures (>23.9°C)
and low annual salinities (<34.7 PSS). In areas with low
variation in salinity (standard deviation < 0.2), homalopsids
were more likely to be found in shallow waters (<179.5 m)
with low annual salinity (<35.1 PSS).

Correlates of laticaudine distribution varied according
to annual salinity levels (Fig. 1D). In low salinity regions
(< 34.7 PSS), laticaudines were more likely to occur in areas
with warm annual temperatures (> 19.1°C). However, under
more saline conditions (> 34.7 PSS), laticaudines occupied
areas with low annual salinities (<35.5 PSS) and more
stable thermal properties (variation in monthly tempera-
tures < 1.6). Classification trees for all groups had extremely
high predictive accuracy, with all models falling within the
good to excellent category of Swets (1988) (Supplementary
material Appendix 2).

The best regression tree of sea snake richness also had
high explanatory power (R?=63.8% *0.0137), but was

structurally complex, containing eleven variable splits

constraints on the

(Fig. 2). Salinity emerged as the strongest predictor of sea
snake richness, with annual salinity (Fig. 3A) and variation
in monthly salinity (Fig. 3B) being the most frequently
selected variables in the tree. In areas with low annual salini-
ties (<<34.2 PSS), species richness was highest in areas with
warm annual temperatures (>22.7°C), shallow depths
(>117.5 m), and low annual salinities (< 33.3 PSS). Under
more saline conditions (> 34.2 PSS), sea snake richness was
highest in shallow areas (> 101.5 m) with low annual salini-
ties (<36 PSS) and high heterogeneity in monthly salinity
(standard deviation > 0.2).

Maximum Na* excretion rates were positively correlated
with maximum annual salinity within each species’ oce-
anic range (F, ;=9.63, R2=10.61, p=0.02, Fig. 4A) and
also with the oceanic range size of each species (F, ;= 5.93,
R2=0.49, p=0.05, Fig. 4B). That is, species with more
effective salt-excreting glands penetrated into areas of higher
salinity, and had broader geographic distributions.

Discussion

Collectively, our results support the hypothesis that oceanic
salinity is a significant abiotic constraint on the current dis-
tributions of marine snakes. In turn, that result suggests that
dealing with salinity has been a major evolutionary chal-
lenge during the transition from terrestrial to marine life in
snakes. Data on oceanic salinity predicted the geographic
distributions of three of our four lineages of snakes, and
these effects were largely consistent with each group’s degree
of emancipation from the ancestral terrestrial environment.
Homalopsids, acrochordids and laticaudines are restricted
to estuarine habitats, mangroves, tidal mudflats, coastal
waters and/or are amphibious, and thus may resemble early
transitional forms along the gradient of habitat between the
land and the ocean (e.g. laticaudines are amphibious and
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Figure 2. Highest-ranked regression tree predicting the richness of marine snakes at a global scale. The tree is read from top to bottom. Each
split in the tree attempts to divide the response variable (snake richness) into homogenous groups according to a threshold value of an
explanatory variable (shown above each split). A ‘<>’ symbol indicates that cases with lower values go to the left, whereas a *><C’ symbol
means that cases with lower values go to the right. Mean species richness and sample sizes (number of 0.25° grid cells) are given below each

node. Variable abbreviations are the same as those used in Fig. 1.
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Figure 3. Relationships between sea snake richness and mean annual salinity (A), and monthly variation of salinity (B). PSS = practical

salinity scale.

require extended time on land, Heatwole 1999). In contrast,
salinity did not influence the distribution of hydrophiines
(either with or without 2 platurus), consistent with the fully
marine habits of these species.

Geographic patterns in the species richness of marine
snakes also were linked to oceanic salinity. Salinity was
repeatedly included in the best regression tree of sea
snake species richness, representing ~64% of the vari-
able splits (four occurrences of mean annual salinity, and
three occurrences of salinity variation, Fig. 2). Overall,
species richness of marine snakes was negatively linked
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Figure 4. Maximum salinity within each species” geographic range
(A) and geographic range size (B) vs the maximum Na* excretion
rate of each species. Different symbols represent different snake line-
ages: open squares = Acrochordidae, open circles = Homalopsidae,
filled circles = Laticaudinae, filled squares = Hydrophiini.

to mean annual salinity, but positively related to varia-
tion in monthly salinity (Fig. 3). Although both param-
eters are somewhat correlated with one another, they
provide complementary information. Low salinity levels
should decrease the cost of osmotic maintenance through
reduced salt gland functioning (Schmidt-Nielsen 1983),
as well as decreased rates of water loss to the environment
(Lillywhite et al. 2008, 2009). Similarly, high variation
in salinity levels should allow regular access to brackish
water over short time-scales (e.g. a month in our study),
again decreasing the cost of osmotic maintenance, and
dehydration rates. Perhaps more importantly, high vari-
ability in salinity levels is likely to reflect frequent, heavy
rainfall events, during which marine species can drink
fresh or slightly brackish water to restore their hydration
state. Amphibious species have direct access to freshwater
from precipitation on land (Bonnet and Brischoux 2008,
Lillywhite et al. 2008), and snakes that are at sea (e.g. ‘true’
sea snakes or foraging sea kraits) also have access to fresh
water lenses that form at the ocean surface (Lillywhite and
Ellis 1994). Importantly, low and highly variable salinity
levels would be expected to alleviate the energetic costs
of osmoregulation even in species having very effective
salt-secreting glands (e.g. many hydrophiines). In turn,
the low osmoregulatory costs associated with such envi-
ronmental conditions would have presented terrestrial
watersnakes with an unoccupied niche which may have
promoted rapid diversification, and ultimately led to
higher species richness.

Atthespecies-level, saltgland function (maximum excre-
tion rates of Na™) was linked to geographic distributions
in eight species of snakes belonging to the four lineages
of marine snakes that we studied. Both maximum salin-
ity within a species’ range, and the size of a species’ oce-
anic range, were positively correlated with salt gland
function (Fig. 4). Although causal links remain unclear,
these results strongly suggest that a more efficient salt
gland (i.e. being able to excrete higher salt loads) allows a
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species to cope with more saline waters, and hence to
exploit larger oceanic areas.

There are several caveats to our study, particularly relat-
ing to the resolution of the range maps used in our analyses.
First, the [UCN range maps included several occurrences of
sea snakes outside their core ranges (i.e. waifs). Inclusion of
data points outside the range in which populations are viable
might have introduced noise into our analyses. This is espe-
cially the case for extremely northern or southern locations
(e.g. locations of P platurus around the Cape of Good Hope).
However, no obvious decision rules would have satisfactorily
allowed us to remove potential waifs without biasing our
results. Additionally, IUCN range maps were drawn solely
over a coastal margin of 50 km, thereby potentially remov-
ing locations that shelter snake populations further at sea.
However, this should produce a significant bias for three of the
four lineages that we studied (Acrochordidae, Homalopsidae
and Laticaudinae) because their ecologies limit their distribu-
tion to coastal waters. The situation is different for the totally
marine Hydrophiini. In the case of benthic foragers (all species
except P platurus), geographic distributions should be con-
strained to waters ca 100 m deep (Heatwole 1999, Brischoux
etal. 2007; Fig. 2). Although this bias is likely weak because
shallow waters tend to be close to shore, the actual ranges
of these species might be slightly underestimated in the
available maps. For the pelagic P platurus, available informa-
tion suggests an extensive range covering the whole Indo-
Pacific (Heatwole 1999). Clearly, the coastal range from
TUCN range maps will underestimate the actual range of this
species. This underestimation likely influenced our finding
that distance to the nearest coast-line was such a prominent
explanatory factor even for P platurus. Because coastal waters

are less saline than offshore waters due to extended freshwa-
ter runoff from land, limiting the range of hydrophiine sea
snakes to coastal waters might explain why we detected no
effect of salinity on their geographic distribution. This pos-
sibility is supported by the link between salt gland function
and species distributions (Fig. 4). However, this putative
bias should be conservative as it concerns the most marine
adapted lineage. In spite of these limitations, the relationships
we found between coarse geographic information and inde-
pendently gathered physiological data suggests that the effects
of salinity we detected are likely to be robust to errors in our
range maps.

Globally, our results suggest that salinity plays a signifi-
cant role in the current distributions and richness of marine
snakes, and does so more profoundly in species which
are presumably analogous to the early transitional forms
between the land and the sea (i.e. amphibious and near-
coastal species). This result supports the fourth prediction
in our Introduction, by suggesting that specific geographic
areas may have offered favourable conditions for early tran-
sitional forms to cope with salinity constraints (Dunson and
Mazzotti 1989). All four independent transitions to marine
life in snakes may have taken place in a single area (between
Malaysia, Indonesia and northern Australia) that currently
contains representatives of all marine snake lineages. The
highest values of marine snake species richness occur in this
area (Fig. 5), across the Sunda and Sahul shelves (hereafter
‘Indonesian Basin’ for simplicity). The hypothesis that this
single area has played a role in all four transitions to marine
life in snakes is congruent with the geographic distributions
of terrestrial outgroups identified by phylogenetic analyses
of the marine snake groups (Keogh 1998, Keogh et al. 1998,

Figure 5. Map of sea snake richness at a 0.25° resolution (excluding P platurus).
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Alfaro et al. 2008, Sanders and Lee 2008, Sanders et al.
2008, 2010a, b). The inference that all of these transitions
occurred in the same geographic area over an extended time
frame (i.e. 11 My elapsed between the estimated minimum
crown ages of Homalopsidae and Hydrophiinae) highlights
the Indonesian Basin as offering unusually favourable envi-
ronmental conditions for this major evolutionary transi-
tion. The Indonesian Basin is currently characterised by
extensive interface environments between the land and the
sea, such as large areas of shallow water, numerous islands
and islets, as well as ragged coastlines and mangroves. In
addition, the Indonesian Basin is a biodiversity hotspot,
especially for coral reef ecosystems (e.g. the Coral Triangle,
Green and Mous 2004). All of these biogeographic charac-
teristics might have facilitated the transition from terrestrial
to marine life in snakes. Alchough it is difficult to robustly
infer the paleo-biogeographical history of this region,
repeated marine transgressions and regressions over the
Indonesian Basin during the Neogene, and a monsoonal
climate, are likely to have offered somewhat similar condi-
tions (Guo 1993, Voris 2000, Woodruff 2003, Hanebuth
et al. 2011). The low salinity of the Indonesian Basin, as
well as its high seasonal variation in salinity (due to the
monsoonal regime) might have been critical in the evolu-
tionary transition to marine life in snakes, providing an
additional proximate cause as to why this region has served
as a ‘centre of origin’ for biodiversity (Ekman 1953, Briggs
2000, Mora et al. 2003).

To conclude, our results suggest that salinity plays an
important role in the current distributions of marine snakes
in the tropical Indo-Pacific Ocean. The low and variable
salinity of the Indonesian Basin is likely to have facilitated
evolutionary transitions to marine life in snakes, and may
indeed have been the location for all four of the transitions
represented by extant marine snake species. More robust
biogeographic inferences will require clarifying how salin-
ity (among other parameters) affected rates of speciation,
and extinction among marine snakes within a phylogenetic
framework. Nevertheless, our findings suggest that the
importance of salinity may have been underestimated in evo-
lutionary and ecological studies of secondarily marine verte-
brates (Gutiérrez etal. 2011). Future studies should examine
the role of this environmental parameter in other lineages
of secondarily marine vertebrates such as turtles, birds and
mammals, all of which display osmoregulatory adaptations
functionally similar to those of snakes. Additionally, stud-
ies on the likely impact of future climate change on marine
vertebrates could usefully incorporate salinity and its fore-
casted changes. If oceanic salinity drives species distribu-
tions, and rainfall patternsand currents drive oceanicsalinity,
then changes in salinity may well mediate the impacts of
climate-change on marine organisms.
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Abstract

Because seawater is hyperosmotic relative to body fluids
of most vertebrates, marine lifestyle is expected to
strongly influence the physiology of marine tetrapods.
Regulating the salt content of body fluids is energetically
costly; and osmoregulatory organs may not totally
overcome salt load and/or water loss. As a
consequence, marine lifestyle should influence
physiological systems involved in the maintenance of
the physiological balance (homeostasis), in the
mobilization of energetic resources (e.g., to fuel salt
excretion), or in the acquisition of resources (e.g., fresh
water). Corticosterone (CORT, one such “generalist”
mediator) is expected to be higher in marine tetrapods as
it is linked with energy expenditure and physiological
stress and may activate osmoregulation. Using
comparative analyses, we tested this hypothesis in birds,
a lineage for which available data on baseline CORT
allow comparing marine versus terrestrial species, and
species with or without salt glands. We found that
marine species (and species with salt glands) display
significantly higher baseline CORT during the wintering
(but not the breeding) stage. Although salt glands’
presence was tightly linked to phylogeny, our results
suggest that marine life imposes strong, but overlooked,
osmotic constraints on the physiology of marine birds.
Such habitat-related variation is a major phenomenon to
explore owing to its general implications for
understanding the physiological basis of evolutionary
transitions in habitat use.

Keywords. osmoregulation; birds; salinity; salt glands;
corticosterone

Introduction

Evolutionary transitions in habitat use provide powerful
opportunities to understand how the environment
shapes the morphology, physiology or behaviour of
organisms (Little1990, Mazin and de Buffrénil 2001). For
instance, tetrapods that adapted to marine life offer great
examples of such evolutionary changes in organismal
traits (Mazin and de Buffrénil 2001). Marine life exerts
major selection on attributes such as the ability to move
efficiently through water; to remain underwater for long
periods without needing to surface to breathe; and to
dive to considerable depths (Kooyman 1989).

Although widely studied, the respiratory physiology of
marine tetrapods is not the only target of selective
pressures; and other characteristics of the marine
environment, notably its chemical properties, are
equally expected to strongly influence the physiology of

secondarily marine vertebrates. Due to its elevated
concentration of sodium chloride, seawater is
hyperosmotic relative to body fluids of most vertebrates.
As a consequence, these organisms tend to gain salt
and/or to lose water across permeable surfaces.
Accordingly, to maintain their osmotic balance, marine
tetrapods have evolved specific structures that allow
regulating the salt content of their body fluids
(sophisticated nephrons in mammals, salt glands in non-
mammalian marine tetrapods [Ortiz 2001, Babonis and
Brischoux 2012]).

Functional aspects of osmoregulation have attracted
strong interest from the scientific community (Ortiz
2001, Peaker and Linzell 1975, Skadhauge 1981, Bentley
2002). However, some other facets of osmoregulatory
physiology have been mostly overlooked to date. For
instance, excreting excess salt necessitates the activation
of specific physiological systems and requires energy
expenditure (Schmidt-Nielsen 1983).  Additionally,
specific osmoregulatory organs may not totally
overcome salt load and/or water loss and many marine
vertebrates may experience frequent and/or prolonged
periods of hypernatremia or dehydration (Brischoux et
al. 2012, 2013, 2014, Lillywhite et al. 2012, 2014). Clearly,
all of these parameters should strongly influence the
overall physiology of marine tetrapods, including
systems involved in the maintenance of the
physiological balance (homeostasis), in the mobilization
of energetic resources (e.g., to fuel salt excretion), or in
the acquisition of resources (e.g., fresh water).

Glucocorticoids (henceforth “GC”) are well-studied
mediators of organismal allostasis that has attracted
considerable attention from the scientific community
(McEwen & Wingfield 2003; Romero et al. 2009; Angelier
& Wingfield 2013). When an environmental change
occurs, the activation of the Hypothalamic-Pituitary-
Adrenal (HPA) axis results in an increase of circulating
GC levels; which in turn leads to specific physiological
and behavioural adjustments. These adjustments are
expected to allow the organisms to cope with potentially
challenging situations (Wingfield et al. 1998; Sapolsky et
al. 2000; Romero 2004). GC may equally respond to the
aforementioned constraints of marine life for several
reasons. First, excreting excess salt is energetically
costly, and GC are known to be linked with energy
expenditures (Astheimer et al. 1992; Landys et al. 2006;
DuRant et al. 2008; Lynn et al. 2010). Second, GC, as
“stress hormones”, may respond when organisms
undergo some form of physiological stress, such as
osmotic stress (Allen et al. 1975). Finally, GC, as
mineralocorticoids, have been suggested to be key
mediators of osmoregulation (notably of salt gland
functioning, Allen et al. 1975, Peaker and Linzell 1975,



Skadhauge 1981, Bentley 2002). In fact, it has been
demonstrated that high GC levels can be tightly linked
with an activation of osmoregulation processes (Harvey
& Phillips 1980; Tome et al. 1985; Arnason et al. 1986).

Taken together, these elements strongly suggest that GC
levels may differ between terrestrial and marine
tetrapods because of the osmotic constraints of life in
seawater. In this study, we tested this hypothesis using
a comparative analysis of 101 bird species for which
corticosterone levels are available (CORT, the primary
glucocorticoid in birds). Birds are well-suited to test
such hypothesis for several reasons. First, this lineage
contains both terrestrial and marine species. Second,
many species of birds, including a large number of
terrestrial species, are known to possess functional salt
glands, while other species (terrestrial only) lack these
organs (Babonis and Brischoux 2012). Finally, birds
have attracted strong attention from stress physiologists
over the last decades thereby producing the largest
dataset of CORT levels available to date (Wingfield et al.
1995; Romero 2002; Bokony et al. 2009; Hau et al. 2010;
Lendvai et al. 2013). Specifically, we tested the
following predictions:

1) Because of the strong relationship between CORT and
osmotic constraints, baseline CORT levels should be
higher in marine birds as compared to terrestrial ones.

2) Because the functioning of the salt gland is tightly
linked to CORT secretion (Allen et al. 1975), baseline
CORT levels should be higher in birds possessing salt
glands.

Materials and Methods

Data collection

Baseline CORT levels were extracted from the dataset
published in Lendvai et al. (2013) that was completed by
6 species for which recent studies had published CORT
data. In May 2013, we searched for articles on the ISI
Web of Knowledge database using the keyword
”corticosterone” and we kept only the studies that were
conducted in free-living adult birds. We focused only on
baseline CORT levels as they appear more relevant in
the context of our study. Indeed, they represent the
CORT levels that are unaffected by the stress of capture,
and therefore, they should be a good proxy of the
allostatic state of free-ranging individuals (McEwen &
Wingfield 2003; Romero et al. 2009). Baseline CORT
data were divided into two seasons (wintering and
breeding), as these different life history stages have been
shown to affect baseline CORT levels (reviewed in
Romero 2002). Baseline CORT values were log-
transformed for analyses.

Habitat use was collected from field guides and the
authors” personal experience. We produced two
straightforward  habitat categories: birds were
considered as following a marine lifestyle when they
used extensively (e.g., to forage) marine environments
(such as oceans, seas, brackish or saltwater coastal
marshes) and thus were supposedly susceptible to the
osmotic constraints of marine lifestyle. All other species
of birds were considered as terrestrial. Three species
which shifted habitats between seasons (Calidris mauri,
C. pusilla, Histrionicus histrionicus) were categorized as
terrestrial when breeding and marine when wintering as
the foraging habitat used by these species strongly
differed between seasons. The presence or absence of
salt glands was determined based on the review
published by Babonis and Brischoux (2012). Altogether
we used data from 101 bird species.

To control for the effects of potentially confounding
variables, we collected data on aspects of interspecific
life-history variation that have been shown to be related
to CORT levels. We gathered data on body mass
because larger birds have lower baseline CORT levels,
indicating a lower overall metabolism and/or that large
mass may serve as a buffer against some stressors
(Békony et al. 2009; Hau et al. 2010). We calculated the
average of male and female body mass where sex-
specific body mass data were available, and used their
average in the analyses. Although sex-specific analyses
were not performed, the reason of collecting sex-specific
body mass data was to control for potential sex-biased
sampling for some species. Body mass was log-
transformed before the analyses. CORT levels may vary
latitudinally (Silverin et al. 1997; Breuner et al. 2003;
Békony et al. 2009). Therefore we collected data on the
latitude of each study site, then we calculated the mean
latitude weighted by the sample size for each species
and for each life-history stage. We used the absolute
values of latitude in the analyses. We also collected data
for brood value (expressed as logio[clutch size / (clutch
size * broods per year * average reproductive life span)])
which may affect baseline CORT (Bokony et al. 2009).
However, we did not include this variable in the final
analyses for several reasons. First, brood value was
available for less than half of the species under focus,
thereby substantially decreasing the power of our
analyses. Second, variation in brood value is partially
captured by body mass in our dataset as shown by the
relatively strong correlation between these two variables
(r=-0.66, p<0.001, n=41). Finally, preliminary analyses
have shown that our results remain similar when
including brood value (results available from the
authors upon request).



Statistical analyses

We investigated relationships between baseline CORT
levels and marine/terrestrial lifestyle and the presence
of salt glands with Bayesian phylogenetic mixed-effects
models based on Markov chain Monte Carlo
estimations, as implemented in the R-package
‘MCMCglmm’ version 2.17 (Hadfield 2010; Hadfield and
Nakagawa 2010; R Core Team 2013). Shared ancestry
was taken into account by specifying a phylogenetic
variance-covariance matrix. In order make our
conclusions more robust, we used three different
phylogenetic trees that differ in branching of the major
clades: (1) Davies’ phylogenetic supertree (Davis 2008),
(2) Hacket et al’s tree (Hacket et al. 2008) and (3) the
Sibley-Ahlquist tree (Sibley and Ahlquist 1990). For each
tree we used the topology from the respective source
with branch lengths transformed according to Nee's
method (Maddison and Maddison 2006). We also used a
model where species were treated as independent
samples. We compared these models using the Deviance
Information Criterion (DIC) (Hadfield 2010), which is
the Bayesian equivalent of the more commonly used
Akaike Information Criterion. We report the parameter
estimates (posterior means) and corresponding 95%
credibility interval (CI) values.

First, we analysed whether marine vs. terrestrial lifestyle
and the presence of salt glands were related to baseline
CORT levels using different assumptions about the
evolutionary history of the clades (three different
phylogenies and no phylogeny, ie. species as
independent samples). In these initial models we used
marine versus terrestrial lifestyle or the presence of salt
glands, the season (wintering or breeding) and their
interaction as fixed effects. Then we further investigated
whether our results hold when we included body mass
and latitude as potential confounding covariates in the
analyses.

Results

Models using four different phylogenetic hypotheses
received similar support by DIC (Table 1). As the Hacket
tree performed slightly better than the rest (Table 1), we
report below the models using this phylogeny. Baseline
CORT during the breeding season did not differ
significantly between species with or without salt glands
(Table 2). However, during wintering, species
possessing salt glands had significantly higher baseline
CORT levels than species lacking salt glands (Table 2,
Fig. 1).

Table 1. Deviance Information Criterion (DIC) for
models using different phylogenetic topologies.
Differences between DIC values (ADIC) were small,
indicating that models using different topologies gave
qualitatively similar results, but the Hacket et al.’s (2008)
phylogeny received slightly better support for both sets
of analyses. See text for details.

Phylogenetic model DIC  ADIC
Salt glands ~ Hacket et al. (2008) 228.2
Davies (2008) 2302 2
No phylogeny 231.8 3.6
Sibley and  Ahlquist 2329 4.7
(1990)
Habitat Hacket et al. (2008) 228.1
No phylogeny 2293 1.2
Davies (2008) 2302 21
Sibley and  Ahlquist 230.7 2.6
(1990)

Table 2. Parameter estimates, corresponding 95% credibility intervals (CI) and Bayesian p-values from the MCMC linear
mixed model analysing log-transformed baseline CORT levels in relation to habitat use and salt gland presence. Shared
evolutionary ancestry was taken into account by the Hacket et al. (2008) phylogeny (see Table 1). Season refers to life-

history stage (breeding or wintering). See text for details.

Effect Parameter estimate  Upper 95% CI ~ Lower 95% CI p-value
Salt Glands Intercept (terrestrial, breeding) 2.22 1.56 2.90 <0.001
Salt Gland -0.13 -0.92 0.64 0.734
Season (wintering) -0.57 -0.81 -0.27 <0.001
SeasonxSalt gland 0.79 0.25 1.27 0.002
Habitat Intercept (terrestrial, breeding) 2.05 1.45 2.63 0.001
Marine lifestyle 0.17 -0.32 0.80 0.554
Season (wintering) 0.52 -0.02 1.08 0.088
SeasonxMarine lifetsyle -1.08 -1.72 -0.51 0.001
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Figure 1. Baseline CORT (simple mean + SE) in birds
with or without salt glands during the breeding and the
wintering stages.  Birds with salt glands display
significantly higher baseline CORT during the wintering
stage. See text for details.

Similarly, baseline CORT levels did not differ
significantly between marine and terrestrial birds during
the breeding season (Table 2), but during wintering,
marine species had significantly higher baseline CORT
than terrestrial species (Table 2, Fig. 2).
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Figure 2. Baseline CORT (simple mean + SE) in
terrestrial and marine birds during the breeding and the
wintering stages. Marine birds display significantly
higher baseline CORT during the wintering stage. See
text for details.

The three species that shifted from terrestrial to marine
habitat between breeding and wintering had higher
baseline CORT in the marine habitat (Fig. 3).
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Figure 3. Baseline CORT in three species of birds
(Calidris mauri, C. pusilla, Histrionicus histrionicus) that
shift from terrestrial to marine habitat between breeding
and wintering.

Body mass tended to have a negative effect on baseline
CORT levels, although this effect overlapped with zero
(-0.045, 95% CI [-0.176, 0.085]). Higher latitude was
associated with higher baseline CORT levels, although
this effect was small (0.01, 95% CI: [0.003, 0.017]).
Accordingly, controlling for body size or latitude did not
alter the relationships of baseline CORT levels with
habitat and salt glands qualitatively. Also, although low
sample sizes in some categories impeded robust
analyses, we found that restricting our analyses to
species for which we had data for both seasons, or
comparing terrestrial and marine birds having salt
glands, produced qualitatively similar patterns (results
available from the authors upon request).

Discussion

Overall, our comparative analyses support the
hypothesis that marine lifestyle is linked with higher
baseline CORT levels in birds, presumably because of
the strong osmotic challenge linked to life in seawater.
Unexpectedly, we found that the relationship between
baseline CORT levels and the habitat (marine versus
terrestrial) was only apparent in winter, suggesting a
strong influence of life-history stage (e.g., reproduction
in summer) on the relationship between baseline CORT
levels and marine life or presence of salt glands. This
difference between seasons may be directly linked to the
modulation of CORT secretion throughout the life cycle
(Romero 2002; Romero et al. 2006). Indeed, reproduction
is known to produce an important elevation of baseline



CORT levels in birds (Romero 2002). This elevation is
thought to support the energetic demands of the
reproductive period and this concomitant increase in
energetic demands and baseline CORT levels may mask
the influence of other factors. For example, because
baseline CORT increases with brood value (Békony et al.
2009), and because terrestrial birds often have high
brood value (e.g. -0.53+0.04 SE in our sample, compared
to -0.9840.05 SE in marine birds), this may elevate their
baseline levels above those of marine birds during
reproduction; despite the possible influence of
osmoregulation on baseline CORT levels in marine
species. Future studies could usefully compare non-
breeding and breeding individuals during the
reproductive period as it would allow testing whether
the positive influence of marine life/salt glands on
baseline CORT levels is present during the breeding
period in individuals that are not engaged into
reproduction.

Among non-breeding birds, we found that marine birds
display higher baseline CORT levels than terrestrial
birds. Baseline CORT levels were also elevated in
species with functional salt glands. Importantly, among
birds with salt glands, terrestrial species (for which salt
glands are smaller and less functional, Peaker and
Linzell 1975) may show lower baseline CORT levels than
marine birds. Taken together, these results strongly
suggest that CORT secretion and osmoregulation are
tightly linked.  This functional link was further
supported by specific examples. Indeed, species that
shift from terrestrial to marine habitat between breeding
and wintering had significantly higher baseline CORT
when using marine habitats, against the overall trend
that baseline CORT values are higher during breeding.
Supporting our comparative results, intraspecific studies
have found that CORT is involved in the process of
osmoregulation (Peaker and Linzell 1975, Bentley 2002,
Skadhauge 1981, Landys et al. 2006) but also in the
functioning of the salt glands (Allen et al. 1975).

There are a few caveats to our study, notably regarding
the effects of salt gland presence/absence on basal
CORT levels. Indeed, salt gland seems to be an ancestral
trait in most birds (Babonis and Brischoux 2012), and it
may have been lost during a single evolutionary event
sometime during the evolution of Passeriformes
(Schoemaker 1972, Babonis and Brischoux 2012). As a
consequence, for this specific analysis, we cannot
robustly tease apart the respective role of phylogeny
versus presence/absence of salt glands. Although we
acknowledge that this result needs to be interpreted
with caution, several elements suggest that our analysis
did not generate spurious patterns. First, this result is in
line with our a priori prediction. Indeed, salt gland

functioning is energetically costly, and CORT levels
correlate with energy allocation and metabolic rates
(Sapolsky et al. 2000; Landys et al. 2006). Detecting a
significant relationship between salt gland presence and
CORT levels was expected, independently of any
phylogenetic considerations. Second, none of the other
traits that we have included in our analysis (e.g., body
mass, latitude) altered our conclusions, while, at least
body mass differs extensively between passerine and
non-passerine birds. This suggests that the effect of salt
glands on baseline CORT levels should be relatively
strong compared to other variables. If this result was a
by-product of body size solely, this result would have
been similar during the breeding season, because the
body mass difference between groups is comparable.
On the contrary, baseline CORT levels during
reproduction were similar between passerine (lacking
salt glands) and non-passerines (with salt glands) birds.
This suggests that CORT levels may vary similarly
between these two phylogenetically distinct groups, at
least during reproduction. Finally, among birds with
salt glands, terrestrial species (for which salt glands are
smaller and less functional, Peaker and Linzell 1975)
may show lower baseline CORT levels than marine
birds. Importantly, there was no obvious way for us to
remove such bias (e.g., to produce a passerine bird
having salt glands). Despite such limitation, we believe
that including this result, although putatively fragile, is
critical in the context of our study.

The reasons why non-breeding baseline CORT levels are
higher in marine birds (or in birds having salt glands)
are probably multiple.  CORT is a “generalist”
physiological mediator which is involved in functions as
diverse as resource acquisition, mobilisation and
allocation (Landys et al. 2006; Lynn et al. 2010),
metabolic rates (Astheimer et al. 1992, DuRant et al.
2008), movements and activity (Angelier et al. 2007;
Crossin et al. 2012), or stress response (Wingfield et al.
1998; Angelier & Wingfield 2013). In addition, and
interestingly in the context of our study, CORT as a
mineralocorticoid may also be involved in the
maintenance of the osmotic balance (Peaker and Linzell
1975, Skadhauge 1981, Bentley 2002). Importantly, all
these functions or organismal responses are likely to be
influenced by marine life. For instance, excreting excess
salt is energetically costly, and CORT may be higher in
marine birds (or in birds having salt glands) because
they have higher energetic requirements in order to fuel
salt gland functioning (Schmidt-Nielsen  1983).
Similarly, marine species may experience frequent
and/or prolonged period of hypernatremia or strong
dehydration (i.e., osmotic stress) which may provoke the
activation of the HPA axis to produce dedicated
physiological and behavioural responses (e.g., to reduce



additional water loss, or to acquire fresh water when
available).  Finally, the higher level of CORT we
detected in marine birds (or in birds having salt glands)
may be a consequence of the role of CORT as a mediator
of osmoregulation (Harvey & Phillips 1980; Tome et al.
1985; Arnason et al. 1986).

Although our study does not allow elucidating the
physiological basis of the habitat-related variation in
CORT levels we detected, our analyses strongly suggest
that marine life is related to a bird’s baseline CORT
level; presumably because of the osmotic constraints of
life in seawater, a parameter largely overlooked to date.
Future experimental studies will be critical to
disentangle the physiological causes of CORT variation
between habitats. More generally, we believe that such
habitat-related variation is a major phenomenon to
explore owing to its general implications for
understanding the physiological basis of evolutionary
transitions in habitat use.
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