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The Origin of Marine Turtles:
A Pluralistic View of Evolution
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Turtles, an ecologically diverse group, are found through-

out the tropics and most of the world's temperate regions.
Their distribution appears to be limited primarily by climatic
conditions of higher latitudes and altitudes (obsr, 1986).
Although turtles have apparently evolved from terrestrial
stem groups (Carroll, 1988; Reisz and Laurin, I99l; Lee,
1993), most of the 251 living species can be found in aquatic
freshwater) habitats (Ernst and Barbour, I 989). Some groups,
such as the land tortoises (Testudinidae) and several emydid
genera includi ng Pvxidea, Geoerwda, and Terropene, have
(

secondarily adapted to a terrestrial existence (McDowell,
1964; Pritchard and Trebbau, 1984; Ernst and Barbour,
1989). Relatively few living turtles are marine. Seven species of sea turtles (Dermochelyidae, Cheloniidae) and one

emydid (Malaclemys) are found primarily

in marine or

estllarine habitats in which the water salinity is more concen-

trated than the turtle's body fluids. Several species are
occasionally found in brackish water (Dunson, 1984; Dunson
and Mazzottr, 1989).
There are numerous fossil groups which are presumed
to be marine. A conservative approach would suggestthat"24
marine (including estuarine) taxa have evolved from at least

four separate freshwater aquatic or semiaquatic lineages

within the microorder Chelonioidea and families
Plesiochelyidae, Pelomedusidae, and Emydidae (after
Gaffney and Meylan, 1988). Physiological evidence, show-

ing a gradation in osmoregulatory adaptations to
hyperosmotic water in extant species (Dunson, 1984,1986;
Dunson and Mazzottr, 1989), reinforces the inference that
marine lineages have evolved from freshwater aquatic or
semiaquatic ancestors.
Some marine taxa have morphological characteristics
which appear to be tunctionally related to a pela_eic existence. The Chelonioidea, which includes all present-day
groLlps and 16 extinct genera of sea turtles, can be united on
the basis of features of the forelimb such as digit elongation,
restricted joint surfaces and changes in the humerus, and
carpal and tarsal elements (Gaffney and Meylan, 1988). The
resulting flipper-like forelimb allows locomotion by means
of dorsoventral strokes as contrasted by freshwater turtles,
which propel their bodies by means of lateral strokes of the
hind limbs (and in some cases all four limbs) (Zanged, I 953;
Walker, l9l3). other structural features which have been
associated with adaptation to the marine environment in-

cltrde reduction in dermal bone (Zangerl, 1980), skeletal

growth patterns which may be uniqne to rapidly growing
marine species (Rhodin, 1985), and a nearly or cornpletely
roofed skull which may be associated with the streamlining
effect of a nonretractible neck (Pritchard and Trebbau, 1984).
The correlation of rnorphological change with adaptation to marine life is not always justified. Carettochelys
insculpta ts a relatively large turtle with marine-type flippers
and mode of locomotion. Although it can apparently withstand brackish conditions, it is found primarily in freshwater
habitats throughout its range in New Guinea and northern

Australia (Ernst and Barbour, 1989; Georges and Rose,
1993). Wood (1916) has speculated that Stupendernys
geographicus, a large fossil pelomedusid turtle, may have
been a freshwater form in which one or both pairs of limbs
were modified into flippers. Other fossil pelomedusid turtles
(Taphrosphys) are generally presumed to be marine primarily because of their deposition in near-shore marine envi-

ronments (Wood., 1972,, 1975). Some extinct marine taxa
included within the thalassemyid and toxochelyid groups
(Zangerl, 1953; Zangerl and Sloan, 1960; Zangerl, 1980)
show varying degrees of aquatic specialrzation with regard
to the forelimb skeleton and, by inference, the mode of
locomotion.
The initial shift to the marine environment undoubtedly
involved extensive reliance on behavioral osmoregulation
and acquisition of physiological speciahzatron to reduce net
water loss and net salt uptake. Feeding adaptations to reduce
the incidental drinking of saline water may also be important

(Table l) (Dunson and Mazzotti, 1989). Evidence concerning the origin of changes in habitat is unlikely to be deciphered from the fossil record because changes in behavior,
soft anatomy, and physiology are not preserved. In addition,
while the shallow waters of continental margins and inland
seas are ideal areas for the preservation and subsequent
exposure of fossils, it may be difficult to determine whether
the animals actually lived in this area, inhabited a more truly
marine environment, or washed in from freshwater streams
or lakes (Carroll, 1988). Although the salinity milieu of
many fossil localities where marine forms have been found
can be characterized on a general scale, a thorough understandin.-e of adaptation to habitats along the saltwater-freshwater ecotone requires knowledge of microgeographical
and temporal changes in water salinity. For example, the
seas that spread over continents during mid and late Creta-

of marine transgressions are associated with
broad warm weather zones and widespread moist climates
(Hallam, 1992). These epicontinental seas were probably

ceoLls periods

characterized by sluggish circulation patterns (Vermeij,
1995). In these relatively stagnant, shallow seas it is likely
that freshwater runoff from adjacent land and rainfall provided microhabitats of reduced salinity. The salinity relationships of the snapping turtle (Chelvclru ,terpentinct) show
that nascent marine forms may spend only a limited amount
of time in aquatic habitats hyperosmotic to body fluids, and
water salinity can be a dominant factor limiting geographic
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rarl-se (Kinneary,, 1993) (Fig. l; Table 2). Physiologically
si.-enificant vertical salinity gradients and tidal fluctuations

can also be important variables (Kinneary, 1992a, 1993).
The diamondback tenapin (Malaclemt:s terrepin), the
only living turtle found exclusively in estuarine habitats, can
serve as a model to illustrate how difficult it might be to gain
an understanding of the incipient stages of marine adaptation
from fossil evidence. This species, although possessing a
unique suite of behavioral and physiological adaptations to
the marine environment (Robinson and Dunso n,, l9J 6; Dav-

enport and Macedo, 1990), is difficult to distinguish on
osteological grounds from Graptelr?)r.r and other closely
related freshwater groups (McDowell , 1964; Wood,, 1977).

Fossil Malaclentys have been recovered from the same
deposits as Pseudenrys nelsoni, a species that physiological
and distributional studies show is less tolerant of saline
conditions (Dobie and Jackson, I9l9; Dunson and Seidel,
1986). Likewise, in terms of traditional experimental science, the shift to a new adaptive zone is difficult to observe
directly because it is a relatively slow process. A plausible
causal scenario concerning the origin of marine turtles can
be modeled through both experimentation and observation
of natural populations, which show a gradation in use of
marine habitats. The evidence suggests there are a multitude
of pathways and causal factors involved.
Preadapta,tiort.
An examination of groups that appear to be actively invading
the marine environment suggests that preadaptations can be a factor in the evolution of
marine forms. Preadaptation is used here in the same sense
as exaptation (Gould and Vrba, 1982). The term describes a
character that asslllnes a new use, occasionally facilitating a
shift into a new habitat. Those typically freshwater species
that are sometimes found in hyperosmotic habitats common
to coastal areas, such as the North American snapping turtle

(Chelydra serpentina) (Dunson, 1986; Kinneary, 1993),,
African and Asiatic softshell turtles (Trionvx triunguis,
Pelocltelys bibroni) (Pritchard, 1919; Rhodin er al., 1993),
and Malaysian emydids (Batagur boskct, Callctgur
borneoensis) (Dunson and Moll, 1980; Davenport and Wong,
Table l. The teeding habits, weight changes, and plasma osmotic
concentrations of two snapping turrtles captured on the south (sea)
shore of I ong Island, New York (Fig. lB) and held for 25 days each
in fresh (tap) and then brackish water (Instant Ocean) in a 160 liter
outdooraqLlarium. Salinity (o/oo) and temperature ("C) were
recorded daily. The turtles were offered whole sea smelt at irregr-rlar
intervals, but at least once per week. The number of fish consumed
over a2-3 hour period was recorded and any remaining food was
removed from the tank (Kinneary, 1 992a). Values are means * SD.
weights in kg.

Initial Final % Change Temp. Plasma osmotic zo Food
("C) Concentration Consumed

Weight Weight In Wei-eht

(mOsmolal)
Final

Initial
Freshwater 5.6

Brackish 5.6

5.6
5.1

0

26.9 +

-8.9

24.5 +

2.2 275.0 273.0
2.9 2l3 .0 3t 4.5

r00
.i.

* When switched to brackish water both turtles continued to feed,
consurnrng.l}.Vo of the food offered at three feeding periods during the first l0 days
(salinity = l3 .2 + 2.3 o/oo): however the anirnals retui6d to eat for the
remirinder of the 25 day resr period (salinity rz.7 t 3.4 o/oo).
-

I-

1996

1986) are relatively large turtles, sLlggesting that increased

body size is a preadaptation (Moll , 1994). Although
inte-eumental permeability to water and ions and behavioral

osmore-gulation is

of primary importance, particularly to

nascent marine groups (Dunson, 1986;Mazzotti and Dunson,
1989), the skin is nevertheless a major site of water efflux
even in the most advanced marine reptiles (Minnich, I 982).

In the dehydrating conditions present in salt water, a relatively large body size, with the concomitant reduction in
surface/volume ratio, is an advantage particularly to incipient marine forms without other adaptations. Experimental
evidence confirms this hypothesis. Growth is reduced to
zero in slider turtle s, Trachentys decussata, at a significantly
lower salinity for hatchlings than forjuvenile turtles (Dunson
and Seidel, 1986). Hatchling snapping turtles show a strong
inverse correlation between body size and mass loss when in
hyperosmotic brackish water (Kinneary, 1992a). In addition, although the data are inconclusive, it is of interest that
of seven snapping turtles held in experimental enclosures in
a brackish tidal creek, only the largest was able to maintain
body weight (Table 2;Fig. 1). It is possible the size advantage is also due to ontogenetic change in some aspect of
osmoregulatory physiology (Dunson, 1986). Large body
size may also be an important advantage when the problems
associated with thermoregulation in cold subpolar waters and
the energetics of long distance travel are considered (Carr and
Goodman, 1970; Hendrickson, 1980; Paladino et al., 1990).

Adaptive mechanisms for terrestrial survival can,

at

least in one case, be considered as a preadaptation for an
estuarine existence. Mud turtles (Kinosternon) are generally
considered to be aquatic turtles that spend a relatively large
part of their life cycle in the terrestrial environment (Bennett
et al., 1970; Gibbons, 1983;Frazer et al., l99l). Although
they show little physiological specialization for life in saline
water (Dunson, 1979, 1981), mud turtles do inhabit small
islands in the Florida Keys (K. baurii) andalong the Atlantic
coast (K. subrubrwn ) in which the aquatic habitats are subject
to wide fluctuations in salinity. They are apparently able to live
in these high salinity areas by using temestrial retreats when
water salinities reach stressful levels (Gibbons and Coker,
1978; Dunson, 198 I ).

Direct Selectiort. Ample evidence sr-rggests that
natural selection for marine adaptations is an important
causal factor in the evolution of marine turtles. Direct
selection operates on variations in a specific trait and, when
such variation is genetically transmitted, it may result in
differential representation of that trait which is more adap-

tive (Mitchell, 1992). Dunson ( 1986) studied coastal snapping turtles and found evidence for a salt marsh ecotype.
Hatchlings from coastal Virginia grew faster in brackish
than in freshwater, while inland New Jersey hatchlings grew
faster in freshwater. I have reported on an estuarine population of the same species from coastal Long Island, New York
(Kinne ary, 1992b, 1993). Comparison with hatchlings from
an inland New Jersey freshwater site showed that observed
differences in the salinity of growth optima are due to a
marked inability of the estuarine groLlp to grow in freshwater
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logue, the lacrimal -eland (Dunson, 1916). Although an
empirically justified and general explanation for the evolution of chan-ees in form and function of tissues and organs
does not exist (Muller and Wa-ener, 1991), the evidence
strongly su..qgests that salt glands have evolved as a direct
selective response to the ri..eors of osmoregulation in seawater (Dunson, 1984).
Hendrickson ( 1980) has looked at selective factors
other than those involving osmore-.eulation and derived an
evolutionary history of sea turtles based upon the ecological
strategies of modern groups. His scenario points to the vast
physical extent of the ocean environment, remoteness of
nesting beaches, and devastating mortality rates of hatchlings
and juveniles as driving the selection for relatively large,
highly mobile, and fecund marine forms.
When a trait evolves as a secondIndirect Selection.
ary consequence of selection for a different suite of traits it
is rermed indirecr selection (Mitchell, 1992). The distinction
between direct and indirect selection is important because
there may not always be a direct causal relationship between
natural selection and the evolution of marine adaptations in

turtles (Endler, 1986). For example, Dunson and Travis
(1991) have shown that biotic factors, such as competition

Figure l. Snapping turtles, Chebdra serpentina, were kept indi. -iulrlly in wire holding pens (A) at capture sites in a brackish tidal
- :eek (B ) on the south shore of Long Island, New York. Compariith

freshwater control suggests water salinity is a dominant
-:-tr.u' limiting snapping turtle distribution (Kinneary, 1993).

-,-,rl u

a

:uther than to enhanced growth in saline water. Physiologi;ul evidence together with the glacial history of the study
.ire il suggests the coastal group represents a very early stage
tn the evolution of adaptation to the marine environment.
Dunson and Mazzotti ( 1989) have reconstructed a general evolutionary seqlrence for the gradual selection for
inarine adaptations in reptiles. Their scenario concerns the
problems associated with hypo-osmoregulation in seawater
rurd tollows a temporal hierarchy, extending from a primary

reliance on behavioral osmoregulation to selection for the
nrost derived conditions (development of lar-ee salt -glands
and external morphological changes for a pela-eic lite). The
turtle kidney is unable to excrete urine hyperosmotic to the
plasrna (Dantzler, 1976). In the dehydratin-e conditions
a turtle rnust use extrarenal
mechanisms to aid in ion and water balance. Experimental
e vidence shows intraspecific geographic variation in water
and e lectrolyte budgets in softshell turtles (Apalone spinrfera)
and snapping turtles from freshwater and brackish habitats

present in the marine environment,

(Seidel

,

197

5; Dunson, 1986).

The salt gland is a major route of extrarenal salt excretion in the most advanced marine groups, such as the sea
turtles (Cheloniidae, Dermochelyidae) and the estuarine
Malaclemys terrapin.It has evolved independently at least
twice in the three groups from its "nonfunctional" homo-

for food, and abiotic factors, such as water salinity, may play
an integrative role in determining habitat segregation along
abiotic clines. Dunson (1986) has suggested that interspecific competition is an important factor in determining the
spatial distribution of turtles along salinity gradients. In this
case the competitive interactions between species would

have an incidental or indirect effect on the amount of
selection pressure for physiological adaptation to salinity.
Similarly, the correlation of environmental variables
may indirectly influence the results of natural selection.
There is circumstantial evidence that nesting ecology, in
those species of turtles which live near the freshwatersaltwater ecotone, has played an indirect but important role
in the evolution of marine groups. In these habitats there is
frequently a correlation between otherwise suitable nesting
sites and physiolo-eically stressful, high-salinity water.
In -eeneral, the criteria for nest site selection among
species is variable. Physical factors such as soil type, amount

of

ve-getation cover, steepness and compass direction of
.-eround slope, and exposure to sunlight, apparently influence
site selection (Burger and Montevecchi, I9l5; Ehrenfeld,
1979). Moll (1994) considers the thermal environment of
potential nesting habitat to be a primary factor influencing
the selection of sea beach nesting sites by the freshwater
Trachenl\,s scripta venustcr from Caribbean Costa Rica. In

addition, the extremely high rates of egg and hatchling
predation suggest that over evolutionary time this biotic
factor is a major determinant of nest site selection (Mortimer,
1982). Hendrickson (1980) has suggested that predation by
large land animals on adult turtles is the overriding factor in
the selection for behavioral patterns leading to choices of
isolated beaches for nesting marine turtles. The salinity of
the aquatic environment to which hatchling turtles will be
exposed does not appear to play a primary role in the
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1980) shows the temporal relationships

for

Table 2. The effect on body weight when snapping turrtles were

(

held in enclosures at capture sites of relatively high salinity (Fig. I ).
To insure that food was not limiting, an excess was placed in the
pens twice a week. Five specimens kept as a control at a nearby
freshwater site showed no change in body weight (adapted frorn
Kinneary, I 993). Values are * SD, weights in kg.

toxochelyid taxa found in marine formations from coastal
and interior North America. These groups extend from the

Specimen Days in

Enclosure

I

ll

2

t6

3

2L

4

27

5

l5

6

I2

l

Mearns:

T4

16.6 + 5.6

Salinity Initial Va Change
(o/oo) Weight In Weight

14.2 + 0.6
2.5
10.3+4.1 3.0
+
10.5 3.3
3.3
9.6+3.5 3.4
20.9 r 5.5
3.8
17.2 + 8.0
8.7
+
t4.6 2.t
12.0
13.9 +

4.2

5.2 +

3.6

-

Remarks

Died at I I days

-6.1
-9.1

-20.6

Diedat33days

-26.7

-t2.6
0

-t2.6 + 9.1

twenty

Coniacian stage of the late Cretaceous to the beginning of the
Paleocene, a period of about 23 million years, during which
there is evidence for at least five significant marine transgression-regression events in the US western interior, with
a maximun sea-level about 250m above the present (Hallam,
1992). Glacial and interglacial sea level fluctuations along
the US Atlantic and Gulf coasts during the Pliocene and

Pleistocene are speculated to have been a factor in the
evolutionof theestuarine Malaclemts (McKown, L972) and
related freshwater Graptemys (Lovich and McCoy, 1992).

Conclusion
selection of nesting sites in some populations (Dunson and
Moll, 1980; Pritchard and Trebbau, 1984). It is likely that the
choice of a nesting site is a compromise between opposing
environmental constraints and selection factors.
Evidence suggests that some turtles nest at sites which
expose hatchlings to stressful salinities and by inference,
strong selection for the evolution of behavioral and physiological adaptations to the marine environment. Dunson
(1985) has found that hatchling diamondback terrapins are
unable to grow in the high salinities found in the vicinity of
many nesting sites without periodic access to freshwater for
drinking. Callagur borneoensis nests on Malaysian ocean
beaches along with sea turtles. Hatchlings and juveniles are
not physiologically specialrzed for high salinities (Davenport and Wong, 1986), yet they may traverse as much as 3 km
of high-salinity water in order to reach suitable habitat
(Dunson and Moll, 1980). There are reports of other typically non-marine species, such as Batagur baska, Pelochelys
bibroni, and Carettochely s insculpta, occasionally using sea
beach nesting sites (Georges and Rose, 1993; Rhodin et al.,
1993; Moll, 1994). I have observed that snapping turtles
from coastal Long lsland, New York, will occasionally use
nesting sites at which the nearest water is not suitable for
hatchlings because of high salinity. Additional considerations concerning site fidelity and communal nesting behavior characteristic of some groups (Moll, I97 8; Obbard
and Brooks, 1980) indicate that nesting ecology may play
an important role in the indirect selection of marine adaptations.
Chance Factors As in many evolutionary scenarios,
chance must be considered as a causal factor in the evolution
of marine adaptations in turtles. Stochastic factors play an

important and oft forgotten role in natural selection. It is
often a chance event which individuals survive predation
and natural catastrophes (Mayr, 1988). Random events
become particularly important when one considers the highly

variable physical nature of salt marshes and other coastal
habitats (Teal and Teal, 1969; Brown and Gibson, 1983).
Sea-level variations due to tectonic movements and related
climatic changes may be plausibly linked to the diversity of
fossil marine taxa through increased provincrahzation and
promotion of allopatric speciation (Vermeij, 1995) . Zangerl

When the evolution of marine turtles is viewed from a
it can reasonably be inferred that a
serendipitous constellation of causal factors must fall into
place for evolutionary change to occur. Living taxa can be
used to model different stages in the evoh"rtion of marine
groups. For example, preadaptations, such as relatively
large adult body size (Chelydra serpentina,, Pelochelys
bibroni), allow increased use of marine habitats and possible selection for local ecotypes as exemplified by some
coastal populations of snapping turtles (Dunson, 1986;

holistic perspective,

Kinneary, 1992b).
The sea beach nesting patterns of slider turtles,
Trachemys scripta venusta, illustrate how some of these
causal factors may have been involved in the origin of
marine forms. Relatively large body size of the adult female
turtles, the coincidental correlation of suitable nesting habitat with physiologically stressful, high salinity aquatic habitat, and biotic factors concerning predation on adults,
hatchlings, and eggs all appear to be factors resulting in
marine excursions and selection of sea beach nesting sites
(Pritchard and Trebbau, 1984; Moll, 1994). Moll (1994) has
suggested that the relative gigantism characteristic of this
slider turtle population has evolved in response to biotic and
abiotic, direct and indirect selective pressures associated
with the marine phase of its life history.
The vicariant events associated with past variations in
sea level may also be considered as factors in the origin of
marine taxa. Over evolutionary time a multitude of causal
factors interact simultaneously and synergistically, making
it difficult to assign them relative importance or temporal
hierarchy. Preadaptations, together with various direct and
indirect selection processes involving behavioral, physiological, and life history adaptations to marine life interact

with stochastic factors both intrinsic and extrinsic to

the

organism. A pluralistic and dynamic viewpoint is necessary
for a realistic understanding of much evolutionary change,

particularly regarding the complex pathways associated
with a shift to a new habitat.
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Subadult loggerheads (Ca rettct caretta) are the most
common sea turtles in the northwestern Gulf of Mexico
(Hildebrand, 1983), occurring nearshore where they feed
primarily on benthic invertebrates (Plotkin et al., 1993).
Adult loggerheads also occur in the northwestern Gulf
but appear to be less abundant than subadults, do not
regularly nest on any beach in this region (Dodd, 1988;
Shaver, I99l), and presumably migrate to rookeries in
the eastern Gulf of Mexico or the western Atlantic Ocean,
including the Caribbean Sea (Meylan, 1982; Dodd, 1988).
A few documented reports of post-hatchling and juvenile
loggerheads exist from the northwestern Gulf of Mexico,
most of which come from individuals stranded on the

Texas coast within the size range (< 40 cm curved
carapace length) once referred to as the "lost year," but
more recently termed "pelagic stage" (Carr, 198 6, 1987).

Pelagic stage loggerheads are known inhabitants of
driftlines and convergence zones where they find refuge
and food in Scz rgossam and other items that accllmulate
in these surface circulation features (Fletemeyer, 1978;
Carr and Meylan, 1980; Van Nierop and Den Hartog,
1984; Carr, 1986; Richardson and McGillivary,

l99l;

Witherington, 1993). Pelagic stage loggerheads are rare
in US waters (Carr, 1986), but recent strandings in Texas

suggest they may be more common than previously
believed (Plotkin, 1989).
Between 1987 and 1993 I examined l0 juvenile
loggerheads that were stranded on the south Texas coast
(Mustang Island, North and South Padre Islands). I measured curved carapace length (CCL) and noted the general condition of each turtle. I performed necropsies on
seven dead specimens, collected and preserved digestive
tract contents in l07o buffered formalin, and identified
food items to the lowest taxon possible. Three live turtles
were generally in poor physical condition and were held
in captivity, rehabilitated, and then released. The results
of these studies are presented in Table 1.
The size of the loggerheads I examined ranged from
10.8 to 32.5 cm CCL (x = 20.7 crn, SD = 8.7). These
juvenile loggerheads are within the pelagic stage size

range which Carr ( 1986) reported missing from US
waters and which are abundant in the eastern North
Atlantic Ocean near Madeira and the Azores (Bolten et
al., 1993). Carr's ( 1986) dispersal scenario for neonate

