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APPENDIX 1

Specimens Examined

to be exposed
exposed during
during winter
winterto
toice
iceand
andcold,
cold,with
withtemtem-

peratures in some nests going below -10?C. Many

hatchlings withstand such extremes and emerge from
All specimens examined were from the Museum of
their nests when the ground thaws in the spring (StoVertebrate Zoology (MVZ), University of California,rey et al., 1988; DePari, 1996; Packard, 1997; Packard
Berkeley, California, the Natural History Museum of
et al., 1997a; Weisrock and Janzen, 1999).
Los Angeles County (LACM), California, and the mu- Hatchling painted turtles from northern populaseum at Arizona State University (ASU), Arizona,
tions withstand exposure to ice and cold by remaining
USA. Unless noted otherwise, all localities of speci- unfrozen at temperatures below the equilibrium freez-

mens are from California, USA.

Crotalus viridis oreganus

MVZ: 3818, San Luis Obispo; 10537, San Mateo; 14597, Trinity; 17584, Mendocino; 18407,
Siskiyou; 21379, 21381, San Benito; 21574, San
Mateo; 28214, 28216, 28217, Stanislaus; 34824,
Tuolumne; 42653, 42662, 42669, Madera; 92684,

92685, Shasta; 191367, San Joaquin; 193427,
193428, Siskiyou; 29238, Grant (Oregon).

ing point for their body fluids (Packard and Packard,
2001). This supercooled state occurs (1) because the
body fluids of hatchlings usually do not contain the
necessary organizing sites (= nucleating agents) to
initiate freezing at temperatures above -15?C (Costanzo et al., 1998, 2000; Packard and Packard, 1999)
and (2) because the integument of the turtles resists
the penetration of ice crystals into body compartments
from frozen soil (i.e., "inoculation"; Costanzo et al.,
2000; Willard et al., 2000). In the absence of a suitable
organizing site to promote a change in phase from

liquid to solid, the body fluids of hatchlings remain
in an unfrozen, liquid state (Dorsey, 1948; Franks,
MVZ: 391, 55780, San Diego; 33588, 34643,
1985). Supercooled solutions are quite stable at sub35357, Santa Barbara; 35427, Ventura; 55780, San zero temperatures above -20?C (Dorsey, 1948), so turCrotalus viridis helleri

Diego. LACM: 3074, 20083, 20088, 28029, 28031,tles can remain unfrozen for extended periods during
59179, Los Angeles. ASU; 30984, Los Angeles. winter (Packard and Packard, 1997; Hartley et al.,
2000).
The preceding generalizations are based, however,
on studies of hatchling painted turtles from higher

latitudes. Little is known about the tolerance for cold

in animals from populations at lower latitudes, yet
such information is key to reconstructing the evoluJournal of Herpetology, Vol. 36, No. 2, pp. 300-304, 2002
tionary history of painted turtles (Bleakney, 1958;
Copyright 2002 Society for the Study of Amphibians and Reptiles
Ultsch et al., 2001) and to understanding the postPleistocene expansion in the range of the species (Holman and Andrews, 1994). Accordingly, we report here
Cold-Tolerance of Hatchling Painted
the results of three experiments on cold-tolerance of
Turtles (Chrysemys picta bellii) from thehatchling painted turtles from a disjunct population
near the southern limit of distribution for the species
Southern Limit of Distribution
in the Rio Grande Valley of central New Mexico. We
find that neonates from New Mexico have the same
GARY C. PACKARD,1 AND MARY J. PACKARD, Department of Biology, Colorado State University, Fort Collins,
means and capacity as hatchlings from North Dakota
Colorado 80523-1878, USA
for dealing with the challenges of ice and cold, despite
the fact that winters at the New Mexico site are likely
CARRIE L. MORJAN AND FREDRIC J. JANZEN, Department
be substantially milder than those in North Dakota.
of Zoology and Genetics, Iowa State University, Ames,toIowa
Animals.-We captured four gravid painted turtles
50011-3223, USA
in late May 2000 near San Marcial, in the Rio Grande
Valley south of the Bosque del Apache National WildPainted turtles (Chrysemys picta) have a natural hislife Refuge, Socorro County, New Mexico. Animals
tory unlike that of other chelonians from the northern
from this population currently are assigned to the
United States and southern Canada. Although neosubspecies bellii (see Ultsch et al., 2001), which comnates of other freshwater turtles usually emerge from
prises animals that presumably are descended from
their subterranean nests in late summer or autumn
turtles occupying a southwestern refugium during
and move to nearby marshes, lakes, or streams to
spend their first winter, hatchling painted turtles typ- Pleistocene glaciation (Bleakney, 1958). We injected the
turtles with oxytocin to induce them to lay their
ically remain inside their shallow (8-14 cm) nests
throughout their first winter and do not emerge aboveclutches of fully formed eggs, after which the eggs
ground until the following spring (Ernst et al., 1994).were packed in damp sand, transported to Iowa State
This behavior commonly causes neonatal painted tur-University, and incubated to hatching on moist vermiculite (water potential = -150 kPa) at 28.3?C.
tles from Nebraska (Packard, 1997; Packard et al.,
1997a), northern Illinois (Weisrock and Janzen, 1999),Twenty-two hatchlings from these clutches later were
shipped by air express to Colorado State University
and New Jersey (DePari, 1996) northward to the limit
where experiments on cold-tolerance were performed.
of distribution in southern Canada (Storey et al., 1988)
When the turtles arrived in Colorado, they were
placed immediately into a darkened environmental
chamber at 20?C. Temperature in the chamber was re1Corresponding Author. E-mail: packard@lamar.
colostate.edu
duced in steps of 1-2?C every two days to 4?C (nom-
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tal chambers
seldom maintain uniform conditions
inal temperature), which then was maintained
until
throughout their interior (Measures et al., 1973). None
the animals were used in the following studies.
the
turtles froze during the course of this experiExperiment 1.-Six turtles (representingofall
four
ment,
and
clutches) were dried carefully and cleaned
with
a all the hatchlings survived their exposure.
Experiment 3.-The remaining 10 turtles (representsmall paint brush, after which a copper/constantan
ingthe
all four
thermocouple (26 gauge wire) was glued to
cara-clutches) were prepared for study as described previously,
but for this experiment the hatchpace of each animal with epoxy resin. The turtles
were
lings were placed individually into artificial nests conplaced individually into pint-volume canning jars
where they rested on a surface of dry styrofoam to structed in jars of damp, loamy sand (water content,
prevent them from contacting ice and possibly being25 g/100 g dry soil; water potential, approximately
inoculated. The closed jars were placed into a Percival -50 kPa as estimated by thermocouple hygrometry).
environmental chamber set at 2?C, and the thermoSoil was tamped gently into spaces around each
couples were attached to a Campbell CR-10 dataloggerhatchling to maximize its contact with the substratum
and thereby maximize the probability that the turtle
that recorded temperature every 10 min.
We programmed the controller for the chamber towould be inoculated when water in the soil was subreduce temperature linearly by 1?C/day. On reachingsequently caused to freeze (Salt, 1963).
The closed jars were placed into the Percival envia minimum of -20?C, the temperature was immediately returned to 2?C. Turtles were removed from theronmental chamber, which was set to bring temperajars the following morning, placed into paper cups ture in the jars to approximately -0.4?C. This temcontaining a small amount of water and given two perature is below the equilibrium freezing point for
days to recover. The hatchlings then were judged towater in moist soils (Bodman and Day, 1943) but
be alive or dead on the basis of their spontaneous ac- above that for body fluids of baby painted turtles

tivity, their responses to tactile stimuli, the appearance (-0.7?C; Storey et al., 1991; Packard and Packard,

of their eyes (wide open and focused vs fully closed1995; Costanzo et al., 2000). Each jar then was opened;
or partially closed and vacant), and their general level a few pieces of shaved ice were placed onto the surof alertness.
face of the soil; and the jar was closed and quickly
We downloaded data from the datalogger to a PC placed back into the environmental chamber. Superand then constructed a temperature profile for eachcooled water in the soil began to freeze immediately,
turtle. These temperature profiles were examined for
as was indicated by a sudden increase in temperature
the presence of freezing exotherms (i.e., for the abrupt(i.e., by exotherms) in every jar to approximately 0?C
(Fig. 1). The temperature in the chamber was held at
increases in temperature resulting from the release of
latent heat of fusion by water changing phase fromthe nominal level of -0.4?C for four days so that water
liquid to solid). The temperature on the carapace of in the soil could freeze to an equilibrium.
After four days, temperature in the chamber was
an animal immediately before the appearance of a
freezing exotherm was taken to be the limit of super- lowered linearly at a rate of 1?C/day to a minimum
near -4.5?C. This minimum was maintained for seven
cooling for the turtle.
One turtle in this test froze spontaneously at the days before temperature in the chamber was reset to
relatively high temperature of -12.0?C, but values for 2?C and the jars (and turtles) were allowed to rewarm.
the limit of supercooling for the other five animals The turtles then were removed and their condition
were clustered between -17.1?C and -18.6?C. The
(alive or dead) was assessed from their appearance
and behavior.
The minimum temperature and the duarithmetic mean for the limit of supercooling
was
of exposure used here were the same as were
-17.0?C (SD = 2.5?) for the six turtles in ourration
sample,
used in an earlier investigation of neonatal bellii from
and the median was -17.8?C. None of the hatchlings
survived the treatment.
northern North Dakota (Packard et al., 1997b), thereby
Experiment 2.-When none of the turtles survived
to enable us to compare responses by animals from a
the preceding experiment, we set out to determinesoutherly population with those of turtles from near
whether neonatal animals are able to withstand ex-

the northern limit of distribution. Later we download-

ed data from the datalogger to a PC and constructed
posure to moderate subzero temperatures above their
a temperature profile for each jar (i.e., for the turtle
limit for supercooling. Accordingly, the six hatchlings
and surrounding soil).
(again representing all four clutches) in this second
Temperature in the jars averaged -0.5?C (SD =
experiment were treated in the same way as animals
in the preceding experiment, except that temperature
0.1?C; range, -0.2?C to -0.6?C) after water in the soil
in the chamber was lowered only to -8.5?C. This had
min-frozen to a thermal equilibrium (Fig. 1), so none
imum was maintained for 24 h, after which temperof the animals was at risk of freezing at this early
ature was returned to 2?C and the condition of the
point in the experiment (because temperature in all
animals (i.e., alive or dead) was assessed. Temperature
the jars was above the equilibrium freezing point for
body
fluids of the turtles). Temperature then was reprofiles for the turtles again were examined for
the
duced to a minimum averaging -4.5?C (SD = 0.2?C;
presence of freezing exotherms.
Our protocol caused the turtles to be exposedrange,
for 8-4.2?C to -4.7?C), which was maintained for
the requisite seven days. Temperature profiles redays to temperatures below the equilibrium freezing
vealed that three turtles froze during their exposure
point for their body fluids (approximately -0.7?C;
Storey et al., 1991; Packard and Packard, 1995; (Fig.
Cos-1A) but that remaining hatchlings remained untanzo et al., 2000) and for the last 24 h to minima
frozen (Fig. 1B). In all instances where an animal
froze, ice began to form in its body fluids only after
averaging -8.7?C (SD = 0.2?; range, -8.5?C to
-8.9?C). The variation in minima recorded in different
the turtle already had been in contact with ice and at
jars is merely a reflection of the fact that environmentemperatures below the equilibrium freezing point for
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TABLE 1. Survival by hatchling painted turtles
confined in artificial nests in jars of damp, loamy sand
and then exposed to -4.5?C for seven days. A freezing
exotherm appeared in the temperature profile for each
of the turtles that is said to have frozen, but no exo-

1

0

therm was detected in the profile for any other animal.

0
-1
0,

Data for hatchlings from New Mexico are from the
current study; those for neonates from North Dakota

-2

were taken from Packard et al. (1997b). The frequencies for freezing by animals in the two studies could
not be distinguished statistically (Fisher's Exact Test,

a)

E -3

a)

P = 1.0).

-4

Turtle New Mexico North Dakota

Turtle

froze Alive Dead Alive Dead

-5

Yes
No

1

0
7
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0
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0

0

8

24

0

of

suitab

themselves)
rar
-20?C
(Dorsey,

(D -1

ating

cause
ously

(1)

-2

This

agents

value

hatchling

Nebraska

E -3

in

the
anima
until
the
is

ind

bellii

(Packar

2000).
Turtles in the second experiment also were pre-

a)

vented from making contact with crystals of ice that

-4v.

,.

might have penetrated their integument and caused
their body fluids to freeze. None of these animals

....

froze, and all survived their exposure to temperatures
near -8.5?C. These findings reflect a level of cold-tol0
6
12
18
erance in hatchlings from central New Mexico similar
Days to that of neonates from more northerly populations
of bellii in Nebraska (Packard and Packard, 1999), MinFIG.
1.
Temperature
prof
nesota (Packard et al., 1999), and North Dakota (Packturtles
confined
in
artifi
ard et al., 1997b).
loamy
sand.
The
left-hand
The three
turtles that froze during
their exposure
tifies
the
time
which
i
to subzero temperatures inat
the third experiment
preinduce
freezing
sumably were caused to freeze of
by ice penetratingsuperc
into
right-hand body
arrow
identifie
compartments from the surrounding
soil, beature
began
to
decline
lin
cause none
of the animals
was exposed to a temper(A)
Profile ature
for
a
turtle
th
low enough to elicit
spontaneous
freezing of its
contact
with
and
at
te
body fluids byice
heterogeneous nucleation.
However,
librium
freezing
point
fo
the integument of these animals afforded
some resistemperature
on
day
of
tance to the inward
growth of ice
crystals, because the 13
therm
for turtles
the
hatchling.
did not freeze until
they had been in contact
remained
unfrozen
for
th
with ice (and at temperatures below the equilibrium
freezing point for their body fluids) for several days.
Additionally, the other seven turtles in this third experiment remained unfrozen for
the duration of their4-8
the
body
fluids
for
d
were
dead
at
end
of
t
exposure. Hadthe
the integument of the
10 animals in
unfrozen animals were alive (Table 1).
this test not resisted the penetration of ice into body
Discussion.-Turtles in the first experiment were compartments, the turtles surely would have frozen
prevented from making contact with crystals of ice soon after their body temperature went below the
that might have penetrated their integument and
equilibrium freezing point, much as occurs when
caused their body fluids to freeze. Thus, freezing offrogs are caused to freeze by inoculation (Layne et al.,
these animals must have been initiated by heteroge-1990; Layne, 1991; Costanzo et al., 1999). A cutaneous
neous nucleation (i.e., by nucleation caused by appro- barrier to penetration of ice also is characteristic of
priately configured contaminants or inclusions), be-hatchling painted turtles from northerly populations
cause homogeneous nucleation (i.e., spontaneous for-of bellii (Packard et al., 1997b, 1999; Costanzo et al.,
-

5
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ter.
Transactions of the American Philosophical So2000; Willard et al., 2000); indeed, turtles from
New
ciety 38:247-328.

Mexico had the same resistance to inoculation as an-

imals from North Dakota (Table 1).
ERNST, C. H., R. W. BARBOUR, AND J. E. LOVICH. 1994.
Turtles of the United States and Canada. SmithFinally, the animals that survived the third experiment were the ones that remained unfrozen, and the
sonian Institution Press, Washington DC.
turtles that froze were the ones that died (Table 1; P
FRANKS, F. 1985. Biophysics and Biochemistry at Low

= 0.008 by Fisher's Exact Test). Virtually identical reTemperatures. Cambridge University Press, Camsults again were reported for hatchling painted turtles
bridge.
from populations of bellii in Nebraska (Packard and HARTLEY, L. M., M. J. PACKARD, AND G. C. PACKARD.
Packard, 1997), North Dakota (Packard et al., 1997b),
2000. Accumulation of lactate by supercooled
and Minnesota (Packard et al., 1999).
hatchlings of the painted turtle (Chrysemys picta):
Thus, neonates from the southern limit of distriimplications for overwinter survival. Journal of
bution for Chrysemys picta bellii have a level of cold- Comparative Physiology B 170:45-50.
tolerance that is indistinguishable from that of hatchHOLMAN, J. A., AND K. D. ANDREWS. 1994. North
lings from populations at the northern limit of distriAmerican Quaternary cold-tolerant turtles: distribution. Animals from northern and southern popula- butional adaptations and constraints. Boreas 23:
tions are able to resist the penetration of ice into body
44-52.
compartments from frozen soil, and they also have LAYNE JR., J. R. 1991. External ice triggers freezing in
similar limits for supercooling. We do not know, howfreeze-tolerant frogs at temperatures above their
ever, whether the resistance to ice and cold manifested
supercooling point. Journal of Herpetology 25:129by hatchlings from New Mexico is an adaptation to
130.
conditions encountered in nests during winter or
LAYNE JR., J. R., R. E. LEE JR., AND J. L. HUANG. 1990.
whether it derives from a suite of characters preaInoculation triggers freezing at high subzero temdapting neonates for overwintering in nests at higher
peratures in a freeze-tolerant frog (Rana sylvatica)
latitudes.
and insect (Eurosta solidaginis). Canadian Journal of
Acknowledgments.-Our procedures were considered Zoology 68:506-510.

and approved by the Committee for Care and Use ofMEASURES, M., P. WEINBERGER, AND H. BAER. 1973.
Variability of plant growth within controlled-enAnimals in Research at Iowa State University (protocol 12-9-4382-1-J) and by the Committee for Animal vironment chambers as related to temperature and
light distribution. Canadian Journal of Plant SciCare and Use at Colorado State University (protocol
ence 53:215-220.
00-101A-01). Female turtles were collected and handled under authority of permit 3040 from the NewPACKARD, G. C. 1997. Temperatures during winter in
nests with hatchling painted turtles (Chrysemys
Mexico Department of Game and Fish. The research
was supported in part by a Grant-in-Aid-of-Research picta). Herpetologica 53:89-95.
from the Society of the Sigma Xi (to CM), by a pre-PACKARD, G. C., AND M. J. PACKARD. 1995. The basis
doctoral fellowship from the National Science Founfor cold tolerance in hatchling painted turtles
dation (to CM), and by grant IBN-9612562 from the
(Chrysemys picta). Physiological Zoology 68:129148.
National Science Foundation (to GCP). We also thank
M. Knutzen for helping to care for the eggs.
. 1997. Type of soil affects survival by overwintering hatchlings of the painted turtle. Journal
LITERATURE CITED
of Thermal Biology 22:53-58.
. 1999. Limits of supercooling and cold-tolerBLEAKNEY, S. 1958. Postglacial dispersal of the turtle
ance in hatchling painted turtles (Chrysemys picta).
Chrysemys picta. Herpetologica 14:101-104.
Cryo-Letters 20:55-60.
BODMAN, G. B., AND P. R. DAY. 1943. Freezing points
. 2001. The overwintering strategy of hatchling
of a group of California soils and their extracted
painted turtles, or how to survive in the cold withclays. Soil Science 55:225-246.
out freezing. BioScience 51:199-207.
COSTANZO, J. P., J. D. LITZGUS, J. B. IVERSON, AND R.
PACKARD, G. C., S. L. FASANO, M. B. ATTAWAY, L. D.
E. LEE JR. 1998. Soil hydric characteristics and enLOHMILLER, AND T. L. LYNCH. 1997a. Thermal environmental ice nuclei influence supercooling capacity of hatchling painted turtles Chrysemys picta. vironment for overwintering hatchlings of the
painted turtle (Chrysemys picta). Canadian Journal
Journal of Experimental Biology 201:3105-3112.
COSTANZO, J. P., J. M. BAYUK, AND R. E. LEE JR. 1999. of Zoology 75:401-406.
PACKARD, G. C., J. W LANG, L. D. LOHMILLER, AND M.
Inoculative freezing by environmental ice nuclei in
the freeze-tolerant wood frog, Rana sylvatica. Jour- J. PACKARD. 1997b. Cold tolerance in hatchling
painted turtles (Chrysemys picta): supercooling or
nal of Experimental Zoology 284:7-14.
COSTANZO, J. P., J. D. LITZGUS, J. B. IVERSON, AND R. tolerance for freezing? Physiological Zoology 70:
670-678.
E. LEE JR. 2000. Seasonal changes in physiology
. 1999. Resistance to freezing in hatchling
and development of cold hardiness in the hatchling
painted turtles (Chrysemys picta). Canadian Journal
painted turtle Chrysemys picta. Journal of Experiof Zoology 77:795-801.
mental Biology 203:3459-3470.
DEPARI, J. A. 1996. Overwintering in the nest cham-SALT, R. W. 1963. Delayed inoculative freezing of insects. Canadian Entomologist 95:1190-1202.
ber by hatchling painted turtles, Chrysemys picta,
in northern New Jersey. Chelonian Conservation STOREY, K. B., J. M. STOREY, S. P. J. BROOKS, T. A.
and Biology 2:5-12.
CHURCHILL, AND R. J. BROOKS. 1988. Hatchling
DORSEY, N. E. 1948. The freezing of supercooled waturtles survive freezing during winter hibernation.
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Proceedings
Proceedingsof
ofthe
the
National
National
Academy
Academy
of Sciences
of Sciences
ary diapause stage (Booth, 1998, 2000). Other turtle
species are reported to have extended incubation periods
STOREY, K. B., D. G. MCDONALD, J. G. DUMAN, AND
J. because of developmental attest late in incubation (Ewert, 1985, 1991; Webb et al., 1986), but in C.
M. STOREY. 1991. Blood chemistry and ice nucleexpansa patterns of oxygen consumption indicate that
ating activity in hatchling painted turtles. CryoLetters 12:351-358.
development is continuos during the latter phase of
ULTSCH, G. R., G. M. WARD, C. M. LEBERTE, B. R. Kuincubation and that developmental arrest is confined
HAJDA, AND E. R. STEWART. 2001. Intergradation to early incubation (Booth, 2000). If eggs of C. expansa
and origins of subspecies of the turtle Chrysemys are artificially incubated at a high and constant tempicta: morphological comparisons. Canadian Jour- perature immediately after oviposition, embryos still
nal of Zoology 79:485498.
enter secondary diapause, but a large proportion fail
WEISROCK, D. W., AND E J. JANZEN. 1999. Thermal
to break out of this secondary diapause phase and
and fitness-related consequences of nest location in perish (Booth, 2000). The failure to break secondary
painted turtles (Chrysemys picta). Functional Ecol- diapause when incubated at high and constant temogy 13:94-101.
perature appears to be a feature of turtle species that
WILLARD, R., G. C. PACKARD, M. J. PACKARD, AND J. experience a secondary diapause period during emK. TUCKER. 2000. The role of the integument as a bryonic development (Ewert 1985, 1991). Those embarrier to penetration of ice into overwintering bryos that break diapause do so asynchronously so
hatchlings of the painted turtle (Chrysemys picta). that eggs from the same clutch hatch over a large peJournal of Morphology 246:150-159.
riod of time (up to 70 days; Booth, 2000). Asynchronous hatching is probably maladaptive in natural
Accepted 13 August 2001.
nests (Booth, 2000), but embryos in natural nests appear to hatch at a similar time (Booth, 1998). In natural
nests of C. expansa, both daily and seasonal changes
in nest temperature occur (Booth, 1998), so temperature is a likely cue for the synchronous breaking of
secondary diapause in this species. Indeed changes in
temperature appear to break arrested development in
Journal of Herpetology, Vol. 36, No. 2, pp. 304-307, 2002
other turtle species (Ewert, 1991; Ewert and Wilson,
Copyright 2002 Society for the Study of Amphibians and Reptiles
1996). In a closely related species Chelodina rugosa,
which has the unusually habit of depositing its eggs
underwater in drying swamps, the stimulus for breakThe Breaking of Diapause in Embryonic ing primary diapause is drying of mud which then
Broad-Shell River Turtles
allows oxygen to enter the egg (Kennett et al. 1993).
However, embryos of C. rugosa have never been re(Chelodina expansa)
ported to enter secondary diapause during embryonic
DAVID T. BOOTH, Department of Zoology and Entomology,
development. I artificially incubated eggs of C. expansa
University of Queensland, Brisbane, Queensland, 4072,
under three different thermal regimes in order to investigate the role change in temperature has in breakAustralia; E-mail: dbooth@zen.uq.edu.au
ing secondary diapause.
I collected two clutches of eggs of C. expansa imThe Australian broad-shelled turtle (Chelodina exmediately after natural ovipostion on 26 May 2000.
pansa) typically constructs its nests during the Austral
USA 85:8350-8354.

autumn or early winter when soil temperaturesEggs
are were transported to the laboratory, rinsed briefly
in tap water to remove soil adhering to the eggshell,
decreasing (Goode and Russell, 1968; Legler, 1985;
and weighed. Eggs had the clutch and egg number
Booth, 1998). Eggs laid in early autumn may experimarked on the eggshell with graphite pencil, and eggs
ence warm temperatures for a month or two before

from each clutch were evenly distributed across three
soil temperature drops below 20?C, eggs laid in winter

experience cool soil temperatures immediately,plastic
and incubation boxes. Eggs were incubated halfburied in vermiculite with a water potential of -150
eggs laid in rare late season nests experience warm
kPa and sealed in boxes with a loose-fitting lid. Temtemperatures (> 20?C) throughout incubation (Booth,
data loggers that recorded temperature twice
1998). Embryos of C. expansa normally experience perature
two

per hour were placed in boxes at this time. Eggs and
periods of developmental diapause during ontogeny
boxes were weighed periodically throughout incuba(Booth, 2000). The first is a preovipositional diapause
tion, and water lost from the vermiculite was replaced
(primary diapause) termed "extension of preoviposi-

to ensure relatively stable water potential throughout
tional arrest" by Ewert and Wilson (1996) that is comincubation (Packard et al., 1981). Each of the boxes was
mon to all turtles (Ewert 1985, 1991), and in C. expansa
assigned to one of three treatments (Fig. 1). In the first
this may extend for up to six weeks after oviposition
which was designed to imitate eggs laid in
(Booth, 2000). Once primary diapause is broken treatment,
and

early autumn, eggs were incubated at 25?C for 30
the white-patch has developed to cover half to threedays,
quarters of the eggshell, embryos invariably enter
a transferred to 18?C for 67 days and then incubated until hatching at 28?C. In the second treatment,
second diapause period termed "embryonic diapause"
which was designed to imitate eggs laid during winby Ewert and Wilson (1996).
ter, eggs were incubated for 97 days at 18?C then inEmbryos of C. expansa have an exceptionally long
cubated until hatching at 28?C. In the third treatment,
incubation period not only because embryonic develwhich was also designed to imitate eggs laid during
opment is inherently slow (Goode and Russell, 1968;
winter, eggs were incubated for 97 days at 18?C, then
Legler 1985) but also because embryos enter a second-

This content downloaded from 206.123.177.246 on Wed, 18 Aug 2021 17:56:59 UTC
All use subject to https://about.jstor.org/terms

