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Summary
Snapping turtles (Chelydra serpentinp demonstrate  male and female juveniles. Thus, growth was enhanced, but
temperature-dependent  sex determination (TSD): not maximized, by male-producing egg temperatures. Egg
intermediate egg incubation temperatures (23-27°C) temperature was also negatively correlated with juvenile

produce males, while extreme temperatures produce
females. Snapping turtles are also sexually dimorphic:
adult males are typically larger than females. Previous
researchers hypothesized that male-producing egg
temperatures enhanced the growth rate of juvenile turtles,
resulting in the adult dimorphism and potentially

providing an adaptive benefit for TSD. In reptiles, the

choice of ambient temperature can also influence growth.
| measured the effect of egg incubation temperature on

temperature choice such that, on average, turtles from
21.5°C eggs selected 28 °C water, while turtles from 30.5°C
eggs chose 24.5°C water. Additionally, these temperature
choices were highly repeatable, even following a 6 month
hibernation period at 7°C. Thus, while male egg
temperatures do not directly maximize growth, multiple
effects of embryonic temperature may combine to create
long-lasting differences in the behavioral physiology of
male and femaleC. serpentina Such differences could be

juvenile growth rate and water temperature choice ofC.
serpentina Eggs were incubated in the laboratory at 21.5,
24.5, 27.5 or 30.5°C to produce both sexes, all males, both Key words: temperature preference, growth, development, snapping
sexes or all females, respectively. Egg temperature was turtle, Chelydra  serpentina temperature-dependent  sex
linearly and negatively correlated with growth rate of both  determination.

important to the ecology and evolution of TSD.

Introduction

Growth rate and choice of environmental temperature calaying and live-bearing species can experience a range of
profoundly influence the ecology and fithess of organisms. Itemperatures during embryogenesis. This temperature variance
reptiles, temperature choice can affect energy requiremenigsfluences many postnatal traits, including sex (Bull, 1983;
habitat partitioning, locomotor performance and many aspectianzen and Paukstis, 1891Ewert et al. 1994; Lang and
of development, physiology and behavior (Huey, 1982Andrews, 1994; Vietset al. 1994), behavior (Gutzke and
Lillywhite, 1987; Romeet al. 1992; Petersoret al. 1993; Crews, 1988; Florest al. 1994), locomotor performance and
Packard and Packard, 1994). In most organisms, growth ragervival (Burger, 1989; Van Dammet al. 1992; Janzen,
affects life history and can influence total reproductive fithes§995). The effect on sex (temperature-dependent sex
(Schultz and Warner, 1991; Gotthatlal. 1994; Sedingeet  determination or TSD) has attracted extensive discussion of its
al. 1995). Growth rate and temperature choice are highly plastjghysiological and evolutionary significance. One hypothesis
in most juvenile and adult animals; for example, both traits varguggests that TSD will co-occur with sexual size dimorphism
in response to recent ambient temperatures (Cossins aimdreptiles if embryonic temperature determines growth rate in
Bowler, 1987; Hutchinson and Dupré, 1992; Ranal.1992).  addition to sex (Deeming and Ferguson, 1988, 1989; Janzen
This fact suggests that early developmental temperatures migimid Paukstis, 1991 Ewertet al. 1994).Chelydra serpentina
influence subsequent growth and temperature choice. Howevés,a TSD species with adult males that are larger than females
little is known about the embryonic regulation of these traits(Gibbons and Lovich, 1990; Ernet al. 1994). In the present
The present study examines such regulation in the commatudy, | examine the hypothesis that male-producing egg
shapping turtleChelydra serpentina temperatures maximize growth rateGhelydra serpentina.

The consequences of embryonic temperature are particularly The growth rate of ectotherms depends strongly on ambient
germane in reptiles. Reptiles are ectothermic, and both egtemperature. The choice of ambient temperature affects
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ectotherm body temperature; body temperature can affect growdimd 30.5 °C and four boxes at 27.5°C. In 1993, two boxes were
by influencing either the rate or efficiency of energy assimilatioplaced at 24.5 and 30.5°C and four boxes at 21.5 and 27.5°C.
(Cossins and Bowler, 1987; Sinervo and Adolph, 1989; Reime Box positions were shifted in the incubators daily to mitigate
al. 1992; Averyet al. 1993; Beaupret al. 1993x; Elliott et al.  the potential effect of thermal gradients on the developing
1996). Thermal preference and growth rate are also relatédnbryos (Bullet al. 1982). To maintain a constant hydric
because both can increase in response to increased feedamtyironment, substrata were rehydrated once weekly by adding
(Andrews, 1982; Lang, 1987; Lillywhite, 1987; Hutchinson andenough deionized water to return each box, including contents,
Dupré, 1992; Petersaet al. 1993). Thus, embryonic effects on 1o its initial mass. The temperatures and hydric conditions used
juvenile growth could be mediated by juvenile temperaturén this experiment are within the range of those measured in
choice. No previous study of turtles has examined the effect eftural C. serpentinanests (Packaret al. 1985). Hatching
embryonic environment on subsequent temperature choice. success was greater than 95% in all treatments.

In the present study, | measured the separate effects of ) .
embryonic temperature and sex on the growth rate and Hatchling temperature choice and growth rate
temperature choice of juveni® serpentinand examined the ~ On pipping, each egg was isolated in the incubation box by
interre|ationship of choice and growth patterns. Severat pIaStiC divider that identified the hatChllng Within 24h of
previous studies examined the effects of egg temperature HRtching, turties were rinsed of vermiculite and adhering
turtle growth (Brooket al. 1991; Etchberger, 1993; Bobyn and membranes, blotted dry and weighed to the nearest 0.1g. Mid-
Brooks, 1994; Rhen and Lang, 1995; Roosenburg and Kellefin® carapace length and carapace width at mid-body were
1996), but the results of these studies differ, and only one studjeasured to the nearest 0.1 mm. Approximately equal numbers
experimentally separated sex and egg temperature effe@tturtles from each of two (1992) or three (1993) clutches were
(Rhen and Lang, 1995). | separate these effects using a desfjiiected at random for the temperature choice and growth
that complements the previous study, which used hormonﬁ(pef'me”ts' Selected turtles were labeled with an identifying
treatments to produce both sexes at three egg temperatuf@@ Visible to a human observer from 1.5m away. The tags
(Rhen and Lang, 1995). Snapping turtles eggs are viable acr&@ssted of a Iabgled 1 ethcm square of thin plqsuc, secure_d
a temperature range of 12°C and produce females at bO\mth dental floss tied through two needle holes in the marglnal_
extremes of the range. | used these traits to produce each Sext€S Of the carapace. Turtles were then returned to their

at three temperatures by incubating eggs at four temperatur%rég'n‘"lI mcubatgrs_and hou§ed in the mcuba’uqn boxes on
that spanned the viable range. moistened vermiculite. Hatchlings were not fed while housed in

the incubators. A 12 h:12h light:dark cycle (lights on at 07:00 h)
was initiated in each incubator when the first hatchling
Materials and methods emerged. This 12h:12h cycle was maintained throughout the
. . following experiments. Three to six days after hatching, turtles
Egg incubation . .

were released into tanks (described below) where temperature

Eggs were collected in June of 1992 (three clutches) and,gice and growth rate were monitored for 8-16 weeks. In
1993 (flye clgtches) frqm less than 24 h' old nesiSlaflydra 1992, all the turtles were released into a single large tank,
serpentinal.. in Whiteside County, lllinois, USA. Eggs Were \hereas in 1993 the turtles from different incubation treatments
individually numbered, placed in Styrofoam containers withyere released in separate groups into a set of smaller replicate
moistened peat moss and transported to the laboratory at figks. These differences between the years are detailed below.
University of Chicago. Eggs were weighed to the nearest 0.19, The 1992 experimental design simulated an isolated natural
and an equal number (range 4-6) from each clutch was assigngshd in which hatchlings from nests at different temperatures
randomly to each of ten (1992) or twelve (1993) plastic boxegteract during their first year. Cooler incubation temperatures
(8cm highx 15cm widex 33cm long) containing moistened resylt in longer incubation times. Thus, the age, size, density
vermiculite ¢150kPa~ 3009 of dry vermiculite plus 3379 of and history of hatchlings sharing a pond differs among turtles
deionized water) (Janzet al. 1990). Within each box, 18-27 that experience different incubation temperatures. Similarly, the
eggs were randomly assigned to a position in a three by niR&perimental design combined the effects of incubation
matrix and half-buried 1-2cm apart in the substratum. temperature with those of the resulting social environment.

In the study populationC. serpentinaeggs are generally Turtles were released into one tank at time intervals reflecting
viable between 20 and 32 °C, produce males between 23 afié differences in incubation time. Twelve turtles from 30.5°C
27°C, and produce females above 28 and below 21°C (leggs were released on day O (August 14) and removed on day
Janzen, personal communication). The incubation treatment96. Turtles from 27.5°C eggs were released in two separate
were designed to detect independent and interactive effects gfoups of twelve, because of the logistic demands of a
sex and incubation temperature on subsequent measuremegtsmpanion experiment (O’Steen, 1995). The effect of the
Four constant-temperature (+0.5 °C) incubators were used. Tli#vision into two groups on all subsequent measurements was
four temperatures, 21.5, 24.5, 27.5 and 30.5 °C, were predictestamined using analysis of variance (ANOVA). Group had no
to produce both sexes, all males, both sexes and all females$iect, and the 27.5°C turtles were treated as one group for
respectively. In 1992, two egg boxes were placed at 21.5, 24sbibsequent analyses. These two groups were released on day 6
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and day 14, and removed on day 123 and day 130, respectivedgtimates for 1- to 4-year-oldrachemys scriptaturtles
Turtles from 24.5°C were released on day 21 and removed ¢Gibbons and Lovich, 1990). At the end of the 6 month period,
day 138, and turtles from 21.5°C eggs were released on day 8 turtles were weighed and returned to the temperature choice
and removed on day 168. The tank was 0.75m wiglen long  tanks. Turtle location was recorded twice daily for 2 weeks,
and was filled to 12 cm with tap water. The tank contained thregnd turtles were fed once daily all the Repto-min they could
chambers separated by insulated dividers that the turtles colddnsume in 10 min; all turtles ate and appeared healthy. After
easily surmount, but that prevented water exchange between thaveeks, the experiment was terminated. The experiment was
chambers. Aquarium heaters and circulating water pumps kepbt designed to assay post-hibernation growth rate, and this
the water in the three chambers at constant temperatures of 28Jculation was not made as this final interval provided only
25 and 301 °C, respectively. Equal numbers of turtles chosdwo points for a growth rate regression.
at random from each treatment group were released into each
of the three chambers. Temperature choice was assayed by Sexing of turtles
recording the identity of individual turtles in each chamber once The sex of all turtles from 21.5 and 27.5°C incubation
each morning and afternoon, five days a week, every secondtogatments, 45 turtles from 24.5°C and 36 turtles from 30.5°C,
third week throughout the experiment. Water temperatures weveas determined by visual inspection of the gonads of dissected
recorded after each behavior sample using a thermocoupd@imals (Yntema, 1976; Janzetnal. 1990). Turtles were killed
thermometer correct to 0.1 °C. Mean temperature choice wagith an overdose of anesthetic [0.8ml of 1:1 distilled
calculated as the mean temperature of the water inhabited by ldpO:Nembutal (sodium pentobarbitol)] injected into the
individual turtle per week and over the full 16 weeks of thepericardial cavity; they were then dissected and sexed.
experiment. Turtles were fed daily (after the second behavidbissected turtles were fixed in formalin and preserved in 70 %
sample) the amount of Repto-min that they could consume iethanol. To check the accuracy of the initial sexing procedure,
less than 10 min. Turtles were weighed to the nearest 0.1 g evehe preserved turtles were sexed separately by F. Janzen and by
2 weeks. Growth rate was calculated as the slope of ththe author. These latter two assays were conducted blind with
regression of logimass) over time, which approximated arespect to incubation temperature; identity tags on the preserved
straight line (Sinervo and Adolph, 1989). turtles did not identify sex or incubation treatment. Agreement
The 1993 experiment complemented the 1992 design; 199&tween the three sexing procedures was 100%. Turtles from
hatchlings were raised in a more artificial but standardize@d4.5 and 30.5°C eggs that were not dissected were assumed to
social environment. Groups of 14 turtles from the same egge 100% males and females, respectively, for several reasons.
temperature were raised in replicate tanks. Two tanks wefdrst, all studies of snapping turtle eggs incubated at these and
used for each egg temperature which produced a single ssinilar temperatures have found 95-100 % single sexes to result
(24.5 and 30.5°C), and three tanks were used for each mixe@eviewed in Paukstis and Janzen, 1990). Previous studies using
sex incubation temperature (21.5 and 27.5°C). Tanks wetle same incubation equipment and population of snapping
0.75m widex 0.75m long, filled to 12 cm with tap water. Each turtles as the present study found all (25 of 25) 30°C turtles to
tank contained two chambers with dividers, as in 1992; watdye female and all (36 of 36) 26 °C turtles to be male (Janzen,
in the two chambers was kept at 20 and 30+1 °C, respectivel§995). Finally, in the present study, the 45 dissected turtles from
The location of individual turtles was recorded twice a day, 24.5°C eggs and 36 turtles from 30.5°C eggs were all of the
days a week for 8 weeks following release. Temperature choigeedicted sex (males and females, respectively).
was calculated as in 1992. Turtles were fed daily; each tank
received 1.5 g of Repto-min for every 100g of total turtle mass Statistical procedures
in the tank (calculated using the most recent masses measured)Data from 1992 and 1993 were analyzed separately because
This amount of food was typically consumed in less thamf differences in experimental design. The effects of egg
10min. Turtles were weighed every 2 weeks for 8 weeksncubation temperature and hatchling sex on hatchling mass,
Growth rate was calculated as in the 1992 experiment. temperature choice and growth rate were examined using
At the end of 8 weeks, the turtle tank groups were moved teeparate type Il analyses of covariance (ANCOVAS). The type
a 7°C room for 6 months (details in O’Steen, 1995). Note thdtl analyses examine the effect of each variable after removing
turtle groups entered aestivation on different dates; thus, thibe effect of all the other variables (Abacus Concepts, 1991).
relative mass of turtles on particular calendar dates could n&iNCOVAs were generated on a Macintosh computer using
be appropriately compared after the start of aestivation. Turtl€uperANOVA (Abacus Concepts, Berkeley, CA, USA). Egg
in all groups lost mass during the 6 months (range 1-10% ¢émperature was tested as a regressor and as a fixed effect in all
starting mass), a loss similar to that reported for hatchlinganalyses. Results were equivalent, although treating egg
recaptured after their first winter in the field (Galbrathal.  temperature as a regressor always explained a greater portion of
1989). In the laboratory, mortality ranging from 0 to 50 % petthe variance. Egg temperature is presented as a regressor for 1992
tank changed the relative number of turtles per tank. Overadlata, and as a fixed effect for 1993 data, because 1993 tests of
mortality was 25%, much lower than that reported fortank effects require that incubation temperature be a fixed effect.
hatchlingC. serpentinaverwintering in natural nests (Obbard The other effects included sex, the sex by egg temperature
and Brooks, 1981 and at the low end of annual mortality interaction, clutch and egg mass (hatchling mass ANCOVA) or
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hatchling mass (temperature choice and growth ANCOVAS) athe variance for hatchling ma$3<0.0001,P<0.02,P<0.0001,
a covariate. The 1993 temperature choice and growth ANCOVA=®=spectively), while sex and the interaction between sex and
include tank effects; tank is nested in incubation temperature (segg temperature did notP¥0.26, P>0.14, respectively).
Table 2). Twopost-hoctests were used to define further theOrthogonal contrasts further defined the effect of egg
relationship between egg temperature and dependent variablesmmperature on hatchling mass. These analyses indicated that
Orthogonal contrasts were used to determine whether tteequadratic (second-order polynomial) relationship existed in
relationship contained linear, quadratic and cubic componenkmoth years P<0.0001) and that a positive linear relationship
(first-, second- and third-order polynomials, respectively). Wheralso existed in 1993€0.0001).
needed, Bonferroni/Dunn multiple-comparisons tests were used Despite these differences among egg temperatures,
to compare means among the four egg temperature treatmentsatchling mass had no effect on subsequent growth rate or
The repeatability of temperature choice was determined bigmperature choice (Table 2). Indeed, the pattern of the effect
calculating Kendall's coefficient of concordand®)(for the  of egg temperature on hatchling mass differed from the pattern
egg temperature groups and for individuals within groupgor growth rate and temperature choice (see below), and
(Sokal and Rohlf, 1981)/ derives from rank orderings and differences in hatchling mass were negligible compared with
so provides a measure of repeatability relative to the othehe effects of growth rate and hatching date on relative juvenile
individuals or groups in the calculation. Weekly means ofize (see Discussion and Fig. 4).
temperature choice (10 choices per turtle per week) were used
for the calculations. In 1992) was calculated across the 16 Hatchling growth rate
week monitoring period using every second-weekly mean. In Turtles from cooler egg incubation temperatures grew faster
1993,Wwas calculated over two intervals, first using all eightthan those from warmer egg temperatures in both years of the
means from the first 8 weeks after hatching, and then usirgjudy (Fig. 1; Table 2). Notably, egg temperature was the only
weeks 7 and 8 and the two weekly means following the @actor that affected growth rate (Table 2), and the temperature
month laboratory wintering period. effect did not differ between the sexes (Table 2, interaction
term). Orthogonal contrasts indicated that the egg temperature
effect was linear in both yea8€0.002) and had no quadratic
_ (P>0.34) or cubic P>0.26) components in either year.
Sex ratio Accordingly, the highest average growth rates occurred in the
Egg incubation temperatures of 21.5 and 27.5°C producedixed-sex groups of turtles from 21.5°C eggs, and these rates
mixed sex ratios in both years, as predicted. The 21.5°@ere not significantly different from those of the all-male
incubations produced 18 males and five females in 1992, amggoups of turtles from 24.5°C eggs (Fig. 1; overall mean
18 males and 23 females in 1993. The 27.5°C incubatiordifference = 0.007lagig) weekl, P=0.42, Bonferroni/Dunn).
produced 22 males and 32 females in 1992, and 25 males andn 1992, but not in 1993, the separate effects of egg
15 females in 1993. Sexed turtles from 24.5 and 30.5°@mperature on sex ratio and growth rate created a small
incubations were all males and all females, respectively. Thdifference in the overall average growth rate of the sexes;
tables and figures present the sex ratios of turtles used imales grew slightly faster (data from Fig. 1; 1992 mean

Results

individual experiments, where appropriate. difference = 0.021lagg) weekl, t=2.6, P=0.01; 1993 mean
_ difference = 0.005lagg) weekl, t=0.62, P=0.54). These
Hatchling mass results derive from the specific egg temperatures used and the

Within each year, hatchlings from high and low eggnumber of eggs incubated at each temperature. Thus, if egg
incubation temperatures weighed less than hatchlings frotemperature affects hatchling growth in nature, any resulting
intermediate temperatures (Table 1). ANCOVAs for each yeadifference between the sexes will depend on the distribution of
indicated that egg temperature, clutch and egg mass explaineést sizes and temperatures.

Table 1.Mass of hatchling snapping turtles incubated at different temperatures

Egg incubation temperature (°C)

Year Sex 215 N 24.5 N 275 N 30.5 N

1992 Females 10.9+0.36 3 11.3+0.11 27 10.0+£0.19 19
Males 9.9+0.15 17 11.4+0.18 23 11.1+0.20 19

1993 Females 8.8+0.11 25 9.8+0.08 15 9.4+0.12 34
Males 9.1+0.13 18 9.8+0.09 36 9.8+0.09 25

Within each year, hatchlings from intermediate egg temperatures weighed more than hatchlings from extreme temperatures.
Statistics are presented in the Results.
Units are grams; values are means + one standard error.
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Table 2 ANCOVA results for growth rate and temperature choice of juvenile turtles

Year Dependent variable Source of variance d.f. F P

1992 Growth rate Egg temperature 1 12.44 0.0009
Sex 1 0.97 0.3304
Egg temperatureSex 1 0.91 0.3459
Clutch 1 0.06 0.8115
Hatchling mass 1 2.06 0.1576
Residual 52

1992 Temperature choice Egg temperature 1 15.36 0.0003
Sex 1 1.83 0.1817
Egg temperatureSex 1 1.70 0.1978
Clutch 1 5.64 0.0213
Hatchling mass 1 1.26 0.2678
Residual 52

1993 Growth rate Egg temperature 3 3.86 0.0113
Sex 1 0.01 0.9160
Egg temperatureSex 1 0.38 0.5405
Tank (egg temperature) 6 0.18 0.9810
Clutch 4 1.76 0.1419
Hatchling mass 1 0.14 0.7128
Residual 117

1993 Temperature choice Egg temperature 3 17.35 0.0001
Sex 1 0.34 0.5611
Egg temperatureSex 1 0.15 0.6985
Tank (egg temperature) 6 3.33 0.0046
Clutch 4 0.43 0.7867
Hatchling mass 1 0.51 0.4767
Residual 117

Egg temperature had a strong and primary effect on both dependent variables.
Hatchling temperature choice for sex). Individuals from only two groups, 1992 turtles from

Egg temperature strongly affected the water temperaturé4.5°C eggs and 1993 turtles from 21.5°C eggs, did not show
choice of juvenile turtles. In both sexes, temperature choice w&tgnificant temperature choice concordan®g (Table 3).
negatively correlated with egg temperature, such that turtliddowever, asW derives from rank orderings, this lack of
from 21.5 °C eggs selected water 3.5 °C warmer on average théignificance may be due to the low variance in temperature
turtles from 30.5 °C eggs (Fig. 2; Table 2). This effect occurreghoice in these groups (Fig. 3) rather than to the lack of intra-
in both years of the Study, despite differences in social arﬂﬂleldual repeatability. Low choice variance resulted as all
physical environments. Orthogonal contrasts confirmed thatigdividuals in these groups spent most of their time at the
linear effect of egg temperature occurred in both yearBighest water temperature available (data not shown).
(P=0.0001) and also indicated a cubic effé&t@.03) in 1992.

These patterns, combined with the number of eggs placed at . ,

each temperature and the effects of egg temperature on sex Discussion

ratio, resulted in juvenile males choosing warmer temperatureg=ffects of egg incubation temperature on hatchling growth
overall than females (1992 mean difference 1.2€2.6, The sexual dimorphism hypothesis suggests that adult male
P=0.01; 1993 mean difference 0.7 ¥€1.4,P=0.15). snapping turtles are larger than females in nature because male

Notably, temperature choices were highly consistent amongegg temperatures enhance growth (Deeming and Ferguson,
egg temperature groups and among most individuals (Table 3988, 1989). The present results suggest that this hypothesis is
Turtles even retained their temperature choice ranks aftergrtly correct, but that multiple factors contribute to size
months at 7 °C, despite changing their absolute temperatudimorphism. In this study, male egg temperatures enhanced,
choices (Table 3; Fig. 3). Among the turtles that survivedut did not maximize, growth rates. In the study population,
hibernation, mean selected temperature increased by 1.423-27°C eggs produce males. Yet the growth rate of turtles
(repeated-measures ANCOVA=22.2, P=0.0001), and the from 21.5°C eggs was not significantly different from that of
increase did not differ between incubation groups or betweenrtles from 24.5°C eggs (see Results). Overall, growth rates
the sexesK=1.0,P=0.43 for incubation groug:=0.1,P=0.99  were linearly and negatively correlated with egg incubation
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Fig. 1. Egg incubation temperature was negatively correlated witFig. 2. Increasing egg incubation temperatures resulted in decreasing
subsequent growth rates of male and female snapping turtles (statistwater temperature choice among juvenile turtles of both sexes. Water
are given in Table 2 and the Results). Growth rate was calculated temperature is highly positively correlated with body temperature in
the slope of the regression of imass) (in g) over time (in weeks) field studies of snapping turtles (Punzo, 1975; Obbard and Brooks,
calculated over the first 16 weeks after hatching in 1992 and the firl981), and temperature choice is assumed to reflect body

8 weeks after hatching in 1993. Values are meass.».; values of  temperature here. Temperature choice was averaged over the first 16
N are given within the columns. Different time intervals producedand 8 weeks after hatching in 1992 and 1993, respectively. Statistics
equivalent results (data not shown). are presented in Table 2 and the Results. Sample sizes are as in Fig. 1.

Values are means sE.M.

temperatures (Fig. 1, see Results). This result is uniqu&994). Turtles showing linear or potentially linear relationships
previous findings are more consistent with the hypothesidetween growth rate and egg temperature had access to thermal
Bobyn and Brooks (1994), Brooks al.(1991) and McKnight gradients of at least 21-30°C (this study, Rhen and Lang,
and Gutzke (1993) report high growth rates in hatchthg 1995). Thus, high growth rates of juvenfle serpentingrom
serpentinafrom eggs incubated at intermediate temperaturebw egg temperatures (below 24 °C) may depend on the ability
(25.5-27°C) and low growth rates in hatchlings from eggs$o select high temperatures behaviorally. This conclusion is
incubated at extreme temperatures (22°C and 28.6-31°Gupported by many studies that find differing growth rates
Rhen and Lang (1995) found that snapping turtles from bothetween reptiles in thermal gradients and those in constant-
24 and 26.5°C eggs grew faster than turtles from 29 °C eggemperature environments (e.g. Lang, 1987; Sinervo and
Rhen and Lang (1995) did not study an extreme low egédolph, 1989; Denver and Licht, 1991). Turtles inhabit thermal
temperature, and so their results are consistent both with migeadients in nature; thus, hatchlings from cool nests may have
and with the sexual dimorphism hypothesis. maximal growth rates if warm temperatures are available.

One factor, access to a thermal gradient, may explain the Interestingly, negative correlations between growth rate and
different results of these studies. Snapping turtles displayingegg temperature are not reported in other turtles. The
curvilinear relationship between egg temperature and growttiamondback terrapin Malaclemys terrapih displays a
rate were raised at uniform temperatures (21-25 °C) (Bretoks positive correlation between egg temperature and hatchling
al. 1991; McKnight and Gutzke, 1993; Bobyn and Brooks,growth rate (Roosenburg and Johnson, 1995; Roosenburg and
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Table 3 Kendall's coefficients of concordand&/) for the )
weekly mean temperature choice of individuals and groups @’ 29 1 =
i
Year and time 5 i I
1992 1993 1993 i 27
16 weeks 8 weeks 36 weeks S i
(N=8) (N=8) (N=4) 8
Before winter Across winter 2 25 1
[}
Individuals within egg £ T
temperature groups ® 23
21.5°C 029"  0.15 0.34 g |
24.5°C 0.19 0.64%++ 0.44* 5
27.5°C 0.49*%*  (0.53*** 0.57*** > 217
30.5°C 0.53*** 0.68*** 0.65*** 'é
Egg temperature groups ~ 0.71* 0.96%** 1.00%** S Week: 2 8 35 36
- Before winter After winter
W can take values from O to 1; 1 indicates perfect concordance over W W
time.
Time is the real time spanned by the measurements. Egg Ol 21'50C Nf29
N is the number of weekly means used to calclldte temperature O 24'5°C N:25
*P<0.025, ***P<0.001. goups B 275°C N=3l
B 305°C N=24

Kelley, 1996), while the loggerhead musk turgefnotherus Fig. 3. The effects of egg incubation temperature on juvenile
minor) displays no correlation (Etchberger, 1993). Thesdemperature choice persisted over time. Turtles maintained consistent
studies did not specify sex effects or juvenile therma'€lative temperature choices before and after the laboratory wintering
environments; these factors may help to explain the divergeperiOd’ despite increasing their absolute temperature choices after the

7 . . winter (Results, see Table 3 for statistics). Weekly temperature
patterns. Divergent patterns also appear in other reptiles.

o > choices represent the means of 10 choices per turtle per week. Data
crocodilian studies, for example, Joae¢al.(1987) report that from females and males did not differ significantly; sexes are

extreme egg temperatures reduce growth rate in juvenicompined in the graph. The data include only 1993 turtles that
Alligator mississippiensisraised in constant-temperature s,rvived overwintering. Data from 1992 showed similar consistency
environments, yet Webb and Cooper-Preston (1989) report(Table 3). Values are meanss£.m.
positive correlation between egg temperature and growth ra
of juvenile Crocodylus porosusaised in a thermal gradient.
Clearly, detecting any broad patterns of relationship betweeflternatively, or additionally, egg temperature could affect
embryonic temperature and juvenile growth rate in reptiles magdult dimorphism by influencing the differential persistence of
require allowing and measuring juvenile temperature choice. growth rates. In a study of natural populations in lowa, male
Another factor that may affect juvenile size dimorphism inand female hatchling snapping turtles grew at similar average
reptiles is hatching date. Egg incubation temperature affectates (Christiansen and Burken, 1979), as was found in the
incubation time; the warmest eggs hatch first (e.g. Yntemaresent study (see Results). However, in nature, female growth
1978). In the present study, the late hatching date of turtleates declined before male rates, such that males grew faster
from 21.5°C eggs caused these animals to be smaller than tihan females for turtles aged 5-7 years (Christiansen and
others during most of the study, despite high growth rateBurken, 1979). The physiological and ecological mechanisms
(Fig. 4). In contrast, hatching-date-induced size differencethat create adult sexual size dimorphism in snapping turtles may
among the other turtles disappeared by the time the natudaé¢ fascinatingly complex and remain incompletely known.
population typically enters hibernation (approximately day Nonetheless, the present study identified physiological and
70), and size thereafter diverged according to relative growthehavioral factors that can contribute to sexual size
rates (Fig. 4). As a result of these patterns, turtles from 24.5 °dimorphism among juvenileC. serpentina The negative
eggs may stay larger than turtles from 21.5°C eggs for severedrrelations between egg temperature and juvenile growth rate,
seasons and may be larger than turtles from warmer eggsand between egg temperature and juvenile temperature choice
adulthood. This possibility awaits testing; it was beyond th€also see below), could create dimorphism when combined
scope of the present study to determine whether early size with patterns of availability and choice of nest temperatures in
growth rate differences persist beyond the first hibernation (seenatural population. For example, if nest temperatures below
Materials and methods). 24 °C were either rarely available or rarely selected by females,
To affect adult dimorphism, juvenile size or growththen the resulting male hatchlings might, on average, select
differences would need to persist through maturity, which iwarmer water and grow faster than females. This scenario is
shapping turtles takes 4-19 years (Ermst al. 1994). of interest because it allows behavioral mediation of sexual
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species. Four male hatchlings from 33°C eggs selected
1992 e temperatures on average 3.3°C higher than two females from
P 28°C eggs (Lang, 1987). In the present study, male snapping
100 4 turtles also selected higher temperatures on average than did
females. Interestingly, egg temperature is positively correlated
with temperature choice in crocodiles, but negatively correlated
in snapping turtles. Males choose higher temperatures in both
species because egg temperature has opposite effects on sex in
the two species. Thus, either the mechanistic relationship
C) between egg temperature and temperature choice is different in
g 10l s crocodiles and snapping turtles or, in crocodiles, sex has a
GE, 0 20 40 60 80 100 120140 160 180 ?OO predominant influence on temperature choice.
':EJ 1993 / 5% Tank group also affected temperature choidg.igserpentina
§ pe %4 (Table 2). In 1993, turtles were grouped by egg temperature and
100 / §i the groups were raised in replicate tanks (see Materials and
e methods). The tank effect indicates that either the social groups
/// or the physical traits of the different tanks influenced
/ Egg temperature choice. The former is more likely, as all the tanks
% temperature had the same physical structures and water temperature profiles,
/ . %legg while social factors are known to affect thermoregulatory
S —— 275C behavior in a number of ectotherms (reviewed in Lang, 1987).
101" + 305°C | did not test for social effects experimentally, but several
0 20 40 60 80 100 120 140 160 180 200 factors indicate that the influence of egg temperature on
Time from first hatch (days) hatchling temperature choice is robust to social and abiotic

i ) _ _ _ effects. First, incubation temperature effects are highly
Fig. 4. Hatching date affected the relative mass of juvenile turtles;;yhisicant even when tank effect is controlled for (Table 2).
Turtles from 30.5°C eggs hatched first, in early August. Higher grow“éecond egg temperature was negatively correlated with
rates of turtles from later-hatching, cooler eggs resulted in sizg ! S .

tchling temperature choice in both 1992 and 1993, despite
I

convergence of turtles from 24.5, 27.5 and 30.5°C eggs near the dais inth ial hvsical . inallv. th
that the natural population typically enters hibernation (late Octobefiferences in the social and physical environments. Finally, the

day 70) (Obbard and Brooks, 1881Meeks and Ultsch, 1990). influence of egg temperature on hatchling temperature choice
However, the extremely late hatching date of 21.5°C eggs left thed@mained after overwinter mortality had changed the size and
turtles smaller at day 70. The relative mass of the different groups cou®@mposition of social groups (Fig. 3; Table 3).
change as depicted by the extrapolated lines if relative growth rates The ANCOVA also indicated that temperature choice varies
persisted after hibernation (not tested here). The slopes of the regressistween clutches (Table 2). Clutch effects occurred only in
lines equal the growth rates presented in Fig. 1. Points represent megmgQ yet they show that maternal or genetic factors can
for each measurement date, with samples sizes as in Fig. 1. influence juvenile turtle temperature choice. This study did not
include sufficient clutches to quantify genetic relationships.
size dimorphism within a population. Both the nest site choicélowever, the availability and large size 6f serpentina
by females and the temperature choice of hatchlings couldutches lend them to research on genetic correlations and
mediate the relative growth rates of the sexes. The effect genotype by environment interactions (Janzen, 1992; Rhen and
natural nest temperatures on juvenile growth rates andang, 1995). The potentially broad importance of temperature

temperature choice is the subject of a current study. choice could make such studies worthwhile.
Effects of egg incubation temperature on hatchling Relationship between temperature choice and growth rate
temperature choice Egg temperature had similar effects on growth rate and

In this study, egg temperature had a strong and long-lastingmperature choice in the present study. This result is
influence on the temperature choice of juvenile snapping turtleansurprising in that growth and temperature choice are
and this influence was the same in both sexes. This study is tmeerrelated in reptiles; selecting higher temperatures can
first to report on this relationship in turtles. Two previous studietcrease growth rate, and increased feeding can increase both
of reptiles examined this relationship, and they suggest thgrowth rate and temperature choice (Lang, 1987; Lillywhite,
embryonic temperature does not necessarily dictate temperatlr@87; Romeet al. 1992; Averyet al. 1993; Beaupreet al.
choice. In live-bearingThamnophis elegangarter snakes, 1993). The present study did not separate feeding, growth and
maternal temperature during pregnancy does not affect juvenilemperature choice experimentally. However, several points
temperature selection (Arnoket al. 1995). In contrast, Lang suggest that the primary effect of egg temperature was on
(1987) found that either egg temperature or sex was correlatéeimperature choice and that choice mediated growth rate. First,
with temperature choice irCrocodylus siamensisa TSD as discussed earlier, the growth rateCofserpentinds not a
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necessary function of egg temperature; instead, edgroadly important as, in addition to growth, these effects could
temperature effects can be mediated by access to a thernmapact on a variety of physiological, ecological and evolutionary
gradient. factors. This potential importance is strengthened by the
Second, feeding does not increase the temperature chosenrbgeatability of relative temperature choices. Both individuals
snapping turtles. A laboratory study of juveniles found aand groups of turtles maintained stable relative choices
negative effect (Knighet al. 1990), and a study of adults in the throughout this study (Table 3; Fig.3). Notably, turtles
wild found no effect, of feeding on temperature choice€.of maintained their relative choices even while increasing their
serpentingBrown and Brooks, 1991). Additionally, feeding rate absolute temperature choices after hibernation. If such radical
does not necessarily dictate growth rate. In the second year tefnperature changes in the juvenile environment do not override
the present study, | limited food to a proportion of the total turtlethe effects of embryonic temperature, then differences in
mass in a given tank, recalculated every 2 weeks. Initial turtfemperature choice may persist well beyond the life stages
masses did not differ across tanks and treatments, and the faaxbayed here. In other reptiles, egg temperatures can permanently
was all consumed. Thus, turtles from all incubation temperaturesfect several traits, including sex (Bull, 1987) and aggressive and
initially consumed similar amounts of food, yet growth rates stilkeproductive behaviors (Gutzke and Crews, 1988; Fletrres.
diverged. 1994) and have long-lasting effects on other traits including
Finally, ANCOVA supports the prediction that the effects ofgrowth rate (Joanest al.1987; Webb and Cooper-Preston, 1989)
egg temperature on growth rate result from their effects oand locomotor behaviors (Burger, 1989). In contrast, the effects
temperature choice. ANCOVAs for growth and choice weref temperature acclimation during later life stages are typically
constructed using the reciprocal traits as covariates (Table 4). Theversible. For example, thermal acclimation of critical thermal
results show that egg temperature affected temperature choitexima can be reversed in 3 weeks in juve@ileserpentina
even when the effects of growth rate on choice were removed. (Williamsonet al. 1989), and acclimation of thermal preferences
contrast, growth rate was not affected by egg temperature when typically reversible within several months in many adult
the effects of temperature choice on growth rate were removedptiles (Lillywhite, 1987; Tsuji, 1988; Romret al. 1992). The
(Table 4). These analyses obviously do not determine cause gmesent study indicates that,@n serpentinaembryonic effects

effect, but are nonetheless consistent with the prediction. on temperature choice may persist much longer than, and in spite
_ of, the effects of temperature on later life stages.
Importance of temperature choice Long-lasting embryonic effects on temperature choice could

Embryonic effects on subsequent temperature choice may bapact broadly on turtle physiology, ecology and fitness if

Table 4. ANCOVAs of growth rate and temperature choice, including these traits as covariates

Year Dependent Source of variance d.f. F P

1992 Growth rate Egg temperature 1 0.87 0.3544
*Temperature choice 1 65.46 0.0001
Clutch 1 3.67 0.0606
Residual 54

1992 Temperature choice Egg temperature 1 4.48 0.0388
*Growth rate 1 65.46 0.0001
Clutch 1 11.39 0.0014
Residual 54

1993 Growth rate Egg temperature 3 1.91 0.1312
*Temperature choice 1 150.16 0.0001
Tank (egg temperature) 6 2.67 0.0184
Clutch 4 4.62 0.0017
Residual 119

1993 Temperature choice Egg temperature 3 16.13 0.0001
*Growth rate 1 150.16 0.0001
Tank (egg temperature) 6 6.15 0.0001
Clutch 4 2.59 0.0400
Residual 119

The analyses suggest that growth rate is primarily dependent on hatchling temperature choice and not on egg temperstorpe e @gg
does not explain growth rate variation when temperature choice is used as a covariate. Egg temperature does explainciesigeevaita&on
when growth is used as a covariate.

*Indicates the covariate. To simplify presentation, analyses were reduced to significant effects.

Full ANCOVAs as in Table 2 give the same results.
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these effects occur in nature. In addition to affecting growthBuLL, J. J. (1983)Evolution of Sex Determining Mechanismenlo
temperature choice might affect energy requirements, Park, CA: Benjamin/Cummings.

locomotor performance, habitat choice and other traits (HueyguLL, J. J. (1987). Temperature-dependent sex determination in
1982; Lang, 1987; Lillywhite, 1987; Romet al. 1992; reptiles: validity of sex diagnosis in hatchling lizar@an. J. Zool.
Beaupreet al. 199%; Petersonet al. 1993; Sinervo and _ 65 1421-1424. _ _ N
Adolph, 1994). Furthermore, the distribution of nest sizes angUt J- J- (1989). Evolution and variety of sex-determining
temperatures could result in male and female turtles that differ MeShanisms in amniote vertebrates Eolutionary Mechanisms

in these traits. For example, males from cooler nests might ELTQ’Z);(D:e;?g:;nat'O(Ed' S. S. Wachtel), pp. 57-65. Boca Raton,

occupy the warmer shallow edges of a pond, while femaleg; "y ; '\sor R. C.anD Bulmer, M. G. (1982). Heritability of
from Warmer nests m'ght OCC_Upy COOI(_ar d?eper water, thus sex ratio in turtles with environmental sex determinatiualution
exposing the sexes to differential predation risks, food sources, 3¢ 333341
retreat and hibernation sites. If found, such sex differencesrcer J. (1989). Incubation temperature has long-term effects on
would Support an adaptive basis for the evolution of TSD (BU”, behavior of young pine snakeRBitiophis melanoleuclisBehav.
1983, 1989; Deeming and Ferguson, 1989; Janzen andEcol. Sociobiol24, 201-207.
Paukstis, 1994 Ewertet al. 1994; Roosenburg, 1996). CHRISTIANSEN, J. L.AND BURKEN, R. R. (1979). Growth and maturity
of the snapping turtleghelydra serpentinan lowa.Herpetologica
| would like to thank S. Arnold, L. Diamond, J. Gladstone 35 261-266. _

and F. Janzen for invaluable technical assistance, and S0SSINS A. R. AND BOwLER, K. (1987). Temperature Biology of
Arnold, A. Bennett, B. Block, M. Feder, F. Janzen, J. McLister, Animais.New York: Chapman & Hall. _
M. Wade and an anonymous reviewer for helpful comment EEMING, D. C. AND FERGUSON M. W. J. .(198.8)' Environmental

. . . regulation of sex determination in reptilé3hil. Trans. R. Soc.
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