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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

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2014.0119&domain=pdf&date_stamp=2014-03-19
mailto:hblill@ufl.edu
http://dx.doi.org/10.1098/rspb.2014.0119
http://dx.doi.org/10.1098/rspb.2014.0119
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org


average daily rainfall (mm)

30 0

0 5000 N

km

Mexico

Colombia

Pacific Ocean

Caribbean Sea

Nicaragua

Costa
Rica

0 1000

km

N

Mexico

Colombia

Pacific Ocean

Caribbean Sea

Nicaragua

Costa
Rica

0 1000

km

N

(a)

(c)(b)

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.
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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 708C 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 ¼ 9, 11), while the other set was obtained at the end of the

wet season (n ¼ 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 ¼ 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,
Costa Rica. Plots for rainfall are monthly totals, and the snakes drinking are percentages of the snakes sampled (n ¼ 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 � 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.
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mass) than after drinking (78.6+1.1% body mass; paired t-test,

p ¼ 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 218.3+ 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 3a), and the amount of water that
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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-

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 ¼ 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 (n ¼ 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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