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Extreme heat events are becoming more common as a result of anthropo-
genic global change. Developmental plasticity in physiological thermal
limits could help mitigate the consequences of thermal extremes, but data
on the effects of early temperature exposure on thermal limits later in life
are rare, especially for vertebrate ectotherms. We conducted an experiment
that to our knowledge is the first to isolate the effect of egg (i.e. embryonic)
thermal conditions on adult heat tolerance in a reptile. Eggs of the lizard
Anolis sagrei were incubated under one of three fluctuating thermal regimes
that mimicked natural nest environments and differed in mean and maxi-
mum temperatures. After emergence, all hatchlings were raised under
common garden conditions until reproductive maturity, at which point
heat tolerance was measured. Egg mortality was highest in the warmest
treatment, and hatchlings from the warmest treatment tended to have
greater mortality than those from the cooler treatments. Despite evidence
that incubation temperatures were stressful, we found no evidence that incu-
bation treatment influenced adult heat tolerance. Our results are consistent
with a low capacity for organisms to increase their physiological heat toler-
ance via plasticity, and emphasize the importance of behavioural and
evolutionary processes as mechanisms of resilience to extreme heat.

Phenotypic plasticity, defined as the ability of a genotype to express different
phenotypes under different environmental conditions, is a potentially powerful
mechanism by which organisms can mitigate the effects of anthropogenic
global change [1-4]. In ectotherms, limits to physiological heat tolerance usually
increase via plasticity when individuals are exposed to warmer temperatures
[5]. Therefore, heat tolerance plasticity may be adaptive as extreme tempera-
tures become more common in the future [6]. For example, heat tolerance
plasticity decreases the frequency of overheating events under current climatic
conditions [7] and may delay extinction for many populations under projected
future thermal regimes [8]. Nonetheless, thermal tolerance plasticity is not fully
compensatory, meaning that heat tolerance only increases a fraction of a degree
for every degree of increase in body temperature [9-11]. This means that ther-
mal tolerance plasticity can slow, but not prevent, increases in overheating risk
as temperatures rise [7].

Most heat tolerance plasticity data come from short-term acclimation studies
that expose animals (usually adults) to temperature treatments for brief time
intervals, after which heat tolerance is immediately measured [9]. However,
temperature exposure during early-life stages can also affect heat tolerance
later in life (here referred to as ‘developmental plasticity’ [12]). For example,
several studies have shown that higher rearing temperatures can lead to
higher heat tolerance in adult Drosophila [11,13,14]. Developmental plasticity
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Figure 1. (a) Temperatures measured in natural A. sagrei nests used as templates for our experimental treatments. (b) Temperature treatments under which eggs

were incubated in our experiments.

is generally not considered in broad-scale assessments of
plasticity effects under warming [3,8,9] because these data
are simply lacking for most species. The lack of data on devel-
opmental plasticity is particularly acute for reptiles [15]. We
are aware of only three studies that have tested for effects
of egg incubation temperature on reptile heat tolerance. In
one study, eggs exposed to warmer temperature produced
hatchlings with lower heat tolerance than those exposed to
cooler temperatures, a potentially maladaptive response
[16]. Conversely, the other studies found that egg incubation
temperature had either no effect on hatchling heat tolerance
[17], or a positive effect on hatchling heat tolerance that
was not maintained later in life [18].

To reliably integrate physiological plasticity into models
of the effect of extreme future conditions, we need more
data on how early thermal experiences shape the thermal tol-
erances of reproductive adults. To help fill the gap in our
understanding of thermal plasticity, we tested for develop-
mental plasticity in heat tolerance of the Cuban brown
anole Anolis sagrei. To isolate the influence of egg incubation
temperature on adult thermal physiology, we incubated eggs
under thermal regimes that matched three different empirical
patterns of natural nest temperatures, then raised hatchlings
to adulthood under common garden conditions before
measuring thermal tolerance. To our knowledge, this is the
first experiment to isolate egg incubation temperature as a
potential driver of adult reptile heat tolerance. Therefore,
our results provide insight to the little-known sensitivity of
different reptile life stages to long-lasting organizational
effects of thermal perturbation.

2. Methods
(a) Egg collection

Adults (93 females and 28 males) were collected on 21 and 22
June 2018 in Palm Coast, FL, USA (29'60” N - 81'20” W), and
transferred to an animal room at Auburn University. Females
were housed individually in plastic cages (length: 450 mm,
width: 280 mm, height: 300 mm), and each male was randomly
assigned to two to four females and moved from one cage to
another every 10 days to enhance female egg production. Each
cage contained reptile cage carpet (Zoo Med Laboratories Inc.,
San Luis Obispo, CA, USA), bamboo perches, artificial leaves

and a plastic nesting pot filled with soil. Cages were covered
with a mesh screen. Artificial light (Reptisun 5.0 UVB lamp,
Zoo Med) was set to allow 12 h of light per day with the room
temperature varying from 24 to 28°C. Lizards were fed two crick-
ets (size approx. 13 mm) dusted with vitamins (1:1 ratio of
‘Herptivite’” and ‘Calcium with Vit.D;’, Rep-Cal Research Labs,
Los Gatos, CA, USA) twice a week and were misted with
water every day. Nesting pots were checked for eggs every 2
days. When an egg was found, it was placed in a Petri dish
(top radius: 28 mm, bottom radius: 26 mm, height: 15 mm)
half-filled with vermiculite (=150 kPa [19]). The Petri dish was
then sealed with Parafilm to minimize evaporation. Each egg
was randomly assigned to one incubation treatment and placed
into the corresponding incubator (Peltier-cooled Incubator
IPP55 Plus, Memmert GmbH, Schwabach, Germany). One to
seven eggs were incubated per female.

(b) Egg incubation and animal hushandry

Three incubation treatments differed in mean and maximum
temperature (‘cool’ treatment: mean=26.2°C+0.79 s.d., min=
25.1°C, max =27.4°C; ‘warm’ treatment: mean =28.0°C +2.52 s.d.,
min =25.3°C, max =233.4°C; ‘hot’ treatment: mean =29.4°C +3.92
s.d., min =25.9°C, max =39.7°C; figure 1). These incubation treat-
ments mimicked natural nest temperatures of A. sagrei in Palm
Coast, FL, USA (figure 1a). Nests were found by searching
through leaf litter and ground cover, and nest temperatures
were monitored hourly with iButton data loggers for 16 days
between 25 June and 10 July 2018. We selected three nests
corresponding to approximate minimum, median and maximum
thermal conditions as templates for our treatments. For each
hour of the day for each treatment, template nest temperature
was averaged at that specific hour across all days (figure 1b).

During the experiment, we noted higher mortality in the
warm and hot treatments, so we allocated more eggs to those
treatments to balance sample sizes of hatchlings across treat-
ments (table 1). Variation in egg mortality was analysed using
a generalized linear model with a binomial distribution; mor-
tality was the dependent variable and incubation treatment
was the independent variable.

From the eggs that survived (1 = 117), hatchlings were indivi-
dually housed in the same way as adults, but in smaller cages
(Iength: 205 mm, width: 160 mm, height: 142.5 mm) without
nesting pots. They were housed in the same animal room as
the adults with the same light and room temperature regimes.
Within the first month after hatching, individuals were fed
approximately 20 fruit flies three times a week. They were then
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Table 1. Number of eggs incubated and egg mortality associated with
each incubation treatment.

treatment total dead mortality rate
cool 51 5 0.098
warm 70 30 0.429
hot 78 47 0.603

fed twice a week with approximately four small crickets (size
approx. 3mm) and once a week with approximately 20 fruit
flies until they were large enough (approx. six months old) to
be fed twice a week with two larger crickets (size approx.
13 mm). All food items used were dusted with the same vitamins
used for adults. Animals were misted with water daily. During
the experiment, 37 animals died (1 =33) or escaped (n=4). We
tested for an effect of egg incubation treatment on hatchling
mortality using a generalized linear model with a binomial dis-
tribution; mortality was the dependent variable and incubation
treatment was an independent variable.

(c) Heat tolerance measurements

We measured heat tolerance as the critical thermal maximum
(CTmax), the body temperature at which an animal loses neuro-
muscular coordination and can no longer right itself during a
thermal ramp [20]. Measurements were conducted following
the protocol of Leal & Gunderson [21]. Lizards were warmed
under a heat lamp while monitoring their body temperatures
with a wire thermocouple probe placed inside the cloaca. Lizards
were flipped onto their backs at 1°C body temperature intervals
starting at 36°C, and CTmax was recorded as the body tempera-
ture at which they lost righting ability. We had a low number of
surviving males in the hot treatment (N =6, see Results), so we
first confirmed that males and females did not differ in thermal
tolerance (t-test, p =0.996) and then combined sexes to test for
treatment effects with a mixed-effects linear model with dam
as a random term using the Ime function in the nlme package
in R [22].

3. Results

(a) Egg and hatchling mortality

Of the 199 eggs that were incubated, 82 died. Egg mortality
differed among incubation treatments, with higher mortality
in the warm and hot treatments than the cool treatment
(x3 = 36.54, p<0.001; table 1). Hatchling mortality did not
differ among egg incubation treatments (32 = 3.90, p=0.1425;
table 2).

(b) Heat tolerance

The mean CTmax values of adult lizards from eggs incubated
in the cool, warm and hot treatment were 38.9 + 0.9°C,
38.9+1.0°C, and 38.9 +1.0°C, respectively (figure 2). There
were no significant differences in thermal tolerance among
treatments (F,16=0.020, p =0.982).

4. Discussion

We investigated whether natural egg incubation tempera-
tures generate variation in offspring mortality and induce
lasting plastic shifts in heat tolerance that carry into
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Figure 2. Heat tolerance of adult A. sagrei hatched from eggs incubated
under different thermal treatments.

Table 2. Mortality of males and females that hatched from the different
incubation treatments.

LICEL T sex total dead mortality rate
cool male 19 4 0.211
female 27 9 0.333
warm male 19 3 0.158
female 20 5 0.250
hot male 12 6 0.500
female 16 6 0.375

adulthood in the lizard A. sagrei. Egg mortality was highest
in the hot treatment (table 1) indicating that our warmest
incubation regime reached stressful levels. Nonetheless,
CTmax did not vary among adults that hatched from eggs
incubated under different treatments (figure 2). This does
not mean that the CTmax of A. sagrei is not plastic, as
adults acclimated to warm temperatures attain higher
CTmax than those acclimated to cool temperatures [23].
Instead, our results show that there is no organizational
effect of egg incubation temperature that patterns future
heat tolerance limits. An alternative explanation is that our
treatments imposed differential selection such that plastic
individuals perished in the warmer treatments. We find this
an unlikely explanation because, contrary to expectation
[24-26], it would require that greater thermal fluctuation
selects against individuals with thermal plasticity. Nonethe-
less, if selection did explain our result, the primary
implication would be similar but for a more surprising
reason: plasticity induced by incubation temperature does
not lead to increased adult heat tolerance because plastic
individuals are selected against. Interestingly, the CTmax
that we measured is lower than that found in other
A. sagrei populations, by 1.5-4°C depending on the study
[23,27,28]. At this time, we cannot explain the differences
among these studies.

Our results are consistent with recent studies on the
effects of egg incubation temperature on reptile heat toler-
ance. While those studies focused on animals that had not
yet reached sexual maturity and on taxa distantly related to
A. sagrei (skinks and geckos), they nonetheless found that
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warmer incubation temperatures either had no lasting effect
[17,18] or a negative effect [16], on heat tolerance. Although
heat tolerance data are rare, it is not the only trait that
yields insight into the link between egg temperature and
adult responses to heat in reptiles. Much more is known
about egg temperature and subsequent thermoregulatory be-
haviour, and the results are similar [15]. Most studies find
either no effect of egg incubation temperature on preferred
body temperatures (e.g. [29,30]) or a negative effect such
that embryos exposed to high temperatures seek out cooler
conditions after hatching (e.g. [31,32]). The overall pattern
emerging is that embryonic exposure to high temperatures
in reptiles does not increase resilience to high temperatures
later in life [15].

Global warming is driving an increase in the frequency of
extreme heat events that induce physiological stress [33],
cause mass die-offs [34] and increase extinction risk [8].
Developmental plasticity has the potential to reduce the
negative effects of extreme temperatures by increasing heat
tolerance, especially given that nest temperatures are pro-
jected to rise along with body temperatures of free-ranging
animals [35]. However, our results and those in other
ectotherm systems indicate that developmental plasticity
has a limited effect on adult heat tolerance [11,13,14,36].

This is consistent with the finding that short-term, reversible n

acclimation also has a small effect on heat tolerance in most
instances [9]. Though small plastic changes in heat tolerance
can decrease overheating risk [7,8], the capacity for plasticity
to fully compensate for exposure to extreme heat seems slim.
Nonetheless, the relative lack of data on developmental, as
well as transgenerational, plasticity in thermal tolerance
leave broad generalizations difficult to come by. We urgently
need more data on plasticity in temperature-dependent ther-
mal tolerance to assess the full scope of organismal capacity
to adjust to changing thermal conditions [37].

All research was conducted with the approval of the Auburn
University Institutional Animal Care and Use Committee (protocol
no. 2017-3027).

Data are accessible as electronic supplementary
material.
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