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                             Salinity infl uences the distribution of marine snakes: implications 
for evolutionary transitions to marine life      
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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 effi  cient 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 infl uenced the evolutionary history and ecological traits of 
other secondarily marine vertebrates (turtles, birds and mammals) and may aff ect 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 Buff r é nil 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 effi  cient 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 

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 signifi cant 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). Th e 
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 
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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 Buff r é nil 2001). Hence, 
it is diffi  cult 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 2006, Young et   al. 2010, but 
see Fernández 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 (modifi ed sub-lingual 
glands in Acrochordidae, Laticaudinae and Hydrophiini 
[Dunson 1976] and modifi ed 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). 
Th ird, 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 signifi cantly 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. 

 Th is 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 eff ective salt-excreting 
glands should extend into more saline areas, and hence be 
distributed over larger areas. 4) Th e 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 aff ecting sea snake distribution, and snake 
richness. Second, we used a fi ne-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). 
Th e 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). 

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

 Th e Acrochordidae (fi lesnakes) consists of three extant 1) 
species, placed within a single genus,  Acrochordus . Th e 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. Th ese species are widely 
distributed through marine, estuarine and freshwater 
habitats, especially mangrove areas, and feed mainly on 
gobioid fi shes which are located by active foraging in small 
crevices on the sea bottom (Voris and Glodek 1980). Th e 
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). 
 Th e Homalopsidae (Oriental-Australian rear-fanged water 2) 
snakes) include 10 genera and 34 species of medium-sized 
snakes distributed from India across southeast Asia to north-
ern Australia (Gyi 1970, Greer 1997, Voris et   al. 2002). 
Eight species are coastal, living in mangrove forests, tidal 
mudfl ats, 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). 
 Th e Laticaudinae (sea kraits) are present in most coral reef 3) 
areas of the Indian and Western-Pacifi c Oceans (Heatwole 
1999). Th ese amphibious snakes forage for fi sh 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 
et   al. 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). 
 Th e Hydrophiini (true sea snakes) include the major-4) 
ity of marine snake species. Th ey 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 Pacifi c 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-Pacifi c, feeding on small fi sh at the sea 
surface (Heatwole 1999, Brischoux and Lillywhite 2011). 
Salt glands have been described in fi ve diff erent 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  � ). Th ese range maps 
provided detailed information on the distribution of the 
four phylogenetic groups (acrochordids, n  �    8083 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.   

 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). Th is 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  �    0.015 – 0.48), 
with the exception of mean temperature and variation in 
temperature, which were signifi cantly correlated with each 
other (r  �  �0.77).   

 Statistical analyses 

 To determine which environmental variables infl uenced 
sea snake presence/absence, we used classifi cation trees as 
implemented in the rpart and caret libraries in R 2.12.0 
(R Development Core Team). Classifi cation trees have the 
advantage of fl exibly incorporating variable interactions and 
non-linear relationships, while producing models that are 
easy to interpret (De ’ ath and Fabricius 2000). Th ese 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. Th e end result is a decision tree con-
sisting of numerous nodes, each of which is defi ned 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). 

 Classifi cation trees require the selection of a tree-size that 
represents an optimal trade-off  between model parsimony 
and classifi cation 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 classifi cation 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). 
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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 diff ered 
among the four groups. 

 Th e highest-ranked classifi cation tree for Hydrophiini 
contained a secondary split on the distance to the nearest 
shoreline at 32.6 km (Fig. 1A), suggesting that this variable 

 Species distribution models such as classifi cation 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 Pacifi c Oceans. Th e number 
of pseudo-absence records for each group was equal to fi ve 
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. Th e 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 R 2  
was used as a measure of model fi t 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 specifi c excretory struc-
tures that eliminate excess salt, the effi  ciency of such salt 
secreting structures may limit (and thus, predict) the salinity 
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  Figure 1.     Highest-ranked classifi cation 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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(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 1,6   �    9.63, R 2   �    0.61, p  �    0.02, Fig. 4A) and 
also with the oceanic range size of each species (F 1,6   �    5.93, 
R 2   �    0.49, p  �    0.05, Fig. 4B). Th at is, species with more 
eff ective 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 signifi cant 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 eff ects 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 mudfl ats, 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 

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 infl uence of temperature on the overall distribution of 
hydrophiines. 

 Environmental constraints on the 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). Classifi cation 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). 

 Th e best regression tree of sea snake richness also had 
high explanatory power (R 2   �    63.8%  �    0.0137), but was 
structurally complex, containing eleven variable splits 
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  Figure 2.         Highest-ranked regression tree predicting the richness of marine snakes at a global scale. Th e 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  ‘   �  �   ’  symbol 
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node. Variable abbreviations are the same as those used in Fig. 1.   
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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 refl ect 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 eff ective 
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 diversifi cation, and ultimately led to 
higher species richness. 

 At the species-level, salt gland 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 effi  cient salt 
gland (i.e. being able to excrete higher salt loads) allows a 

require extended time on land, Heatwole 1999). In contrast, 
salinity did not infl uence the distribution of hydrophiines 
(either with or without  P. 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. Diff erent symbols represent diff erent snake line-
ages: open squares  �  Acrochordidae, open circles  �  Homalopsidae, 
fi lled circles  �  Laticaudinae, fi lled squares  �  Hydrophiini.  
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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.  
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are less saline than off shore 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 
eff ect of salinity on their geographic distribution. Th is 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 eff ects 
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). Th is result supports the fourth prediction 
in our Introduction, by suggesting that specifi c geographic 
areas may have off ered 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. Th e 
highest values of marine snake species richness occur in this 
area (Fig. 5), across the Sunda and Sahul shelves (hereafter 
 ‘ Indonesian Basin ’  for simplicity). Th e 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 identifi ed by phylogenetic analyses 
of the marine snake groups (Keogh 1998, Keogh et   al. 1998, 

species to cope with more saline waters, and hence to 
exploit larger oceanic areas. 

 Th ere are several caveats to our study, particularly relat-
ing to the resolution of the range maps used in our analyses. 
First, the IUCN 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. Th is 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 signifi cant bias for three of the 
four lineages that we studied (Acrochordidae, Homalopsidae 
and Laticaudinae) because their ecologies limit their distribu-
tion to coastal waters. Th e situation is diff erent 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 
et   al. 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-
Pacifi c (Heatwole 1999). Clearly, the coastal range from 
IUCN range maps will underestimate the actual range of this 
species. Th is underestimation likely infl uenced our fi nding 
that distance to the nearest coast-line was such a prominent 
explanatory factor even for  P. platurus . Because coastal waters 

  Figure 5.     Map of sea snake richness at a 0.25 °  resolution (excluding  P. platurus ).  
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