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of sexual differemiation has adapane value.

v rropucTIioN

Sea turtles are commonly thought of as

tropical animals. This view requires macd-
ihcation (Bleakney, 1965). Loggerhead qur-
thes (Caretta caretta ) have a sub-tropical nest-
ing range. Green turtles { Cheloria mydas ) and
toggerheads hibernate in cool water. Leath-
nrﬁﬁ:ka { Dermachelys cormesa) swim far inco
the northern and southern hemispheres
and New England waters have recently
been proposed as “critical habitat” for the
Atlantic ridley | Lepidochefys kempi) and ofh-
er species (Lazell, 1980), Marine turtles are
not confined to the tropics but can expe-
rence and survive widely different tem-
peratures. Study of their thermal charac-
teristics is therefore likely to provide
insight inta their life cycles. Even in the
tropics smaller temperature changes have
important effects on the reproductive bi-
ology and behavior of turles.

Temperature is known to influence sex
ratio, incubation duration, emergence
from the nest, activity, ih, survival,
hibernation, internesting interval and dis-
tribution, These topics will be discussed
below. OF course temperature is not the
omly factor of importance in these facets of
the life cycle. However, striking effects are
already apparent from the relatively few
existing studies.

' From the Symposiuin on Bebarrored and Repradur.
v Biology of Sew Tuerdles presenced ar the Annual
Meeting of the American Soviery of Foologiss, 97—
0 Devember 1979, o Tampa, Flovida,

TlxcusaTion DuraTion

When turtle eggs are kept at constant
temperature, incubation duration is longer
at cooler temperatures; over the range of
26-33"C, a 1°C change decrease adds
ahout 5 days to incubation (see Mrosovsky
and Yntema, 1980, for a review). In nat-
ural conditions, it has been estimared that
a 1°C decrease adds about .5 davs. In the
latter study the tempermure of the eggs
was only inferved from readings in adp-
cent soil taken twice daily, Metabolic
warming of the egys compared to a control
site near the eprs, but not wo near to be
warmed by them, has been well docu-
mented (Carr and Hirth, 1961: Bustard,
1972; Raj, 1976, Kraemer, 1979), but fac-
tors affecting the amount of warming have
not been looked at systematically,

Incubation of chelonian eggs has heen
thoroughly reviewed by Ewert {1979); he
suggests that risk of looding may be one
evolutionary pressure for the relatively
short incubation durations in sea wrtles.
In general, there is nothing remarkable
about the effects of temperature on incu-
bation duration of sea turtle eggs. More
extensive data would be useful, however,
because then duration could be used as an
index of temperature prevailing in the egg
mass. This could be a valuable wol in
working on the effects of temperature on
sex ratio.

™ SEx Batio

Following demonstrations with fresh.
water turtles that the temperature of the
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eggs during incubation has dramatic ef-
fects on the sex ratio (Pieau, 1972 Ynie-
ma, 1976), it has been shown that sea tur-
tles {Caretta cavetta) are atfected in similar
ways (Fig, I; Ynrema amd Mrosovsky,
1979). At higher temperatures there are
more females, Pivotal emperatures were
defined as those over which the sex ratio
changed greatly.” At these temperatures
the ratio is highly sensitive to temperature
with even 1°C making a considerable ddif-
ference. Cateporization of sex s made
from microscopic differences in the go-
nads of the hatchlings (Yntema and Mro-
sovsky, 1980). Twao pieces of evidence
suggest that sex at hatching reflects sex lat-
er on. First, at the Cayman Turtle Farm,
sex ratios were highly skewed in different
directions in different batches even several
vears after hatching (Owens and Hen.
drickson, 1978). Second, sex in freshwater
turthes Ewys orbicularis, kept up o 59 mo
was the same as that of amimals from the
same clurch studied at hawching (Pieau,
1976), The matter needs more extensive
1l.1.u:l1. but at present there is nothing to
lindicate that sex in trtles changes later in
ontogeny {see also Bull and YVogt, 1979,
Several species including three sea wurde
species (Bickham, 1979 have been shown
to lack distinguishable sex chromosomes.
OF cowrse differences might sull be re-
vealed by other methods, but given the
lack of marked dimorphism in the chro-
mosomes and the effects with rempera-
ture, it is reasonable 1w suppose that sex is

=environmentally rather tham genetically
ae winéd {zde

alsplittiuzeh; 1935 )

I'his phenomenon raises many ques-
tions:

1) Are temperatures giving a 1:1 ratio
the same for populations of turtles nesting
at different latitudes? Presumably not, be-
cause turtles nesting on cooler beaches
woulld have difterent demographic pro-
files, but perhaps there is some inflexibility
i the P"‘ otz temperatures. This could act
as a limiting factor in the selection of nest-
ing beaches.

2} Could there be any within season
change in temperatures giving a 11 ratio
or are more male turthes produced at the
cooler ends of the nesting season, «.g., with
logrerheads in South Africa or the U.S.A
{Hughes and Brent, 1972; Kraemer,
197957 Or do pivotal temperatures span a
broad enough range to give both sexes
throughout the season?

3) Is the sex ravio reallv 1:1 in nature?
Given exploiation of wtles by man and
the greater vulnerahility -:bl\[r‘-:malc:i at nest-
ing, it may be impossible to discover what
is the sex ratio of undisturbed populations.
At least there s now a method of deter-
mining the ratio at hatching.

4) Daoes the behaviour of the nesting fe-
male have a major effect? When do turtles
sclect nest sites bencath vegetation, and
how much does this influence temperature
of the eggs beneathr Judging by the near
doubling of incubation dusation in windy
shady places (Bustard, [1972), nest site se-
ection should make a considerable differ-
ence Lo sex ratio (see Mrosovsky and Yne
tema, 1980, for a quantitative treatment).

3y Dwoes the phyvsiology of the Female in-
fluence sex ratio? Is clutch mass or size, for
instance, a significant factor? Incubation
plus emergence times of large cluwches are
slightly shorter than those ot small clutches
int hawkshill wartles, Evefmochelys imbricata
(Garnett, 1978).

G} Will cooler eggs at the edge of the
clutcch (Bustard, 1972) tend to produce
more males? Do predicors such :1:-3.“'1.:';|.|‘:l.'-
take eggs preferentially from the edge of
clutches?

71 Might remperature at inculxtion
contribute o the wide and unprediciable

Huctwations in uumhn:'l of tunh.-s TSt
on o given b -hu—.n

':f'l'ﬂ\'w'



warm spells augmenting the numbers of
females arviving many years later?

Many of these questions can be tackled
individually. Some with implications For
conservation procedures have already
been considered elsewhere (Mrosovsky
andd Yotema, 1980}, But it would be more
stisfictory to have some guidance from
an overall understanding of the adaptive
value of having sex ratio dependent on
temperature, Postponing sexual differen-
tiation to a time when there might be ad-
vantages in being either male or female is
one possible reason for environmental de-
termination of sex (Charnov and Bull,
1977} but this is not obviously pertinent to
turtles because determination of sex is only
postponed until incubation. Rather than
search for other possible adaptive advan-
tages of envirenmental determination of
wx, it may be wise first idngquestion the as-
sumption that turtles are perfectly adapt-
ed. There may be constraints, limits in ge-
neric virianoe, that are Barriers to evolving
mher systems {see Lewontin, 1979). Tem-

rature determination of sex, even if it
eives much to meteorological caprice,
might work Hf]ﬂfll.lﬂlftl:ln' but not have any
special advantages. It is plansible that this
is really the correct answer to the question
of adaptive advantage of environmental
determination of sex in turtles.

There are, however, two points that
raise cautions about accepting this view
unreservedly at present. First, it has heen
claimed that there is at least one species of
turtle, Trivnyx spiniferus, whose sexual dif-
ferentiation is not temperature dependent
(Bull and Vogi, 1979). Second, there is
more to it than most wrtle speces simply
being encumbered with this way of deter-
mining sex because they have been unable
to evolve anything better, IT that were the
case, surely the importance of temperature
could at least have been limited, bun turtles
are not merely dependent on temperature,
they are sa highly dependent that a change
of as little as 2°C can make a huge differ-

s ence in sex ratio, Therve may indeed not be
much value in speculating about some
overill adaptive value of having sex deter-
mined by temperature, byt siven that or-

»5 wic this methed #mh?mﬁ’k

Suir=

vival value in the quantitative aspecis of
the system. Perhaps physiological con-
straints aré primary here. For instance, il
female and miltrrrrmju-:ing lemperatures
were not sharply divided, intersexes mighi
- i

result too frequentlv. A System with such
i characteristic might nevertheless be put
to other uses,

One possible value in having a sharp di-
vision between m emale produg

temperatures could be that it provides an
opportunity o vary sex ratios, either by
spatial or temporal selection of nest sites
for instance. Evolutionary theory tells us
that in populations as a whaole the primary
sex ratio should be equal, assuming that
parental investments in producing a male
and female are equal rlé'tshcr, 1930; Wil-
liams, 1979). This assumption holds in wr-
thes since sex is not even determined at the
time the female turtle leaves the eppes,

In certain circumstances, however,
skewing of sex ratio by an individual may
be advantageous. In particular, if there is
a wide variance in the reproductive success
of the male (such a3 occurs when a domi-
nant male establishes a harem and ex-
cludes other males from breeding), then a
sex ratio in favour of males might be ad-
vantageous if environmental conditions
were benign. IF there was a good chance
of producing a strong healthy male off-
spring that was successful in competition
for females, many genes might be pussed
on o future generations, But if the mother
was raising young in marginal conditions,
it might be better to produce more fe-
males. Probably at least some of these
might bear young, while & weak male
might not have the chance of mating at all
{(Trivers and Willard, 1973), An assump-
tion in this view is that the condition of the
young at the time of parental investment
ends will be carried over to their condition
when they are mature. With sea turtles,
because maturation is estimated a4t more
than 30 years (Balazs, 1979; Limpus,
1975), this becomes a problem, though no
one that cannot be surmounted with a linle
IMaEination,

Skewing of sex ratio might conceivably

alaer b aelvantagenus o an individueal iF the
o m-‘&ht- i-:rfvh;é'“\'; beccme wnlood =
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anced. An mdividual could then produce
more aflspring of the rarer sex [ Mavrurd
smiath, 1978}, With environmental deter-
mination of sex no genetic committment
o producing more of thar sex need he
added to the population,

A third possilile value in having a
skewed sex ratio—in this case one thar is
permanently skewed in the population s
a whole—relates ]_rrt:dnl:-:_'l]' satiaticey, Fe-
male turtles on shore move slowly and are
easily attacked, Even before the coming of
i, turtles on land were probably raken
by other predartors such as large carni-
vores. Jaguars still kill sea turrles (Schulz,
1975). Sharks lving just offshore alio at-
tack turtles, IT predator satiation by pro-
ducing many eggs and hatchlings is im-
portant in the life strategy of turtles, then
it would be advantigeous to have more fe-
males in the population. The problem s o
sex how this could be achieved without re-
sorting W group selection, Mortality after
parental investment has ended showld not
act as a pressure skewing sex ratios, How-
ever, an indwvidual might increase her
chance of contributing toward the nexi
generation by producing more females if
those females helped each other. This is
not inconceivable given current SUEEES-
tions of predator satiation and nest site f-
delity. Twe daughters returning to the
same beach, perhaps the VErY same siretch
of that beach, might well have more than
twice the chance of getting some of their
offspring past the predators than a single
turtle has. It would be interesting 1o have
more information on the genetic similarity
of twrtles nesting on a given sirewch of,
besach.

This last suggestion is a version of a
maore peneral argument that kin structure
of a population may alter inclusive finess
benefits in producing a particular sex if kin
alter each other’s environment. Another
instance of this general argument is the
suggestion that competition for local pe-
sources by sedentary related female pro-
simians skews the ratio in favor of males
{Clark, 1978). In the latter mammalian
case, the sex ratio does not depart very
greatly from unity. It may be that hapving
&y dleterminmed F o P i o e d o H’WJdﬁ.

low turtles greater scope in varving sex ra-
v than if they were constrained I it het-
eromorphic chromosome system for
determining sex, Pronounced skewing of
the sex ratio might then occur as a re-
sponse in any or several of the situations
described above,

These speculations are tenuous, Ic is
hoped that nevertheless they will presice
a useful starting point in considerations of
the functional aspects of temperature de-
termination of sex in turtbes, and anract
atlention to two questions: Why is the sys-
lem 50 Very sensitive to temperature and
what are sex ratios in natural populations?

= NoCTURNAL EMERGENCE OF Haroanivos

Hatchling turtles usually emerge at
night, Hendrickson (1958) suggested that
heat inhibited activity during the daytime.
Uhis suggestion has been tested by mea-
suring activity of hatchling green wurtles in
Surinam: At high temperatures they were
less active and these high temperatures
corresponded fairly well with tempera-
tures commaonly prevailing at the sand sur-
face dm-ing the day i Mrosovsky, 1968), It
was proposed that above a critical level of
about 28.5°C actvity was suppressed and
the haichlings held in their nests till the
cool of night. However, it has been cor-
rectly pointed out that in Surinam scon
alter dawn the sand surface is often below

30 (Mrosovsky, 1968; Schulz, 1975).
The possibility was raised that hatchlings
have a negative thermotaxis. This would
mhibit emergence in the early morning
because the sand surface warms guickly.
However, it is also conceivable that a sim-
ple temperature inhibition of activity could
still account for the fewness of early morn-
ing emergences, Because of the lag in tem-
perature changes helow the .mri':r;c. the
coolest temperatures at 30 cm depth oceur
during -:!Mﬂrm:ﬁlﬂ-, 1968).
These cool temperatres could permit ac-
tivity which would be shut off as the trtles
worked their way wwards the warmer sur-
face. On any given night only turtles fuirly
near the surface already would experience
coul enough temperatures 1o emerge and

they would be likely e emerge fairly ?:m
afler sondowny , T nof noavthe surface
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their activity might be inhibited till the
pext day when they coubd make some up-
wiards progress before encountering the
warm surface of the daylight hours.
Inhibition of activity by high tempera-
tures is easily demonstrated (Mrosovsky
and Shettleworth, 1968). However more
thought is needed on how it should best be
measured and how it relates w nocturnal
emergence, It is also quite possible that
other factors influence emergence, or that
once stareed, the juvenile frenzy overrides
thermal inhibition, There are, however,
reasons for thinking that temperature

rather than the other obvious candidate, .

light {which might penetrate the upper
lavers of sand: Schulz, 1975) i in some way
imporant in cunlnﬁil:(:f nocturnal emer-
pence, I light was wsed for this purpose,
wrtles would have to have a negative re-
action towards it. Bug it 15 known that
hatchlings have a 5L1'L:-||gh]:|-u.'-i1i'-':: reaction
towards light and that this is the basis of
their sea-finding behaviour {Mrosavsky
and Shettleworth, 1968). Occasional emer-
gences during rainy dayvs {Carr, 196G7) is
the price paid for a system that guides the
amimals to the water so effectively,

" TEMPERATURES OF ApvLt TURTLES

Marine turtles are much easier to study
on land 30 it is not surprising that temper-
ature dama are much more extensive for
this phase of their life cycle. Virtually
nothing is known about their thermal -
ology at sea. However, inferences can be
made from the existing data provided con-
sideration is given to the different ways
that have been used to measure tempera-
ture. In this paper whenever new data are
-presented, the methods have been essen-
tially the same as those used previowsly
{Mrosovsky and Pritchard, 1971) unless
otherwise specified.

Loinaad lrmifievibiare

This is relatively easy to lake, but the
depth of immersion of the probe s an im-
[EoriaL variahle. For instance, in Ereen
turtles the median of the differences be-
Pweet rtar.iﬁg!- froem uamh: imsered 6 cm
i b ity thve s iy e ploshel
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Fiee, & Relatomship between sea and body tempers
ature measured in differens wavs . sl o differen
spages during the nesting of loggerhicad mirtles, Data
were cillected ot Jupiter Ishond, Flogidz, 221 May
1874. Histograms shaws medians, Goacul TEATh -
tuires wobe taken For each anineal al each ol the three
citferent depths shown, Eight of the 1] individoals
stdlied in the descending craw] previously comrih-
el clata o the listogrom for egy emperiures,
Nine of the [l animals studied posi-laying were
rr.ml:ing hack roward the sen, T had carried aug ex-
Lemsive covering of the eggs amd were profably just
abmint i descendd. Ascending crawls inchide (ke
crawnds,

trom a probe immersed & cm into the clo-
aca was 1.1°C for ascending turtles, n = 4,
and 75°C For turdes that had just covered
their eggs, n =5 (Mrosovsky and Prit-
chard, 1971). Clearly, a probe immersed
only 6 cm in the cloaca does not record
core temperature. The same is true for
loggerhead turtles (Figs, 2, 3); however,
provided the probe 15 inserted

15 c:_'u,___
pushing it in furrher does not give higher

values, Presumably the reading at 15 cm
reflects deep body temperature. though
not necessarily that of the muscles, With
nesting leatherback turtles Sapsford and
Hughes (1973) state that alter 16 = 6 cm
immersion emperature does nol increase
further. However, other data suggest that
it may be necessary boo msert the probe

abort T4 ewm fjmtill'ﬁ-n?ﬁrc-h.m o
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Fie, 8. Temperntures «f Foggerhead wrtles mea-
sured in different ways and ot different sges of
resting. Histograms show swedians, dos dara for in
divaiualy. Daca were collected a1 Jupiter Island, Fios-
idi, B-51 May 1974, For further details see Figure
a

For a malg leatherback in cool water, a clo-
acal reading at 20 cm gave a value 5.75°C

less than core temperature (Frair o al,
1972).

Epg tewiperature

Taking egg temperature as a way of as-
sessing body temperature has practical ad-
vantages. It is unnecessary o disturb the
turtles so that the work can be combined
with other studies. It is particularly useful
tor leatherbacks which are troublesome to
restrain or turn for other temperature
measurements. The ease of taking egg
lemperatures makes this a convenient
method of comparative work on different
turtle populations.

Fortunately egg temperatures provide a
relatively good, though not perfect, reflec-
tion of body temperature. In studies in the
Guianas {Mrosoviky and Pricchard, 1971)
deep body temperatures were aken in the

Guianas (M ed P1a31) deep body

Femperntures were tnked

Tamix U, Temferature [0 of eatherhark furiles measured
uwilhin ¥ mifn of emerging from dhe sew fo et i M,
Novembdr | 075

Andmal # COLI5T M 162
Beach Tierm Petatilla
Cadanancla®

Sca 825 26,05
Clasmal, 7.5 cm aq i w5
Chesrad, 15 cm 075 pt TS
Cloacal, 21 cm R{IEH 5
Choacal, 4 cm T 99 75
Max, clowcal = sca ] 25

* Median epp emperatnee af Teerma Colorsba was
SLL(05-335 range, n = 10) and excess of egg vem-

[eEnUare over soa lemperainre wis 37500 frange 2,2-
5.1,

same individuals in some other way after
the animals had finished covering over the
nest chamber but before concealment ac-
tivities had begun, that is fairly soon after
the readings from the egps had heen
made, For leatherbacks the median differ-
ence between body and egg wemperatures
was only .1°C (range (~.5°C, n = 4). For
green turtles the median difference was
.3°C (range .25-.75°C, n = 9), again in fa-
vour of the body temperature, This ten-
dency for the body to be slightly warmer
than the egg might be due to heat pro-
duction during covering the eggs, or o the
eggs cooling down during their passage
through the cloaca, In all measures of egg
temperature reported here or previously,
the first few eggs have always been avoided
in case they had spent extra time in the
peripheral and cooler parts of the cloaca,
However, there are no obvious indications
that eggs from the earlier part of a clutch
are eoler. In one green wrtke laying 104
egps at Pulau Selingaan, Sabah, the wem-
perature of the first egg and every tenth
ege thereafrer was recordeed: all COEsS wWere
I0.0°C, except for the 21st, B1st, 915t and
LO1st which were 29.75°C (sea = 28.5%,
air = 26.0°C),

Thus egg temperature is i convenient,
Fairly accurate way of taking body temper-
ature. However, it must be noted than the
reliability checks mentioned above only
CORCErn ETAPerdlure 4t, oF Yery near by,
the tme of lvine, We esn o mone Foeen e
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considering whether egg temperature is or
18 Mol a ]ﬂm}d index of the bady tempera-
the

ture of turile at other times.

Do turtles warm ufp during nesting?

This is a useful question not only be-
ciuse the answer helps define their ther-
mal characteristics but also because it
would tell us il temperatures taken on land
can he used to estimate how warm teriles
are when in the water,

Brattsirom and Colling (1972 believed
that metabolic activity resulting from nes-
ing raised temperatures of green wirtles on
Heron Island, Australia, bv a median of
2.0°C (range 1.7-2.6°C. n = 4). They in-
ferred this from doacal temperatures m
7.5 cm depth (Bratistrom, personal com-
munication) taken “just before and just af-
ter egg laying and nest construction™ in the
same individuals. However, they did noi
consider the possibility that a mass of
wirm eggs passing through the cloaca
might warm it up. This could be especially
important with the relatively peripheral
cloacal sites they used: these would be cool-
er than the eggs. Another factor to be con-
sidered is that the wet cloaca might cool
off when the animal comes ashore,

Although Braostrom and Collins' data
can be interpreted in terms of redistribu-
tion of heat within the animal, they may
nevertheless be right. Metaholic heat pro-
duction may warm up nesting turtles, bu
studies wsing deep body temperature are
necessary to prove this. Existing data on
core temperatures taken at various suages
of the nesting sequence do not agree on
this point. Hirth {1962) did not find any
difference between the deoacal (13 cm)
teryperature of green turtles in Costa Rica
before and after laying. These wertles had
been out of the water 3-20 min or 1-2 hr
when their temperatures were taken. In
both groups the median value was 30.0°C
in =7 per group, sca at 28 + 5°C). Mro-
soviky anmd Pricchard’s (1971) data on
green turtles in the Guianas agree with
this. Core temperatures of rurtles crawling
up the beach, before starting any digring

imedian 29.6°%C, n = 4) were close to those  communigarion),
of Zwilkes i R QWM%M RN e W dass i ine wl-?'
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Fus, 4, Helationship of sea o body temperpture
mesesured in different ways and at diffevent stages of
nesting of green turtles in the Guadanas, Histograns
show medizns, daois data Dor individuals. The same
animals: contribate 1o differene hihlll“r;ul'"-\. N anne
cases (data from Mrosoveky and Prischard, 19713,

(median 3.0°C, n = 5). See also Fig. 4 for
temperatures expressed relative to thar of
the seq, where the latter is available,
However, in another study, on logger-
head wrtles, evidence of warming up dur-
ing nesting was obtained (Figs. 2, 3). Since
miost of the animals in the post-laving sam-
ple had been turned for measurements on
their way back to the sea, afier they had
finished the nesting irself, and since the
egg temperatures were not much different
from those on the ascending crawl, the
greatest heat production probably ocours
in the period immediately after the laving
of the eggs. This is consistent with recent
data on green wirtdes; the 20 cm cloacal
lemperature just as the turtles began their
descending crawl was 1.5°C {median, n =
3) above egg temperatures of the same an-

imals (Spotila ¢ 2., 1979; Spotila, personal
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depend on differences in the prevailing
weather conditions, and on the exact stage
of nesting when the readings were made.
But tg meet a reviewer's obligation to sum-
marise, the available data suggest, at least
tor the species mentioned so far, thar;

1y Warming up during . nesting is usu-
ally shght, about 1.0°C, but less than the
2.0°C propased by Bratistrom and Collins
(1972). :

2 For loggerhead turtles egg tempera-
wre is a good index of temperature at
emergence and for green turtes a fairly
good index (higher by only about .5°C).

41 The contribution of metabolic heat.

towards warming of nesting triles prob-
ably occurs mainly after laving,

More systematic studies with berter spec-
ification of weather and stage of nesting
are of course needed. However, it some-
times happens that an unplanned, even
unwanted occurrence turns out w be al-
most as instructivg. The following anec-
dote provides strong reasons for thinking
that metaholic heat production is capable
of raising a turtle’s temperature markedly
when it is nesting, A leatherback turtle (C
O1138) ar Tierra Colorada, Mexico, starred
ta dig an egg chamber but, perhaps be-
cause it was disturbed, began to return w
the sea. Egg poachers intervened as it
reached the surf and managed to stop ir,
whereupon it started o dig another cham-
ber which promptly flled up with water.
Biologists, giving up hope of a successful
nesting, disturbed the animal further by
tagging amdd measuring it. The poachers
remained dissatisfied and encouraged the
turtle to move back up the beach where it
dug its third egg chamber and laid, The
leggs were 33.5°C, the highest egr temper-

]'amre ever recorded for a sea trtle, and
5.0°C warmer than the sea.

Having discussed some of the method-
ological problems and important variables,
we Can now try to tackle some more inter-
esting questions about the thermal biology
of adult trles,

Are letherbacks warm-Momded?
Given the fr equent gppearance of leath-

b waters (Mishimura
‘] T wreeid B8 inFhvvet =

tive to know if they have any special ther-
mal properties. If indeed they can main-
tain temperatures well in excess of ambient,
then it becomes less plausible to argue that
these northern orcurrences are composed
of aberrant animals,

Egg temperatures of leatherbacks in the
Guianas are about 1°C higher than those
of other sea erdes using the same beach
(Mrosovsky and Pritchard, 1971). On the
basis of the correspondence between egg
temperatures and hody temperatures of
green turtles emerging from the sea, this
finding had been taken as signifying that
leatherbacks were warmer in the water
also, It was then calculated, making as-
sumptions about k values in Newton's Law
of cooling, that a five-fold increase in heat
production above the Jevel in tropical
wiaters would enable leatherbacks 1o be at
25.75°%C in 12°C water iMrosovsky aned
Pritchard, 1971). However, the anecdote
recited above calls this line of reasoning
into question. Perhaps higher egg temper-
atures of leatherbacks are due to greater
retention by this species of heat generated
during nesting. Since cooling constants in
Newton's law of cooling are less for air
than water, a leatherback being warm on
fand is less impressive than one being
warm in the sea. More specifically, heat
production on land would have to be
raised Four-fold to maintain the same ex-
cess temperature above the amibient when
the turtle was in the water, because cooling
rates in water are probably at least four
times greater {Weathers and White, 1971).
A Turther hve-fold increase, making a total
twenty-fold increase, would then be need-
ed o maintain 25.75°C in 12°C water, Al-
though the total heat production needed
in cool water would be the same whether
leatherbacks in the tropics are warmer
when they emerge or only warm up during
nesting, in the second case a twenty-fold
ingrease in heat production over that at
nesting would be required, This seems un-
likely because Prange (1976} has found
that oxygen consumption al maximum
swimming speed in immature (735 g)
green turtles is only 34 times greater than

resring levels, Thne i the sco pereers i
Hures leocthee hoe ks mmk.(u-? high
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Fio. 5, Relationship of body 10 water temperature of leatherback wres.
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Dustted lines show egqual bady and
B, medzan of egg or chsacal empertures For various

together with dam from individuais cmerging Lo nest

ard [romm pedivideals Capered in northern witers, Sources of daia; Giiiiirnas, M nml.'r.i::,: amdl Pritchard (197 1%

Makavsia, collected ar Trengganu, T-10 July

turtle generally quiee and inacuive, died 7 Augis;

because they have warmed up during nest-
ing. it makes it less probable than previ-
ously supposed that they could mainain
high temperatures in cold water,
Temperatures of leatherbacks directly
after leaving the'sea could help clarify the
msue. These are not easy to obtain, but on
# few oceasions the necessary combination
of circumstances were Ertﬁtn! (Tahle 1:
Fig. 5). Unfortunately, the data are equiv-
‘wecal. While one animal ar Tierra Colorada
was a little cooler than other leatherbacks
on the same beach at the time these were
laying their eggs, another animal, at
another beach, that at Petatillo, was 3.5°C
warmer than the water, suggesting thar
sizeable excess temperatures can exist in
leatherbacks. But the beach at Petatillo
shopes very gently so that the temperatures
in the shallows may not reflect the tem-
]é:leLlI’tﬁ further out agses as well as they

o s iy Pig aad
ﬁ: dﬂh.- ﬁ.ﬂ. :}m"h&vﬁ;‘ -

1975 Mexion egg temnperatures, collected at Tierra Colorada, 22—
26 November 1978; Mewioo ascending crawd, see Table 1;

England Aquarium, 281 kg female found entangled in
moved b apuarivm i Boston 51 July, blood samples znd B cn intraplastron

Tongaland, Sapstord and Hughes (1978 New
Iohsres wrap B4 July 1972, pear Bocklined, Maine,
teniperature @ken 2 .I'I.I,.lp;ull_l

S Bootin, inrapastion lemperznere (Frair o of. 1973),

atures are available for this beach. In Ton-
galand Sapsford and Hughes {1978)
measured the cloacal temperature, 32 cm,
of a leatherback that had just emerged; it
was 5.5°C warmer than the sea (Fig. 5). It
would not be surprising if heat production
on land contributes somewhat towards the
high egg temperatures of leatherbacks hut
that they are also relatively warm on
emerging from the sea.

A different approach to discovering if
leatherbacks are warm-blooded is 1o study
them when they are in cool northern
waters, rather than extrapolating from
their temperatures in the tropics, but this
15 just as difficult because they are not com-
mon enotgh to be found easily at sea, Very
limited data from animals brought into
aguaria suggest that leatherbacks can be as
much as IB°C abwwve an ambient of 7.5°C
(Frair of af,, 1972; Fig. 5) byt do not tell us
bhowi e seeh difterencey oo
b e ivibined
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Fu. . Counter-current heat exchanger from front flipper of o hatchling leatherback; H & E, D um,

Maintenance of excess temperatures in
cool water is consistent with various ana-
tomical features possessed by leatherbacks:
a counter-current heat exchanger system
in the flippers (Greer ef al, 1973; see abo
Fig. 6), the thick oily layer around the body
and a large size. The laner is probably a
major tactor because of the influence of
size on cooling rates. Temperatures of a
small immature leatherback in the Miami
Seaquarium (see Foster and Chapman,
1975 Witham, 1977, for housing condi-
tions} gave no special indication of thermal
prowess when ::um;_:lmn:d with turtles of
other species weighing about the same
(Fig. 7). Hawchling leatherbacks in 27.0°C
water are harely warmer, 0.1°C, than am-
bient and no different from hatchlings of
other species (Mrosovsky and Pricchard,
1971).

It would be interesting 1o know how
much leatherbacks can increase their mer-
abolic rate and whether they possess any
mechanisms equivalent o non-shivering

thermogenesis, The green faf oF leather- ﬁnﬂ?‘ i 1nn.5fm:winhugfnnajﬂe

|

hacks (Fig. 8) and of various speces of
freshwater turtles has been examined his-
tologically in collaboration with U Rowlatt
and A. Enﬁ!ish. Sometimes green Fu has
a mulblocular appearance reminiscent of
brown fat (Rowla o al, 1971} but there
are differences such as the concentration
of the pigment in special cells. In fresh-
water turtles, Pseudemys seripta elegans, no
evidence was found that greenm fat was
warmer than other tssues during cooling
{Mrosoviky and Lang, unpublished). But
these experiments were not extensive and
it remains possible that some specal heat
generating tissue might have evolved in
the leatherback, a species that already has
the necessary size and insulation to retain
that heat, This would not preclude other
functions for green fac. The colour of this
tissue 1% ot always a green-grey bar some-
times quite a bright vellow. Perhaps these
variations underlie the unexplained colour
differences in turtle urine noted by Bjorn-
dal (1979). G

=




short internesting interval of leatherbacks
may be seen as an index of maintenance

of a high hody temperature.

Intrrnesting mlerval and temperature

Hughes and Brent (1972) and Hughes
(1973) suggested that internesting inter-
val depends on how warm the sea is. Ar
the start of the nesting season in 5. Africa,
in November, the internesting interval of
logrerheads was abour 17 days and the
witleT temperaiure near o 22°C. Later on
when the sea had warmed up to abou
26°C the inter-nesting interval fell to 14

days or so. According to these authors the:

internesting interval of leatherbacks does
not vary 50 much with sea temperature,
presumably a reflection of their more con-
stant internal temperature. However,
when the data for leatherbacks are plotted
out, in the slopes of the lines with respect 1o
temperature are guite similar o those tor
their loggerhead sample, but the actual in-
ternesting intervals for leatherbacks are
shorter (Fig. 9).
“sIndependently I have been interested in
the short internesting interval of leather-
backs in the Guianas compared to that of
the other species there, and the inverse re-
lationship between internesting interval
and temperature for these species (Fig.
10). OFf course these may be species char-
acteristics rather than depending direcily
on temperature differences. Perhaps the
long incubation period (64-65 days) of
leatherback egps compared to that for
green (34-58 days) and olive ridley turtles
{53 days) in Surinam (see Schulz, 1975)
might reflect compensation for eggs not
being so far developed when laid. How-
~ever, apart from the within-species tem-
perature correlations for loggerheads cit-
ed above, it i3 relevant that when green
turthes were taken from the Guianas to an
artificial breeding pool at Mariculiure
Lid., Grand Cayman Island, their modal
internesting  interval was only 10 days
(Ulrich and Owens, 1974; Simon o af,
1975). It seems very likely that a shallow
pocl (3.1 m deep) would become quite
g;.:-rm despite the L‘u_"‘l.__q;"l'mng:s of water per

/‘r’.
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similar weight. Dats collecoed by P Foster and e

authar ar the Mian Seaguarivm, 21 November
P77 4—4 March 1975,

The idea that temperature is an impor-
tant factor in determining internesting in-
tervals has testable implications, For in-
stance at Mon Repos, Queensland,
Australia, Matback turtles nest every 14-15
days while the internesting interval of log-
gerheads there is about 2 days shorter
(Limpus, 1971} The flathacks should have
lower body temperatures, The short inter-
nesting intervals of leatherhack wirtles is
certainly consistent with the view that they
are warmer than other specics when in the
waler.

Thermel characteristics of loggerhead hertles

Loggerheads nest in sub-tropical rather
than tropical regions. For instance, there
are important rookeries on Masirah Is-
land, Oman (Ross, 1978), =20°N, and in
the southern US.A; loggerheads can even
nest in Mew Jersey, about 30°N (Lazell,
1976}, Differences between body temper-
dtures at nesting and water temperatures
do seem 1o increase if the witles come
from colder water, but the effects are not
very striking (Fig. 11). In contrast, Saps-
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temperatures is unknown (see Hainsworth
and Wolf, 1978, for a review of tempera-
ture preferences).

In another study on the effect of tem-
perature on growth, Hughes (1974) found
that 1-mo-old heads [rom 5. Africa
kept for 2 wk at 14 and 15°C lost weight,
and ate little. Those at 17 and 18°C gained
weight, but slowly in comparison to other
animals at 24°C. Three out of 5 of the an-
imals at 14°C died within 3 days of being
returned to 24°C water at the end of the
2-wk experimental period. It was suggest-
ed that tolerance o 14°C might enable
hatchlings wo survive localized upwellings
of water that can be as low as 14°C. Num
ing by prolonged cold might account for
hatchlings being washed ashore at Cape
Agulhas.

Lertiar TEMPERATURES

Data on this matler are not extensive,
Presumably the temperatures survived de-
pend on how long the turtles are exposed
o them, It anpears thar harehlines are ber-

Ter able to Jolevate coid e 5
o

N MROSOVIEY

adults, The main information comes from
Schwartz's (1978) observations on turtles
képt in outdoor pools in N, Carolina dur-
ing maturzl temperature variations. He re-
ported that hatchling loggerheads sur-
vived up to 12 hr at 4.0°C, the adulis less
than 24 hr at 5.0°C. Green turtles died
5.0-6.5°C, the animals with larger cara-
pace lengths (56 cm) dyving at the upper
end of this range. Atantic ridleys at 30 cm
or more carapace length died within 24 hr
at (.5°C; the smaller ones tolerated 5.0 for
a while before dying,

At temperatures above those at which
the animals died, they took up an unusual
Hoating posture, with the posterior part of
the carapace above the water, the head
pointing down and the front Ripper often
extended outwards. Floating occurred in
ridleys at 10.0-13.5°C and in green and
loggerhead turtles ar 9.0-9.9°C but young
loggerheads did not foat wll 5.0-9.0°C and
the hatchlings only 3.5-4.5°C. All these
values refer to water temperatures, not
body temperatures, though probably they
were fairly close,

Cold stunning of turtles occurs naturally
during particularly severe winters, In
1977, tn Mosquito Lagoon, Florida, green
and loggerhead turtles began to floar at the
surface at water temperatures of 7.3-
L00PC, When temperature fell to 4.0°C
large numbers of turtles were found, near-
ly all immature; undoubiedly many would
have died if not rescued {Ehrharg, 1977).

Dying through overheating appears o
be a danger turtles face when they have
difficulty returning w the sea or reaching
it for the first time as hatchlings, but upper
lethal temperatures are not known. Data
from basking turtles and from adult turtles
nesting by day, such as Atlantic ridleys or
the Cousin [sland population of hawkshills
(Diamond, 1976), coald provide informa-
tion about tolerance of high wemperatures
without having to kill animals. Crossing a
L} m or so stretch of beach in the day
would not necessarily be a problem for
hatchlings provided they started off cool,
because they travel rapidly, abom 1 m/15
sec for chﬁ“ lurl_EE&-iﬁ{Hmsm'ﬁk}' et al,
g Hatrchlings of +hi Cils Gam Sur -
mg rectal mmm?\mm} et 3a-Ho ¢
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more than 15 min (Bustard, 1970}, How-
ever, it hatchlings starting out across the
sanel were already warm, from lying near
the surface before emerging for instance,
overheating could be a real danger, espe-
dally since this itself would further slow
down the turtles (see p. 552 above).

HIBERNATION

Torpid easily handled green wurtles have
been found in the muddy edpes of under-
sea troughs and other specific sites among
boulders in the Gulf of California (Felger
et al, 1976). Because this torpor occurs
during the cooler parts of the vear (water
below about 15°C), it can be called hibwer-
natiomn.

Other species of sea turtle have also
been found hibernating. Large numbers
of loggerheads, mostly immature, and a
few Atlantic ridleys have been caught by
trawling in a channel near Cape Canaveral
(Carr et al, 1980). Water temperature was
about 11°C. This is not incompatible with
the temperatures for survival and foating
(= 1°C) reported by Schwartz (1978) for
voung loggerheads, Moreover, body tem-
peratures were 15-15%C, maybe more, the
“deep cloacal” temperatures reported
being an imprecise measure, Apparently
the turtles burrowed their way into mud
at the sides of the channel which was

r — warmer than the water itself. Indeed, it

was sugrested that the twrles select this
lace because the mud is softer than the
ard clay rich surface outside the channel.
These findings raise many interesting
ph}'siubical and demographic guestions.
Sea turtles do not have cloac
(Smith and James, T958) so that a search
for some other aguatic respiratory struc-
ture might be wurrllhwhil-e, It would also be
interesting to know whether hibernation is
A CTiSIS response occurring in particularly
cold winters, or a regular part of the life
c¥vele of certain populations, and how it re-
Lates 1 migration.

DenecTIoNS FOR THE FUTURE
It hasg been said that “more had been

learned by tagging turtes than in way oth-
7&: etal (978 TE weikl be
gli P Hug e i rpnﬂﬁ? been vie
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tagging has been more widely used than
other methods. But there is a danger that
tagging, enumeration of nesting intervals,
seasonal returns, carapace lengths, pi-
oneered by Archic Carr and so instructive
in his hands, will, precisely on thit ac
count, become something of a ritual, the
st turtle researcher's paradigm. Take in-
rernesting interval for example, The li-
erature is full of data on this subject but it
becomes a dead end if not related 1o some-
thing else. Temperature s one wav of
doing this, but this in turn must be related
to something else, how deep the animal is

¢ swimming perhaps, or it size, etc. With so

miny people studying turtles now, there
is room for greater diversity of methaods
and problems. Mare extensive work on
some of the subjects skerchilv covered in
this paper would surely help clarify the life
strategies of the sea turtles. A particulariy
interesting topic, now that harchlings can
be sexed, is the sex ratio, with all s de-
magraphic and evolutionary ramifications,
And it a thermal tag could be developed
- .. surely not prohibirively difficult if ini-
tially only maximum and minimum tem-
peratures encountered were recorded | |
tagging itself could be given a new lease of
life!
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