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Abstract
Acquisition of fresh water is important to animals, and is both difficult and critical for species residing in marine environ-
ments. Adaptive radiations to fully marine habitats were constrained by the need for fresh water and the capacity of various 
taxa to adapt physiology to reliance on sources of water other than free drinking water. Here, we review the water relations 
of marine vertebrates, with an emphasis on drinking and the need to procure fresh water. Numerous marine teleost fishes 
drink seawater, but some do not, and drinking is more variable and complex than suggested by textbooks. The mechanisms by 
which fishes and other vertebrates regulate water balance involve the renin–angiotensin and aldosterone endocrine systems, 
but plasma osmotic and ionic concentrations as well as other chemical signals can also be involved. Multiple mechanisms for 
stimulation of drinking are operative and diverse among species. Clearly, evolutionary adaptations to environmental salinities 
can alter drinking behaviors. Marine elasmobranchs do not characteristically drink seawater, but euryhaline species drink 
upon returning to more concentrated seawater, as with teleosts. Hagfish are osmoconformers, and there is no evidence for 
drinking. In general, marine reptiles and most marine mammals and seabirds do not drink seawater. Exceptions include sea 
turtles, cetaceans, and some pinnipeds. Some marine species (e.g., sea snakes) require fresh water that can be acquired from 
ephemeral rainwater lenses, while others are adapted to utilize dietary and metabolic water. Regardless of drinking behav-
iors, numerous forms have evolved varied strategies for conserving water while reducing its losses to the surrounding sea.

Introduction

All life is dependent on water. In more complex organ-
isms, the appropriate internal environment for physiologi-
cal homeostasis is dependent on the regulation of volume, 
distribution, and ionic composition of water (Hochachka 
and Somero 2002). These attributes of organismal and cel-
lular water are, in turn, dependent on an appropriate balance 
of input and output involving fluxes of water between the 
organism and its environment (Fig. 1). The influx of water 
is dependent on a combination of four sources: (i) inward 
fluxes across membranes having some degree of permeabil-
ity to water; (ii) dietary free water that might be contained 

within ingested food; (iii) metabolic water that is a byprod-
uct of cellular metabolism; and (iv) discretionary water that 
is voluntarily acquired from the environment by drinking 
(Fig. 1).

Acquisition of adequate amounts of water is challeng-
ing in three environments: (i) low latitude deserts; (ii) high-
latitude or high-altitude environments where water is largely 
in a frozen state; and (iii) marine habitats where concentra-
tions of salts in water are high. In spite of problems related 
to a dearth of fresh water and ‘loading’ of salt, animals live 
successfully in the world’s oceans, and these include numer-
ous species that are secondarily marine. The evolutionary 
transition from terrestrial to marine habitats has involved at 
least 30 independent lineages of vertebrates excluding fish 
(Zimmer 1998; Lillywhite et al. 2008a; Kelley and Pyenson 
2015). The majority of these taxa overcame challenges that 
were physical, biotic, and physiological (Lillywhite et al. 
2008a). Adaptation to saltwater and obtaining fresh water 
were key problems.

Few animals can maintain water balance relying on 
dietary and metabolic water alone. Most require sources 
of fresh water for drinking. The evolutionary transitions 
from terrestrial or freshwater to marine systems frequently 
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involved forms that were associated with estuarine habitats, 
and thus, ancestral marine vertebrates had access to fresh 
water (Kelley and Pyenson 2015; Takei 2015; Cooper et al. 
2016; Houssaye and Fish 2016; Lillywhite et al. 2017). 
Hence, the adaptive radiations to a fully marine existence 
were constrained by the need for fresh water and the capac-
ity of various taxa to adapt their physiology to reliance on 
sources of water other than free drinking water. Drinking 
seawater or freshwater can influence the distribution and 
phenotypic characteristics of animals (Wolcott and Wolcott 
2001).

While there is a robust literature concerning the physi-
ological elements of osmoregulation in animals, relatively 
little information is available related to drinking behaviors 
and ecology associated with acquisition of free water in the 
environment, especially for marine species. Here, we review 
what is known concerning this subject, with an emphasis on 
behavioral acquisition of fresh water, largely in marine ver-
tebrates. Although our focus is on marine forms, we include 
some information from other species that seems important 
for understanding the evolutionary transition from terres-
trial, freshwater, or estuarine environments to the realm of 
the ocean.

Dehydration and thirst

The total body water of vertebrates expressed as a percent-
age of body mass ranges generally from 65 to 70% in endo-
thermic mammals and birds, from 70 to > 80% in amphibians 

and reptiles, and from 63 to > 75% in fishes (Thorson 1961, 
1964, 1968; Takei 2000). The responses to dehydration 
vary among different taxa, but generally the responses are 
quicker in endotherms than in ectotherms. Dehydration 
is actually a complicated process that can be evaluated in 
terms of changes in total body water, extracellular compart-
ments including blood volume, and intracellular dehydra-
tion. Changes in each compartment may involve different 
signaling mechanisms that induce thirst and drinking. These 
include, but are not limited to: volume receptors generally 
localized within the cardiovascular system (heart atrium and 
veins) or, in birds, the extravascular extracellular compart-
ment; plasma sodium concentration or osmolarity affecting 
osmoreceptors in the hypothalamus and possibly other sites; 
Angiotensin II (AII) and atrial natriuretic peptide (ANP)—
released in response to hypovolemia and increased plasma 
osmolarity—stimulating thirst centers in the forebrain or, 
in fishes, the medulla oblongata; and actions of antidiuretic 
hormones that variously affect water balance and indirectly 
thirst and drinking (Takei 2000).

The route of ingesting water, or drinking, differs among 
species and habitats. Characteristically, we are accustomed 
to regard drinking to involve an oral mechanism that incor-
porates conscious regulation of the esophageal sphincter in 
terrestrial tetrapods. However, amphibians do not drink by 
mouth but cutaneously, absorbing water across the skin. This 
usually involves a specialized thin patch of pelvic integu-
ment in anurans (Fig. 2) (Bentley and Yorio 1979; Hillyard 
et al. 1998). In fishes, the surrounding water enters the 
esophagus by relaxation of the esophageal sphincter, and 

Fig. 1  Pathways of water 
exchange between a yellow-
bellied sea snake (Hydrophis 
platurus) and surrounding 
ocean. The snake is seen from 
below and is floating on the sur-
face of the ocean in the Golfo 
de Papagayo, Costa Rica, shown 
here to represent a generalized 
marine vertebrate. Routes of 
water exchange are shown in 
white font in the lower half of 
the illustration, whereas black 
font above indicates the stimuli 
for thirst and the potential 
sources of fresh drinking water. 
Photograph by Mark Sandfoss
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stenohaline marine fish do not seem to consciously regu-
late the actions of the sphincter. In many aquatic animals, 
the source of water is a fait accompli, because the medium 
surrounds them. Terrestrial animals have specialized mor-
phology and behaviors in various species that assist the 
acquisition of water in the environment. Examples include 
condensation of water onto the skin (Lasiewski and Bartho-
lomew 1969) and collection of rain water that moves across 
the skin toward the mouth by capillary action in some desert 
lizards (Comanns et al. 2017).

Fishes

Teleosts

Marine fishes face the problem of losing water to the sur-
rounding sea while gaining salts across permeable mem-
branes, especially the gills that are irrigated by a buc-
copharyngeal pump and constantly exposed to seawater 
(Krogh 1939; Evans 2008, 2010). Marine teleosts face a 
hyperosmotic environment as their blood and extracellu-
lar fluids are ~ 30% of osmolarity found in seawater. Thus, 
without regulation of water input, marine teleosts tend to 
be dehydrated and salt-loaded, depending on the water and 

ionic permeabilities of gill epithelia. Freshwater teleosts 
have it the other way around.

Homer Smith first proposed that marine teleosts drink 
seawater to replace water that is lost osmotically, and the 
excess salts ingested with seawater as well as acquired by 
diffusion were excreted (Smith 1930). Evidence for drinking 
was based on use of the volume marker phenol red, which 
became concentrated in the gut, indicating that much of the 
water was absorbed across the gut epithelium. These and 
pioneering studies by August Krogh and Ancel Keys led to 
the basic model of osmoregulation in teleost fishes that is 
accepted today. The fundamental summary of the model is 
that teleost fishes are hypo-osmotic to seawater; oral inges-
tion of seawater balances osmotic water losses; uptake of 
water and NaCl in the gut provides the required water; renal 
and rectal excretion removes divalent ions; and branchial 
excretion removes excess NaCl (Smith 1932; Evans 2008). 
It was further shown that sodium chloride secretion by the 
gills is an active process and dilutes the internal medium.

Water balance has been investigated for numerous species 
of fish including eels, anglerfish, sculpin, goosefish, trout, 
flounder, lungfish, killifish, salmon, and numerous others. 
Although fewer than 0.5% of more than 26,000 species of 
teleosts have been investigated, we have some knowledge of 
water balance for both stenohaline and euryhaline species. 
The fundamental assumption that currently appears in many 
textbooks is that marine fishes (usually implied as teleosts) 
drink surrounding seawater to maintain water balance. In 
contrast, freshwater fishes are constantly invaded by osmotic 
influx of water and have no need to drink fresh water. Eury-
haline species that migrate between fresh water and seawater 
are stimulated to drink only in seawater. They scarcely drink 
in fresh water and constantly drink in seawater (Takei 2000). 
Stenohaline fish that remain in either environment do not 
have need to regulate drinking.

Kobayashi et al. (1983) studied drinking in 20 species of 
freshwater fishes and found that seven species drank water 
like marine species of fish, and the remaining species did 
not drink. Hence, some freshwater fishes drink fresh water, 
although the reason is not clear. Moreover, these same 
authors found that of 17 species of marine fishes tested, 11 
drank seawater, but three species did not, and in another 
three species, drinking of seawater was minor and equivalent 
to freshwater drinking by fishes in fresh water. Thus, drink-
ing by fishes, including marine species, is more variable and 
complex than one might have supposed based on textbook 
information (see also Perrott et al. 1992).

Drinking also varies across life stages. Salmon smolt 
drinks seawater, while younger life stages cannot survive 
in seawater (Talbot et al. 1982; Potts et al. 1970). Brown 
trout late alevins and fry also could not survive in seawa-
ter (Talbot et al. 1982), although rainbow trout have been 
shown to adapt to seawater (Bath and Eddy 1979), and this 

Fig. 2  Underside of the desert anuran Bufo punctatus, with arrows 
pointing to the reddened pelvic skin that is termed ‘seat patch.’ The 
reddened skin in this animal illustrates a ‘water absorption response’ 
in which blood flow to the thin ventral seat patch increases under 
hormonal influence to enhance uptake of water from a wet substrate, 
against which the animal presses the abdominal and pelvic skin. Pho-
tograph by Stanley Hillyard
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difference may vary between species of trout. Another tel-
eost, the Atlantic cod (Gadus morhua), is stenohaline, and 
its larvae have been found to increase drinking beyond that 
of adult fish, while their yolk sac is absorbed until leveling 
off to adult levels (Mangor-Jensen and Adoff 1987).

The rate of water uptake in adult marine teleosts is about 
9.5% of body weight/h, yet this varies considerably depend-
ing on species (Smith 1930; Mangor-Jensen and Adoff 
1987). One study from Bath and Eddy (1979) discovered 
that freshwater-adapted euryhaline rainbow trout (Salmo 
gairdneri) increased drinking response immediately after 
rapid placement in seawater, which then decreased after 
6–8 h. The upper limit for trout was described as 2 days of 
survival in full-strength seawater, but most fish were able to 
adapt within a week and a half in two-thirds strength seawa-
ter. Salmon smolt, however, a related euryhaline fish, could 
adapt to rapid transfer (Potts et al. 1970). Salmon alevins 
also survived transfer to salty water longer than did trout 
(Talbot et al. 1982). These differences even among closely 
related species suggest a wide diversity of tolerances to 
salinity.

The mechanisms by which fishes and other vertebrates 
internally regulate water and ionic balance involve the renin-
angiotensin system (RAS). Marine-dwelling teleosts have 
a renin system remarkably like that found in mammals; 
however, fish do not respond to an activation of thirst in 
the forebrain, like mammals, but to a hindbrain-stimulated 
swallowing reflex (Takei 2000). The sensitivity of this sys-
tem varies interspecifically, even within clades. The RAS 
frequently regulates blood pressure and thirst, with the angi-
otensin hormone being dipsogenic and inducing drinking in 
multiple species.

Whether the RAS system stimulates drinking behavior 
and has other roles in osmoregulation has been explored 
extensively. AII induces drinking in both seawater-adapted 
and freshwater-adapted killifish (Fundulus heteroclitus), 
whereas its competitive inhibitor P-113 suppresses drink-
ing in saltwater-adapted or exposed killifish (Malvin et al. 
1980). While the subsequent body of research supports the 
conclusions of an active RAS system, the exact mechanisms 
remain unclear. A study by Beasley et al. (1986) tested two 
stenohaline marine species, the winter flounder (Pseudo-
pleuronectes americanus) and long-horned sculpin (Myoxo-
cephalus octodecemspinosus), and they found that AII and 
hemorrhage stimulated drinking; however, unlike the previ-
ous study by Malvin et al. (1980), exogenous enzyme inhibi-
tors did not suppress drinking. Balment and Carrick (1985) 
found that flounder (Platichthys flesus) increased drinking 
with increasing plasma osmotic and chloride concentra-
tions, although the seawater-adapted fish increased drink-
ing moreso than those that were adapted to fresh water. The 
data suggested that plasma osmotic conditions may con-
tribute to drinking behavior. An antidipsogenic agent was 

successful in suppressing some drinking response (Balment 
and Carrick 1985). Although there are variations in results 
of these studies, strong evidence of an RAS system persists. 
The environment of each population of fish, the type of AII, 
sample size, and even technique may influence the results, as 
each of the mentioned studies used varying species, popula-
tions, and techniques. The drinking mechanism in marine 
and other fishes needs to be further explored in different 
populations of the same species as well as a larger breadth 
of species in context of ecology.

In the study by Kobayashi et al. (1983) mentioned ear-
lier, it was found that AII stimulated drinking in euryhaline 
species but not in stenohaline freshwater or marine species. 
The conclusion from these studies was that AII does not 
stimulate drinking in species that live permanently in sea-
water or freshwater habitats where osmotic changes rarely 
occur, but, in contrast, AII induces drinking in species that 
encounter dehydration by virtue of entering waters of higher 
osmotic concentration than those in which they typically 
reside (Kobayashi et al. 1983).

The exact stimulus that induces drinking in teleosts is 
not clear, and multiple mechanisms may be operative with 
diversity among species. Some studies cite blood volume, 
or a barometric sensor, as the stimulus (Beasley et al. 1986), 
whereas a study on seawater-adapted eels (Anguilla japon-
ica) by Ando and Nagashima (1996) hypothesized that 
intestinal  Cl− directly depresses drinking, and intestinal  Na+ 
stimulates drinking when  Cl− levels diminish. Therefore, 
sensing of blood volume would be unlikely as the drinking 
mechanism is faster than changes in blood volume. This is 
in direct contrast to the results from Beasley et al. (1986), 
who found that hemorrhaging can stimulate drinking in the 
stenohaline winter flounder (Pseudopleuronectes ameri-
canus) and longhorn sculpin (Myoxocephalus octodecems-
pinosus). Hemorrhaging did not affect drinking rates in three 
freshwater fish (Beasley et al. 1986), which suggests that 
evolutionary adaptations to varying environmental salini-
ties could alter drinking behavior. Another study by Ando 
et al. (2000) supported the hypotheses that hemorrhage and 
plasma hyperosmolarity depress drinking, in contrast to the 
Ando and Nagashima (1996) study. The Ando et al.’s (2000) 
study also supported the dipsogenic effects of AII of eel, as 
well as histamine, serotonin, isoproterenol, acetylcholine, 
carbachol, and a mammalian substance P. When the eels 
were treated with captopril, a blocking agent for AI, hemor-
rhage did not alter drinking rates (Ando et al. 2000), sug-
gesting that hypovolemia affects drinking rates through the 
RAS system.

Thirst in response to hypovolemia is closely related to AII 
in plasma. Renin is secreted in response to hypovolemia, and 
inhibitors of the RAS system inhibit drinking that is nor-
mally induced by hypovolemia (Takei 2000). An intestinal 
antidipsogenic, eel intestinal pentapeptide (EIPP), may be 
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the link between these contrasting studies, as this antidipso-
genic peptide could explain the reduction of drinking via the 
intestinal  Cl− content. ANP also is an important hormone 
involved in various pathways that promote seawater adapta-
tion in the eel where it also acts to inhibit drinking (Takei 
2000). In some species, it is unclear whether drinking of 
seawater is induced by thirst or sodium (Takei et al. 1979). 
Eels start drinking in seawater before any increases of inter-
nal osmotic pressure and are thought to sense  Cl− ions by 
receptors in the buccal region that possibly stimulate drink-
ing (Hirano 1974).

Finally, buccal drying has been shown to motivate drink-
ing in the amphibious mudskipper, a response that is similar 
to ‘dry mouth’ that can be involved in regulation of thirst 
in terrestrial mammals. Losses of buccal water on land by 
AngII-induced swallowing, by piercing holes in the oper-
cula, or by water-absorptive gel placed in the buccopharyn-
geal cavity motivated mudskippers to move to water for 
refilling (Katayama et al. 2018). Hence, local sensation has 
an important role in the drinking behavior of the mudskip-
per. The role of local stimuli in drinking behaviors of fishes 
and other vertebrates has often been overlooked because of a 
paradigm of more ‘general thirst’ involving the potent effects 
of hormones. In summary, the exact mechanisms for drink-
ing behavior in teleosts remain unclear, despite the discover-
ies of the RAS, osmotic/ionic, and other stimuli.

Elasmobranchs

Elasmobranchs are largely marine and generally considered 
to be relatively stenohaline, with euryhaline and freshwa-
ter species being the exceptions. Out of ~ 1100 known spe-
cies, ~ 170 (belonging to 34 families) are reported to occur 
in either fresh water or estuarine waters (Martin 2005). 
Osmoregulation by sharks in seawater differs from that of 
teleosts. They use organic osmolytes (urea and trimethyl-
amine oxide) to elevate plasma osmolality to values usu-
ally slightly above seawater, and sodium and chloride have 
a lesser role as the principal extracellular osmolytes. Thus, 
elasmobranch fishes are typically isosmotic or slightly 
hyperosmotic to surrounding seawater, primarily attribut-
able to retention of urea (Hammerschlag 2006; Ballantyne 
2016). Only the coelacanth among other fishes accumulates 
urea and TMAO to maintain isosmotic plasma similarly to 
elasmobranchs (Takei 2000).

As a consequence of this manner of osmoregulation, it 
was thought that elasmobranch fishes had no requirement 
for drinking insofar as osmotic water loss was absent or 
minimal. However, marine elasmobranchs do have the pro-
pensity to drink in response to changing conditions of the 
environment (Hazon et al. 1989, 1997), and physiological 
actions of the RAS are similar to that in other fishes. The 
administration of homologous angiotensin II produces a 

dose-dependent response in drinking rate, and the smooth 
muscle relaxant papaverine has a potent dipsogenic effect, 
increasing basal drinking levels almost 20-fold (Anderson 
et al. 2001). The effect of papaverine is almost certainly 
secondarily attributable to a reduction of blood pressure and 
subsequent stimulation of the endogenous RAS.

Although marine elasmobranchs are not characteristically 
regarded to drink seawater (and the same could be assumed 
for coelacanths), euryhaline species drink upon returning 
to more concentrated seawater as with teleosts (Anderson 
et al. 2007; Evans and Claiborne 2009). In all sharks, the 
rectal gland is the principal site of NaCl secretion (Epstein 
and Silva 2005), the kidneys retain urea, and TMAO (Cohen 
et al. 1958; Janech et al. 2006), and the gills are the site of 
acid–base regulation as well as salt uptake in dilute seawater 
or fresh water (Hammerschlag 2006; Evans and Claiborne 
2009; Reilly et al. 2011).

Cyclostomes

The hagfish, representing the most primitive extant verte-
brate, is unique in maintaining the ionic concentration of 
its plasma nearly identical to that of seawater. Hence, these 
animals osmoconform, and their internal osmolarity matches 
that of surrounding seawater. There appears to be no need 
to drink, and early studies were equivocal whether hagfish 
drank or not. Glover et al. (2017) concluded that hagfish do 
not drink based on the studies of markers. These authors also 
documented hagfish having high water permeability which 
confers rapid osmotic equilibration when exposed to osmotic 
perturbations.

Amphibians

No amphibian has permanently adapted to a marine environ-
ment, but several species of anurans inhabit coastal areas 
where they are exposed to bodies of water having moder-
ate salinity. These include the Green toad (Bufo viridis) of 
Europe and the Middle East and several species of frogs in 
tropical southeast Asia (Shoemaker et al. 1992). Perhaps, the 
better known example is the Crab-eating frog (Fejervarya 
cancrivora) that inhabits mangroves and was first studied 
physiologically by Gordon et al. (1961). These frogs accu-
mulate urea somewhat like elasmobranchs, so they are isos-
motic or hyperosmotic to water which they might encounter. 
The skin is quite permeable, similar to that of many other 
frogs, so water balance is most likely achieved by avoid-
ing dehydration (staying out of direct sunlight, etc.) and 
absorbing hypo-osmotic water when available from rainfall. 
However, nothing is known concerning deliberate cutaneous 
‘drinking’ per se in terms of either patterns or strategy.
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These and other frogs (e.g., Indian rice frog, Fejervarya 
limnocharis) produce tadpoles that develop in brackish 
coastal rock pools and osmoregulate using features similar 
to those of marine teleosts (Wu and Kam 2009), perhaps 
including drinking of hypersaline water (Shoemaker et al. 
1992). Several studies have shown that tadpoles that are tol-
erant of brackish water have limited osmoregulatory ability 
in hyperosmotic environments, and acclimation enhances 
responses that enable tadpoles to complete development 
to metamorphosis (Wu et al. 2013). It is noteworthy that 
tadpoles of F. cancrivora can tolerate up to full-strength 
seawater and regulate internal osmolarity below that of the 
medium at salinity ≥ 40% sea water (Gordon and Tucker 
1965; Shoemaker et al. 1992). The ability to maintain body 
fluids slightly hyperosmotic to the environment appears to 
mitigate the dehydration of tadpoles in high salinity (Wu 
et al. 2013).

Because amphibians typically ‘drink’ by absorbing 
water across the skin (Fig. 2), it is difficult to separate either 
reflexive or conscious drinking from passive movements of 
water across the skin of frogs or tadpoles living in contact 
with coastal brackish waters. Other contexts for drinking 
in amphibians include uptake of water from moist soils in 
desert species, and drinking from rainfall by some arboreal 
species of ‘waterproof’ frogs living in arid habitats (Shoe-
maker et al. 1992).

Non‑avian reptiles

Crocodilians

There are three major lineages of extant crocodilians, and the 
large majority of species associate with freshwater systems. 
However, several species enter estuarine or marine habitats 
and possess lingual salt glands. Crocodylus porosus of the 
Indo-Pacific region and C. acutus of the Caribbean, Central, 
and South America have been found in the open ocean. Cai-
man latirostris occurs in estuaries in southern Brazil. The 
American alligator, Alligator mississippiensis, also enters 
coastal brackish waters and may enter the ocean to forage 
(Fig. 3) (Nifong and Silliman 2017). Whatever might be the 
habitat, crocodilians maintain body fluid concentrations at 
about 1/3 seawater, similar to that in most other vertebrates.

Crocodilians are especially prone to expose epithelial 
areas of the mouth to external water when feeding, and 
‘incidental drinking’ is thought to be a major source of 
salt and water intake (Dunson 1985; Mazzotti and Dunson 
1989). True drinking (without food intake), however, is an 
important part of osmoregulation in semi-marine croco-
dilians. Laurence E. Taplin (1984) first investigated the 
drinking behavior of the saltwater crocodile (Crocodylus 
porosus). The name of this animal can be misleading, for it 

largely frequents estuarine habitats, and periodically ven-
tures into fresh or saltwater. Taplin found that C. porosus 
drinks fresh water, but does not drink saltwater. He also 
concluded that this species drinks facultatively in fresh 
water to remain in water balance, largely because of low 
skin permeability and inadequate cutaneous influx to off-
set urinary losses related to excretion of waste products. 
In marine habitats, saltwater crocodiles undergo losses of 
body water, largely attributable to cutaneous and buccal 
efflux, but they do not drink seawater.

Fig. 3  American alligator,  Alligator mississippiensis, in coastal salt 
marsh and beach habitats on Sapelo Island, Georgia (typical salin-
ity = 20–36 ppt). The lower inset shows an alligator in a den exca-
vated in an upland freshwater wetland where the animal can access 
fresh water and seek thermal refuge. Photographs by James Nifong
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Saltwater crocodiles are able to discriminate seawater 
from fresh water, and Taplin (1984) suggested that fine-
tuned drinking behavior enables the species to inhabit a 
wide range of salinities in which it is known to occur. How-
ever, Mazzotti and Dunson (1989) concluded that access to 
fresh water is not necessary for relatively long periods in 
marine or brackish waters, although there is considerable 
anecdotal evidence for facultative drinking when saltwater 
crocodiles return to land following prolonged sojourns at 
sea. In American alligators, multiple abiotic factors (e.g., 
relative humidity, temperature, and precipitation) appear 
to be key variables that influence the duration of foraging 
trips between fresh and salt or brackish waters (Nifong and 
Silliman 2017). Although American alligators do not have 
functional salt glands, they also engage in relatively long 
forays into marine environments (Fig. 3).

Theoretically, it is more difficult for smaller animals, e.g., 
hatchlings, to conserve water or sodium than for an adult 
(Mazzotti and Dunson 1989). In laboratory studies, freshly 
hatched and unfed C. porosus lost weight and died more 
rapidly in salt water than in fresh water, suggesting that these 
hatchlings were dependent on fresh water for survival (Mag-
nusson 1978). Older (> 30 days) hatchlings and size classes 
were thought to no longer need fresh water. Taplin (1984) 
noted that larger saltwater crocodiles stayed for long peri-
ods of time without access to freshwater or a reliable food 
source if overland and hatchlings were hypothesized to drink 
diluted water from rainfall (Mazzotti and Dunson 1989). 
Speculations about a freshwater requirement of young or 
hatchling crocodilians are, however, questionable. Hatch-
lings of Crocodylus porosus in salt water do not appear to 
use potentially accessible freshwater springs, even when the 
fresh water was within the apparent home range (Grigg et al. 
1980). The authors of this study concluded that hatchlings of 
C. porosus can survive and grow in hyperosmotic saltwater 
without drinking freshwater.

The salt glands of crocodilians that inhabit brackish or 
saltwater have limited capabilities, and so drinking fresh 
water when available allows maintenance of homeostasis 
when in hyperosmotic habitats (Jackson et al. 1996). Estua-
rine crocodilians will not drink seawater, and the estuarine 
broad-snouted caiman (Caiman latirostris) will not drink 
hyperosmotic water (Grigg et al. 1998). Two species of 
freshwater alligatorids, the American alligator (Alligator 
mississippiensis) and caiman (Caiman crocodilus), were 
found to drink fresh water and hyperosmotic sea water 
indiscriminately, whereas an estuarine population of the 
former drank only fresh water (Jackson et al. 1996). It was 
concluded that discrimination of salinity is determined, at 
least in part, by habitat. However, three species of estuarine 
crocodiles (C. porosus, C. acutus, and estuarine populations 
of C. johnstoni) drink fresh water but not hyperosmotic sea 
water even when severely dehydrated (Mazzotti and Dunson 

1984; Taplin 1984, 1988; Taplin et al. 1993). These observa-
tions suggest that, in crocodilians, the ability to discriminate 
fresh water from seawater is influenced by phylogeny as well 
as by ecology (Jackson et al. 1996).

There is limited information known about the endocrine 
control of thirst and drinking in crocodilians. Compensatory 
drinking behavior exhibited by the Nile crocodile appears to 
involve the RAS and interrenal steroidogenesis and thus may 
play an integrative role in the fluid homeostasis of croco-
dilians (Balment and Loveridge 1989). With respect to the 
sensory detection of salinity of water, Jackson and Brooks 
(2007) have proposed that sensory organs present on the 
post-cranial scales of crocodiles (but not alligatorids) flat-
ten when exposed to increased osmotic pressure, and this 
is interpreted as a chemical stimulus that conveys informa-
tion about the salinity of water in the animal’s environment. 
When contact between the skin and a surrounding sea water 
solution was blocked, crocodiles (C. porosus) lost their abil-
ity to discriminate among salinities.

Turtles

Turtles are one of the older groups of reptiles, with earliest 
forms dating back some 220 million years (Li et al. 2008). 
There are more than 350 species living today, and of these, 
only seven species are entirely marine except for ovipositing 
eggs on beaches. Sea turtles constitute a single evolutionary 
radiation, with five lineages being traced back to 105 million 
years (Kear and Lee 2006). Thus, sea turtles have had a long 
association with seawater.

Sea turtles are highly migratory and their ranges span 
the globe. They are found in tropical and temperate waters 
throughout the world and migrate long distances between 
nesting and feeding grounds, some more than 2000 km. Sea 
turtles have varied diets, some being strictly or largely her-
bivorous, while others prey on marine invertebrates (e.g., 
leatherbacks, Dermochelys coriacea, feed on jellyfish). The 
foods of sea turtles all contain salts at concentrations simi-
lar to seawater, and these reptiles cannot produce a urine 
that is concentrated beyond the osmolarity of their blood 
plasma. Excess salts are secreted via paired lachrymal salt 
glands (Wyneken 2001). Leatherback sea turtles, Dermo-
chelys coriacea, are obligate feeders on soft-bodied jellyfish 
and have larger salt glands than other species of sea turtles 
(Wyneken 2001; Davenport 2017). These turtles may feed 
almost continuously and take in large quantities of salt, both 
in prey and in incidental drinking during ingestion of prey 
(Davenport 2017). Excess salt is secreted by the salt glands.

Young sea turtles are hatched on beaches and are 
thus susceptible to dehydration in air as well as in sea-
water. Reina et al. (2002) studied salt and water regula-
tion in hatchling leatherback sea turtles and found they 
dehydrated more rapidly on land than in seawater. Their 
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experimental work with these hatchlings also demon-
strated that turtles osmoregulated effectively by drink-
ing seawater. Hatchlings tolerated significant changes in 
internal composition and achieved internal salt and water 
balance by drinking and subsequent function of salt glands 
when in seawater. Other studies have demonstrated that 
hatchling sea turtles gain mass rapidly in seawater, despite 
not eating during the same period (Bennett et al. 1986; 
Marshall and Cooper 1988).

Other sea turtles also drink seawater and osmoregulate 
in the ocean with gross similarity to marine fishes, but with 
excess ingested salts being eliminated by the salt glands. 
The possibility that sea turtles might drink seawater was 
proposed more than 50 years ago by Holmes and McBean 
(1964) who demonstrated substantial drinking in juvenile 
Chelonia mydas using the phenol red technique. Prelimi-
nary tests by Taplin (1984) also demonstrated that juvenile 
loggerhead turtles, Caretta caretta, will drink seawater, 
although earlier, it was generally thought that marine reptiles 
did not drink seawater, and this hampered the understanding 
of osmoregulation of sea turtles. Bennett et al. (1986) further 
showed that drinking seawater enabled hatchling sea turtles 
(C. caretta) to avoid and recover from dehydration. Hatch-
lings dehydrate rapidly between hatching and reaching the 
sea, and metabolism of yolk is insufficient to maintain water 
balance. Thus, drinking seawater to rehydrate after hatching 
suggests that incidental ingestion and drinking of seawater 
are important in marine turtles.

Sea turtles, including hatchlings, occasionally enter riv-
ers or lagoons where they potentially might drink fresh 
water. Adult Kemp’s ridley sea turtles (Lepidochelys kem-
pii) adapted to seawater increased drinking when exposed 
to fresh water in the laboratory, and the freshwater con-
sumption increased by about 50% (Ortiz et al. 2000). The 
increased consumption of fresh water resulted in hemodilu-
tion and a lowering of plasma osmotic and ionic concentra-
tions, but did not change levels of adrenocorticoids. The 
latter observation was interpreted as a muted, delayed, or 
masked stimulation of the release of aldosterone and corti-
costerone. The stimulus or function of increased drinking is 
not clear, but prolonged exposure to fresh water without sup-
plements of salts will diminish the osmoregulatory capacity 
of these turtles (Ortiz et al. 2000).

Because sea turtles can acquire water by drinking seawa-
ter, there seems to be no need for turtles to drink fresh water 
(with exception of terrestrial hatchlings) and, therefore, 
migrate to estuaries for reasons related to water balance. 
There is no information concerning the possibility of sea 
turtles drinking from freshwater lenses formed by rainfall 
on the ocean (Fig. 4; see section on sea snakes). Estuarine 
and euryhaline turtles are of interest in these contexts. There 
are some studies of blood chemistry that suggest adult sea 
turtles can become dehydrated during the nesting period, 

and that the requirement for depositing water in eggs limits 
the inter-nesting interval of females (Price et al. 2019).

There are about eight species of turtles that occur in 
brackish waters, including mangrove and painted terrapins 
(Batagur spp.), pig-nosed turtles (Carettochelys spp.), and 
the giant softshell (Pelochelys cantori)—all with largely 
coastal ranges in parts of southern Asia (Rasmussen et al. 
2011). While some ranges of these turtles include freshwa-
ter habitats, they will enter brackish waters of estuaries and 
even full seawater temporarily.

The diamondback terrapin, Malaclemys terrapin, is the 
only exclusively brackish water turtle in the world. It is a 
species of emydid turtle that inhabits saltmarsh, tidal creeks, 
and estuarine habitats along the eastern coastline of the 
United States. At various times, this turtle can be found in 
marine habitats and full-strength seawater which it tolerates 
quite well. It is adapted to seawater in having low perme-
ability to salt and water, and a lachrymal salt gland (Dun-
son 1970, 1985). Nonetheless, diamondback terrapins can-
not survive indefinitely in seawater without access to fresh 
or low-salinity water to maintain hydration. It was shown 
by Davenport and Macedo (1990) that terrapins can detect 
vibrations related to rainfall and leave seawater to drink from 
thin films of water on nearby substrata, ingesting as much 
as 14% of body mass during drinking bouts of 10–12 min. 
These turtles can arch the neck in such a manner that facili-
tates drinking stretching the neck downwards to drink from 
thin films or pools (Fig. 5) (Davenport and Macedo 1990), 
or stretching the neck upwards to collect rainfall directly 
(Bels et al. 1995). The structure of the lower jaw and mouth 

Fig. 4  A pair of sea turtles, Chelonia mydas, floating on the surface 
of the ocean in the Golfo Papagayo, Costa Rica. Sea turtles spend 
variable periods of time at the ocean’s surface and obviously could 
drink from freshwater lenses formed by intense rainfall, as do sea 
snakes. No one evidently has observed the behavior, and the pos-
sibility that sea turtles drink fresh water in the open ocean remains 
unknown. Photograph by H.B.L.
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permits the animal to drink from films of water as thin as 
1–2 mm. Similarly, specialized postures involving an arched 
neck, elevated posterior carapace, and forelimbs direct water 
toward the mouth in some species of tortoises living in xeric 
terrestrial habitats (Fig. 6) (Auffenberg 1963).

Hatchling or smaller terrapins are less tolerant of seawater 
than adults. If there is no access to fresh water, terrapins lose 
appetite (Davenport and Ward 1993) and cannot grow well 
in 100% seawater (Dunson 1985). Yet, adult terrapins will 
nest and oviposit in locations that are adjacent to full seawa-
ter. Terrapins occur in marshes where hatchlings and juve-
niles are routinely exposed to high salinities (Dunson 1985). 
The hatchlings can discriminate fresh water from salt water, 
and they may cease feeding and exploit rainfall as a periodic 
source of fresh water (Dunson 1985; Davenport and Mac-
edo 1990; Davenport and Ward 1993; Davenport and Magill 
1996; Holliday et al. 2009). The hatchlings have a higher 
water content than adults (77% vs. 64.5%), but nonetheless 
dehydrate in full seawater where salt is ingested largely by 
means of ‘incidental drinking’ (Dunson 1985). Terrapins 
rely on drinking fresh or brackish water to remain in water 
balance, unlike sea turtles. This seems at least partly related 
to the fact that the salt gland of terrapins secretes sodium at 
rates that are lower than those of sea turtles (Dunson 1976). 

Recent studies by Ashley et al. (unpublished) have dem-
onstrated that (i) exposure of hatchling terrapins to envi-
ronments of high salinity promotes learning by terrapins to 
utilize periodically available sources of fresh water (Fig. 5), 
and (ii) limited access to fresh water can reduce growth and 
possibly increase mortality.

Lizards

Various species of lizards, and especially those inhabiting 
islands, live in intertidal habitats where they may feed on 
salty prey and experience dry conditions of habitat with 
limited rainfall (Fig. 7). For example, intertidal species 
of the lizard Uta feed on intertidal isopods that may have 
salt concentrations higher than seawater, and this has been 
interpreted as causally related to hypertrophy of salt glands 
in these lizards (Grismer 1994). A number of lizards use 
resources from estuaries, intertidal or marine habitats, and 
they forage in the intertidal zone. Evidently, this is a behav-
ior that is driven by pressures for resources or unsuitable 
inland habitat (Grismer 1994; Lillywhite et al. 2008a). How-
ever, only one saurian species has made a successful evolu-
tionary transition to directly utilize resources in the ocean.

The marine iguana (Amblyrhynchus cristatus) of the 
Galapagos Islands is the most marine of lizards, but repro-
duces and basks on land where it is susceptible to terrestrial 
predators. Marine iguanas feed exclusively on marine plants, 
and they spend considerable time foraging in the ocean. 
They ingest considerable quantities of salt, largely by means 
of incidental intake of seawater and isosmotic algae. Excess 
salts are excreted via salt glands (Shoemaker and Nagy 
1984). Seawater has been estimated to account for about 
40% of the water intake of iguanas. However, dehydrated 

Fig. 5  A hatchling diamondback terrapin, Malaclemys terrapin, 
drinking from a dish of fresh water in the laboratory. The dish of 
fresh water is elevated at one end of an aquarium that is filled with 
5 L of saline water. The terrapin is able to access the fresh water by 
leaving the saline water and crawling up a ramp to the suspended 
platform and dish.  Photograph by Elizabeth A. Ashley

Fig. 6  A Mojave Desert tortoise, Gopherus agassizii, drinking from 
a small rock pool following a rainstorm. USGS photograph by J.S. 
Mack
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animals without food or water for 8 days of fasting did not 
drink seawater, and the water ingested when animals fed on 
marine plants in the wild exceeded the content of the food. 
Thus, Shoemaker and Nagy (1984) concluded that marine 
iguanas acquire water from incidental ingestion during feed-
ing and do not drink in the conventional sense. Marine igua-
nas perch on lava rocks where they are exposed to wind and 
tropical sun (Fig. 7). We are not aware of any observations 
to indicate that these lizards drink fresh water during periods 
of rainfall, but such behavior seems likely.

Marine snakes

All extant species of marine snakes are secondarily marine 
and represent multiple evolutionary transitions from terres-
trial, freshwater, or amphibious species (Sanders et al. 2010, 
2013). There are more than 100 species of marine snakes 
if estuarine species are included. These are represented by 
three species of file snakes (Acrochordidae), about 18 spe-
cies of largely estuarine colubrids (Colubridae), more than 
15 species of homalopsids (Homalopsidae), eight species of 
amphibious sea kraits (Elapidae: Laticauda spp.), and about 
60 species of viviparous, entirely marine ‘true’ sea snakes 
(Elapidae: Hydrophiinae) (Pyron et al. 2013). The two line-
ages of sea snakes (Laticauda + Hydrophiinae) evolved from 
different terrestrial ancestors and adapted independently to 
marine life (Sanders et al. 2013). The hydrophiine sea snakes 
represent the most speciose group of marine reptiles and 
originated relatively recently, approximately 8–6 mya (Sand-
ers et al. 2008; Lee et al. 2016). They range widely in coastal 
and reef ecosystems in tropical and subtropical waters, and 

the pelagic species Hydrophis platurus (yellow-bellied sea 
snake; see Fig. 1) ranges from the tip of southern Africa 
across the Indo-Pacific to the western coastline of Central 
America (Rasmussen et al. 2011).

It was formerly believed that sea snakes drank seawa-
ter and eliminated excess salts via sublingual salt glands 
(‘like other marine reptiles’). However, recent studies have 
demonstrated that (1) sea snakes do not drink seawater; (2) 
when dehydrated they drink fresh water to maintain water 
balance (Fig. 8); and (3) they dehydrate at sea during periods 
of drought (Lillywhite et al. 2008b, 2012, 2014a, b, 2015, 
2019). Yellow-bellied sea snakes in offshore waters near 
Guanacaste, Costa Rica, potentially withstand as long as 
6 months of drought and drink from freshwater lenses that 
form on the surface of the ocean when heavy rains begin 
after the end of the dry season (Lillywhite et al. 2014b, 
2019). Following drought, these snakes were also shown to 
be in a low state of body condition and to have significantly 
lower total body water than conspecifics captured during the 
wet season (Lillywhite et al. 2014b). Logically, free-ranging 
snakes would not be in a dehydrated condition if they drank 
seawater.

Sea snakes have relatively high levels of body water, 
dehydrate slowly when in seawater, and have a relatively 
high tolerance of dehydration (Lillywhite et al. 2009, 2012, 
2014a, b, 2015). File snakes, sea kraits, and sea snakes do 
not drink fresh water until they experience considerable 
loss of body water, and in some species, this deficit exceeds 
20% of body mass (Lillywhite et al. 2015). Nonetheless, 
the requirement for fresh water influences the geographic 
distribution and abundance of marine snakes (Lillywhite and 
Ellis 1994; Lillywhite et al. 2008b; Lillywhite and Tu 2011; 
Brischoux et al. 2012; Udyawer et al. 2016).

Sources of fresh water available to marine snakes include 
precipitation on land, where amphibious sea kraits ingest 
water that is dripping from vegetation (Fig. 9) or accumu-
lated in rock pools (Guinea 1991; Bonnet and Brischoux 
2008), estuaries (Udyawer et al. 2016), freshwater springs 
(Lillywhite et al. 2008b), and freshwater lenses that form on 
the surface of the ocean during heavy rainfall (Lillywhite 
1996; Lillywhite et al. 2014b, 2019). In the case of pelagic 
sea snakes, freshwater lenses may be the only source of fresh 
water in most circumstances (Fig. 1). Of course, some of 
these sources might involve water that is brackish to varying 
degrees. Laboratory studies of drinking in sea kraits demon-
strate that they will consume dilute brackish water, but do 
not drink water that is more than 30% seawater (Lillywhite 
et al. 2008b), whereas the hydrophiine sea snake Hydrophis 
platurus will drink up to 50% seawater (Lillywhite et al. 
2012). Across the various investigations cited herein, test-
ing of hundreds of sea snakes revealed not a single one to 
drink full seawater. These findings imply that marine snakes 
have the ability to discriminate among waters of varying 

Fig. 7  A marine iguana, Amblyrhynchus cristatus, shown perched in 
dehydrating conditions on a Galapagos island. Marine iguanas feed 
on marine plants and ingest considerable incidental seawater in the 
process. A smaller, insectivorous lava lizard, Microlophus albemar-
lensis, is perched atop the head of this individual. Drinking behaviors 
of both species are not known. Photograph by Dan Costa
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salinity (Lillywhite et al. 2008b; Kidera et al. 2013). Coastal 
estuarine species of colubrid snakes do not ingest seawater, 
whereas ‘freshwater’ species ingest seawater and die as a 
result (Dunson 1980).

The question arises whether free water and metabolic 
water from prey can satisfy the water requirements of 
marine snakes. Theoretical considerations as well as data 
from studies of both desert and marine reptiles suggest that 
feeding alone without drinking does not contribute a net 

gain of water (Lillywhite et al., 2008b, 2014a, b; Wright 
et al., 2013; Murphy and DeNardo 2019). With respect to 
sea snakes, it appears that the requirements of water for 
digestion, excretion, and defecation outweigh the net water 
gains from digestion and metabolism of prey, which, in 
these snakes, are almost exclusively fish and impose an 
excretory nitrogen load. Hence, eating prey could actu-
ally exacerbate the dehydration associated with drought, 
instead of providing a benefit. This likely explains why 

Fig. 8  Marine snakes drinking from surfaces of fresh water in the lab-
oratory. a, b Little file snake, Acrochordus granulatus, from a marine 
population in mangroves near Cebu, central Visayas, Philippines. c, d 
Elegant sea snake, Hydrophis elegans, from a population near Weipa, 
Queensland, Australia. e, f Shaw’s sea snake, Hydrophis curtus, from 

a population near Weipa, Queensland, Australia. Note that in most 
cases, the snake’s head is elevated to drink from the very surface of 
the water. In photo e, note that the tynes of the tongue are protruded, 
which occurs between each act of swallowing, presumably as a sen-
sory ‘test’ of water quality/salinity. Photographs by H.B.L.
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some marine snakes (Acrochordus granulatus) in captivity 
cease feeding once they become partially but not critically 
dehydrated (Lillywhite et al. 2014a); pelagic sea snakes 
(Hydrophis platurus) captured during seasonal drought are 
thirsty and dehydrated in spite of feeding (Lillywhite et al. 
2014a, b); and several species of snake increase consump-
tion of fresh water following ingestion of food (Lillywhite 
2017). Further research is needed to better understand the 
interplay of feeding and drinking in context of homeostasis 
of body water.

Previous assumptions concerning sea snakes drinking 
seawater were likely based in the fact that sea snakes possess 
salt glands. However, Dunson and Dunson (1974) described 
the sublingual salt gland of sea snakes as being small with 
comparatively low rates of secretion. Thus, it seems that 
while salt glands of sea snakes might assist water and ion 
balance, they evidently cannot by themselves enable sea 
snakes to avoid dehydration by drinking seawater (see Lil-
lywhite et al. 2008b). While having at least a limited role 
in maintaining water balance, it seems likely that the salt 
glands of sea snakes are more important for ionic regulation 
compared with fluid homeostasis.

Almost nothing is known concerning the neuroendo-
crine control of drinking in marine snakes, but dehydration 
thresholds for drinking are greater than generally known in 
terrestrial snakes. The adrenocorticoid response appears to 
be delayed or absent insofar as sea snakes exposed to a hypo-
osmotic environment did not show an increase in aldosterone 
(Duggan and Lofts 1978). The RAS does seem to be active 
in terrestrial snakes (Kobayashi et al. 1979).

Understanding the freshwater requirements of marine 
snakes is important for understanding their global distri-
bution and association with habitats where fresh water is 
abundant (Brischoux et al. 2012; Lillywhite et al. 2008b; 
Lillywhite and Tu 2011). Attributes related to drinking and 
water balance are also important for assessing the prob-
able causes and extent of recent declines and extinctions of 
marine snakes at multiple global hotspots (Goiran and Shine 
2013; Guinea 2013; Lukoschek et al. 2013).

Marine birds

Recent opinions now estimate that there are some 19,000 
species of birds living at present (Barrowclough et al. 2016). 
Of these, roughly 500 species are marine, belonging to fami-
lies that are considered to be “seabirds.” Seabirds associate 
with the oceans in various ways, and many roam far out to 
sea. They can be found hundreds of miles from land and may 
spend years at sea without returning to land. Some marine 
birds, such as penguins, have become highly capable swim-
mers and spend all or most of their non-breeding time in 
seawater. The earliest seabirds evolved in the Cretaceous 
period, and modern families of seabirds evolved within the 
last 60 million years. Seabirds generally forage for food over 
long distances and they often migrate. Some seabirds such 
as albatross and petrels spend much of their lives at sea, 
while others venture into freshwater areas (Fig. 10). Long-
distance migratory shorebirds (charadriiforms) are consid-
ered ‘osmotic generalists’, because they utilize wetlands and 
freshwater habitats during the breeding season and switch 
to marine habitats during winter or migration (Blakey et al. 
2006; Gutiérrez et al. 2011).

Seabirds generally feed on marine prey—primarily fish, 
squid, and crustaceans—and they ingest incidental seawater; 
hence, there is need to handle large quantities of ingested 
salt, especially from crustaceans and other invertebrates. 
Discrimination of prey during feeding has been shown to be 
an important behavioral aspect of osmoregulation in some 
species (Troup and Dutka 2014). Like marine reptiles, the 
kidney of seabirds has limited capacity to excrete salts (up to 
about 1/2 the concentration of seawater) and cannot maintain 
water balance if seawater is ingested. Hence, a major part of 
ingested salt is excreted extrarenally by means of nasal salt 
glands that aid in the maintenance of water balance.

Fig. 9  Sea kraits drinking water following rainfall at New Caledonia. 
a Laticauda saintgironsi drinking rainwater from wetted vegetation. 
b Laticauda colubrina will drink fresh water similarly from a pipette. 
Photographs by Xavier Bonnet
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The salt glands of birds are well studied, and they occur 
in terrestrial, non-marine birds as well as seabirds. In the 
former group, the salt glands are often inactive when sup-
plies of fresh water are sufficient, yet they show remarkable 
phenotypic plasticity morphologically and physiologically, 
and they become active as a consequence of drinking saline 
water (Shuttleworth and Hildebrandt 1999; El-Gohary et al. 
2013). The salt glands enlarge if exposure to hyperosmotic 
water is prolonged (Holmes 1975). The size of salt glands 
in seabirds is comparatively large and may also vary with 
ingestion of salt loads (Schmidt-Nielsen 1960). The Black 
beaked gull (Larus marinus) was demonstrated to process 
seawater equivalent to one-tenth of its body mass after just 
about 3 h (Schmidt-Nielsen 1960).

Ingestion of seawater increases plasma osmolal-
ity which, in turn, activates the secretion of excess salt 
through the salt glands (Holmes 1975). As in fish and 
mammals, the RAS has a key role in the osmoregulation 

of seabirds (Taylor 1977), but the exact pathways have 
not been studied in birds to the extent of some other ver-
tebrates. Other hormones are linked to osmoregulation as 
well. Ingestion of salt water in birds stimulates the hypo-
thalamo–hypophyseal adrenal system, and adrenocorti-
cotropic hormone (ACTH) is released from the anterior 
pituitary as a result (Sturkie 1976). ACTH triggers the 
secretion of both aldosterone and corticosterone from the 
adrenal cortex. A comparative analysis of marine vs. ter-
restrial birds with and without salt glands demonstrated 
that corticosterone levels were significantly higher in 
wintering marine birds and birds with salt glands than in 
terrestrial birds or birds without salt glands (Brischoux 
et al. 2015). Melatonin increases sodium concentration 
in the plasma as well as urine flow rate and urine sodium 
concentration, but decreases plasma osmolality and potas-
sium concentration in the urine (Hughes et  al. 2007). 
Hughes et al. (2007) posited that melatonin acts directly 
on osmoregulatory mechanisms. The varying hormonal 
controls outside of the RAS tie osmoregulation to seasonal 
environmental cues.

It seems clear judging largely from laboratory investiga-
tions related to functioning of the salt glands that marine 
and some terrestrial birds can withstand drinking seawater 
and are able to maintain water balance by virtue of having 
robust salt glands that can excrete the excess salt. How-
ever, the question of whether marine birds drink seawater 
in the wild remains unresolved at the time of this writing 
(see Schmidt-Nielsen and Fange 1958; Schmidt-Nielsen 
et  al. 1958; Bicudo et  al. 2010). Certainly one cannot 
make any textbook generalization, but there seem to be 
numerous anecdotal observations of drinking behaviors in 
wild seabirds. Very few of these are published, however. 
Certainly, many coastal marine species go to freshwater 
streams to drink and bathe. Because all marine birds are 
carnivores, they likely get sufficient water from food, espe-
cially if they are ingesting teleost fishes. When drinking 
occurs, it seems to be not common and not a large quan-
tity—nothing like what one sees in terrestrial seed-eaters, 
for example. In penguins (Pygoscelis papua), the intake 
of water from drinking seawater is usually less than 5% 
of water influx (Robertson et al. 1988). Costa and Prince 
(1987) and some others concluded that gray-headed alba-
trosses, Diomedea chrysostoma, likely do not drink sea-
water. Species that have been seen drinking seawater (or 
at least, behaving like they were drinking) include: adelie 
penguin, western and California gulls, giant petrels, wan-
dering albatross, and silver gulls (Mark Chappell, Harold 
Heatwole, personal communications). Seabirds are more 
likely to take occasional drinks while incubating at solar-
exposed sites and active during midday (Simmons 1970; 
Hulsman 1975; Buttemer and Astheimer 1990).

Fig. 10  Waved albatrosses (Phoebastria irrorata) in flight (top) and 
nesting in the Galapagos Islands (bottom). These birds will forage 
up to 100  km distance from where the chicks are hatched and feed 
largely on fish, squid, and crustaceans. Albatrosses consume salt in 
their food and excrete excess salts by nasal salt glands. Whether alba-
trosses drink seawater is unclear, but some species might not (Costa 
and Prince 1987). The waved albatross is a spectacular flyer and can 
soar over the sea for hours. Photographs by Dan Costa
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Marine mammals

By recent estimates, there are about 6400 species of extant 
mammals, of which 124 are marine (Burgin et al. 2018). 
These include sirenians, cetaceans, pinnipeds, three spe-
cies of mustelids, and polar bear (Ursus maritimus). 
Marine mammals are polyphyletic, diverse, and broadly 
distributed with dependence on oceans for feeding. The 
majority of species evolved ≤ 50 mya and are secondarily 
marine (Uhen 2007). The five principal lineages of marine 
mammals include both entirely marine and semi-aquatic 
species.

Although there are exceptions, marine mammals, and 
marine birds generally do not commonly drink salt water 
(Ortiz 2001). Voluntary drinking of seawater is situational 
and varies among taxa of marine mammals. In common 
dolphins (Delphinus delphis), for example, up to 16% of 
the water flux is from drinking (Hui 1981), while some 
pinnipeds do not drink seawater at all. Mammals are well 
known for the concentrating abilities of the kidney, and 
some marine species can produce urine having an osmolal-
ity greater than that of seawater (Bester 1975; Costa 1982; 
Maluf 1989). In general, the osmolality of urine varies 
with that of blood plasma and the habitat of the mammal 
(Beuchat 1996; Ortiz 2001). However, with few excep-
tions, marine mammals are not able to concentrate salts 
to levels exceeding that in sea water, suggesting that they 
do not rely on drinking seawater to maintain fluid balance 
(Ortiz 2001). In general, water balance in fully marine 
mammals is attributable to metabolic and dietary water, 
and electrolyte balance is maintained by the incidental 
ingestion of salt water. It is worth noting that marine mam-
mals occurring in freshwater habitats have retained the 
renal capacity to concentrate urine in response to a hyper-
osmotic stimulus (Ortiz 2001).

Pinnipeds

Generalizations about water balance in marine mammals 
are based largely on studies of pinnipeds. While the data 
are limited, there is more information available pertaining 
to these animals than for other groups of marine mammals. 
Several studies have confirmed that pinnipeds can main-
tain water balance solely from dietary and metabolic water 
(Ortiz et al. 1978; Ortiz 2001). Nonetheless, some pinni-
peds will drink either fresh water or seawater depending on 
environmental conditions and life stages. Incidental drink-
ing related to feeding under water apparently accounts for 
significant ingestion of water in the harbor seal (Phoca 
vitulina, Fig. 11) (Depocas et al. 1971). Voluntary drink-
ing of seawater has been documented in several species 

of pinnipeds, and in otariids, it appears to be related to 
environmental temperature and thermoregulation as a 
means of mitigating heat stress (Gentry 1981; Costa and 
Gentry 1986; Costa and Trillmich 1988; Skalstad and Nor-
doy 2000; Storeheier and Nordoy 2001). It has also been 
suggested that ingestion of salt water, whether inciden-
tal or not, could be important for balance of electrolytes 
(Ortiz 2001). Amphibious or partly terrestrial pinnipeds 
minimize water that is lost through the lungs via apneic 
(periodic) ventilation and having a nasal countercurrent 
heat exchanger and complex nasal turbinates. Moreover, 
these mammals evidently do not sweat.

Fasting is an important component in the life histories of 
pinnipeds, and prolonged periods of fasting (1.5–3 months in 
pups of elephant and gray seals) can lead to dehydration and 
imbalance of electrolytes (Ortiz 2001). Fasting seals have 
comparatively low turnover rates of water and are able to 
maintain water balance during prolonged fasting as a result. 
However, the ability to maintain osmotic and ionic homeo-
stasis is variable among fasting pups of different species. In 
general, fasting seals rely on water that is derived from the 
catabolism of fat stores as their sole or principal source of 
water (Ortiz et al. 1978; Castellini et al. 1987), in addition 
to conserving water that is lost in urine because of a reduced 
need to excrete nitrogen (urea) as a result of reduction in 
metabolism of protein. Pups of northern elephant seals (Mir-
ounga angustirostris) undergo a 10–12 week postweaning 
fast on land after a suckling period of about 4 weeks (Le 
Boeuf et al. 1972; Reiter et al. 1978). Studies of postweaning 
pups demonstrate that protein catabolism and urea produc-
tion decrease during these natural fasts, which occur without 

Fig. 11  Harbor seals, Phoca vitulina, resting near shore at Año 
Nuevo, California. This species is the most widely distributed pin-
niped, and occurs in coastal waters of the northern Atlantic and 
Pacific Oceans and the Baltic and North Seas. Harbor seals may 
circumstantially drink fresh water, but likely do not drink seawater 
except for incidental ingestion during feeding under water. Photo-
graph by Dan Costa
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an exogenous source of water (Adams and Costa 1993). In 
addition, terrestrial apnea reduces respiratory evaporative 
water loss to levels that permit water balance attributable 
principally to production of metabolic water (Lester and 
Costa 2006). The ability of pups of northern elephant seals 
to conserve water during prolonged fasts has been well 
documented and is an integral part of their natural history 
(Ortiz et al. 1978; Costa and Ortiz 1982; Huntley et al. 1984; 
Castellini et al. 1990). On the other hand, protein provides 
a substantial amount of energy during the first 2 weeks of 
a 4–6 week postweaning fast of pups of harp seals, which 
is based on ice or in cold water, and is important for ther-
moregulation (Worthy and Lavigne 1983). A study by Stew-
art et al. (2014) on lactating gray seals (Halichoerus grypus) 
hypothesized that the seals choose weaning pools based on 
salinity and access to freshwater. These hypotheses were 
based on study and personal observation, and a direct corre-
lation was not established. Ingestion of fresh water has been 
observed in harp seals and in harbor seals, but its importance 
to fluid balance is not known (Irving et al. 1935; Renouf 
et al. 1990).

Most pinnipeds probably do not drink seawater, and 
drinking is not essential in maintaining water balance; it may 
be important in particular circumstances and requires further 
study to gain a clearer picture of its occurrence and signifi-
cance. Circulating concentrations of the four primary hor-
mones involved in osmoregulation—angiotensin (angioten-
sin I, II, or III), atrial natriuretic peptide (ANP), aldosterone, 
and vasopressin (AVP)—have been reported for a variety of 
pinnipeds (e.g., Aubin and Geraci 1986; Zenteno-Savin and 
Castellini 1998), and the RAS is active in these and other 
marine mammals. Pinnipeds as well as other marine mam-
mals regulate water flux via the RAS–aldosterone system 
(Ortiz 2001).

Cetaceans

Most data on the drinking behavior and water balance 
of cetaceans are from studies of dolphins and porpoises. 
Because of logistical reasons, little is known concerning 
drinking behaviors. Studies of dolphin species using isotopic 
dilution techniques have demonstrated that during fasting, 
these animals consumed sea water at rates ranging between 
4.5 and 13 ml kg−1  day−1 (Telfer et al. 1970; Hui 1981). 
However, it was subsequently shown that the skin is a major 
avenue for water flux, and that delphinids may experience 
net gains of fresh water in hypo-osmotic habitats (Andersen 
and Nielsen 1983). Unlike pinnipeds, fasting cetaceans pro-
duce a dilute urine and potentially become dehydrated. How-
ever, production of metabolic water (resulting from stimu-
lated oxidation of fat) is sufficient to mitigate a necessity for 
drinking seawater or producing a highly concentrated urine 
(Hui 1981). Therefore, the question of whether cetaceans 

drink in the wild is intriguing and requires further study. The 
RAS and aldosterone are present and active in bottlenose 
dolphins (Malvin et al. 1978).

Relatively little is known concerning osmoregulation in 
whales. Kjeld (2003) calculated an estimated seawater inges-
tion of 1–2% of ingestion volumes for large baleen whales 
(i.e., fin whales and sei whales). Despite the salt content 
of the ingested food, the urine has relatively low osmolal-
ity (⁓1100 mOsm) related to the large water content of the 
krill and the absence of water losses through the skin. The 
kidneys excrete more water and salts than is characteristic 
of most terrestrial mammals, and there seems no need for 
these whales to drink seawater in excess of what is ingested 
incidentally with feeding.

Sirenians

Species of this taxon are strictly herbivorous and inhabit 
a full range of salinities, ranging from freshwater habitats 
(Amazonian manatee, Trichechus inunguis) to full seawa-
ter (marine dugong, Dugong dugon). The West African (T. 
senagalensis) and West Indian (T. manatus) manatees move 
between fresh and marine waters, and most understanding of 
osmoregulation comes from studies of the latter euryhaline 
species (Fig. 12; Ortiz et al. 1998). Manatees are able to 
concentrate their urine, and this ability led to speculation 
that consumption of seawater was a means of maintaining 
water balance (Irvine et al. 1980). However, studies using 
isotopic water demonstrated that manatees do not voluntarily 
drink seawater, but rather, during periods of fasting, derive 
the water they need from metabolic water as in pinnipeds 

Fig. 12  A Florida manatee, Trichechus manatus latirostris, subspe-
cies of the West Indian manatee and the largest living sirenian, moves 
freely between fresh water and seawater. West Indian manatees do 
not drink seawater under natural conditions, but they will drink fresh 
water when it is available. Photograph by Dan Costa
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and cetaceans (Ortiz et al. 1999). West Indian manatees will 
drink fresh water when it is available, and water turnover 
studies demonstrate higher turnover rates in animals residing 
in fresh water (Ortiz et al. 1998, 1999; Ortiz 2001; Ortiz and 
Worthy 2006). Recent studies of captive dugongs (Dugong 
dugong) indicate very high water turnover rates for a marine 
mammal, and data suggest that dugongs may consume sea-
water either by voluntary drinking or incidental drinking 
(Lanyon et al. 2006). Structure of the kidney suggests that 
this species has a greater concentrating ability than does the 
manatee (Ortiz et al. 1998).

The consumption of incidental and dietary water can 
be high in manatees, but concentrations of electrolytes 
and osmolality of blood plasma is similar in free-ranging 
freshwater and marine manatees, suggesting the likelihood 
that wild animals in freshwater environments have access 
to salts—either by moving occasionally to marine water or 
selectively consuming vegetation such as seagrasses with 
higher salt content (Ortiz et al. 1998, 1999; Irvine et al. 
1980; Medway et al. 1982). Therefore, captive manatees 
held for long periods in fresh water may be susceptible to 
hyponatremia (as are seals).

Because manatees do not drink seawater (Ortiz et al. 
1998) and are commonly found in sodium-depleted environ-
ments (Best 1981), imbalances of sodium and electrolytes 
are expected. Little is known concerning the endocrinol-
ogy of water balance in manatees, but the RAS–aldosterone 
system is present and appears to regulate sodium balance 
(Ortiz et al. 1998). Responses of these endocrine systems 
decrease when freshwater manatees are exposed to salt water 
and increase when returned to fresh water. The sensitivity 
seems to be greater than in pinnipeds and dolphins (Ortiz 
et al. 1998; Ortiz 2001).

Mustelids

Thirteen species of otters occur in both freshwater and 
marine habitats. Roughly half of the species are entirely or 
partially marine, and there is relatively little known concern-
ing the drinking and water balance of these animals. Sea 
otters (Enhydra lutris) are entirely marine and have the abil-
ity to concentrate their urine somewhat greater than do river 
otters (Lutra canadensis), and can excrete  Na+ and  Cl− at 
concentrations that are greater than that in their environment 
(Costa 1982). Like manatees, the river otter has retained 
the capacity to concentrate urine, even though adapted to 
a freshwater habitat. Importantly, sea otters actively drink 
seawater as a means of excreting nitrogen (urea) and are 
the only marine mammals reported to actively consume sea 
water (Costa 1982). The fluxes of water in sea otters are 
reported to be quite high (269 ml kg−1 day−1) compared with 
data for pinnipeds (Costa 1982).

Polar bears

The water requirements and intake of water are not well 
understood and are complicated by the availability of water 
in the form of cold snow and ice from which the salt has 
been leached. If polar bears ate much protein, as in captivity, 
the acquisition of sufficient water to eliminate the metabolic 
end products would be energetically demanding or stressful. 
Wild polar bears do not need much water in winter, because 
they eat mostly fat in the form of blubber (Perry 1966; Nel-
son et al. 1983). The metabolic water produced from the 
catabolism of fat evidently maintains normal hydration, as 
it does in denning black bears (Nelson et al. 1973).

During summer, polar bears roam around freely and uti-
lize a variety of food sources including waterfowl, berries, 
grass, and seaweed (e.g., Russell 1971). It is reported, how-
ever, that bears can undergo metabolic adjustments that do 
not require them to feed and drink daily (Nelson et al. 1973, 
1983). This involves utilization of body fat while protecting 
lean body mass. Blubber and some skin of seals also provide 
a store of other nutrients, so metabolism of largely fat from 
these prey may not require other sources of nutrients. The 
requirements of non-denning, lactating, and growing bears 
are different. Protein is required for growth and production 
of milk. This may have little influence on water balance; 
however, because protein is used for requirements of growth 
or milk rather than being catabolized (Manchester 1970).

Thus, polar bears have evolved a strategy of metabolic 
adaptation that involves feeding primarily on fat, and this 
minimizes the need for consuming water. Further studies 
are required, however, to understand the drinking behaviors 
of these unusual carnivores.
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