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ABSTRACT

Temperature affects multiple aspects of an organism’s biology
and thus defines a major axis of the fundamental niche. For
ectotherms, variation in the thermal environment is particularly
important because most of these taxa have a limited capacity
to thermoregulate via metabolic heat production. While tem-
perature affects all life-history stages, stages can differ in their
ability to respond to the thermal environment. For example,
in oviparous organisms, free-living adults can behaviorally
thermoregulate, whereas developing embryos are at the mercy
of the nest environment. These differences in the realized ther-
mal environment should select for life-history stages to have
different thermal tolerances, although this has been rarely ex-
amined. I tested the hypothesis that stage-specific thermal re-
action norms can evolve independently by using southern al-
ligator lizards (Elgaria multicarinata, Anguidae). Using
incubation experiments (five temperatures: 24�, 26�, 28�, 30�,
and 32�C), I described the thermal reaction norm for embry-
onic development and compared these results to previous stud-
ies on the thermal ecology of adults. Offspring survivorship
and morphology were similarly affected by incubation tem-
perature. While developing embryos had the same optimum
temperature as adults (approximately 28�C), the breadth of
their thermal reaction norms differed. My results suggest that
developing embryos of E. multicarinata are more sensitive to
variation in the average thermal environment than are adults.
Variation in the thermal sensitivity of life-history stages might
be common and has implications for how organisms respond
to variation in the thermal environment. Identifying those life-
history stages that are most sensitive/limiting will be important
for developing models that best predict species’ responses to
impending environmental change.

Introduction

Temperature defines a major component of the fundamental
niche for many species (Cowles and Bogert 1944; Hutchinson
1957; Angilletta 2009; Jackson et al. 2009). In ectotherms, vir-
tually all biological processes are affected by the thermal en-
vironment (e.g., metabolism, physiology, and development;
Cowles and Bogert 1944; Huey and Stevenson 1979; Huey 1982;
Angilletta et al. 2002b; Chown and Terblanche 2007; Hoffmann
2010). Thus, environmental thermal variation has major eco-
logical and evolutionary consequences (Angilletta 2009; Jackson
et al. 2009; Clusella-Trullas et al. 2011). The relationship be-
tween temperature and organismal performance in ectotherms
can generally be described by a left-skewed, hump-shaped re-
action norm: performance increases with temperature until an
optimum temperature is reached, above which performance
rapidly declines (Huey and Stevenson 1979; Huey and King-
solver 1989; Angilletta 2009). Both the optimum temperature
and the breadth of the thermal reaction norm might evolve
(reviewed in Huey and Kingsolver 1989; Angilletta et al. 2002b),
with selection predicted to drive the optimum performance
temperature to mirror the average temperature in the environ-
ment and the breadth of the performance curve to increase
with environmental thermal variance (Huey and Kingsolver
1993; Gilchrist 1995; Angilletta et al. 2002b; Kingsolver and
Gomulkiewicz 2003).

Ectotherms frequently experience different environmental
conditions across their ontogeny. For example, in species with
complex life histories (e.g., holometabolous insects and am-
phibians), the egg, larval, pupal (in insects), and adult stages
may fundamentally differ in mobility, size, and habitat. Even
in species with simpler life histories (e.g., hemimetabolous in-
sects, fish, and reptiles), size and mobility generally change
across ontogeny. Such variation in phenotype and habitat ex-
pose life-history stages to different thermal environments, and
these differences are predicted to select for dissimilar thermal
reaction norms at each life-history stage (Kingsolver and Go-
mulkiewicz 2003; Zani et al. 2005; Marais and Chown 2008;
Miller et al. 2013). Mobile and immobile life-history stages, in
particular, should experience distinct selective regimes due to
the fundamental difference in how these stages interact with
the thermal environment. Mobile stages can thermoregulate
behaviorally by moving among microclimates (Vitt et al. 1996;
Huey et al. 2003; Chown and Terblanche 2007), often enabling
individuals to maintain body temperatures near their physio-
logical optima during activity periods (Avery 1982; Huey 1982;
Christian et al. 2006). By contrast, immobile stages, such as
eggs, are generally at the mercy of the nest environment (Bowler
and Terblanche 2008; Refsnider and Janzen 2010; Woods 2013).
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Free-living and embryonic stages therefore differ greatly in their
ability to maintain body temperatures near a thermal optimum.
Because immobile stages should be exposed to a broader range
of temperatures, they are predicted to be under selection for
broader reaction norms (potentially with lower optima) than
mobile stages (Huey and Kingsolver 1989; Angilletta et al.
2002b; Zani et al. 2005). However, thermal sensitivity might be
genetically correlated across life-history stages and thus unable
to evolve independently (Falconer and Mackay 1996; Kingsolver
and Gomulkiewicz 2003). If the stages are not free to adapt to
their specific thermal conditions, thermal tolerances at one
stage could limit the habitats occupied by other stages (Chown
and Terblanche 2007; Briscoe et al. 2012; Radchuk et al. 2013).

Most analyses of thermal sensitivity in ectotherms have fo-
cused on a single life-history stage, with ontogenetic changes
in thermal sensitivity largely unexplored (e.g., Dawson and
Templeton 1966; Nice and Fordyce 2006; Pörtner and Knust
2007; Buckley 2008). Variation in thermal sensitivity among
life-history stages has been best examined in insects, which
generally show large changes in thermal sensitivity across on-
togeny (Zani et al. 2005; Chown and Terblanche 2007; Bowler
and Terblanche 2008). Moreover, ontogenetic changes in ther-
mal sensitivity have implications for insect biogeography, with
the geographic distribution of species limited by a subset of
life-history stages (Briscoe et al. 2012; Radchuk et al. 2013).
The breadth of the thermal reaction norm generally decreases
with age in insects such that earlier stages are more thermally
tolerant than later stages, as predicted by theory (reviewed in
Bowler and Terblanche 2008). However, this pattern is not
universal (e.g., Krebs and Loeschcke 1995), and its applicability
to noninsect ectotherms (particularly vertebrates) is uncertain.

In general, oviparous reptiles are highly mobile after hatching
and are able to behaviorally thermoregulate (Avery 1982; Huey
1982; Vitt et al. 1996; Christian et al. 2006). In contrast, de-
veloping embryos are confined to immobile eggs and largely
at the mercy of the nest environment (Ackerman and Lott 2004;
Refsnider and Janzen 2010), although limited behavioral ther-
moregulation within the egg has been suggested (Du et al. 2011;
Zhao et al. 2013). Thus, the free-living and embryonic stages
of oviparous reptiles likely differ greatly in their ability to main-
tain body temperatures near a thermal optimum. Such differ-
ences in response to the thermal environment have likely played
an important role in reptile evolution and biogeography; for
example, substantial evidence suggests that viviparous reptiles
can exist in colder climates than oviparous reptiles because
immobile eggs perish when exposed to cold conditions (re-
viewed in Shine and Bull 1979; Shine 2005; Blackburn 2006).
Behavioral thermoregulation allows viviparous females to in-
crease the temperatures to which their developing embryos are
exposed and thus persist (e.g., Shine 1995, 2002). Mismatches
between the thermal tolerances of life-history stages might have
major biogeographical implications for reptiles, similar to in-
sects (Briscoe et al. 2012; Radchuk et al. 2013), with range
limits being set by tolerances within a subset of stages.

Using southern alligator lizards (Elgaria multicarinata; An-
guidae, Blainville 1835), I tested the hypothesis that vertebrate

ectotherms exposed to different thermal conditions across their
ontogeny evolve stage-specific thermal reaction norms. The
thermal ecology of free-living/adult E. multicarinata has been
well studied: best described as facultative thermoregulators,
adults are thermal generalists that are active at a broad range
of body temperatures in nature (Cunningham 1966; Dawson
and Templeton 1966; Kingsbury 1994). While mean active body
temperatures in the field are approximately 23�–24�C ( � 1.0x̄
SD: 21.1 � 6.22 [Cunningham 1966], 23.8 � 1.90 [Kingsbury
1994], and 23.9 � 6.5 [Sheen 2001]), these lizards have been
observed with active field body temperatures ranging from 5�

to 36�C (4.9–35.7 [Cunningham 1966], 10.0�–34.0�C [Kings-
bury 1994]). Adult E. multicarinata maintain activity at tem-
peratures substantially cooler than those tolerated by most sym-
patric lizards (Cunningham 1966; Dawson and Templeton
1966). This broad activity range is unusual among squamate
reptiles (snakes and lizards), which usually maintain narrow
body temperatures around a thermal optimum during activity
(Huey 1982; Christian et al. 2006). Alligator lizards are hy-
pothesized to maintain such broad and cool active body tem-
peratures as an adaptation to living in dense, shaded habitat,
which has limited opportunity for behavioral thermoregulation
(Kingsbury 1994). Even so, E. multicarinata bask in nature
(Kingsbury 1994) and thermoregulate to ∼28�C in the field and
laboratory (Cunningham 1966; Dawson and Templeton 1966;
Kingsbury 1994). A body temperature of 28�C also optimizes
ATPase activity in this species (Licht 1967). Together, these data
suggest that ∼28�C is the optimum temperature for perfor-
mance in adult E. multicarinata.

Using constant-temperature incubation experiments, I de-
scribed the thermal reaction norm for embryonic development
in E. multicarinata. I assessed whole-organism performance in
response to temperature during development by examining off-
spring survival, morphology, and running speed. I used these
data to test the hypothesis that the thermal reaction norm (both
optimum temperature and breadth) is conserved across the
embryonic and adult stages in E. multicarinata and discuss the
potential biogeographic implications of my results.

Material and Methods

Eggs were obtained from wild-caught southern alligator lizards
collected during the 2010 and 2011 activity seasons (three col-
lection trips: May 1–8, 2010, to southern California; July 2–
13, 2010, to central California; and June 14–July 4, 2011, to
central California; five additional lizards were collected in
southern California by a volunteer in June 2010; see table 1
for detailed collection location information). Lizards were col-
lected by hand via active searching in appropriate habitat, pri-
marily from under rocks, logs, or anthropogenic debris. Elgaria
multicarinata do not display strong sexual dimorphism; the
sexes are very similar in external character, and females fre-
quently possess enlarged hemiclitores that are easily confused
with male hemipenes (R. S. Telemeco, personal observation).
In addition, abdominal palpation cannot be effectively used to
ascertain gravidity because the dermal ossicles on the ventrum
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Table 1: Collection and reproductive data for gravid female southern alligator lizards (Elgaria multicarinata) used in this
study

Collection date Latitude Longitude
Elevation

(m)
SVL

(mm) Oviposition date

Clutch
size

(no.)
Egg mass (g),
mean � SE

% eggs
hatched

May 6, 2010 32�39′56′′N 117�02′47′′W 60 129 June 2, 2010 18 Desiccated 0
May 6, 2010 32�39′56′′N 117�02′47′′W 60 119 June 8, 2010 12 .80 � .02 42
June 30, 2010 32�45′06′′N 116�27′10′′W 1,170 129 June 13, 2010 13 1.07 � .01 54
June 30, 2010 32�39′56′′N 117�02′47′′W 60 112 July 2, 2010 12 .81 � .01 0
July 3, 2010 37�25′19′′N 122�10′43′′W 40 113 July 10, 2010 12 1.16 � .01 83
July 6, 2010 37�01′44′′N 121�50′39′′W 350 128 August 4, 2010 8 .86 � .01 100
July 7, 2010 39�44′27′′N 121�28′45′′W 385 115 July 27, 2010 6 1.01 � .02 67
June 17, 2011 36�38′11′′N 121�47′11′′W 104 123 July 21, 2011 11 .99 � .01 55
June 22, 2011 36�38′05′′N 121�47′13′′W 95 128 July 20, 2011 11 .71 � .02 55
June 23, 2011 36�39′06′′N 121�43′47′′W 34 121 July 12, 2011 9 .86 � .02 67
July 1, 2011 37�04′05′′N 122�03′07′′W 132 135 July 25, 2011 7 1.16 � .02 43

Note. Coordinates are based on the WGS84 datum. Individuals for which no eggs hatched were removed from analyses. SVL p snout-vent length.

of these lizards obstruct feeling the eggs. Therefore, it was not
possible to determine sex or reproductive condition in the field,
and all adult lizards collected (N p 51) were transported to
the laboratory at Iowa State University.

In the laboratory, lizards were housed individually in con-
ditions suitable for oviposition. Enclosures consisted of plastic
containers with mesh tops (33 cm long # 20 cm wide # 14.5
cm tall) each outfitted with a plastic hide (14 cm diameter #
2 cm tall), water dish, and nest box (14.5 cm long # 14.5 cm
wide # 4.5 cm tall). Each nest box was half filled with a
1 : 1 mixture of moist vermiculite and peat moss and had a
small opening in the top (∼2 cm2) for lizard access. The en-
closures were illuminated with ReptiSun 5.0 UVB bulbs
(ZooMed) set on a 12-h light cycle. Additional room lights
turned on 1 h before and 1 h after enclosure lights. Lizard
enclosures were kept in rooms maintained at approximately
22�C. In addition, Flex Watt heat tape (7.6 cm wide) under the
rear portion of each enclosure maintained a surface-heat gra-
dient within the enclosures ranging from 26� to 32�C for 8 h/
d (middle of the 12-h light cycle) to allow behavioral ther-
moregulation. Lizards were fed crickets dusted with reptile vi-
tamins (1 : 1 mixture Exo Terra calcium and multivitamin pow-
der supplements) twice per week, standing water was provided
ad lib., and enclosures were misted with water daily.

Nest boxes were visually inspected for eggs twice per day.
Eleven lizards oviposited, producing a total of 119 eggs (see
table 1 for maternal collection and reproductive data). Similar
to previous captive studies, females appeared to stay with their
eggs and potentially egg guarded (Langerwerf 1981; Greene et
al. 2006). As in most squamate reptiles, E. multicarinata oviposit
when their embryos have completed approximately the first
third of development (using the criteria of Dufaure and Hubert
[1961], embryos are between stages 29 and 31; Sheen 2001).
As soon as eggs were discovered, they were removed from nest
boxes, weighed, and placed individually in 140-mL glass jars
approximately two-thirds filled with moist vermiculite (water

potential p �150 kPa). Eggs were gently pressed into the
vermiculite such that they were one-half to two-thirds buried.
Throughout this process, care was taken not to roll the eggs.
Each jar was then covered in clear plastic wrap and sealed with
a rubber band to prevent evaporation (Warner et al. 2012).
Eggs from each clutch were evenly distributed among temper-
ature treatments in cabinet incubators. In 2010, eggs (N p 81)
were placed in one of three constant-temperature treatments:
26.0�, 28.0�, and 30.0�C. These temperatures were chosen be-
cause previous work suggested that development progresses well
at 27�–28�C (Langerwerf 1984) and because the optimum tem-
perature for adult E. multicarinata is ∼28�C (Dawson and Tem-
pleton 1966; Licht 1967). Eggs produced in 2011 (N p 38)
were divided among these temperature treatments and two new
treatments, 24.0� and 32.0�C, to test the effects of extreme
temperatures on development. Temperatures within each in-
cubator were confirmed with iButton thermal data loggers
(Maxim Integrated, San Jose, CA) placed in the incubators
throughout the duration of the experiment. To control for ther-
mal gradients within the incubation chambers, egg position
within each chamber was rotated three times per week. Eggs
were checked daily for hatching.

At hatching, I removed juveniles from their incubation jars
and measured their morphology (snout-vent length [SVL] and
tail length [TL] to the nearest 0.5 mm and mass to the nearest
0.0001 g). Hatchlings were then permanently marked via toe
clipping and housed in groups of five in conditions otherwise
identical to those described above for adults. Initially, hatchlings
were uniformly/haphazardly assigned to housing groups as they
hatched (i.e., if three individuals hatched on the same day, each
would be assigned a different housing group haphazardly).
However, to minimize potential competition/aggression, I also
attempted to keep lizards size matched. Therefore, I began two
to four housing groups at a time and uniformly filled those
with hatchlings, after which I would initiate another set of
housing groups. This allowed individuals of approximately the
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same age (and size) to be maintained together. Because incu-
bation treatment affected hatching date (see Results for details),
groups tended to consist of individuals from the same treat-
ment. Generally, lizards stayed in their initial group throughout
the experiment. However, in a few instances, size disparities
became apparent as the animals grew or there were signs of
aggression at feeding, and the offending lizards were reassigned
to new housing groups such that similar-sized animals were
housed together.

At 7 and 30 d of age, hatchling morphology was remeasured,
and racing trials were used to quantify running performance.
Measuring individuals at multiple time points allowed me to
determine whether the effects of incubation temperature on
hatchlings persisted over time or displayed delayed onset. For
racing trials, I raced hatchling lizards at each time point down
a 1-m racetrack three times with a minimum 15-min rest be-
tween successive runs. Lizards were chased with a paint brush
to stimulate flight, and the time that it took lizards to run the
track was measured using infrared motion sensors positioned
every 25 cm on the racetrack (Elphick and Shine 1998; Telemeco
et al. 2011). For analyses, I calculated mean 1-m speeds and
mean fastest 25-cm speeds for each lizard (estimates of long-
distance speed and sprint speed, respectively).

Hatchlings from the 2010 cohort were maintained in the
laboratory until December 2012, when any individuals that had
not already died were euthanized by lethal injection of sodium
pentobarbital. Hatchlings from the 2011 cohort were euthan-
ized by decapitation for use in other analyses after measurement
at 30 d of age.

Statistical Analyses

Because female lizards were collected from a broad geographic
area (table 1), I first examined the effects of maternal region
of origin on offspring survivorship and phenotype. Females
were assigned to groups based on whether they were derived
from the “Northern” or “Southern” mitochondrial clade as
described by Feldman and Spicer (2006). Models that included
the region of maternal origin generally did not show a signif-
icant effect of this factor, and these models never outperformed
models that instead incorporated maternal identity (assessed
using P values and Akaike Information Criterion [AIC]). There-
fore, maternal identity rather than region of origin was included
in final models.

To test the hypothesis that incubation temperature affected
survivorship, I used mixed-effects general linear models (GLM)
with a binomial distribution (i.e., logistic regression). I ex-
amined the effects of incubation temperature on survivorship
from oviposition to hatching, from hatching to 30 d posthatch-
ing, and the entire period from oviposition to 30 d posthatch-
ing. Temperature was included as a fixed effect, while maternal
identity was included as a random effect (random intercept
only because models including random intercept and slope
failed to converge). Eggs belonging to clutches from which no
eggs hatched were removed from analyses.

I tested the effects of incubation temperature on offspring

morphology and speed at each measurement age (hatching, 7
d, and 30 d) using Euclidean distance–based nonparametric
multivariate analyses of variance (NP-MANOVAs; also known
as permutational MANOVAs; see Anderson 2001 for details).
NP-MANOVA was used because this analysis is robust to small
sample sizes and because the data failed to meet the assump-
tions of parametric statistics. Both incubation temperature and
maternal identity were included as fixed factors in these anal-
yses, and SVL was included as a covariate in the analyses of
speed. Offspring sex was not included in analyses because sex
cannot be determined nonlethally in juvenile E. multicarinata
and because previous work shows this species does not display
temperature-dependent sex determination (R. S. Telemeco, un-
published observation). The dependent variable morphology
was composed of SVL, TL, and mass, and speed was composed
of mean fastest 25-cm speed and mean 1-m speed. Mass was
cube-root transformed to ensure that all aspects of morphology
were in commensurate units. In addition, many measures
within morphology required log transformation to normalize
their distribution. To ensure commensurate units and make the
distributions as normal as possible, SVL, TL, and mass were
each log transformed. Statistical significance for NP-MANOVAs
was determined using 10,000 permutations. The 24�C level was
dropped from analyses of morphology and speed at 30 d of
age because only one individual from this treatment survived
to this measurement point. When NP-MANOVAs suggested a
significant effect of temperature, I further examined the effects
of temperature and maternal identity on each component of
morphology or speed individually using NP-ANOVAs (sig-
nificance determined using 10,000 permutations). When NP-
ANOVAs suggested significant effects of temperature, I ex-
amined pairwise differences using permutational pairwise tests
(10,000 permutations).

To further explore the effects of incubation temperature on
morphology, I analyzed the effect of temperature on offspring
body condition at hatching and 7 and 30 d of age. I used the
residuals from regressions of body mass on SVL (each log trans-
formed) at each time point as proxies for body condition (larger
values indicate a greater than predicted mass for a given length;
Jakob et al. 1996; Cox et al. 2010). Histograms and q-q plots
suggest that these residuals were normally distributed. I there-
fore analyzed the effects of temperature on body condition at
each time point using mixed-effect ANOVAs with mothers as
random effects (random intercept only because models in-
cluding random intercepts and slopes failed to converge; Zuur
et al. 2009).

NP-ANOVA was used to examine the effects of incubation
temperature and maternal identity on the length of the incu-
bation period (incubation duration). To estimate the devel-
opmental-zero temperature for E. multicarinata (cold temper-
ature at which developmental rate is effectively zero), I regressed
incubation temperature against the inverse of incubation du-
ration (Georges et al. 1994; Les et al. 2007). The x-intercept
extrapolated from this regression is the approximate develop-
mental-zero temperature; this method for estimating the de-
velopmental-zero temperature assumes that developmental rate
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Figure 1. Percent of southern alligator lizard (Elgaria multicarinata)
offspring incubated at five constant temperatures that survived from
oviposition to hatching (A; i.e., hatching success), from hatching to
30 d posthatching (B), and from oviposition to 30 d posthatching (C).
For A and C, incubation temperature affected survivorship (P ! 0.05),
whereas temperature marginally influenced survivorship for B (P p
0.058). The 32�C treatment is not included in B because no individuals
incubated at this temperature hatched. Bar width is scaled to sample
size.

increases linearly with temperature at all temperatures. While
this assumption is not exactly true (e.g., Georges et al. 2005),
the method provides a useful starting estimate.

For all statistical tests, I began with full models and used
backward selection to remove nonsignificant terms (see Zuur
et al. 2009 for details). Because incubation temperature was my
factor of primary interest, this main effect was never removed
from models. I chose a conservative threshold P value of !0.10
for factor inclusion in final models, although I used the tra-
ditional a value of 0.05 for interpretation of results. When
nonsignificant factors are discussed in the results, the degrees
of freedom and P values were derived from the simplest models
that still contained those terms. In addition, I report exact P
values for all tests rather than P values corrected for multiple
comparisons because there is no consensus for how or when
to make such corrections (Perneger 1998; Cabin and Mitchell
2000). While sequential Bonferroni (Holm 1979; Rice 1989) is
frequently used, numerous authors advocate against this (e.g.,
Perneger 1998; Cabin and Mitchell 2000; Moran 2003). I largely
controlled for multiple comparisons by using NP-MANOVAs;
still the potential exists for one or more of my reported P values
to represent a Type I error. Even so, most of my results suggest
the same pattern (see below), which is extremely unlikely to
occur by chance alone.

All analyses were performed using the program R, version
2.15.2 (R Development Core Team 2012). NP-MANOVAs/
ANOVAs were performed using the function adonis in the vegan
package (Oksanen et al. 2012), mixed-model ANOVAs were
performed using the function lme in the nlme package (Pinheiro
et al. 2013), and mixed-model logistic regressions were per-
formed using the function glmer in the lme4 package.

Results

Incubation temperature affected survivorship to hatching
(x2 p 28.49, df p 4, P ! 0.0001; fig. 1A) and marginally affected
juvenile survivorship to 30 d of age (x2 p 7.59, df p 3, P p
0.0553; fig. 1B). When survivorship over the entire period from
oviposition to 30 d posthatching was examined, temperature
had a substantial effect (x2 p 26.38, df p 4, P ! 0.0001; fig.
1C). Survivorship to hatching was relatively high when eggs
were incubated from 24� to 28�C (∼74%) but dropped dra-
matically at 30�C (∼42%), with zero survivorship when eggs
were incubated at 32�C (fig. 1A). By contrast, juvenile survi-
vorship was highest at warmer temperatures, particularly 28�C
(∼95%; fig. 1B). When taken together, survivorship from ovi-
position to 30 d posthatching was hump shaped, with maxi-
mum survivorship when eggs were incubated at 28�C (∼74%)
and reduced survivorship when eggs were incubated at both
cooler and warmer temperatures (fig. 1C). Mortality dropped
after lizards reached 30 d of age. Of those individuals from the
2010 cohort that survived to 30 d posthatching, 86% survived
to 3 mo of age (approximately equivalent to the onset of first
hibernation) and 72% survived at least 6 mo.

As in other species, incubation duration was negatively cor-
related with temperature (F p 416.51, df p 3, 44, P ! 0.0001;

table 2; fig. 2A). This relationship was roughly linear, with
development taking 52.2 d at 24�C and 39.5 d at 30�C, on
average. Maternal identity also affected incubation duration
(F p 195.13, df p 8, 44, P ! 0.0001), but there was no in-
teraction effect (F p 1.02, df p 14, 30, P p 0.4703). The
developmental-zero temperature for Elgaria multicarinata was
approximately 7.3�C (fig. 2B).

At each measurement age, both incubation temperature
(hatching: F p 4.52, df p 3, 32, P p 0.0043; 7 d: F p 4.84,
df p 3, 39, P p 0.0025; 30 d: F p 4.69, df p 2, 22, P p
0.0177) and maternal identity (hatching: F p 17.08, df p 8,
32, P p 0.0001; 7 d: F p 10.10, df p 8, 39, P p 0.0001; 30
d: F p 14.96, df p 8, 22, P p 0.0001) affected juvenile E.
multicarinata morphology (table 2; fig. 3). Generally, temper-
ature had a hump-shaped effect on morphology, with larger
individuals produced at intermediate incubation temperatures
and smaller individuals produced at extreme temperatures (fig.
3). At hatching, temperature and maternal identity interacted
to influence morphology (F p 2.05, df p 15, 32, P p 0.0175),
likely driven by an interactive effect of these factors on TL
(F p 3.83, df p 15, 32, P p 0.0007; table 2). This interaction
was not present at 7 or 30 d of age (F p 1.35,
df p 12, 27, P p 0.2210 and F p 2.15, df p 9, 22, P p
0.0579, respectively). NP-ANOVA revealed effects of temper-
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Table 2: Results from NP-MANOVA/ANOVA examining effects of incubation temperature, maternal identity, and snout-vent
length (SVL, for tests of running speed only) on offspring phenotype in southern alligator lizards (Elgaria multicarinata) at
hatching and 7 and 30 d of age

Age and phenotype

Temperature (T) Mother (M) SVL (S)

Interactions
Model

R2F df P F df P F df P

Incubation duration 416.51 3, 44 !.0001 195.13 8, 44 !.0001 ... ... ... ... .985
Hatching:

Morphology 4.52 3, 32 .0043 17.08 8, 32 .0001 ... ... ... T : M .850
SVL 4.44 3, 47 .0080 18.13 8, 47 .0001 ... ... ... ... .849
TL 26.08 3, 32 .0001 15.60 8, 32 .0001 ... ... ... T : M .891
Mass .46 3, 47 .7101 13.71 8, 47 .0001 ... ... ... ... .839

7 d:
Morphology 4.84 3, 39 .0025 10.10 8, 39 .0001 ... ... ... ... .710

SVL 1.48 3, 39 .2429 10.02 8, 39 .0001 ... ... ... ... .684
TL 25.42 3, 27 .0001 10.13 8, 27 .0001 ... ... ... T : M .639
Mass 2.89 3, 39 .0449 12.07 8, 39 .0001 ... ... ... ... .730

Speed 2.35 3, 39 .0785 ... ... ... .23 1, 39 .6887 T : S .450
Mean fastest 25 cm 2.33 3, 39 .0884 ... ... ... .21 1, 39 .6376 T : S .459
Mean 1 m 2.42 3, 39 .0826 ... ... ... .31 1, 39 .5772 T : S .407

30 d:
Morphology 4.69 2, 22 .0177 14.96 8, 22 .0001 ... ... ... T : M .871

SVL 2.92 2, 22 .0705 36.19 8, 22 .0001 ... ... ... T : M .938
TL 13.13 2, 22 !.0001 21.98 8, 22 .0001 ... ... ... T : M .920
Mass 3.25 2, 31 .0493 11.29 8, 31 .0001 ... ... ... ... .861

Speed 1.82 3, 32 .161 6.94 8, 32 .0001 ... ... ... ... .660
Mean fastest 25 cm 1.98 3, 32 .1386 6.71 8, 32 .0001 ... ... ... ... .654
Mean 1 m .98 3, 32 .406 8.11 8, 32 .0001 ... ... ... ... .686

Note. Italics indicate multivariate phenotypes composed of the traits listed directly below them. Interactions included in final models (P ! 0.10) are

listed, and those that were significant (P ! 0.05) are in bold. All values are from the final/reduced models. P values were obtained using permutation tests

(see text for details). Significant P values are in bold. SVL and tail length (TL) were measured in millimeters, mass in grams, and speed in meters per

second. Mass was cube-rooted to ensure all measures were in similar units for MANOVA. In addition, SVL, TL, and mass were log transformed for

analyses.

ature on SVL and TL at hatching (F p 4.44, df p 3, 47, P p
0.0080 and F p 26.08, df p 3, 32, P p 0.0001, respectively;
table 2; fig. 3A, 3B), as well as TL and mass at 7 d posthatching
(F p 25.42, df p 3, 27, P p 0.0001 and F p 2.89, df p
3, 39, P p 0.0449, respectively; table 2; fig. 3F, 3G) and 30 d
posthatching (F p 13.13, df p 2, 22, P ! 0.0001 and F p
3.25, df p 2, 31, P p 0.0493, respectively; table 2; fig. 3J, 3K).
Maternal identity affected every morphological trait measured
at each measurement time (P ≤ 0.0001 for all), and there were
occasional interactions between maternal identity and temper-
ature (see table 2 for details). Body condition was not affected
by incubation temperature at either hatching (F p 2.49, df p
3, 47, P p 0.0717; fig. 3D) or 7 d of age (F p 0.64, df p
3, 39, P p 0.5925; fig. 3H). Incubation temperature did affect
the body condition of 30-d-old juveniles (F p 7.50, df p
2, 31, P p 0.0022; fig. 3L), with those individuals incubated
at 30�C being in higher condition than those incubated at 26�

or 28�C. However, given the high mortality of individuals in-
cubated at 30�C by 30 d of age (N p 8 surviving from the
30�C treatment vs. N p 14 and N p 20 surviving from the
26� and 28�C treatments, respectively), this result might be an
artifact of differential survivorship.

Incubation temperature did not influence running speed
(table 2; fig. 4). However, at 7 d of age there was an interaction
between temperature and SVL on running speed (F p 4.30,
df p 3, 39, P p 0.0155). This interaction resulted from SVL
having a positive effect on running speed (both mean fastest
25-cm speed and mean 1-m speed) at all incubation temper-
atures except for 28�C, where SVL had a negative effect (data
not shown). By 30 d, this interaction disappeared (F p 0.55,
df p 3, 29, P p 0.6580), and neither SVL nor temperature
affected running speed (F p 1.09, df p 1, 32, P p 0.3043 and
F p 1.82, df p 3, 33, P p 0.161, respectively; table 2; fig. 4C,
4D). Maternal identity had no effect on running speed at 7 d
(F p 0.73, df p 7, 32, P p 0.6639) but a strong effect on
running speed by 30 d (F p 6.94, df p 8, 32, P p 0.0001;
table 2).

Discussion

Developmental Thermal Reaction Norm of Elgaria
multicarinata

The results of this study allow description of the developmental
thermal reaction norm for Elgaria multicarinata. The critical
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Figure 2. Effect of temperature on incubation duration in southern
alligator lizards (Elgaria multicarinata). A, Boxplots for temperature
versus duration, with box width scaled to sample size. Different letters
under boxes indicate significant differences from pairwise tests (P !

0.05). B, Scatterplot of temperature versus the inverse of incubation
duration. The line is a least squares regression line (equation shown)
and was used to estimate the developmental-zero temperature.

thermal maximum was ∼31�C (between 30� and 32�C), and
the optimum temperature for development was ∼27�–28�C
(more discussion below). I estimated the developmental-zero
temperature (temperature below which no development oc-
curs) to be ∼7.3�C. However, this estimate requires substantial
extrapolation (fig. 1B). Offspring survivorship suggests that
24�C is near the critical thermal minimum temperature for
constant temperature development. These results reveal that
developing E. multicarinata display a narrow hump-shaped re-
action norm/performance curve typical of other squamate rep-
tiles (reviewed in Birchard 2004). Many of the effects of in-
cubation temperature examined persisted for 30 d after
hatching. As in other reptiles, incubation temperature strongly
affects developmental success and offspring phenotype in E.
multicarinata.

Survivorship to hatching was uniformly high at temperatures
≤28�C and rapidly dropped at warmer temperatures. By con-
trast, juvenile survivorship to 30 d of age was highest when
embryos were incubated at 28�C and reduced when embryos
were incubated at either cooler temperatures or warmer tem-

peratures. Taken together, survivorship over the entire exper-
imental period from oviposition to 30 d posthatching displayed
a distinct hump-shaped performance curve. Because all hatch-
lings were maintained under identical conditions, differences
in survivorship to 30 d posthatching result from embryos ex-
periencing different incubation temperatures. These results sug-
gest that cool-temperature incubation has a delayed effect on
offspring mortality, while the effects of warm temperatures are
apparent at hatching. High mortality in juvenile reptiles in-
cubated at constant cool temperatures is common (reviewed
in Deeming 2004) and might result from depleted energy stores
at hatching (e.g., Booth and Thompson 1991; Booth 1998;
Angilletta et al. 2000; Warner et al. 2012). However, this mech-
anism does not explain the reduced survivorship that I observed
in cold-incubated E. multicarinata because hatchlings from the
cool treatments grew and maintained high body condition,
suggesting that their assimilated energy exceeded maintenance
costs. Further work is necessary to understand the proximate
mechanisms responsible for the delayed mortality observed.

Offspring phenotype was affected by incubation temperature
as well. Both SVL and TL through 7 d of age were highest
when offspring were incubated at ∼28�C, mirroring the effects
of incubation temperature on survivorship over the entire ex-
periment. By 30 d of age, the impacts of incubation temperature
on SVL disappeared, but both mass and body condition were
positively affected by incubation temperature. These results
suggest that incubation temperature has lasting effects on off-
spring phenotype, at least through 30 d of age. Those individ-
uals that survived and were of the best condition by the end
of the experiment likely were of the highest quality (i.e., most
likely to have survived, acquired resources, and reproduced in
nature). My results therefore suggest that ∼28�C is the optimum
temperature for constant-temperature development in E. mul-
ticarinata because it produced offspring that could maintain
high body condition and were likely to survive. While 30�C
produced individuals of higher condition than those from 28�,
it also resulted in high mortality, making it suboptimal.

Organisms experience thermal variation at multiple scales.
At the acute level, temperature may vary dramatically over a
single day. More chronically, average daily temperatures may
vary with season or year. My results suggest that differences in
constant temperature during development (i.e., chronic ther-
mal variation) affect the survivorship and phenotype of neo-
natal E. multicarinata. Natural E. multicarinata eggs likely ex-
perience acute thermal variation during development as well,
which I was not able to examine. It is likely that short-term
exposure of embryos to temperatures above 31� or below 24�C
is not harmful and, in some circumstances, might be beneficial
(e.g., Ashmore and Janzen 2003; Du and Ji 2006; Les et al.
2007; Warner and Shine 2011; Angilletta et al. 2013). So long
as acute temperature variation remains sublethal, constant and
fluctuating temperature incubation regimes with the same
mean generally affect developing reptiles similarly, although the
mean may need to be weighted (e.g., the constant temperature
equivalent; Ashmore and Janzen 2003; Georges et al. 2005; Du
and Ji 2006; Warner and Shine 2011). My experiment models
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Figure 3. Boxplots displaying the effects of incubation temperature on morphology (A, E, I, snout-vent length [SVL]; B, F, J, tail length [TL];
C, G, K, mass; and D, H, L, body condition [condition]) in offspring southern alligator lizards (Elgaria multicarinata) at three time points:
hatching (A–D), 7 d of age (E–H), and 30 d of age (I–L). MANOVAs included SVL, TL, and mass at each time point and showed significant
effects of incubation temperature (P ! 0.05). Asterisks indicate significant ANOVAs (one asterisk p P ! 0.05; two asterisks p P ! 0.01; three
asterisks p P ! 0.001). Box width is scaled to sample size, and different letters under the boxes indicate significant differences from pairwise
tests. Dashed lines represent quadratic least squares regressions fitted to these data and are presented to illustrate the shape of estimated reaction
norms. Only one individual incubated at 24�C survived to 30 d of age; this point was not included in statistical analyses. Body condition was
estimated as the residuals from a regression of log-transformed mass on log-transformed SVL.

the effects of variation in the average thermal environment on
E. multicarinata development. This allows me to describe the
chronic thermal reaction norm for development. Further work
is necessary to understand how acute thermal variation might
impact the developmental trends that I observed.

Thermal Sensitivity of Immobile and
Mobile Life-History Stages

Comparing my results to previous studies of adult E. multi-
carinata suggests that some, but not all, aspects of the reaction
norm to chronic thermal variation are shared across life-history
stages of this species. The optimum temperature is approxi-
mately 28�C in both the free-living (neonates-adults; Cun-
ningham 1966; Dawson and Templeton 1966; Licht 1967;
Kingsbury 1994) and immobile (eggs; this study) stages. How-
ever, the breadth of the reaction norm differs, with adult E.
multicarinata frequently active at temperatures outside the
range suitable for constant-temperature embryonic develop-

ment. Active body temperatures in adults range from 5� to
36�C (Cunningham 1966; Kingsbury 1994), whereas successful
development is possible only from ∼24� to 31�C (this study).
Notably, when embryos were incubated at the mean body tem-
perature experienced by active adults in nature (24�C; Cun-
ningham 1966; Kingsbury 1994), they had poor posthatching
survivorship. Laboratory experiments have also shown that
adult E. multicarinata have high physiological functioning at
constant temperatures outside the suitable range for embryonic
development (Dawson and Templeton 1966). Therefore, as ob-

served in nonvertebrate ectotherms (e.g., Bowler and Ter-

blanche 2008; Vorhees and Bradley 2012; Miller et al. 2013),

thermal sensitivity varied across the ontogeny of southern al-

ligator lizards.

The narrow chronic thermal reaction norm that I observed

in developing embryos relative to adults is counterintuitive

given that, unlike adults, the embryos cannot maintain pre-

ferred body temperatures via behavioral thermoregulation (al-
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Figure 4. Boxplots displaying the effects of incubation temperature on
running speed (A, C, mean fastest 25-cm speed; B, D, mean 1-m speed)
in offspring southern alligator lizards (Elgaria multicarinata) at two
time points: 7 d of age (A, B) and 30 d of age (C, D). MANOVAs did
not reveal an effect of temperature at either time point (P 1 0.05),
although the interaction between temperature and snout-vent length
was significant at 7 d (P ! 0.05). Box width is scaled to sample size.
Dashed lines represent quadratic least squares regressions fitted to these
data and are presented to illustrate the shape of each estimated reaction
norm.

though see Du et al. 2011; Zhao et al. 2013). If embryos are
exposed to high environmental thermal variance, they should
be under selection for broad thermal tolerance (Huey and King-
solver 1989; Angilletta et al. 2002b, 2013; Kingsolver and Go-
mulkiewicz 2003). One explanation for embryos displaying a
narrow thermal tolerance relative to adults might be that de-
veloping E. multicarinata are not exposed to variation in the
average thermal environment in nature and thus are not under
selection for broad thermal tolerance. To my knowledge, no
natural E. multicarinata nests have been documented. However,
in naturalistic enclosures, females constructed nests as shallow
chambers under cover stones, similar to other lizards (Lan-
gerwerf 1981). This description matches the nest construction
that I observed in the artificial nest boxes used for this study.
These observations suggest that E. multicarinata nests are typ-
ical for lizards, which generally experience high thermal vari-
ance associated with diel and seasonal cycles and may vary
substantially from year to year (e.g., Shine et al. 2002; Ackerman
and Lott 2004; Huang and Pike 2011). Therefore, E. multicar-
inata eggs/embryos most likely experience a variable thermal
environment at multiple scales in nature, and a broad thermal
tolerance should be adaptive. If so, my results suggest that the
evolution of thermal reaction norm breadth in developing E.
multicarinata is constrained. Most reptiles display a narrow
developmental sensitivity to constant-temperature regimes sim-
ilar to that observed for E. multicarinata (reviewed in Birchard

2004). The breadth of the thermal reaction norm of embryonic
reptiles thus appears to have low evolutionary potential.

The relatively broad thermal tolerance of adult E. multicar-
inata observed in the field and laboratory (Cunningham 1966;
Dawson and Templeton 1966; Kingsbury 1994) is also initially
perplexing. Because they can thermoregulate to preferred tem-
peratures, adult ectotherms are predicted to have narrow ther-
mal performance curves, potentially with high optima (Huey
and Kingsolver 1989; Angilletta et al. 2002b). Moreover, the
thermal performance curves of these species are predicted to
have low evolutionary potential because behavioral thermo-
regulation negates environmental variation and thus selection
(the Bogert effect; Bogert 1949, 1959; Huey et al. 2003). Match-
ing prediction, most adult reptiles have narrow thermal reaction
norms (e.g., Huey 1982; Van Berkum et al. 1986; Angilletta et
al. 2002a). It is plausible that E. multicarinata escaped the Bo-
gert effect and evolved a broader thermal reaction norm by
first reducing their behavioral thermoregulation. Adult E. mul-
ticarinata thermoregulate only facultatively, when the costs are
low (Kingsbury 1994). When the costs of behavioral thermo-
regulation are high or ideal temperatures are unavailable, E.
multicarinata remain active at easily accessible body tempera-
tures (Cunningham 1966; Kingsbury 1994), allowing for selec-
tion on the thermal reaction norm. Adult E. multicarinata thus
appear to have evolved a broader thermal tolerance while the
thermal tolerance of embryonic E. multicarinata has been con-
strained to the ancestral condition.

Implications for Alligator Lizard Biogeography

Differences in the evolutionary lability of each life-history
stage’s thermal reaction norm are likely common in ectotherms
and might induce important trade-offs (e.g., Andrews and
Schwarzkopf 2012; Briscoe et al. 2012; Miller et al. 2013; Mitch-
ell et al. 2013). In alligator lizards, the apparent inability of
embryos to evolve broader thermal tolerance likely constrains
their geographic range. Alligator lizards are relatively poor at
dispersing long distances (Kingsbury 1994; Rochester et al.
2010), similar to most reptiles (Gibbons et al. 1990; Doughty
et al. 1994; Araújo et al. 2006; Warner and Shine 2008; Vitt
and Caldwell 2009). Thus, E. multicarinata are predicted to
persist only where all life-history stages are successful. Because
adults can persist at temperatures unsuitable for embryos, the
availability of suitable nesting sites likely limits the geographic
range of E. multicarinata. The geographic range of some insects
appears to be similarly constrained by the thermal sensitivity
of a single life-history stage (Radchuk et al. 2013), and this
might be a common phenomenon among ectotherms.

Constraints imposed by the thermal sensitivity of developing
embryos might partially explain landscape-level biogeographic
patterns in the genus Elgaria. Elgaria multicarinata and its con-
gener, Elgaria coerulea (northern alligator lizard; Wiegmann
1828; approximately 6.6 million years divergent; Macey et al.
1999), are largely sympatric but not syntopic; E. coerulea exists
at higher elevation and higher latitude than E. multicarinata
(i.e., in colder areas; Stebbins 2003; Beck 2009). Even so, these
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lizards occur in similar habitat, fill similar niches, and are active,
with virtually identical body temperatures (both mean and
range; Stewart 1984; Kingsbury 1994; Stebbins 2003). There-
fore, neither biotic interactions nor adult thermal tolerances
likely are responsible for the biogeography of these lizards.
However, E. coerulea is viviparous, and pregnant females tightly
maintain body temperatures of ∼25�C (Stewart 1984; Sheen
2001). This temperature is thus suitable for development in E.
coerulea and is likely near the optimum. By contrast, E. mul-
ticarinata embryos maintained at 25�C are expected to expe-
rience high mortality within the first 30 d of life (this study).
Thus, E. multicarinata is predicted to have low reproductive
success in conditions as cold as those suitable for E. coerulea,
thereby confining E. multicarinata to warmer regions.

Conclusions

My results suggest that thermal tolerances are not fixed across
the ontogeny of E. multicarinata. Different life-history stages
in ectotherms might frequently evolve different environmental
tolerances, particularly when the stages differ in their mobility
or habitat (e.g., Bowler and Terblanche 2008; Hoffmann 2010;
Angilletta et al. 2013; Miller et al. 2013). However, the evo-
lutionary potential of each stage may also differ depending on
the quantitative genetic architecture present (Lande and Arnold
1983; Falconer and Mackay 1996; Delph et al. 2005). The extent
to which stage-specific tolerances can evolve will have major
biogeographic implications, particularly for poor dispersers, be-
cause these organisms can persist only where suitable habitats
for all life-history stages are present. Understanding the dif-
ferences in environmental sensitivity across the ontogeny of
ectotherms will also have implications for our ability to more
accurately predict organismal responses to changes in environ-
ment and climate (Andrews and Schwarzkopf 2012; Briscoe et
al. 2012; Radchuk et al. 2013; Telemeco et al. 2013). Numerous
authors advocate mechanistic models that account for physi-
ology when generating predictions for how organisms will re-
spond to our changing world (e.g., Dunham et al. 1989; Pearson
and Dawson 2003; Chown and Terblanche 2007; Angilletta
2009; Buckley et al. 2010). However, these models provide us-
able predictions only if the physiological tolerances used to
estimate parameters are derived from the most sensitive/limi-
ting life-history stages. Currently, little is known about which
life-history stages or physiological processes will be most lim-
iting for the vast majority of species. As in at least one insect
species (Radchuk et al. 2013), my results suggest that the ther-
mal sensitivity of a single life-history stage (developing em-
bryos) limits the geographic range of southern alligator lizards.
Moreover, because developing embryos were less tolerant of
variation in average temperature than adults, this stage will
likely play an important role in determining how southern
alligator lizards respond to climate change. This result might
be general to the Anguidae and numerous other reptiles; how-
ever, insufficient data are currently available to be confident of
this conjecture. Further work is needed to understand how
physiological tolerances differ among life-history stages and

which stages most limit the distributions of groups of
organisms.
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