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Abstract.—Why is the sex of many reptiles determined by the temperatures that these animals experience during
embryogenesis, rather than by their genes? The Charnov-Bull model suggests that temperature-dependent sex deter-
mination (TSD) can enhance maternal fitness relative to genotypic sex determination (GSD) if offspring traits affect
fitness differently for sons versus daughters and nest temperatures either determine or predict those offspring traits.
Although potential pathways for such effects have attracted much speculation, empirical tests largely have been
precluded by logistical constraints (i.e., long life spans and late maturation of most TSD reptiles). We experimentally
tested four differential fitness models within the Charnov-Bull framework, using a short-lived, early-maturing Aus-
tralian lizard (Amphibolurus muricatus) with TSD. Eggs from wild-caught females were incubated at a range of thermal
regimes, and the resultant hatchlings raised in large outdoor enclosures. We applied an aromatase inhibitor to half
the eggs to override thermal effects on sex determination, thus decoupling sex and incubation temperature. Based on
relationships between incubation temperatures, hatching dates, morphology, growth, and survival of hatchlingsin their
first season, we were able to reject three of the four differential fitness models. First, matching offspring sex to egg
size was not plausible because the relationship between egg (offspring) size and fitness was similar in the two sexes.
Second, sex differences in optimal incubation temperatures were not evident, because (1) although incubation tem-
perature influenced offspring phenotypes and growth, it did so in similar ways in sons versus daughters, and (2) the
relationship between phenotypic traits and fitness was similar in the two sexes, at least during preadult life. We were
unable to reject a fourth model, in which TSD enhances offspring fitness by generating seasonal shifts in offspring
sex ratio: that is, TSD allows overproduction of daughters (the sex likely to benefit most from early hatching) early
in the nesting season. In keeping with this model, hatching early in the season massively enhanced body size at the
beginning of the first winter, albeit with a significant decline in probability of survival. Thus, the timing of hatching
is likely to influence reproductive success in this short-lived, early maturing species; and this effect may well differ
between the sexes.
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Theory predicts that primary sex ratios evolve toward uni-
ty, whereby parents expend equal effort to produce sons and
to produce daughters (Fisher 1930). Thus, sex-determining
mechanisms that produce a balanced sex ratio should be fa-
vored by selection. Indeed, most organisms possess some
form of genetically based sex-determining system that yields
a 1:1 offspring sex ratio due to random segregation of sex
chromosomes. However, there are numerous exceptions to
this generalization, with many organisms possessing sex-de-
termining mechanisms that do not yield an even sex ratio
(Janzen and Paukstis 1991; McCabe and Dunn 1997; Voor-
douw and Anholf 2002; Cook 2002). For example, species
with environmental sex determination (ESD) often exhibit
highly skewed sex ratios depending upon the environmental
conditions that prevail during larval or embryonic develop-
ment (Bull 1983). Because such sex-ratio biases among early
life-history stages can strongly influence adult sex ratios,
ESD can have significant consequences on the demographics
of populations (Bulmer and Bull 1982). For example, highly
biased sex ratios may be detrimental to some populations
(Bulmer and Bull 1982). Why, then, does ESD occur in such
a wide diversity of organisms?

Theoretical answers to this paradox abound, but few have
been subject to rigorous experimental tests. The most widely-
accepted model for the adaptive significance of ESD is that
of Charnov and Bull (1977), who proposed that selection
should favor a linkage between sex determination and some

environmental factor if that factor has a differential impact
on the fitness of sons versus daughters. For example, suppose
that incubation at high temperatures produces an offspring
phenotype that is optimal for males but suboptimal for fe-
males, whereas |ow-temperature incubation generates
‘‘good’’ daughters but ‘‘poor’’ sons. Then selection should
favor ESD whereby embryos that experience high incubation
temperatures develop into sons, whereas those exposed to
cooler conditions devel op into daughters. Genes that had this
effect would confer higher fitness than the alternative genetic
sex-determination (GSD) system.

Many reptiles exhibit temperature-dependent sex deter-
mination (TSD) (Valenzuela and Lance 2004), with sex de-
termined by the temperature that embryos experience during
development. Intriguingly, TSD and GSD can co-occur
among closely related species (Ewert and Nelson 1991; Har-
low 2004). However, the adaptive significance of TSD re-
mains unclear for reptiles, as it does for most phylogenetic
lineages of organisms. The Charnov-Bull model is by far the
most widely supported in published literature, but this ac-
ceptance reflects its overall plausibility—especially, consis-
tency of its assumptions with known aspects of reptile bi-
ology—rather than specific experimental evidence (Gutzke
and Crews 1988; Janzen 1995; Freedberg et al. 2004). At-
tempts to empirically test the Charnov-Bull model have been
impeded by at least three factors:

(1) A diverse array of potential mechanisms: incubation
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TaBLe 1. Summary of the four differential fithess hypotheses tested for the adaptive significance of temperature-dependent sex deter-

mination (TSD).

Role of incubation

Hypothesis temperature

Prediction if adaptive Examples

A. Different optimal egg size for
sons vs. daughters

Enables mother to adjust
clutch sex ratios via nest-
site selection.

B. Different phenotypic optima
for sons vs. daughters

Induces changes to pheno-
type independent of sex.

C. Different norms of reaction
for sons vs. daughters

Influences phenotypes and/
or survival of hatchlings,
but differently in sons
and daughters.

Induces variation in time of
hatching and seasonal
variation in sex ratio.

D. Different optimal hatching
times for sons vs. daughters

Sons and daughters produced
from different-sized eggs, and
sex-specific relationship be-
tween egg size and fitness.

Incubation temperature affects
phenotypes, and the phenotypic
determinants of fitness are sex
specific.

Significant interaction between
incubation temperature and sex
on fitness-related phenotypes.

Roosenburg 1996

Rhen and Lang 1995

Shine et al. 1995

Seasonal variation in offspring Conover 1984
sex ratio production, and sex-
specific relationship between

time of hatching and fitness.

temperature may differentially affect fitness in males and
females via multiple, complex pathways (reviewed by Shine
1999), posing a substantial challenge to comprehensive em-
pirical analysis. For example, TSD may enhance maternal
fitness if (A) egg size (i.e., offspring size) has sex-specific
fitness consequences (Roosenburg 1996); (B) incubation tem-
perature influences phenotypes of offspring independent of
sex, but the phenotypic determinants of fitness differ between
males and females; (C) incubation temperature differentially
modifies fithess-related phenotypes (and hence fitness) of
male and female offspring (Shine et al. 1995; Elphick and
Shine 1999); or (D) incubation temperature influences the
timing of hatching, allowing offspring sex to be matched with
the optimal seasonal time for hatching (Conover 1984). Any
attempt to test the Charnov-Bull approach thus necessarily
must examine a wide range of variables.

(2) Experimental design: To identify the sex-specific ef-
fects of incubation temperature, we need to produce offspring
of both sexes at all incubation temperatures; and if incubation
temperature determines sex, thisis obviously a problem. For-
tunately, the problem can be overcome by applying estradiol
or aromatase inhibitors to eggs. With these manipulations,
female offspring can be produced at male-producing tem-
peratures, and males can be produced at female-producing
temperatures (Crews et al. 1994; Rhen and Lang 1995), thus
decoupling the otherwise confounded effects of sex and in-
cubation temperature on phenotypic traits of hatchlings.

(3) Most TSD reptile species are poorly suited to fitness
studies: Most reptile species known to have TSD are croc-
odilians and turtles, and measuring reproductive success (fit-
ness) of these late-maturing, long-lived reptiles is extremely
difficult, if not impossible. Furthermore, the sex of hatchling
crocodilians and turtles is difficult to determine without sac-
rificing the animal, thereby precluding subsequent measure-
ments of reproductive success. Again, however, asolution is
available: recent studies by Harlow and co-workers have de-
scribed TSD in many short-lived, early maturing Australian
lizard species (Harlow and Shine 1999; Harlow and Taylor
2000; Harlow 2000, 2004).

We used an Australian agamid lizard, the jacky dragon

(Amphibolurus muricatus), to experimentally test predictions
from the Charnov-Bull model described above. Jacky dragons
arewell suited for studies of the adaptive significance of TSD
because: (1) they are abundant in coastal heathlands of south-
eastern Australia; (2) they are relatively short lived and can
mature within 12 months after hatching, facilitating the mea-
surement of lifetime reproductive success; (3) females are
highly fecund (up to four clutches of 3-9 eggs per season),
facilitating experimental design; (4) the sex of hatchlingsis
easily and nondestructively identified by manually everting
hemipenes on males (Harlow 1996); (5) adult jacky dragons
are sexually dimorphic in traits such as adult head size and
behavior, suggesting that the relationship between phenotype
and fitness differs between the sexes (at least in adult life);
(6) they lack sex chromosomes (Witten 1983) and have tem-
perature-dependent sex determination, whereby relatively
low and high incubation temperatures produce females and
intermediate temperatures produce varying proportions of
both sexes (Harlow and Taylor 2000); and (7) their sister
taxon (A. norrisi) has genotypic sex determination (GSD)
(Harlow 2004): The evolutionary lability in the mode of sex
determination within this clade thus encourages the search
for an adaptive significance.

Hypotheses to Be Tested

Table 1 summarizes the four hypotheses that we attempt
to test in the present study. Two of these four hypotheses
assume that the relationship between incubation temperature
and morphology (egg size in one case, hatchling traits in
another) is the same for sons versus daughters, but that the
optimum values of these traits for fitness differ between the
sexes. In the first hypothesis (different optimal egg sizes for
sons vs. daughters), TSD is favored because it enables the
mother to adjust the sex of her offspring to the egg size she
has produced (in reptiles, among-clutch variance in egg size
is much greater than within-clutch variance in this trait; Si-
nervo 1990). In the second hypothesis (different phenotypic
optima for sons vs. daughters), incubation temperature di-
rectly affects phenotypic traits of the hatchlings, and does so



ADAPTIVE SIGNIFICANCE OF TSD

in the same way for sons and daughters. However, if the
optimal values for these phenotypic traits differ between the
sexes, then TSD can enhance maternal fitness by producing
whichever sex is best advantaged by the phenotypic traits
arising from those incubation conditions. Under the third
hypothesis (different norms of reaction for sons vs. daugh-
ters), incubation temperature modifies fitness-related phe-
notypes (and hence fitness) differentially in male and female
offspring. Thus, TSD enhances maternal fitness by ensuring
that the embryo develops as the sex best suited to those
incubation conditions. Lastly, the fourth hypothesis (different
optimal hatching times for sons vs. daughters) relies on a
covariation between incubation temperature and time of
hatching. This covariation can arise in two (not mutually
exclusive) ways. First, higher temperatures accelerate em-
bryogenesis and thus hasten hatching (Andrews et al. 2000).
Second, soil (nest) temperatures vary seasonally in many hab-
itats, so that TSD might enable a seasonal shift in offspring
sex ratios. Such a shift might enhance maternal fitnessiif, for
example, one sex benefited more than the other from hatching
early in the season (Conover 1984).

In al of these hypotheses, the putative differential fitness
effects could be manifested at any age, from survival rates
of embryos through to mating success or egg viability of
adults. In the present paper, we focus on fithess-rel ated traits
(body size, growth, survival) measured during the early (em-
bryo, hatchling, juvenile) stages of life history. Our experi-
ments are continuing, and data on adult fitness will be pre-
sented in later papers.

MATERIALS AND METHODS

Collection and Maintenance of Gravid Females

Gravid jacky dragons were collected in the Sydney area
from 27 September to 29 December 2003. After capture,
females were housed in semi-natural outdoor enclosures (2
X 2 m) at Macquarie University (in Sydney, and thus within
the natural range of A. muricatus). Lizards were fed (crickets
and roaches dusted in vitamin/mineral mix) three times per
week with ad libitum water.

Females were checked daily for signs of oviposition (loose
folds of lateral and ventral skin). Oviposition occurred from
21 October 2003 to 9 February 2004. Eggs were brought
back to the laboratory, weighed, and randomly assigned to
six incubation treatments in a 2 X 3 factorial experimental
design (see below).

Experimental Design

All eggs (N = 221, from 41 clutches) were incubated in-
dividually in glassjars (125 ml) and buried completely under
vermiculite at a water potential of —200 kPa. To determine
the effects of incubation temperature on hatchling sex and
fitness-related phenotypes, eggs were placed in incubators set
at three different thermal regimes: (1) alow femal e-producing
temperature (23°C), (2) an intermediate temperature that pro-
duces an even sex ratio (27°C), and (3) a high female-pro-
ducing temperature (33°C) (Harlow and Taylor 2000). All
incubators were programmed to fluctuate +5°C throughout
agiven day to simulate daily temperature fluctuations within

2211

natural nests (Harlow and Taylor 2000). Jars were rotated
within the incubators twice per week to minimize potential
effects of thermal gradients within each incubator.

To examine the sex-specific effects of incubation temper-
ature on offspring, we produced male offspring at each in-
cubation temperature by applying Fadrozole (Ciba-Geigy
CGS016949A, kindly provided by Novartis Pharmaceuticals
AG, Basel, Switzerland) to half the eggs within each thermal
treatment. Fadrozole is an aromatase inhibitor that blocksthe
conversion of androgens testosterone to estrogens estradiol,
thus resulting in male offspring even at female-producing
temperatures (Crews et a. 1994). We sex-reversed hatchlings
in this way to decouple the effects of incubation temperature
and sex (Rhen and Lang 1995). Thirty micrograms of Fad-
rozole (dissolved in 2.5 wl of 100% ethanol) was applied to
each egg. The Fadrozole/ethanol solution was applied topi-
cally (directly on the vascularized surface) with a pipette 15%
through the total incubation period (the critical sex-deter-
mining period; Bull 1987). Because incubation length de-
creases with temperature, the day at which Fadrozole was
applied differed among treatments (day 6 at 33°C, day 8 at
27°C, and day 15 at 23°C). The remaining eggs within each
temperature treatment were used as controls by applying
100% ethanol (2.5 pl to each egg) at the same time Fadrozole
was applied to the experimental groups.

Hatchling Husbandry and Measurements

Immediately after eggs hatched, we measured several mor-
phological traits of the hatchlings. We recorded hatching date
and identified the sex of each individual by manual eversion
of hemipenes (Harlow 1996). Hatchlings were weighed, mea-
sured, and marked uniquely for individual identification.
Measurements of each individual included snout-vent length
(SVL), tail length (TL), jaw length, head width, head depth,
and the total lengths of all four limbs. Head sizes (jaw length,
jaw width, and head depth) were scored as described by Har-
low and Taylor (2000). Limb measurements were taken by
restraining lizards and fully extending their limbs, using dig-
ital calipers to measure from the junction of the thigh (or
upper arm) and body to the junction of the fourth and fifth
toes.

Hatchlings were briefly housed in the laboratory in enclo-
sures (30 cm tall X 36 cm wide X 50 cm long) with sand
substrate, small branches for perching and basking, and a
shelter for hiding. Enclosures were illuminated by 40-watt
fluorescent reptile bulbs (Exo-Terra, Hagen Inc., Montreal,
Canada), with 60-watt incandescent bulbs as a heat source.
Room temperature was maintained at 25°C, and lights turned
on at 0800 and turned off at 1800 h. Hatchlings were grouped
together as they hatched so that each group contained five
or fewer individuals. Hatchlings were provided with water
and food (crickets dusted with vitamin/mineral mix) daily.

We measured locomotor performance of four- to five-day-
old hatchlings on an electronically timed racetrack, in aroom
kept at 30°C. Hatchlings were given 30 min to acclimate to
room temperature prior to each trial. The racetrack (1 mlong)
contained five infrared photocells at 25-cm intervals, con-
nected to an electronic stopwatch that recorded timesfor each
interval. Hatchlings were placed at one end of the racetrack
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TaBLE 2. The effect of Fadrozole on hatchling traits and survival. Naturally produced males were compared with sex-reversed males
from the 27°C incubation treatment (analysis of covariance). Interaction terms between the main effect and the covariate were removed
when these interactions were not significant. Variables were log-transformed when necessary. The effect of Fadrozole on hatchling
survival was determined with a chi-squared test. SVL, snout-vent length.

Trait Covariate Fadrozole effect

Snout-vent length (mm) egg mass Fi14, = 1.31, P = 0.258
Body mass (g) egg mass Fi14, = 0.23, P = 0.632
Body mass (g) SVL Fi43 = 1.39, P = 0.225
Tail length (mm) SVL Fi143 = 1.34, P = 0.254
Running speed over 1 m (m/sec)

at O degrees SVL F141 = 0.00, P = 0.966

at 15 degrees SVL 141 = 0.32, P = 0.574

at 30 degrees SVL F140 = 0.16, P = 0.695

at 45 degrees SVL 140 = 0.53, P = 0.471
Running speed over 25 cm (m/sec)

at O degrees SVL Fi141 = 2.26, P = 0.141

at 15 degrees SVL Fi41 = 0.95, P = 0.336

at 30 degrees SVL F141 = 0.00, P = 0.964

at 45 degrees SVL Fi141 = 0.62, P = 0.436
Growth in SVL (in enclosures) SVL F1.8 = 0.00, P = 0.986
Growth in mass (in enclosures) mass F,.8 = 0.35, P = 0.561
Survival — x2 = 0.15, P = 0.699

and encouraged to run by gently prodding them with a paint-
brush. During each trial, we recorded times over each 25-cm
interval, and the number of times hatchlings paused over the
1-m distance.

Because jacky dragons are semiarboreal, we also measured
their locomotor performance at four slopes of 0-, 15-, 30-,
and 45-degree angles. Each individual was tested four times
at each slope (total of 16 trials each), with 2-3 min rest
between trials within slopes, and a 1-h rest between trials at
different slopes. The order in which lizards were run at each
slope was randomized, within the restriction that all possible
sequences (total of 24 orders) were represented within each
incubation treatment. Locomotor performance for each slope
was evaluated as the fastest speed (m/sec) over a 25-cm in-
terval and fastest speed over the entire 1-m distance.

At an average age of six days (SD = 2.3), hatchlings were
remeasured (mass, SVL, TL) and released into large outdoor
enclosures (4 X 8 m, with metal walls 90 cm high) at Mac-
quarie University, all within a mesh-covered aviary to elim-
inate bird predation. Each treatment and each clutch were
equally represented in six replicate enclosures (30-32 hatch-
lings per enclosure). Each enclosure was subdivided into
eight 2 X 2-m sections, with the interior walls perforated by
holes (58 mm diameter) such that all lizards had access to
the entire 4 X 8-m area, but had the option of remaining out
of visual contact with other lizards.

All enclosures mimicked the natural habitat of jacky drag-
ons, with sand substrate and branches for perching and bask-
ing. Dense vegetation, rocks, and logs provided shelter. Water
was available ad libitum, and crickets (dusted in vitamin/
mineral mix) were provided three times weekly to each en-
closure. Hatchlings also took natural prey items that fell into
the enclosures.

We attempted to recapture hatchlings at monthly intervals
from January to June, to obtain data on growth and survival.
Recaptured lizards were weighed and measured (SVL, TL,
jaw length, head width, and head depth). Dead hatchlings

were identified (when possible) and preserved. We conducted
a thorough search for hatchlings in June and August 2004
(winter) by overturning all logs, rocks, and vegetation within
the enclosures. Hatchlings not found during these final re-
capture efforts were presumed dead.

Satistical Analyses

All data were checked for normality and homogeneity of
variances. When needed, data were log-transformed to meet
the assumptions of parametric analyses. Data were analyzed
using SAS software (SAS Institute 1997) or JMP (ver. 5;
SAS Institute 2002).

Chi-squared tests were used to evaluate the effect of in-
cubation temperature on hatching success. A small sample
of eggs (n = 13) that were laid on the soil surface (and thus,
desiccated prior to discovery) were removed from our anal-
yses of hatching success. Chi-squared tests were also used
to evaluate the effects of incubation temperature and Fad-
rozole on hatchling sex ratios; sex ratios were compared
among treatments and al so tested against the null expectation
of a 1:1 sex ratio.

To determine whether the application of Fadrozole on eggs
affected hatchling phenotypic traits other than sex, we com-
pared traits of naturally produced malesfrom the 27°C control
treatment to traits of sex-reversed males from the 27°C-Fad-
rozole treatment using analysis of covariance (ANCOVA).
Based on results from these tests, we could not reject the null
model that Fadrozole had no effect on hatchlings other than
sex-reversal (Table 2). Therefore, independent variables for
further analyses comprised sex, incubation temperature, and
their interaction.

To evaluate sex-specific effects of incubation temperature
on hatchling phenotypes, we used mixed-model ANOVAs or
ANCOVAs using sex, temperature, and their interaction as
fixed effects and clutch as arandom effect. Incubation length
was defined as days between oviposition and hatching. We
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included initial egg mass as a covariate in comparisons of
body size (mass and SVL), and included hatchling SVL as
a covariate in analyses of tail, head, and limb sizes. The
absolute value of the difference between the lengths of right
and left limbs was used as an index of fluctuating asymmetry
in limb length. To quantify body condition of hatchlings, we
used residual scores from the general linear regression of In
mass on In SVL. We analyzed locomotor performancein two
ways; (1) fastest speed over a 1-m distance and (2) fastest
speed over a25-cminterval; in both cases, we included hatch-
ling SVL as a covariate. The number of stops a hatchling
made over a 1-m distance was evaluated by Kruskal-Wallis
tests because these data did not meet the assumptions of
parametric testing, even after transformation. We tested the
effects of sex, incubation temperature, and their interaction
on locomotor performance separately at each slope. Growth
rate in the laboratory was evaluated as the size increment
from hatching to release, divided by the number of days
between measurements.

Growth rate in the outdoor enclosures was analyzed only
for individuals that were recaptured at least once prior to
winter. Because offspring growth rates were influenced by
hatchling size at release, the interval between release and
recapture (days), and date of hatching, we included all three
of these factors in our analyses of growth rate. All body size
measurements were natural-log-transformed to linearize re-
lationships. Hatchling size at release (SVL and mass) and the
interval (days) between release and final recapture were used
as independent variables in a multiple regression with body
size at final capture (SVL or mass) as the dependent variable.
Residual scores from this multiple regression provided an
index of growth rate. We used ANCOVA to determine the
effects of enclosure, incubation temperature, sex, and their
interactions (clutch was included as a random effect) on off-
spring growth rate (residual scores) with the date of hatching
(Julian day) as a covariate.

The effects of enclosure, incubation temperature, and sex
on hatchling survival (up to winter) were analyzed with chi-
squared tests. We used multiple logistic regression to eval-
uate relationships between hatchling phenotypes and surviv-
al, including interactions among incubation temperature, sex,
egg mass, and oviposition date. These analyses allowed us
to compare logistic curves among incubation treatments and
between sexes while adjusting for variation in egg size and
oviposition date. We did not analyze rates of overwinter sur-
vival because only one individual died during this time pe-
riod.

REsuLTs
Egg Survival, Incubation Period, and Offspring Sex Ratios

Overall hatching success was 96% and did not differ among
incubation treatments (x2 = 5.7, df = 5, P = 0.337). The
duration of incubation was influenced by incubation tem-
perature but not by sex or their interaction (Table 3). Eggs
that experienced cool incubation temperatures hatched much
later (5—7 weeks) than did eggs from the intermediate and
warm incubation temperatures (Fig. 1A). Incubation periods
at the warm and intermediate temperatures also differed, but
only by about 15 days. These thermal effects on incubation
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duration thus influenced the date of hatching, even after ad-
justing for variation in oviposition date (Fig. 1B).

Incubation temperature also strongly influenced sex ratios
(x2 = 36.1, df = 2, P < 0.001; Fig. 2A). Eggs kept at the
cool and warm temperatures produced 100% females, where-
as those incubated at an intermediate temperature (27°C) pro-
duced an even sex ratio (x2 = 0.1, df = 1, P = 0.793). The
Fadrozole-treated eggs produced nearly 100% mal e offspring
at all three incubation temperatures (Fig. 2B).

Hatchling Phenotypes

Incubation temperature influenced hatchling morphology,
but did not differentially affect males and females (Table 3).
Hatchlings from the warm incubation treatment were smaller
(in mass and SVL), and had lower body condition than did
hatchlings from the other treatments (Fig. 3A, B, C). Cool-
incubated hatchlings had shorter tails relative to SVL than
did hatchlings from the other treatments (Fig. 3D). In ad-
dition, the date of oviposition explained a small, but signif-
icant, amount of the variation in egg size (r2 = 0.02, P =
0.039) and hatchling size (r2 = 0.02, P = 0.028); eggs (and
the resultant hatchlings) produced late in the season were
larger than those produced early in the season.

Incubation temperature did not affect hatchling head mea-
sures, nor did it differentially affect male and female hatch-
lings in this respect (Table 3). However, males had deeper
heads than females (Table 3). Limb length was generally not
affected by incubation temperature, sex, or their interactions.
The degree of asymmetry in hind limb length was greater in
hatchlings from the warm incubation treatment than in hatch-
lings from cool incubation (Table 3); fluctuating asymmetry
in limb length was not influenced by sex or the sex-by-tem-
perature interaction.

Locomotor speeds of hatchlings were not influenced by
incubation temperature and did not differ between males and
females (Table 3). This pattern was consistent at all four
slopes, asrunning speeds at each slope weretightly correlated
(all P < 0.001). As expected, steeper slopes reduced running
speeds. Hatchlings from the cool incubation treatment
stopped less often (mean = 2.7 stops) over the 1-m distance
than did hatchlings from the intermediate (mean = 3.2 stops)
and warm (mean = 3.4 stops) incubation treatments (K ruskal -
Wallis: x2 = 7.8, df = 2, P = 0.020). Males and females
did not differ in the number of stops made during the running
trials (Kruskal-Wallis: x2 = 0.1, df = 1, P = 0.743), with
no significant interactions between sex and incubation tem-
perature for any locomotor analyses.

Hatchling Growth

Over an average of six days (SD = 2.3) in the laboratory,
hatchling growth rate was influenced by prior incubation tem-
perature but did not differ between males and females (Table
3). Hatchlings from cool incubation grew more slowly than
did individuals from intermediate or warm incubation, al-
though this pattern was no longer significant if date of hatch-
ing was included as a covariate (F 137 = 2.0, P = 0.138).
Incubation temperature differentially affected SVL growth of
male and female offspring (incubation temperature-by-sex
interaction); sons and daughters from the 23°C and 27°C
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Fic. 1. The effect of incubation temperature on the timing of
hatching. (A) Duration of incubation for male and femal e offspring.
All three incubation treatments differed from each other (F; 145 =
10942.8, P < 0.001). (B) Date of hatching for male and female
offspring. All three treatments differed from each other (F, 145 =
8074.2, P < 0.001). Date of hatching is adjusted for oviposition
date (least-squares means are reported). Error bars represent 3 SE.

incubation treatments grew at similar rates, but daughters
from the 33°C incubation treatment grew more slowly than
their brothers. Because growth was measured over a short
time period (about six days) and this interaction was not
significant for growth rate in mass, the biological significance
of this interaction is questionable. Nevertheless, the effect of
incubation temperature on growth mimicked that found in
the outdoor enclosures (see below).

In the outdoor enclosures, individuals that hatched rela-
tively late in the season grew more slowly than did earlier-
hatching conspecifics (Fig. 4A). Because temperature influ-
enced incubation duration (and subsequently hatching date),
this relationship between hatching date and hatchling growth
was strongly driven by incubation temperature (growth in
SVL: F,76 = 20.8, P < 0.001; growth in mass: F, 75 = 9.3,
P < 0.001; Fig. 4B); that is, relatively cool incubation tem-
peratures produced slow-growing individuals via an effect
on the timing of hatching. In support of this interpretation,
incubation temperature had no apparent direct effect on
hatchling growth rate when date of hatching was included as
acovariatein theanalysis (F, 74 = 0.2, P = 0.813). Hatchling
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Fic. 2. The effect of incubation treatment on offspring sex ratios.
(A) Sex ratiosfor control treatments at each incubation temperature.
(B) Sex ratios for Fadrozole-treated offspring at each incubation
temperature.

sex, the enclosures in which hatchlings were released, and
their interaction had no significant effects on growth rate (all
P > 0.106).

Incubation temperature indirectly influenced hatchling
body size prior to winter via its effect on growth and the
timing of hatching. Because incubation temperature influ-
enced hatching date and growth rate, the size of offspring
prior to winter was also strongly affected by incubation tem-
perature (Fig. 4C). Thus, by the end of their first growing
season, individuals from the warm and intermediate incu-
bation treatments were much larger than their siblings from
the cool incubation treatment (F, 13, = 30.0, P < 0.001; Fig.
4D).

Hatchling Survival

Hatchling survival in the laboratory was high (96%), and
did not differ among treatments (x2 = 5.6, df = 5, P = 0.345).
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Fic. 3. Contrasts of offspring phenotypes from three incubation temperature regimes. (A) Snout-vent length versus incubation tem-
perature. (B) Body mass versus incubation temperature. (C) Body condition versus incubation temperature. (D) Tail length versus
incubation temperature. L east-square means are reported for snout-vent length, mass, and tail length. Brackets above bars group incubation
treatments that are not significantly different from one another. Error bars represent 1 SE.

However, overall survival (in the laboratory and in outdoor 0.070; Fig. 5); analyses based on logistic regression provided
enclosures combined) was influenced by incubation temper-  similar results (see Table 4). For both sexes, individualsfrom
ature (x2 = 6.7, df = 2, P = 0.036) and differed marginally the warm incubation treatment had lower prewinter survival
between male and female hatchlings (x2 = 3.3, df = 1, P = than did their siblings from the cool and intermediate incu-

TaBLE 4. Associations of incubation temperature, offspring sex, oviposition date, egg size, snout-vent length, running speed, and their
interactions with hatchling survival prior to winter. Analyses were carried out with multiple logistic regression. The last four columns
indicate the four differential fitness hypotheses that are supported (/), rejected (X), or not impacted (—) by each statistical test. The
four hypotheses state that there is a (A) different optimal egg size for sons versus daughters, (B) different phenotypic optima for sons
versus daughters, (C) different norm of reaction for sons versus daughters, and (D) different optimal hatching time for sons versus
daughters. Details of each hypothesis are in Table 1. We found no statistically significant patterns.

Statistical test supports, rejects,

h i h hesis:
Effect on hatchling or has no impact on hypothesis:

Dependent variables survival A B C D
Incubation temperature x2 = 5.37, P = 0.068 — — — ?
Oviposition date x2 = 3.44, P = 0.063 — — — J
Egg mass (g) x2 = 0.00, P = 0.980 X — — —
Hatchling sex X% = 3.42, P = 0.064 — J — —
Snout-vent length (mm) x2 = 0.32, P = 0571 — — — —
Running speed (m/sec over 1 m) x? = 0.38, P = 0.537 — — — —
Incubation temperature X hatchling sex x2 = 0.01, P = 0.996 — — X —
Oviposition date X incubation temperature x2 = 0.64, P = 0.726 — ? — —
Oviposition date X hatchling sex x2 = 0.15, P = 0.696 — X — —
Egg mass X incubation temperature x2 = 1.86, P = 0.394 X — — —
Egg mass X hatchling sex x2 = 0.05, P = 0.830 X — — —
Snout-vent length X sex X2 = 247, P = 0.116 — X — —
Running speed X sex x2 = 1.05, P = 0.305 — X — —
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Fic. 4. Effect of hatching date and incubation temperature on hatchling growth rate and body size prior to winter in outdoor enclosures.
(A) Relationship between hatching date and growth rate in snout-vent length (r2 = 0.381, P < 0.001). (B) Effect of incubation temperature
on growth rate (F, 75 = 9.3, P < 0.001). (C) Relationship between hatching date and snout-vent length prior to winter (r2 = 0.659, P
< 0.001). (D) Effect of incubation temperature on snout-vent length prior to winter (F, 13, = 30.0, P < 0.001). Symbols for |eft panel:
O, warm incubation treatment (33°C); M, intermediate incubation treatment (27°C); X, cool incubation treatment (23°C). Brackets above
bars group incubation treatments that are not significantly different from one another. Error bars represent 1 SE.
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Fic. 5. Effect of incubation temperature and sex on hatchling sur-
vival up to winter.

bation treatments. Incubation temperature did not differen-
tially influence male and female survival (x2 = 0.2, df = 2,
P = 0.916). Incubation temperature did not influence survival
after adjusting for variation in oviposition date and egg size
(incubation temperature X oviposition date interaction; Table
4). The effect of egg mass on hatchling survival did not differ
between males and females (egg mass X sex interaction;
Table 4).

The phenotypic traits of hatchlings that we measured were
not related to the subsequent probability of survival of these
animals (overall multiple logistic regression: x2 = 11.2, df
= 8, P = 0.191; Table 5), nor did the relationship between
phenotypic traits and survival differ between male and female
hatchlings (interactive effects of phenotypes and sex on sur-
vival: overall logistic model, x2 = 22.8, df = 17, P = 0.157).

Discussion

Ideally, a test of the Charnov-Bull model should be con-
ducted in the field rather than in outdoor enclosures, and
should incorporatefitness variation in all stages of life history
(indeed, should be based on direct measurement of lifetime
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TABLE 5. Sex-specific relationships between phenotypes and survival prior to winter. Analyses were carried out with a multiple logistic
regression for each sex separately. The last four columns indicate the four differential fitness hypotheses that are supported (/), rejected
(%), or not impacted (—) by each statistical test. The four hypotheses state that there is a (A) different optimal egg size for sons versus
daughters, (B) different phenotypic optima for sons versus daughters, (C) different norm of reaction for sons versus daughters, and (D)
different optimal hatching time for sons versus daughters. Details of each hypothesis are in Table 1.

Statistical test supports, rejects,

Male Female or has no impact on hypothesis:

Phenotype X2 P X2 P A B Cc D
Oviposition date 0.06 0.810 0.02 0.880 — — — X
Egg mass () 0.04 0.840 0.87 0.350 X — — —
Hatch date 0.97 0.325 1.16 0.281 — — — X
Snout-vent length (mm) 0.49 0.482 0.20 0.662 — X — —
Body mass (g) 0.02 0.876 224 0.135 — X — —
Tail length (mm) 0.30 0.582 0.80 0.373 — X — —
Body condition (residuals) 0.00 0.996 2.80 0.092 — X — —
Running speed (m/sec over 1 m) 1.88 0.171 0.51 0.475 — X — —
Growth in lab (ASVL/days) 0.20 0.653 3.42 0.065 — X — —

reproductive success). In practice, the logistical obstacles to
such a study are so great that we were forced to rely on
simulation of natural habitats using large field enclosures,
and in the present study we have examined only one subset
of fitness differentials: those that are evident prior to sexual
maturation. This is an important limitation, because some
sex-specific effects of incubation temperature might become
apparent only after maturation (Gutzke and Crews 1988).
Nonetheless, juvenile life is the phase of life history closest
to incubation, and thus we might expect that any effects of
incubation temperature would be most obvious at this time.
Despite its limitations, our study enables an unusually ex-
tensive and detailed examination of the effects of incubation
temperature and sex, and the interaction between these two
variables, on fitness-relevant traits of individuals of a TSD
species through most of their prereproductive life. In this
respect, it is the first such study to be conducted in semi-
natural conditions on any TSD reptile species. With the in-
evitable caveat that some components of fitness variation may
not be expressed until the adult stage, we can nonetheless
draw avariety of conclusions about the validity of alternative
hypotheses that have been proposed to explain the adaptive
significance of TSD in reptiles. In particular, we can evaluate
the plausibility of the four hypotheses outlined in Table 1,
because they each make specific predictions about relation-
ships between the variables we have measured.

Hypothesis A: Different Optimal Egg Sizes for Sons
versus Daughters

Variation in egg size can generate variation in offspring
size and subsequent fitness (Sinervo et al. 1992), and the
relationship between offspring size and fitness may differ
between the sexes (Roosenburg 1996). Thus, a female parent
may benefit by producing offspring of the sex that benefits
most from a given egg size (Roosenburg 1996; but see Morjan
and Janzen 2003). Temperature-dependent sex determination
can enhance maternal fitness by allowing a female to select
a nest site with a thermal regime that will produce the sex
of offspring that is best suited to the mean egg size in her
clutch.

Our results provide no support for this hypothesis. Hatch-
ling size was highly correlated with egg size, and the ex-

perimental design allowed male and female offspring to be
produced from a wide range of egg sizes and incubation
temperatures. We found no sex-specific optimal egg size, nor
any incubation-temperature-specific optimal egg size (Table
4). The lack of interactive effects of egg size with sex and
incubation temperature on offspring phenotypes and survival
provides little support for the egg size/sex-matching hypoth-
esis. A caveat is, however, that our hatchlings experienced
a predator-free environment. Relatively large hatchlings
(from large eggs) may have had greater survival than small
individualsif predators were present (Janzen 1993; Sorci and
Clobert 1999; Janzen et al. 2000), and this size-versus-sur-
vival relationship might differ between the sexes under more
natural conditions.

Egg size (and subsequent hatchling size) also might play
arole in the adaptive significance of TSD via an association
between egg size and season. Indeed, our data show that egg
size increased slightly but significantly over the course of the
season. A previous study of A. muricatus suggests that male-
biased clutches might be produced earlier in the season than
female-biased clutches (Harlow and Taylor 2000), due to
seasonal changesin nest temperatures. This putative seasonal
shift in sex ratio coupled with the increase in egg size for
later clutches, suggests that small eggs (early in the season)
might tend to produce mal e offspring whereaslarge eggs (late
in the season) tend to produce female offspring. However,
our data do not support this scenario. We did not find any
association between egg size and offspring sex: sons and
daughters both were produced from awide range of egg sizes,
and we found no significant sex-specific or temperature-spe-
cific benefits of egg size at any time during the hatching
season (Table 4). Additionally, the evidence for a seasonal
shift in sex ratio is weak, based on only three nests (Harlow
and Taylor 2000). Overall, we see no evidence within our
data for any significant covariation between egg size and
either offspring sex or incubation temperature.

Hypotheses B and C: Different Phenotypic Optima for Sons
versus Daughters, and Different Norms of Reaction for Sons
versus Daughters

Two different, but related, hypotheses attribute the adap-
tive significance of TSD to the effects of incubation tem-
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perature on offspring phenotypes. Hypothesis B (different
phenotypic optima for sons vs. daughters) assumes that in-
cubation temperature modifies phenotypic traits of hatch-
lings, and does so in the same way for sons as for daughters.
Despite this similarity in norms of reaction, a difference in
the phenotypic determinants of fitness between males and
females can generate a difference in optimal incubation tem-
peratures between the two sexes, and thus favor TSD. Hy-
pothesis C (different norms of reaction for sonsvs. daughters)
also posits that incubation temperature influences fitness-re-
lated phenotypic traits, but does so differently in male and
female offspring (i.e., sex by incubation temperature inter-
action). For example, incubation temperatures that produce
daughters induce phenotypic traits that are best suited for
female fitness, and temperatures that produce sons induce
phenotypic traits that are best suited for male fitness. Nu-
merous studies demonstrate that incubation temperature in-
fluences phenotypes of hatchling reptiles in ways that may
affect individual fitness (e.g., Van Damme et al. 1992;
Downes and Shine 1999; Freedberg et al. 2004), and this
effect can differ for male and female offspring (Shine et al.
1995; Elphick and Shine 1999).

Based on the phenotypes measured, our study does not
support either of these models. Consistent with hypothesis
B, but in direct falsification of hypothesis C, hatchling mor-
phology was shaped by incubation temperature independent
of sex. Hatchlings from the warm incubation treatment were
smaller and had lower body condition than did hatchlings
from the cool and intermediate treatments (Fig. 3). Although
these effects of incubation temperature on the body size of
hatchlings may influence offspring survival under field con-
ditions (as proposed by hypothesis B), the magnitude of these
effects in our study was so small (3—4% difference in body
size) that we doubt they would have a significant impact on
survival. For example, previous experiments on iguanid liz-
ards where body size was greatly reduced (up to 20%) did
not always influence rates of survival in the field (Sinervo et
al. 1992; Warner and Andrews 2002). Moreover, the effects
of incubation temperature on hatchling morphology in our
dragons were short lived and rapidly overwhelmed by dif-
ferentials induced by environmental conditions post-hatch-
ing. For example, although warm incubation temperatures
produced small hatchlings, these individuals were among the
largest by the onset of winter. As previously shown by Qualls
and Shine (2000) for a scincid lizard, the phenotypic effects
of incubation temperature may be trivial compared to effects
of the post-hatching environment and especially the seasonal
timing of hatching. Overall, the fithess consequences of phe-
notypic variation among hatchling A. muricatus did not differ
between males and females, and no phenotypic traits influ-
enced probability of survival (Tables 4 and 5). However,
predation pressures have been shown to be sex specific in a
turtle with TSD (Janzen 1995), and it is possible that seasonal
variation in predator densities may induce sex-specific mor-
tality due to temporal variation in the sex ratios produced.

Another consideration involves the measurement of ap-
propriate phenotypes. For example, phenotypes other than
those that we chose to measure may play an important role
in determining offspring fitness. Indeed, sex-specific tem-
perature effects may become apparent when offspring reach
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sexual maturity. Thus, based on our prereproductive data, our
results show no support for hypotheses B and C, but we still
cannot completely rule out these hypotheses.

Hypothesis D: Different Optimal Hatching Times for Sons
versus Daughters

In reptiles, incubation temperature strongly affects the du-
ration of incubation and thus, the seasonal timing of hatching
(Van Damme et a. 1992; Andrews et al. 2000). Thus, TSD
may confer an adaptive advantage by allowing reproducing
females to shift their clutch sex ratios seasonally, and hence
to match the sex of their offspring to the seasonal conditions
most suitable for that sex. This hypothesis has been supported
in studies of fish and invertebrates with environmental sex
determination (Conover 1984; McCabe and Dunn 1997), and
finds support from our own study as well.

In jacky dragons, incubation temperature profoundly af-
fects the duration of incubation: on average, eggs from the
warm incubation treatment hatched about two months earlier
than those from the cool treatment (Fig. 1B). A two-month
““head start’’ may have dramatic effects on future reproduc-
tive success, particularly in ashort-lived, early-maturing spe-
cies such as A. muricatus. Indeed, early-hatched individuals
(from the warm treatment) were substantially larger by the
onset of winter than were individuals from cool incubation
(Fig. 4). Moreover, by the onset of winter, some individuals
from the warm incubation treatment werevirtually adult sized
(to 71 mm, with maturation occurring at about 72 mm, from
Harlow and Taylor 2000). The much larger size of these
warm-incubated animals than their cold-incubated counter-
parts reflects two advantages: (1) they had more time for
growth prior to winter; and (2) they hatched into warmer
conditions with few competitors for food.

Hatching early in the season, however, may have associ-
ated mortality costs; early-hatched lizards were less likely to
survive until winter (x2 = 6.1, P = 0.014). Thus, hatchlings
from the warm incubation treatment had higher mortality than
did those from the cool and intermediate incubation treat-
ments (Fig. 5). This pattern was similar for males and fe-
males, although females had marginally higher rates of sur-
vival than did males for all treatments. The actual source of
mortality in this study was unknown, but the most obvious
reason for higher mortality rates of early-hatching lizardsis
that they had a greater time span prior to winter than indi-
viduals that hatched late, and thus they had more opportu-
nitiesto die. However, most hatchlingsthat died did so within
five days (SD = 5.8 days) after they were released in the
enclosures; of 27 hatchlings for which the date of death was
known, only two died more than a month after their release.
Even late-hatched individuals spent at least a month in the
outdoor enclosures prior to winter, and thus went through
this phase of high risk. Another consideration involves nest
predation; cool nests that hatch late have longer time of ex-
posure to predators than warm nests. Currently, our data do
not allow us to determine whether or not the benefits of
hatching early (head-start on growth) outweigh its associated
costs (low survival). Experimental work on the long-term
effects of the seasonal timing of hatching on reproductive
success are be needed to address this question.
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Our data establish that the seasonal timing of hatching
(related to incubation temperature both as a direct effect, and
as a correlate of high soil temperatures in early-season nests)
is likely to have a major impact on fitness. By the end of the
first growing season, hatchlings from early-season, relatively
warm nests will be much larger than their conspecifics from
later, cooler nests, and thus much more likely to attain adult
body sizes early in their second summer of life (i.e., at about
11 months of age, vs. about 20 months for hatchlings emerg-
ing from later, cooler nests). Harlow and Taylor (2000) sug-
gested that early-season jacky dragon nests might produce
mainly males, because this sex would benefit more than their
sisters from early maturation. However, our data point to the
opposite scenario. Small, but sexually mature male dragons
are unlikely to be able to compete successfully with the much
larger territorial residents; thus maturation at one rather than
two years of age may not enhance lifetime reproductive suc-
cess for male jacky dragons. On the other hand, an early-
hatched femal e would face |ess competition from conspecifics
and likely be able to reproduce in her first year. Thus, high
soil temperatures early in the season may produce mostly
daughters, many of whom (despite high mortality rates) grow
rapidly enough to mature and reproduce within ayear of their
own hatching. In contrast, later cooler nests produce mixed
sexes, with both males and females requiring an additional
year of growth prior to maturation. This hypothesis predicts
that gravid female jacky dragons will tend to select nest sites
with high temperatures early in the nesting season, and that
such nests will produce daughters that reach sexual maturity
in the following summer. Field studies of nest-site selection,
nest thermal regimes, hatchling sex ratios, and growth rates
under natural conditions are needed to test this hypothesis.

Conclusions

The adaptive significance of ESD, particularly TSD in rep-
tiles, has been a problematic area of research for nearly three
decades. To date, research in this field has focused on ex-
tremely long-lived reptiles (i.e., turtles and crocodilians), and
hence has dealt only with very early life-history stages. Fur-
thermore, few studies have appropriately decoupled the con-
founded effects of sex and incubation temperature on off-
spring characteristics via hormonal manipulations (Rhen and
Lang 1995). Our experiment is unique in that it takes into
account the above problems and simultaneously tests four
differential fitness hypotheses underlying the Charnov-Bull
model during most of the prereproductive life of ashort-lived
TSD reptile.

Our data, coupled with previously published work on the
reproductive biology of jacky dragons, suggest that there is
likely to be an adaptive value of TSD in this species. Spe-
cifically, our results suggest that TSD may be maintained
because there are likely different optimal hatching times
(which are driven by incubation temperature) for sons versus
daughters in our study species. The generality of this hy-
pothesis for the evolutionary significance of TSD in other
reptiles is difficult to evaluate because TSD exists in awide
variety of taxa with extremely variable life histories, sug-
gesting that TSD may have evolved for a variety of different
reasons. Nonetheless, at |east for short-lived, early-maturing
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taxa such as our study species, experimental studies on the
sex-specific effects of incubation temperature can provide
insight into the selective forces involved in the evolution and
maintenance of TSD.

ACKNOWLEDGMENTS

We thank D. Allsop, W. Du, M. Elphick, H. Giragossyan,
P. Harlow, M. Kearney, T. Langkilde, M. Olsson, R. Peters,
B. Phillips, S. Ruggeri, T. Schwartz, F. Seebacher, J. Thomas,
M. Thompson, D. Van Dyke, M. Wall, and T. Wilson for
help in various ways. Comments on an early draft of this
paper by J. Bull and F. Janzen were greatly appreciated.
Thanks to Novartis Pharmaceutical s for providing Fadrozole.
DAW was supported by an International Postgraduate Award
and by an International Postgraduate Research Scholarship.
Research funding was provided by Sigma Xi, the American
Society of Ichthyologists and Herpetologists, the Norman
Wettenhall Foundation, the Linnean Society of New South
Wales, the Society for Integrative and Comparative Biology,
the Chicago Herpetological Society, the Royal Zoological
Society of New South Wales (to DAW) and the Australian
Research Council (to RS). Lizards were collected under per-
mit S10658 of the New South Wales National Parks Service.
All protocols for this research were approved by the Uni-
versity of Sydney Animal Care and Ethics Committee (L04/
10-2003/3/3818) and by the Macquarie University Animal
Care and Ethics Committee (2003/025).

LiTERATURE CITED

Andrews, R. M., T. Mathies, and D. A. Warner. 2000. Effect of
incubation temperature on morphology, growth, and survival of
juvenile Sceloporus undulatus. Herpetol. Monogr. 14:420-431.

Bull, J. J. 1983. Evolution of sex determining mechanisms. Ben-
jamin/Cummings Publishing Menlo Park, CA.

———. 1987. Temperature-sensitive periods of sex determination
inalizard: similaritieswith turtlesand crocodilians. J. Exp. Zool.
241:143-148.

Bulmer, M. G., and J. J. Bull. 1982. Models of polygenic sex de-
termination and sex ratio control. Evolution 36:13-26.

Charnov, E., and J. J. Bull. 1977. When is sex environmentally
determined? Nature 266:828-830.

Conover, D. O. 1984. Adaptive significance of temperature-depen-
dent sex determination in a fish. Am. Nat. 123:297-313.

Cook, J. M. 2002. Sex determination in invertebrates. Pp. 178-194
inl. C. W. Hardy, ed. Sex ratios: concepts and research methods.
Cambridge Univ. Press, Cambridge, U.K.

Crews, D., J. M. Bergeron, J. J. Bull, D. Flores, A. Tousighanat,
J. K. Skipper, and T. Wibbels. 1994. Temperature-dependent sex
determination in reptiles: proximate mechanisms, ultimate out-
comes, and practical applications. Dev. Genet. 15:297-312.

Downes, S. J., and R. Shine. 1999. Do incubation-induced changes
in alizard’'s phenotype influence its vulnerability to predators?
Oecologia 120:9-18.

Elphick, M. J., and R. Shine. 1999. Sex differences in optimal
incubation temperatures in a scincid lizard species. Oecologia
118:431-437.

Ewert, M. A., and C. E. Nelson. 1991. Sex determination in turtles:
diverse patterns and some possible adaptive values. Copeia
1991:50-69.

Fisher, R. A. 1930. The genetical theory of natural selection. Clar-
endon Press, Oxford, U.K.

Freedberg, S., A. L. Stumpf, M. A. Ewert, and C. E. Nelson. 2004.
Developmental environment has long-lasting effects on behav-
ioural performance in two turtles with environmental sex de-
termination. Evol. Ecol. Res. 6:739-747.



ADAPTIVE SIGNIFICANCE OF TSD

Gutzke, W. H. N., and D. Crews. 1988. Embryonic temperature
determines adult sexuality in a reptile. Nature 332:832-834.
Harlow, P. S. 1996. A harmless technique for sexing hatchling

lizards. Herpetol. Rev. 27:71-72.

———. 2000. Incubation temperature determines hatchling sex in
Australian rock dragons (Agamidae: genus Ctenophorus). Cop-
eia 2000:958-964.

———. 2004. Temperature-dependent sex determination in lizards.
Pp. 42-52 in N. Valenzuelaand V. A. Lance, eds. Temperature-
dependent sex determination in vertebrates. Smithsonian Insti-
tution Press, Washington, DC.

Harlow, P. S., and R. Shine. 1999. Temperature-dependent sex de-
termination in the frillneck lizard, Chlamydosaurus kingii
(Agamidae). Herpetologica 55:205-212.

Harlow, P. S., and J. E. Taylor. 2000. Reproductive ecology of the
jacky dragon (Amphibolurus muricatus): an agamid lizard with
temperature-dependent sex determination. Aust. Ecol. 25:
640-652.

Janzen, F. J. 1993. An experimental analysis of natural selection
on body size of hatchling turtles. Ecology 74:332—-341.

———. 1995. Experimental evidence for the evolutionary signif-
icance of temperature-dependent sex determination. Evolution
49:864-873.

Janzen, F. J.,, and G. L. Paukstis. 1991. Environmental sex deter-
mination in reptiles: ecology, evolution, and experimental de-
sign. Q. Rev. Biol. 66:149-179.

Janzen, F. J., J. K. Tucker, and G. L. Paukstis. 2000. Experimental
analysis of an early life-history stage: selection on size of hatch-
ling turtles. Ecology 81:2290-2304.

McCabe, J., and A. M. Dunn. 1997. Adaptive significance of en-
vironmental sex determination in an amphipod. J. Evol. Biol.
10:515-527.

Morjan, C. L., and F. J. Janzen. 2003. Nest temperature isnot related
to egg size in a turtle with temperature-dependent sex deter-
mination. Copeia 2003:366—372.

Qualls, F. J., and R. Shine. 2000. Post-hatching environment con-
tributes greatly to phenotypic variation between two populations
of the Australian garden skink, Lampropholis guichenoti. Biol.
J. Linn. Soc. 71:315-341.

2221

Rhen, T., and J. W. Lang. 1995. Phenotypic plasticity for growth
in the common snapping turtle: effects of incubation tempera-
ture, clutch, and their interaction. Am. Nat. 146:726—747.

Roosenburg, W. M. 1996. Maternal condition and nest site choice:
an alternative for the maintenance of environmental sex deter-
mination? Am. Zool. 36:157-168.

SAS Institute. 1997. SAS/STAT User’s Guide. SAS Institute, Inc.,
Cary, NC.

———.2002. IMP user’'s guide. Ver. 5. SAS Institute, Inc., Cary,
NC.

Shine, R. 1999. Why is sex determined by nest temperature in many
reptiles? Trends Ecol. Evol. 14:186-189.

Shine, R., M. J. Elphick, and P. S. Harlow. 1995. Sisterslike it hot.
Nature 378:451-452.

Sinervo, B. 1990. The evolution of maternal investment in lizards:
an experimental and comparative analysis of egg size and its
effects on offspring performance. Evolution 44:179-194.

Sinervo, B., P. Doughty, R. B. Huey, and K. Zamudio. 1992. Al-
lometric engineering: a causal analysis of natural selection on
offspring size. Science 258:1927-1930.

Sorci, G., and J. Clobert. 1999. Natural selection on hatchling body
size and massin two environmentsin the common lizard (Lacerta
vivipara). Evol. Ecol. Res. 1:303-316.

Valenzuela, N., and V. A. Lance. 2004. Temperature-dependent sex
determination in vertebrates. Smithsonian Books, Washington,
DC.

Van Damme, R., T. J. M. Bauwens, F. Brana, and R. F. Verheyen.
1992. Incubation temperature differentially affects hatching
time, egg survival, and hatchling performance in the lizard Po-
darcis muralis. Herpetologica 48:220-228.

Voordouw, M. J., and B. D. Anholt. 2002. Environmental sex de-
termination in a splash pool copepod. Biol. J. Linn. Soc. 76:
511-520.

Warner, D. A., and R. M. Andrews. 2002. Laboratory and field
experiments identify sources of variation in phenotypes and sur-
vival of hatchling lizards. Biol. J. Linn. Soc. 76:105-124.

Witten, G. J. 1983. Some karyotypes of Australian agamids (Rep-
tilia: Lacertilia). Aust. J. Zool. 31:533-540.

Corresponding Editor: K. Schwenk



