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Abstract. Mothers may be able to manipulate the phenotypes of their progeny not only 
via direct pathways (e.g., allocation of nutrients and energy), but also indirectly, by inducing 
particular developmental pathways through selection of nest sites and thus, incubation 
conditions. In the field, female skinks (Bassiana duperreyi) in montane southeastern Aus
tralia select nest sites with specific thermal characteristics-especially, a high mean tem
perature and a high diel range in temperature. Monitoring of 14 natural nests throughout 
most of the incubation period revealed considerable differences among nests in both means 
and variances of thermal regimes. Laboratory experiments on this species show that both 
the mean and the variance of incubation temperatures profoundly influence developmental 
rates (and hence, incubation periods) as well as the body shape, activity levels, thermo
regulatory behavior, and running speeds of the hatchlings. Hence, a female's selection of 
a particular nest site can substantially modify both the time of emergence of the hatchlings, 
and the morphology and behavior of her offspring. Even within a single nest, minor dif
ferences among eggs in their depth below the ground surface will directly affect thermal 
variance, and so may strongly influence rates of embryogenesis and the phenotype of the 
hatchling. The effects of thermal variance (independent of the mean) on embryonic de
velopment rates and hatchling phenotypes suggest that data from constant-temperature 
incubation in the laboratory should be interpreted with caution. 

Key words: development; hatchling performance; incubation; lizard; phenotypic plasticity; tem
perature effects. 

INTRODUCTION 

Reproducing females control many aspects of the 
phenotypes of their offspring: for example, the mother 
controls the allocation of nutrients and energy to her 
clutch (and thus determines propagule size) and deter
mines the time and place at which oviposition or par
turition will occur. However, the mother's influence can 
extend well past the time at which she leaves her eggs, 
because her choice of oviposition site can have pro
found effects on the phenotypes of the hatchlings that 
will eventually emerge. In many vertebrate and inver
tebrate taxa, physical conditions experienced during 
embryogenesis can significantly influence develop
mental trajectories as well as rates of embryonic growth 
(e.g., Meats 1984, Shine and Harlow 1993). The most 
obvious example of such an effect is environmental sex 
determination, whereby the gender of the offspring can 
be determined by the mother's choice of nest-site char
acteristics (Bull 1980). However, more subtle effects 
of incubation conditions on offspring phenotypes (be
havioral as well as morphological) are widespread (e.g., 
VanDamme et al. 1992, Shine and Harlow 1993, Rhen 
and Lang 1995). Thus, there is the potential for a female 
to exploit these reaction norms in such a way as to 

1 Manuscript received 18 April 1995; revised 4 October 
1995; accepted 19 October 1995; final version received 2 
January 1996. 

manipulate the phenotypes of her offspring by appro
priate choice of oviposition sites. 

Reptiles offer ideal model systems in which to in
vestigate this possibility. Recent experimental studies 
suggest that a high proportion of the phenotypic vari
ance among hatchling reptiles is induced by differences 
in the physical conditions experienced by the embryo 
(e.g., Burger 1989, 1990, 1991, Gutzke 1984, Gutzke 
and Packard 1987, Shine and Harlow 1993, Shine 
1995). Field data on natural nests suggest that nearby 
nests may often differ appreciably in means and as
sociated variances of temperature and water potential 
(e.g., Packard and Packard 1988). Significant temporal 
and spatial variation in the thermal and hydric envi
ronments may occur even within a single nest during 
the incubation period (e.g., Palmer-Allen et al. 1991). 
This phenomenon may have important implications for 
our understanding of reptilian biology. For example, if 
natural selection acts on offspring phenotypes, it may 
do so via modifications of maternal behavior (nest-site 
selection) rather than affecting allelic frequencies that 
control specific offspring characteristics (e.g., Shine 
and Harlow 1993). 

In this paper, we provide data on thermal regimes 
within natural nests of a high-elevation Australian scin
cid lizard (Bassiana duperreyi), and compare these 
sites to other potential nest sites in the same habitat. 
The oviposition locations selected by the female lizards 
are thermally distinctive, and natural nest sites vary 
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considerably in both means and variances of the in
cubation temperatures that they provide. Thus, we then 
experimentally examine the effects of thermal regime 
on offspring phenotypes in this species. Most previous 
work on this topic has incubated eggs at a variety of 
constant-temperature treatments to examine the influ
ence of incubation temperature (e.g., Shine 1983, Bur
ger 1989, 1990, 1991, VanDamme et al. 1992). It seems 
to be generally true that biologists focus on differences 
in mean values rather than differences in associated 
variances, and the biological significance of variance 
per se is rarely examined (Shine and Seigel 1996). 
Thus, we examined the phenotypic effects of both mean 
incubation temperature, and variance in incubation 
temperature. If temperature fluctuation affects hatch
ling phenotypes, above and beyond any effects of mean 
temperatures, then the large body of laboratory work 
that has relied on constant-temperature incubation may 
give only a weak indication of the events actually oc
curring in natural nests, especially in those of shallow
nesting temperate-zone reptile species. 

MATERIALS AND METHODS 

Study species and area 

Bassiana duperreyi (= "Leiolopisma trilineatum" 
in older literature) is a medium-sized (to 80 mm snout
vent length [SVL]) diurnal heliothermic scincid lizard 
widely distributed in montane grasslands of south
eastern Australia (Cogger 1992). Adult females pro
duce one clutch of eggs in early summer (December: 
Pengilley 1972, Shine 1983, 1995). Our study area was 
in the Brindabella Ranges 40 km west of Canberra in 
the Australian Capital Territory. The area consists of 
extensive eucalypt forests with occasional open pas
tures of snow-grass (Poa spp.), and B. duperreyi are 
most abundant in the relatively open, sunny grasslands 
(Pengilley 1972). We worked in two such areas: one 
at Coree Flats (elevation 1050 m, 148°48' E, 35°17' S) 
and the other 9 km away at Picadilly Circus (elevation 
1246 m, 148°50' E, 35°21' S). Both sites are =2 ha in 
size, and consist of well-drained, northeast-facing 
slopes that are more open than the surrounding forests. 
The lizards use small logs, which are abundant in the 
area (mean > 1 log/m2) for nocturnal shelters and ovi
position sites. The animals appear to migrate into these 
open areas for oviposition. The absence of any obvious 
territorial displays, together with observations of com
munal shelter-site use and oviposition, suggest that ag
onistic interactions among lizards do not constrain 
nest-site choice (as might occur in a more highly ter
ritorial species). 

Natural nests 

We searched for gravid lizards and recently deposited 
clutches of eggs by turning over all potential cover 
objects in our study areas in early December in 1991, 
1993, and 1994. Oviposition is tightly synchronized 

among females within this population (Pengilley 1972), 
and our fieldwork was timed to coincide with the be
ginning of oviposition. Thus, all of the gravid lizards 
that we collected laid their eggs in the laboratory 
< 14 dafter collection. We found four natural nest sites 
in the Coree Flats area on 8/9 December 1993 and a 
further 10 sites (4 at Coree Flats, 6 at Picadilly Circus) 
on 12/13 December 1994. These 14 nests contained a 
total of 216 eggs, comprising =40 clutches (mean 
clutch size is =5 eggs). Communal oviposition has 
been reported previously for this species (Pengilley 
1972, Shine 1983). Probes from miniature thermal da
taloggers (Hobo-temp Incorporated, Onset Computer 
Company, Pocasset, Massachusetts, USA) were placed 
in all of the nests as soon as they were found. The 
probes were placed within the egg mass, so that the tip 
of the probe was entirely surrounded by eggs. Distur
bance to eggs was kept to a minimum. In three of the 
nests, lizards laid more eggs around the probe after it 
was placed in position in the nest site. The dataloggers 
measured nest temperatures at 48-min intervals on a 
continuous basis from implantation until mid-February, 
shortly before hatching. 

On 13 December 1994 we also placed 30 dataloggers 
at other sites that appeared to be suitable for egg-laying 
in the area where the natural nests were found at Coree 
Flats, and monitored temperatures at these sites for the 
next 10 d. These "potential but unused" nest sites were 
under logs adjacent to those actually used as nest sites. 
Because eggs in natural nests extended from 0 to 7 em 
under the soil surface, we also investigated the ways 
in which thermal characteristics depended upon depth 
under the soil surface. To do this, we placed two probes 
(at 1 and 5 em depths) under six of the logs. Most of 
the female B. duperreyi in the population laid their 
clutches over this time period, so our thermal data char
acterize the range of thermal conditions available to 
females at the time they were selecting nest sites. Tem
perature data were log transformed prior to analysis. 
Significance levels from statistical comparisons based 
on the same data set (e.g., on mean, minimum, maxi
mum, and range of temperatures) were corrected for 
multiple comparisons by the sequential Bonferroni pro
cedure. 

Incubation experiments 

Gravid female B. duperreyi were removed to the Uni
versity of Sydney, where they were maintained in sep
arate cages (each 22 X 13 X 7 em). Each cage contained 
a water dish, and the lizards were fed on Tribolium 
larvae three times a week. The room was kept at natural 
photoperiod. Heating was provided separately for each 
cage by means of an underfloor heating element that 
maintained a thermal gradient from ambient ( = 18°-
23°C) to 38°C within each cage for 8 h per day, falling 
to ambient temperature overnight. The lizards thus had 
ample opportunity for behavioral thermoregulation. 

All lizards were weighed, measured, and individually 
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marked (toe-clipped) at the beginning of the study. As 
soon as eggs were found they were removed from the 
cage for weighing, and then each was incubated sep
arately in a 64-mL glass jar containing moist vermic
ulite ( -200 kPa water potential) and covered with plas
tic foodwrap to prevent moisture loss. The amount of 
water needed to achieve this water potential (120% 
water by dry mass of vermiculite) was determined from 
a standard curve of water content (range 20-160% wa
ter by mass) vs. water potential, as measured at 25°C 
with a Wescor HR-33T dew point microvoltmeter and 
a Wescor C-52 sample chamber (Wescor, Logan, Utah). 
We used a split-plot design, with equal numbers of eggs 
from each clutch allocated to each incubation treat
ment. 

In the 1st yr of the study (summer of 1990-1991), 
we examined the possible role of differences in mean 
incubation temperatures: one incubator was set at 22°C 
and the other at 30°C. In the 2nd yr (summer of 1993-
1994 ), we examined the effects of differing degrees of 
fluctuation in incubation temperature, keeping the 
mean incubation temperature constant. Three incuba
tors were used: one was kept at a constant 23°C, where
as the other two were programmed to undergo daily 
sinusoidal (10-step) cycles of gradual heating and cool
ing. One incubator had a daily range of 7.5°C (20.25°-
26.750C), and the other had a range of 19.5°C (13.25°-
32.750C). Each clutch was divided among treatments. 
We also incubated smaller numbers of eggs at a variety 
of constant temperatures, to characterize the relation
ship between incubation temperature and incubation 
period more accurately. 

Our experiments were designed to test whether in
cubation temperatures affect a series of traits that we 
judged as likely to influence offspring fitness: (1) in
cubation period, and thus, time of hatching (Shine 
1983); (2) hatchling size and shape (Ferguson and Fox 
1984, Olsson 1992); (3) hatchling activity level and 
thermoregulatory preferenda (Shine 1995) and ( 4) 
hatchling performance, in terms of running speeds 
(Miller et a!. 1987). The experimental results from the 
two summers (1990-1991 and 1993-1994) are ana
lyzed separately because of the possibilities of artifacts 
arising from year-to-year differences in hatchling vi
ability, or in subtle differences in our methods of hus
bandry, measurement, and testing. 

Our experimental design did not necessarily result 
in all eggs incubating at identical hydric conditions. 
Despite the fact that all eggs commenced incubation at 
identical water potentials, the vermiculite may have 
lost water more rapidly in some treatments than in oth
ers (e.g., Packard 1991). Also, eggs developing at dif
ferent temperatures may have different patterns of wa
ter exchange even when water potentials are identical 
(Packard 1991). Any resulting differences in hydric 
conditions between eggs in different thermal treatments 
may have contributed to the differences in hatchling 

phenotypes observed in our experiment, but such ef
fects are likely to occur in natural nests also. 

Incubators were checked daily and any hatchlings 
removed, weighed(± 1 mg), measured (±0.5 mm), and 
placed in separate containers (the same kind and size 
as those used for adults) with access to food, water, 
and thermoregulatory opportunities. At 7 d of age, each 
hatchling was reweighed and then tested for running 
speed in a styrofoam runway 50 em long and 5 em 
wide. The runway was kept in a room held at 25° ± 
1 °C, and the lizards were allowed 1 h to equilibrate to 
this temperature before being placed at one end of the 
runway and chased down it with an artist's paintbrush. 
In the 1st yr of the study, running trials were videotaped 
from above, and speeds were measured from analysis 
of the tapes. In the 2nd yr we used a different runway, 
with speeds measured by photocells set at three posi
tions along the runway. A computer recorded the time 
intervals between the lizard's arrival at each photocell. 
Each lizard was run three times per day, with a 10-s 
rest between successive trials, and was tested on each 
of three successive days. The lizard's mean speed over 
50 em and over the fastest 20 em (1st yr) or 25 em 
(2nd yr) was calculated for each trial, and overall means 
were then calculated from these data (based on the total 
of nine trials per lizard). 

After the running trials were completed, activity pat
terns of the young B. duperreyi were assessed by film
ing the 10-d-old hatchlings in their individual contain
ers with a time-lapse video-camera (1 frame/s) from 
0800 to 1600. Ambient temperature in the room was 
maintained at 25° ± I °C. The resulting videos were 
scored to provide an index of basking frequency every 
10 min (i.e., time spent in the heated part of the cage). 
Frequency of movement was determined by scoring the 
total number of times the lizard crossed lines set 5.5 
em apart across the length of the container. 

In the 1st yr of the study, the offspring were main
tained in captivity to measure growth rates and to assess 
the duration of any effects of incubation temperatures 
on morphology or behavior. Thus, the running speed 
and activity-thermoregulation trials were repeated 
when the hatchlings were I mo of age. The lizards were 
then measured, killed, and sexed by dissection. In the 
2nd yr of the study, all offspring were released <2 wk 
after hatching, after the initial measurements were com
pleted. 

RESULTS 

Natural nests 

All four of the nests located in December 1993, and 
five of the nests found in December 1994, were under 
relatively small logs (<1 m long, 50-100 mm diam
eter). The other five nests from December 1994 were 
under rocks (120-300 X 180-400 mm; thickness 30-
160 mm). All were > 10 m from the fringe of the forest, 
and hence were exposed to direct solar irradiation for 
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FIG. I. Thermal characteristics of natural nests. The 
graphs show temperatures of two nests, to illustrate among
nest variation in both the means and the die! ranges of in
cubation temperature. The two nests were both from the 
1994-1995 season, and were chosen to display the extreme 
values for means and variances. The horizontal axis shows 
days from the beginning of the monitoring period, which 
commenced <7 dafter oviposition and was the same for both 
nests. 

much of the day. This situation was not the result of 
random placement of nests, because the area contained 
many hundreds of larger logs, and logs in more shaded 
locations. Our data on thermal characteristics of ran
domly chosen potential nest sites, vs. actual nests, re
flect this selection of thin cover objects exposed to solar 
irradiation for much of the day. Potential nest sites 
under thin cover objects experienced a higher diel range 
in temperatures than did sites under thicker objects 
(linear regression of log thickness vs. diel thermal 
range: n = 36, r = -0.39, P < 0.02). Mean temper
atures were relatively unaffected (log thickness vs. 
mean temperature: n = 36, r = -0.30, P = 0.14), 
although sites with highly variable temperatures over 
the course of each day also tended to have higher mean 
temperatures (n = 39, r = 0.61, P < 0.0001). 

Because of their relatively superficial position, and 
their placement under cover objects exposed to direct 
sunlight, most nests experienced high mean tempera
tures and a considerable diel range of temperatures 
(Figs. 1 and 2). Mean temperatures experienced by the 
eggs differed among nests (17.3°-24.4°C), as did mean 
maxima (18.0°-38.0°C) and minima (12.1°-15.7°C). 
Thus, the nests we monitored showed significant dif
ferences in all of these attributes (one-factor ANOVA, 
with nest number as the factor and each day's data as 
a replicate: for 1993-1994 nests, mean temperature, 
F3•235 = 378.40, P < 0.0001; for minimum temperature, 
F 3, 235 = 58.11, P < 0.0001; for maximum temperature, 

F 3, 325 = 4006.6, P < 0.0001; for die! thermal range, 
F3, 325 = 294.50, P < 0.0001; for 1994-1995 nests, 
mean temperature, F 8, 465 = 15.59, P < 0.0001; for 
minimum temperature, F 8, 465 = 12.95, P < 0.0001; for 
maximum temperature, F 8, 465 = 30.75, P < 0.0001; for 
diel thermal range, F 8, 465 = 33.90, P < 0.0001). We 
obtained information for the entire incubation period 
for 12 nests ( 4 in 1 993-1994 and 8 in 1994-1995) and 
data for a briefer period (the 1st wk after oviposition) 
for the other two 1994-1995 nests (because rats 
chewed through the probes for these nests). The 1993-
1994 nests were hotter, on average, than the 1994-1995 
nests (means of 21.4 vs. 18.9°C, t 10 = 2.73, P < 0.022) 
but differences between the 2 yr were minor in terms 
of minima (t 10 = 1.48, P = 0.17), maxima (t 10 = 1.95, 
P = 0.08), and diel ranges (t 10 = 1.28, P = 0.23). 

The comparison of natural nest sites with randomly 
chosen logs in the same area allows us to quantify the 
effects of maternal nest-site selection on the thermal 
regimes experienced by the developing embryos. Real 
nests had higher mean temperatures than did our sample 
of potential nests (means = 20.7° vs. 18.7°C; unpaired 
t36 = 1.35, P < 0.01), as well as significantly lower 
minima (12.1° vs. 14.0°C, t36 = 3.00, P < 0.011), higher 
maxima (29.3° vs. 24.2°C, t36 = 2.51, P < 0.02), and a 
greater diel range in temperatures (means = 17.2° vs. 
10.2°C; t36 = 3.20, P < 0.012). Because a high mean 
temperature was generally associated with a high vari
ance (see above, and Fig. 2), it is possible that the female 
lizards selected oviposition sites based on only one of 
these criteria, with the other as an inevitable corollary. 
Further analysis falsifies this hypothesis, however. A 
heterogeneity of slopes test (with "potential vs. real 
nest" as the factor, mean temperature as the covariate, 
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FIG. 2. Mean temperatures plotted against associated die! 
ranges for 10 nest sites, and 28 potential nest sites (under 
logs) in the same area measured at the same time (13-23 
December 1994). Lizards selected oviposition sites with high 
mean temperatures and high die! ranges, but there was a con
siderable range of thermal regimes among nest sites. No eggs 
hatched successfully from the nest with the highest and most 
variable temperatures (point to extreme upper right of graph). 
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FIG. 3. Dependence of the rate of embryogenesis on incubation temperature in B. duperreyi, over a range of constant 
temperatures in the laboratory. The left-hand graph shows incubation period (mean ::':: 1 so) vs. temperature, whereas the 
right-hand graph shows developmental rate vs. temperature. Developmental rate is calculated by dividing the observed 
incubation period by the shortest incubation period recorded in the laboratory (25 d), and taking the inverse of this number. 

and thermal range as the dependent variable) shows that 
the relationship between the mean and range of nest 
temperatures differed between natural nests and poten
tial nests (slopes F 1•34 = 7.21, P < 0.012). Thus, the 
sites chosen by females not only have atypically high 
mean temperatures and an atypically high diel range of 
temperatures; they also have a higher thermal range than 
would be expected from their mean temperature. 

Overall, the temperatures experienced by eggs did 

not differ significantly between those laid under rocks 
and those laid under logs (grand mean = 20.8°C under 
rock, 19.5°C under log: t6 = 0.71, P = 0.51; mean diel 
range = l5.9°C under rock, 16.2°C under log: t6 = 
0.09, P = 0.94). This equivalence resulted from two 
opposing factors: sites under rocks were hotter than 
those under logs, but the eggs were laid deeper in the 
soil under rock nests. In the case of nests under logs, 
the clutch was laid such that the uppermost eggs were 

TABLE 1. Effects of two different incubation temperature regimes on incubation periods, survival rates, sex ratios, mor
phology, running speed, and behavior of offspring in the oviparous scincid lizard Bassiana duperryei. 

Trait 22°C 30°C Effect of incubation temperature 

Incubation period (d) 60.19 ::':: 2.68 (85) 24.94 ::':: 1.27 (51) F 1,54 = 18107.2, P < 0.0001 
Survival rate to hatching 68% (49/72) 75% (54/72) x2 = 0.51, 1 df, P = 0.48 
Sex ratio (m/f) 12/8 12/9 x2 = o.oo2, 1 df, P = 0.90 
Mass at hatching (g) 0.258 ::':: 0.04 (85) 0.254 ::':: 0.03 (50) F~,53 = 0.002, P = 0.96 
Mass at 1 mo (g) 0.28 ::':: 0.06 (42) 0.28 ::':: 0.07 (26) F 1•16 = 0.21, P = 0.66 
SVL at hatching (mm) 24.98 ::':: 1.11 (85) 23.68 ::':: 1.14 (49) F 1,54 = 19.92, P < 0.0003 

Running speed (m/s) over 50 em 
at 1 wk 0.38 ::':: 0.06 (46) 0.53 ::':: 0.08 (38) Fu6 = 51.6, P < 0.0004 
at 1 mo 0.42 ::':: 0.08 ( 42) 0.61 ::':: 0.17 (26) F 1•16 = 5.54, P < 0.033 

Running speed (m/sec) over 20 em 
at 1 wk 0.45 ::':: 0.08 ( 46) 0.61 ::':: 0.10 (38) F 1,36 = 21.9, P < 0.0003 
at 1 mo 0.48 ::':: 0.08 (42) 0.51 ::':: 0.13 (26) F~,~ 6 = 7 .24, P < 0.034 

% time spent basking 
at 1 wk 30.71 ::':: 22.03 (64) 31.28 ::':: 21.80 (64) F,,82 = 0.83, P = 0.36 
at 1 mo 41.71 ::':: 31.14 (16) 65.44 ::':: 26.79 (15) F 1,66 = 6.53, P < 0.028 

Total activity score 
at I wk 206.0 ::':: 250.3 (64) 216.3 ::':: 264.4 (64) F 1,82 = 0.16, P = 0.69 
at 1 mo 97.5 ::':: 83.1 (16) 283.9 ::':: 300.5 (15) F 1,66 = 3.20, P = 0.08 

Notes: The incubation conditions are constant 22°C and constant 30°C. The table shows mean value ::':: 1 so for each 
incubation treatment; sample sizes in parentheses. SVL = snout-vent length. The last three columns show the results of 
statistical tests of the null hypotheses that the variable in question is not affected by ( 1) the thermal regime during incubation, 
(2) differences among clutches, or (3) any interaction between these two factors. The tests used are (1) two-factor ANOVAs, 
with incubation temperature and clutch identification number as the factors, or (2) contingency-table tests where non parametric 
tests were judged to be more appropriate; ellipses indicate that the test was inappropriate. Note that ANOVAs are based only 
on clutches represented by hatchlings at both temperatures, so sample sizes for tests are lower than for overall means. Boldface 
indicates P < 0.05, after sequential Bonferroni correction. 
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in direct contact with the underside of the log, rather 
than being buried into the soil beneath. In contrast, 
eggs under rocks tended to be buried more deeply, so 
that they were not in direct contact with the underside 
of the rock (mean = 2.4 em under the soil surface). 
This greater depth compensated for the higher and more 
variable thermal regime under rocks (temperatures 
measured directly under the cover object were higher 
for rocks than for logs: unpaired t37 = 2.51, P < 0.04 
for mean temperatures; unpaired t37 = 2.43, P < 0.03 
for die! ranges). A comparison of probes at two dif
ferent depths (10 and 50 mm) under the same logs, 
showed that the deeper probes were cooler (nested one
factor ANOV A with log number, and probe depth nest
ed within log number, as the factors: for probe depth, 
F6• 120 = 4.38, P < 0.003) and less variable in temper
ature (same ANOV A design as for mean temperature: 
probe depth F6• 120 = 13.18, P < 0.002). The greater 
die! thermal range for the shallower probes resulted 
from an increased maximum temperature (F6, 120 = 
25.10, P < 0.001), with no corresponding decrease in 
the minimum temperature experienced (F6• 120 = 1.15, 
p = 0.34). 

Incubation experiments 

The primary result from our incubation experiments 
was that many aspects of the phenotype of a hatchling 
lizard can be influenced by the thermal regime it ex-

TABLE 1. Continued. 

Interaction between 
incubation temperature 

Differences among clutches and clutch no. 

F 14,54 = 13.7, P < 0.0001 F 1454 = 2.96, P < 0.003 

F 14,53 = 21.6, P < 0.0003 
F 8,16 = 0.75, P = 0.65 
F 14,54 = 3.49, P < 0.001 

F,036 = 2.16, P = 0.18 
F 8,;6 = 1.63, P = 0.19 

F10,36 = 2.16, P = 0.14 
F8,16 = 2.15, P = 0.09 

F 12,82 = 1.84, P = 0.055 
F7 ,66 = 1.82, P = 0.10 

F 12,82 = 2.12, P < 0.05 
F7,66 = 2.09, P = 0.056 

F 1453 = 3.44, P < 0.0018 
F 8.16 = 1.51, P = 0.23 
F 14,54 = 1.56, P = 0.12 

F 10,36 = 1.75, P = 0.11 
F 8.16 = 1.80, P = 0.15 

F10,36 = 0.83, P = 0.60 
F 8,16 = 1.85, P = 0.14 

F 12.82 = 1.80, P = 0.06 
F7,66 = 2.28, P = 0.08 

F 12,82 = 3.77, P < 0.0002 
F7.66 = 2.95, P < 0.01 

periences during embryogenesis. Both the mean and 
the variance of incubation temperature are important 
in this respect. 

Effects of mean incubation temperature.-Incubation 
periods varied over a fourfold range depending on tem
perature (Fig. 3). We calculated developmental rates 
by dividing the observed incubation period by the brief
est observed period (25 d at 30°C), and taking the in
verse of this value (Georges 1989). When calculated 
in this way, developmental rates are linearly related to 
incubation temperature, and we predict from the slope 
of this relationship that embryogenesis ceases entirely 
at temperatures below 16.SOC (Fig. 3). 

We also obtained extensive data by comparing hatch
lings incubated at two constant temperatures. Table 1 
shows many phenotypic differences between hatchling 
B. duperreyi incubated at 22°C compared to their sib
lings incubated at 30°C. The more than twofold dif
ference observed in mean incubation periods (25 vs. 
60 d) is consistent with a strong thermal effect on the 
rate of embryogenesis (Fig. 3). Incubation temperatures 
did not affect embryonic survival rates, or body masses 
and sex ratios of hatchlings, but most other phenotypic 
attributes that we measured differed between the two 
experimental treatments (Table 1). Compared to their 
siblings incubated at lower temperatures, hatchlings 
from higher temperature incubation were significantly 
longer, ran more slowly, spent less of their time bask
ing, and tended to be less active overall. Most of these 
effects were more obvious at hatching than in 1-mo
old lizards, but significant effects were evident for most 
variables at both ages (Table 1). Not surprisingly, there 
were also many significant differences in offspring phe
notype among hatchlings from different clutches (Table 
1 ). Of more interest is the result that significant inter
action effects were evident between these two factors 
(i.e., maternal identity X environment interactions) for 
three traits (incubation period, hatchling mass, and ac
tivity score), suggesting that different genotypes re
sponded differently to the two incubation treatments 
used in this part of our study. 

Effects of variance in incubation temperature.
What happens to hatchling phenotypes when embryos 
are exposed to incubation regimes with identical mean 
temperatures, but differing in the degree of diurnal fluc
tuation in temperature? Table 2 shows that variance per 
se, independent of mean temperature, can substantially 
modify the characteristics exhibited by the resultant 
hatchlings. Although a moderate variance had little ef
fect on incubation periods, our "high-variance" treat
ment reduced incubation period by almost 20% (41 vs. 
53 d). Mass and body length of the hatchlings were 
unaffected, but tail lengths were significantly greater 
in hatchlings from the "high-variance" treatment (Ta
ble 2). Thus, variance in incubation temperatures af
fected body proportions of hatchlings: a one-factor AN
COY A test showed that at the same SVL, hatchlings 
from the "high-variance" treatment had longer tails 
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TABLE 2. Effects of variance in incubation temperatures on incubation periods, survival rates, morphology, running speed, 
and behavior of offspring in the oviparous scincid lizard Bassiana duperreyi. 

Trait 23° ± ooc 23° ± 3.75°C 23° ± 9.75°C 

Incubation period (d) 52.97 ± 2.31 (89) 53.12 ± 2.84 (84) 40.51 ± 1.74 (86) 
Survival rate to hatching 89% (88/99) 91% (84/92) 91% (86/95) 
Mass at hatching (g) 0.270 ± 0.02 (82) 0.273 ± 0.02 (83) 0.267 ± 0.02 (81) 
SVL at hatching (mm) 25.15 ± 0.89 (81) 25.03 ± 0.90 (83) 25.27 ± 0.95 (81) 
Tail length at hatching (mm) 28.95 ± 2.03 (81) 29.21 ± 1.99 (83) 430.61 ± 1.69 (80) 

Running speed (m/s) at 1 wk 
over 50 em 0.38 ± 0.08 (78) 0.39 ± 0.06 (82) 0.45 ± 0.08 (76) 
over 25 em 0.41 ± 0.10 (78) 0.46 ± 0.15 (82) 0.52 ± 0.14 (76) 

% time spent basking at 1 wk 54.57 ± 33.53 (28) 73.94 ± 21.63 (29) 31.48 ± 31.46 (33) 
Total activity score at 1 wk 519.39 ± 349.29 (28) 647.00 ± 431.76 (29) 277.88 ± 309.22 (33) 

Notes: All the incubation conditions averaged 23°C, with diurnal ranges of 0°, 7.5°, and 19.5°C. The table shows mean 
value ± 1 so for each incubation treatment; sample sizes in parentheses. SVL = snout-vent length. The last three columns 
show the results of statistical tests of the null hypotheses that the variable in question is not affected by (1) the thermal 
regime during incubation, (2) differences among clutches, or (3) any interaction between these two factors. The tests used 
are (1) two-factor ANOVAs, with incubation temperature and clutch identification number as the factors, or (2) contingency
table tests where nonparametric tests were judged to be more appropriate; ellipses indicate inappropriate tests. Note that 
ANOV As are based only on clutches represented by hatchlings at all three temperature regimes, so sample sizes for tests 
are lower than for overall means. Boldface indicates P < 0.05, after sequential Bonferroni correction for multiple comparisons. 

than did their siblings from either of the other treat
ments (with SVL as the covariate, tail length as the 
dependent variable: ANCOVA F2• 254 = 19.1, P < 
0.0001; slopes homogeneous [F2•252 = 0.20, P = 0.82]). 
Similarly, running speeds were markedly increased in 
hatchlings from the "high-variance" treatment, where
as total activity levels and basking behavior were sig
nificantly reduced in comparison to their siblings in
cubated at other temperature regimes. Among-clutch 
effects were strong for many of these offspring traits, 
and a significant interaction effect between clutch and 
treatment was evident for incubation periods (Table 2). 

DISCUSSION 

We begin with a cautionary note. Although we se
lected offspring traits for study on the basis of their 
plausible impact on organismal fitness, we have no data 
from B. duperreyi to show any such linkage between 
phenotype and fitness. The "optimal" condition is thus 
impossible to define for most of the traits that we have 
measured (hatchling size, shape, and behavior). Even 
in the case of an apparently unambiguous trait such as 
sprint speed (faster is better?), it remains possible that 
our "slow" phenotypes might outperform "fast" phe
notypes under different conditions (e.g., of ambient 
temperature) or that some other unmeasured character 
linked to running speed has a greater effect on fitness 
than the traits we assessed. All that we can conclude 
is that nest-site selection by females has a significant 
impact on offspring phenotypes, in ways that seem like
ly to affect offspring fitness. 

The putative link with fitness is highest for incu
bation period. Our study area is close to the upper 
elevationallimit for oviparous reptiles in Australia, and 
long-term climatic records for the Brindabella ranges 
suggest that nest temperatures are too low for sue-

cessful completion of embryogenesis in some years 
(Shine 1983). In one of the two summers we monitored 
nest temperatures (1994-1995), thermal conditions in 
the nests showed little consistent seasonal shift. In con
trast, the minimum (and thus, mean) incubation tem
peratures declined rapidly toward the end of incubation 
in 1993-1994. Thus, acceleration of embryogenesis 
may be crucial to offspring survival in some years, and 
the selection of nest sites with temperature regimes that 
maximize the rate of embryogenesis may be largely or 
entirely a reflection of this severe constraint on hatch
ing time. Under this view, all of the associated phe
notypic modifications resulting from incubation at high 
and variable temperatures may be epiphenomena, and 
have little impact (or even, a negative impact) on off
spring fitness. Schwarzkopf and Brooks (1987) reached 
a similar conclusion with respect to nest-site selection 
by painted turtles (Chrysemys picta) in cold climates. 
Like our B. duperreyi, the female C. picta selected 
relatively warm nest sites and in consequence, their 
offspring were able to complete embryogenesis within 
the brief northern summer. An apparently negative im
pact of this selection of warm nest sites was the pro
duction of highly skewed sex ratios in the offspring 
(because this species has temperature-dependent sex 
determination), but this disadvantage was apparently 
not great enough to influence the criteria that female 
turtles used to select oviposition sites. 

Given the importance of incubation periods and con
sequent hatching dates in cool-climate reptiles, it is 
worth examining the mechanistic basis of the effects 
we observed on this characteristic. A reduction in in
cubation period with an increase in mean incubation 
temperature (Fig. 3) is not surprising, and has been 
reported in virtually all other reptile taxa studied in this 
respect (e.g., Rykena 1988). The underlying cause for 
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TABLE 2. Continued. 

Effect of incubation temperature Differences among clutches 
Interaction between incubation 

temperature and clutch no. 

F 1• 54 = 18107.2, P < 0.0001 
x2 = 0.33, 2 df, P = 0.85 

F 14. 54 = 13.7, P < 0.0001 F 14• 54 = 2.96, P < 0.003 

Fso. 123 = 0.77, P = 0.89 
Fso. 122 = 1.46, P = 0.09 
Fso. 121 = 0.94, P = 0.61 

F,. 123 = 2.72, P = 0.07 
F2 122 = 1.38, P = 0.26 F,: 121 = 18.53, P < 0.0003 

F4o. 123 = 11.09, P < 0.0001 
F40. 122 = 3.99, P < 0.0002 
F4o. 121 = 3.47, P < 0.0003 

F2. 116 = 18.59, P < 0.0001 
F 2 . 116 = 14.46, P < 0.0002 

F 39 116 = 1.88, P < 0.012 
F 39: 116 = 1.59, P < 0.03 

F78. 116 = 0.87, P = 0.75 
F78. 116 = 1.04, P = 0.41 

F2. 42 = 17.73, P < 0.0001 
F2. 42 = 8.59, P < 0.0007 

F 15. 42 = 1.58, P = 0.12 
F1 5.42 = 1.59, P = 0.12 

F3o.•2 = 1.21, P = 0.28 
F30. 42 = 1.29, P = 0.22 

this relationship is simply that metabolic processes (in
cluding those involved in embryogenesis) proceed 
more rapidly at higher temperatures. However, the dra
matic (20%: Table 2) reduction in incubation periods 
due to increased variance in incubation temperatures 
has not been reported previously for reptiles. Indeed, 
some previous studies have concluded that thermal 
variance per se does not affect the duration of incu
bation (Rykena 1988, Georges 1989). Why, then, 
should thermal variance influence rates of embryogen
esis in B. duperreyi but not in these other taxa? The 
answer lies in the magnitude of thermal fluctuations 
relative to the lower thermal limit for embryogenesis 
(i.e., the temperature at which embryogenesis ceases). 
If the daily oscillations in nest temperatures remain 
within the range over which embryogenesis occurs, 
then increases above the mean nest temperature will 
accelerate embryogenesis, but the equivalent decreases 
below the mean temperature will reduce the rate of 
development. With regular sinusoidal fluctuations and 
an approximately linear relationship between temper
ature and developmental rates (as seem to be the rule: 
see Fig. 3), the increments (faster development at tem
peratures above the mean) will exactly balance the dec
rements (slower development at temperatures below 
the mean). Thus, incubation periods will not be affected 
by the level of thermal variance. 

The situation changes markedly if thermal fluctua
tions are so great that temperatures regularly fall below 
the lower thermal limit for embryogenesis. For sim
plicity, imagine a nest with a mean temperature slightly 
below the lower thermal limit for embryogenesis. If 
variance around the mean is low, the eggs will never 
develop, but increasing variance will place the eggs 
above this minimum for longer and longer periods, and 
thus will expedite development. The higher variance 
means that more time will also be spent at even lower 
temperatures, but these will not retard the rate of de
velopment (because it is already zero), whereas the 
higher temperatures will strongly accelerate embryo
genesis. Thus, the net effect of increasing thermal vari
ance will be to hasten development. Such an effect 
should, however, be apparent only when the thermal 

variance exceeds the point at which eggs begin to fall 
below their minimum developmental temperatures for 
part of the day. In keeping with this hypothesis, a mod
erate level of thermal variance (too small to put eggs 
below their minimum temperature for development, 
= 16.SOC for B. duperreyi; see Fig. 3) had no significant 
influence on incubation periods (Tukey-Kramer post
hoc test, P > 0.80), whereas a higher level of variance 
(which brought eggs below their minimum develop
mental temperature for several hours per day) had a 
dramatic effect on the duration of incubation (P < 
0.0001: Table 2). Increasing thermal fluctuations sim
ilarly increase developmental rates of insects (Hags
trum and Milliken 1991). 

Although thermal variance strongly affected incu
bation periods in our laboratory experiments, it remains 
possible that this result bears little relationship to the 
situation in natural nests. The effect will only be ap
parent if nest temperatures are so variable as to fall 
below minimum developmental temperatures for sig
nificant amounts of time each day. Our data on natural 
nests (Figs. 1 and 2) and temperature-specific devel
opmental rates (Fig. 3) in B. duperreyi indicate that 
this species will indeed experience such an effect: nest 
temperatures often fall below the critical threshold 
(16.5°C) for several hours per day. Indeed, our labo
ratory simulation with highly variable incubation tem
peratures closely resembles the situation in natural 
nests (Fig. 2). Our unpublished data from laboratory 
incubation of other Australian squamate species sug
gest that such effects may be widespread. Lower thresh
old temperatures for embryogenesis are relatively high 
(> 16°C) in most of the taxa we have studied (Agam
idae-Ctenophorus fordi, 19.0°C, Lophognathus gil
berti, 18.8°C, L. temporalis, 17.3°C, Physignathus le
sueurii, 14.6°C; Colubridae-Dendrelaphis punctula
tus, 16.9°C, Stegonotus cucullatus, 17.7"C; Elapidae
Pseudechis australis, 17 .9°C, P. guttatus, 18.1 °C, 
Pseudonaja textilis, 16.8°C; Gekkonidae-Heteronotia 
binoei, 19.3°C; Scincidae-Bassiana platynotum, 
18.6°C, Ctenotus taeniolatus, 16.4°C, Lampropholis 
guichenoti, 13.8°C, Nannoscincus maccoyi, 16.3°C, 
Saproscincus mustelinum, 18.0°C; Typhlopidae-Ram-
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photyphlops nigrescens, 16.9°C), and temperature fluc
tuations in natural nests often fall below these levels 
(e.g., Bassiana platynotum, Lampropholis guichenoti, 
and Saproscincus mustelinum [F. Downey, personal 
communication]; Lerista bougainvillii [C. Qualls, per
sonal communication]; Nannoscincus maccoyi [Shine 
1983]). Especially in cool climates (high latitudes or 
elevations), oviparous reptiles may be able to enhance 
rates of embryogenesis (and thus, hasten hatching 
dates) by selecting oviposition sites with high thermal 
variances as well as high mean temperatures. The ob
vious way to do this is to lay the eggs very close to 
the ground's surface, rather than burying them deeply. 
Such superficial egg deposition has been described in 
a number of reptilian taxa in cool climates (e.g., Sexton 
and Claypool 1978, Shea et al. 1991), and the devel
opmental-rate advantage associated with higher ther
mal variance offers a plausible explanation for this phe
nomenon. 

Our data from the field show that female B. duperreyi 
actively select nest sites with a high diel range in tem
peratures, and that this thermal characteristic differs 
significantly with depth within a single nest, and also 
differs among nest sites chosen by different females. 
Natural nest sites span a wide range of mean incubation 
temperatures as well as associated diel ranges. Our lab
oratory experiments show that both the mean and the 
variance of incubation temperatures directly affect a 
variety of aspects of the hatchling's phenotype, i.e., its 
time of emergence, its size and shape, its behavior, and 
its performance levels, in ways that are likely to influ
ence organismal fitness. The similarity between the 
thermal regimes used in our laboratory, and those ex
perienced by eggs in natural nests, means that our re
sults should be applicable to the natural situation. Thus, 
the phenotype of a hatchling B. duperreyi is the result 
of a complex interaction among several factors: ge
netical composition of the offspring, maternal body 
temperatures prior to oviposition (Shine 1995), nest
site selection by the female, and position of the egg 
within the nest. The last three of these influences (and 
perhaps the first as well, if there is mate choice within 
the mating system) are under maternal control. This 
system thus offers ample opportunity for females to 
manipulate the phenotypes of their offspring through 
exploitation of norms of reaction relating embryogen
esis to incubation temperatures. 

The relative importance of these influences on off
spring phenotype is difficult to evaluate, although our 
currrent studies on B. duperreyi indicate that the effects 
of incubation conditions persist for at least the first 6 
mo of life (M. Elphick and R. Shine, unpublished data). 
Although our field study documented significant dif
ferences among nest sites (and hence, among females) 
in both the mean and variance of incubation temper
atures, the occurrence of communal oviposition in this 
species may well reflect a consistency in selection cri
teria used by females, together with a scarcity of nest 

sites with the appropriate thermal and hydric condi
tions. The differences that do occur among nest sites 
may be accidental rather than an indication of signif
icant underlying genetic variance among females. 
Nonetheless, these differences have important conse
quences for hatchling phenotypes, and may well be a 
reflection of alternative maternal "tactics." For ex
ample, the significant "maternal identity X environ
ment" interactions in our experimental results suggest 
that some genotypes may benefit more from particular 
incubation conditions than from others. If this is the 
case, natural selection should favor a matching of ma
ternal genotypes to incubation conditions, via modifi
cations of the criteria used in nest-site selection, such 
that maternal behavior and offspring reaction norms 
covary. In leopard geckos, Bullet al. (1988) found that 
ovipositing females mostly avoided sites with extreme 
temperatures, but there were no significant differences 
among females in the temperatures they selected for 
oviposition of successive clutches. Alternatively, the 
range in nest-site conditions chosen may reflect un
derlying trade-offs, such that eggs laid in cooler or less 
thermally variable nests develop more slowly (and thus, 
may fail to hatch in cool summers) but if they do hatch, 
may produce more viable (e.g., more active) hatchlings. 
Our data do not allow us to test this proposition, but 
they do demonstrate that the phenotypes of hatchling 
Bassiana reflect a complex blend of influences includ
ing genetics, reaction norms, and the criteria that fe
males use to select nest sites. 
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