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a b s t r a c t

To cope with environmental challenges, organisms have to adjust their behaviours and their physiology
to the environmental conditions they face (i.e. allostasis). In vertebrates, such adjustments are often
mediated through the secretion of glucocorticoids (GCs) that are well-known to activate and/or inhibit
specific physiological and behavioural traits. In ectothermic species, most processes are temperature-
dependent and according to previous studies, low external temperatures should be associated with
low GC concentrations (both baseline and stress-induced concentrations). In this study, we experimen-
tally tested this hypothesis by investigating the short term influence of temperature on the GC stress
response in a squamate reptile, the Children’s python (Antaresia childreni). Snakes were maintained in
contrasting conditions (warm and cold groups), and their corticosterone (CORT) stress response was
measured (baseline and stress-induced CORT concentrations), within 48 h of treatment. Contrary to
our prediction, baseline and stress-induced CORT concentrations were higher in the cold versus the warm
treatment. In addition, we found a strong negative relationship between CORT concentrations (baseline
and stress-induced) and temperature within the cold treatment. Although it remains unclear how cold
temperatures can mechanistically result in increased CORT concentrations, we suggest that, at subopti-
mal temperature, high CORT concentrations may help the organism to maintain an alert state.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Organisms are exposed to predictable (seasonal or diurnal vari-
ations) or unpredictable (extreme climatic events) changes of most
biotic and abiotic variables (Wingfield, 2003; Wingfield et al.,
2011). To cope with such variation and maintain their perfor-
mances, individuals adjust their behaviour and their physiology
to the environmental conditions (the concept of allostasis; (McE-
wen and Wingfield, 2003, 2010; Romero et al., 2009). These adjust-
ments will organize resource allocation between potentially
competing life-history traits and, thus, mediate decisions that
aim at optimizing individual’s fitness (Ricklefs and Wikelski,
2002). It is therefore crucial to study the central mechanisms that
govern behavioural and physiological adjustments adopted when a
given environmental change occurs (Hau, 2007; McEwen and
Wingfield, 2003, 2010; Ricklefs and Wikelski, 2002; Romero
et al., 2009). In vertebrates, one of these central mechanisms is
the secretion of glucocorticoids (GCs) that is well-known to be in-
volved in the maintenance of homeostasis (Landys et al., 2006;
McEwen and Wingfield, 2003; Romero et al., 2009; Wingfield,
2012, 2013). In response to predictable or unpredictable environ-
mental changes, the Hypothalamic–Pituitary–Adrenal (HPA) axis
is activated and this results in a rapid and intense secretion of
GCs by the adrenal glands (Romero et al., 2009; Wingfield et al.,
1998, 2011; Wingfield, 2003, 2012, 2013; Wingfield and Sapolsky,
2003). In turn, this increase in circulating GCs activates and/or
inhibits specific physiological and behavioural traits in order to
help the organism to cope with the challenge (Landys et al.,
2006; Romero, 2004; Sapolsky et al., 2000).

Environmental temperature is a crucial parameter with impor-
tant fluctuations at multiple time scales (days, seasons) and unpre-
dictable cold or warm temperature extremes. Most organisms
adjust their physiology (metabolic rate, evaporative water loss)
and/or behaviour (activity) in order to maintain their body temper-
ature relatively constant (Scholander et al., 1950; Tieleman et al.,
2002). Terrestrial ectotherms cannot produce significant amounts
of heat and their body temperature is more sensitive to environ-
mental conditions which will influence metabolic rate according
to the Q10 relationship (Arrhenius equation) (Bennett and Dawson,
1976). Ambient temperature will directly influence major biologi-
cal processes including digestion, locomotion, and behaviour
(Angilletta, 2009; Huey and Stevenson, 1979; Huey and Kingsolver,
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1989; Stevenson et al., 1985). Ectotherms are subjected to daily
and seasonal temperature variations (Huey and Pianka, 1977; Pet-
erson, 1987) and chiefly rely on behavioural means (habitat selec-
tion) to regulate their body temperature (Blouin-Demers and
Weatherhead, 2001a,b,c, 2002). Because performances are reduced
at low (i.e. suboptimal) temperature, one could also expect re-
duced GCs concentrations at low temperature (Cree et al., 2003;
Tyrrell and Cree, 1998). First, low temperature should induce both
decreased GCs secretion rates because of a slower activity of the
HPA axis; and reduced GCs diffusion because of slower cardiac
rhythm and blood circulation. Second, low temperatures are asso-
ciated with a low metabolism in reptiles (Bennett and Dawson,
1976) and GCs concentrations are known to be positively corre-
lated with metabolic activity in many vertebrate species (reviewed
in Landys et al. (2006)).

The positive relation between GCs concentration and tempera-
ture has been showed in several species. For example, positive cor-
relations between body temperature and baseline corticosterone
(CORT, the primary GC in avian and non avian reptiles, (Greenberg
and Wingfield, 1987) have been reported in tuatara, lizards and sea
turtles (Cree et al., 2003; Jessop et al., 2000; Jones and Bell, 2004;
Romero and Wikelski, 2006; Tyrrell and Cree, 1998; Woodley
et al., 2003). However, this relation is not always supported among
reptiles (Mathies et al., 2001; Sykes and Klukowski, 2009). While
previous studies have focused on the relationship between body
temperature and baseline CORT concentrations, much less atten-
tion has been paid to the thermal dependence of CORT stress re-
sponse despite its ecological relevance (Cree et al., 2003; Romero
and Wikelski, 2006; Sykes and Klukowski, 2009). Baseline and
stress-induced CORT concentrations are known to have different
physiological and behavioural actions (Landys et al., 2006; Romero,
2004). Thus, the action of CORT on behaviour and physiology de-
pends on its circulating concentrations because CORT acts through
the binding of two different receptors that have very different
affinity for CORT. At baseline concentrations, CORT have mainly
permissive actions that aim at maintaining energetic balances
and deal with seasonal and daily routines (Landys et al., 2006;
Romero, 2002; Sapolsky et al., 2000). At stress-induced concentra-
tions, CORT has stimulatory and inhibitory actions that aim at pro-
moting individual’s short-term survival (i.e. a life-threatening
event; (Angelier et al., 2009; Wingfield et al., 1998, 2011). There-
fore it is essential to consider both baseline and stress-induced
CORT concentrations.

In this study, we investigated the influence of temperature on
both baseline and stress-induced CORT concentrations in a con-
stricting snake, the Children’s python (Antaresia childreni). Our
aim was to test the influence of temperature on CORT stress re-
sponse in response to a short term (62 days) change in tempera-
ture. We created a thermal contrast between two groups of
snakes by either allowing access to preferred body temperature
(29 �C, ‘‘Warm’’ treatment) or imposing cold temperature (17 �C,
‘‘Cold’’ treatment). We predicted that (1) baseline CORT concentra-
tions should be higher in individuals accessing preferred tempera-
ture because of higher metabolic rate, and (2) stress-induced CORT
concentrations – the rate at which CORT is secreted following a
stressor – should be higher in warm individuals because of higher
CORT secretion and diffusion rates.
2. Materials and methods

2.1. Study individuals

Children’s pythons (A. childreni) are medium-sized (up to 1.2 m
snout vent length, 600 g body mass) constricting snakes that occur
in Australian wet-dry tropics (Wilson and Swan, 2003). Preferred
temperature has been previously studied in this species and is
relatively high in non-reproductive individuals (Tset: �29 �C; Lour-
dais et al., 2008). Snakes used in this study (16 non-reproductive
females) were part of a captive colony of Children’s pythons main-
tained in the Centre d’Etudes Biologiques de Chizé, France. Snakes
were housed individually in plastic cages (35.5 � 63 � 15 cm)
containing a shelter and providing a thermal gradient (25 to
35 �C). We kept experimental animals fasted before the experi-
ment to avoid any influence of digestive activity on CORT concen-
trations. Individuals were kept fasted two weeks prior to the
experiment and water was provided ad libitum.

2.2. Experimental protocol

We manipulated body temperatures applying ecologically rele-
vant conditions. Snakes were exposed to thermal treatment and
sampled (baseline and stress-induced CORT) within 48 h. The
two thermal treatments were:

‘‘Warm’’: 8 snakes were housed in individual transparent boxes
(35 � 25 � 12.5 cm) with a shelter and equipped with heating
cables providing a thermal gradient and therefore access to pre-
ferred body temperature.

‘‘Cold’’: 8 snakes were kept in similar boxes without heating
cables and therefore exposed to ambient room temperature
(Mean ± SE, 17.03 ± 0.01 �C) well below Tset. This temperature is
suboptimal but can be seasonally encountered in the field (Madsen
and Shine, 1999).

The experiment was conducted in 2012 during two sessions
(session 1: July 17–18, session 2: August 29–30). Each snake was
randomly assigned to a thermal treatment. The experimental
groups were switched during the second session, so that, each indi-
vidual was sequentially exposed to both treatments. Snake were
exposed to the usual housing condition (see above) between ses-
sions. Individuals from both experimental sequence were similar
in BM (ANOVA, F1,14 = 0.13, P = 0.729) and SVL (ANOVA,
F1,14 = 0.48, P = 0.498).

2.3. Temperature sampling

From 24 to 48 h after the exposure to thermal treatment, each
snake was handled to assess CORT concentrations. Skin surface
temperature was recorded after capture using an infrared laser
thermometer (Raytek Corporation, Santa Cruz, USA). Measurement
procedure was similar to (Andrews, 2008) and recommendations
from Hare et al. (2007) (emissivity set at 0.95 and the thermometer
was oriented in-line with the body axis). We are fully cognizant
that this method does not provide an accurate measure of internal
temperature. It rather provides a simple (non invasive) measure of
the thermal contrast between groups. Previous studies reported
that skin surface temperature was strongly related to core temper-
ature and these measures only differed from each other about
1.5 �C in small lizards (Carretero, 2012). In this study, the species
is medium size and skin surface temperature is closely related to
core temperature (Lourdais per obs).

2.4. Blood sampling and CORT assay

All snakes were bled according to a standardized capture/re-
straint stress protocol (Wingfield, 1994). Immediately after cap-
ture, an initial blood sample – 150 ll – was collected through
cardiocentesis with a 1 ml heparinized syringe and a 27 gauge nee-
dle within approximately 3 min (Mean ± SE, 2.48 ± 0.17 min).

After blood collection, snakes were placed into an empty trans-
parent plastic box without any shelter in their respective thermal
conditions. For snake, the combination of being handled, bled and
then placed in a new environment is known as a stressful situation
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since they typically display increased CORT concentrations
(Lourdais unpublished data). Two additional samples – 150 ll each
– were collected respectively 30 min (Mean ± SE, 32.34 ± 0.31 min)
and 60 min later (Mean ± SE, 61.81 ± 0.16 min). Immediately after
sampling, the blood was centrifuged 3 min at 3000g. The plasma
was separated, collected and stored at �28 �C. Plasma CORT con-
centrations were then determined at the CEBC by following a
well-established radioimmunassay protocol (see Lormée et al.,
2003 for details). Samples were run in two assays (intra-assay var-
iation: 7.07%, inter-assay variation: 9.99%). All blood samples were
collected between 8:00 and 18:00 and we included this factor (i.e.
time of day) in our statistical analyzes since CORT concentrations
could be subjected to nycthemeral variations (Cree et al., 2003;
Dauphin-Villemant and Xavier, 1987).
Fig. 1. Comparison of baseline and stress-induced (30 and 60 min post handling)
plasma CORT concentrations between snakes maintained at cold (cold treatment:
open bars, Mean ± SE, 18.0 ± 0.14 �C) and warm (warm treatment: filled bars,
Mean ± SE, 29.6 ± 0.20 �C) temperatures. Bars represent means (±SE) of CORT
concentrations (ng ml�1). ⁄⁄⁄P < 0.001, ⁄⁄P < 0.01, n.s (non-significant).
2.5. Statistical analyses

All statistical analyses were performed with R software (R
Development Core Team, version 2.13.1). First, we built a global
model (i.e., model 1) using linear mixed model (lme, package nlme)
to assess the effect of the thermal treatment on CORT concentra-
tions. Thermal treatment (warm vs. cold) and sampling time (0,
30 and 60 min post handling) were treated as explanatory factors
and the time of day as linear covariate. Female identity was taken
in account as a random factor because of repeated samples (two
sessions and three blood sampling per session). We used pairwise
post hoc Tukey tests (lsmeans, package lsmeans) to compare the
impact of thermal treatment for each blood sample (0, 30 and
60 min post handling). We did not adjust stress-induced CORT con-
centrations with baseline CORT concentrations since it is recog-
nized as more relevant to consider absolute values (Romero, 2004).

Second, we built separate linear models (package stat) to test
the influence of baseline CORT on stress-induced CORT (30 and
60 min post handling) for each treatment (i.e., model 2: cold treat-
ment; model 3: warm treatment). Sampling time (30 and 60 min
post handling) was treated as explanatory factor and baseline
CORT as linear covariate.

We used the same design to test the influence of temperature
on CORT concentrations. For each thermal treatment (i.e., model
4: cold treatment; model 5: warm treatment), sampling time (0,
30 and 60 min post handling) was treated as explanatory factor
and time of day and temperature as linear covariates. We used
the residuals of the relation between CORT concentrations and
time of the day to graphically present our results. In all analyses,
plasma concentration of CORT was Log10 transformed to normal-
ized data (Shapiro–Wilk test all, P > 0.05).
3. Results

3.1. Effect of the thermal treatment on CORT concentrations

The two thermal treatment resulted in contrasted temperature
(ANOVA, session 1: F1,14 = 351.9, P < 0.001, Mean ± SE, cold group:
16.6 ± 0.15 �C, warm group: 29.2 ± 0.65 �C, session 2: F1,14 = 557.2,
P < 0.001, cold group: 17.3 ± 0.21 �C, warm group: 29.4 ± 0.47 �C).

CORT concentrations were significantly affected by the thermal
treatment (model 1, F1,72 = 29.3, P < 0.0001) and sampling time
(model 1, F2,72 = 45.3, P < 0.0001). At baseline, individuals from
the cold treatment had higher CORT concentrations than those
from the warm treatment (model 1, baseline: Tukey test,
P < 0.001, Fig. 1). We found similar results with stress-induced
concentrations although the difference was significant only at
30 min post handling (model 1, stress-induced, 30 min post
handling: Tukey test, P < 0.01, 60 min post handling: Tukey test,
P = 0.149; Fig. 1). There was no interaction between thermal
treatment and sampling time on CORT concentrations (model 1,
F2,72 = 0.9, P = 0.423), suggesting a similar kinetic of the CORT stress
response for both thermal treatments. Finally, we found a signifi-
cant influence of time of day on CORT concentrations (model 1,
F1,72 = 14.0, P < 0.001), with CORT concentrations increasing during
the day.

Stress-induced CORT was significantly influenced by baseline
CORT concentration within cold treatment (model 2, 30 min post
handling: t = 4.3, P < 0.001; 60 min post handling: t = 3.7,
P < 0.001; Fig. 2) and warm treatment (model 3, 30 min post
handling: t = 3.9, P < 0.001; 60 min post handling: t = 2.2,
P = 0.035; Fig. 2). Baseline CORT concentration positively
influences stress-induced CORT concentrations (30 and 60 min
post handling) for all individuals (Fig. 2).
3.2. Influence of temperature on CORT concentrations

Within the cold treatment, baseline and stress-induced CORT
concentrations were negatively related to temperature (model 4,
baseline: t = �2.1, P = 0.045; 30 min post handling: t = �2.8,
P = 0.008; 60 min post handling: t = �2.1, P = 0.043; Fig. 3). As
above, CORT concentrations increased during the day (model 4,
t = 3.4, P = 0.002).

Baseline CORT concentrations were marginally positively corre-
lated with temperature for the warm treatment (model 5, t = 1.7,
P = 0.089; Fig. 4). Stress-induced CORT concentrations were not
correlated with temperature (model 5, 30 min post handling:
t = 0.3, P = 0.747; 60 min post handling: t = 0.2, P = 0.855; Fig. 4).
As above, CORT concentrations increased during the day (model
5, t = 2.0, P = 0.049).
4. Discussion

We expected a positive relationship between temperature and
CORT concentrations due to positive effect of temperature on
metabolism (Cree et al., 2003; Landys et al., 2006; Tyrrell and Cree,
1998). Our study on the Children’s python highlights complex effect
of temperature on CORT concentrations and contradicts our predic-
tions. First, we found that individuals from the cold treatment had



Fig. 2. Influence of baseline CORT concentration on stress-induced CORT concentration in python from cold treatment (open circle, dashed line) and warm treatment (filled
circle, solid line) at (a) 30 min post handling and (b) 60 min post handling.

Fig. 3. Influence of temperature on time adjusted CORT concentrations (residuals from the relation between CORT and time of day), in python from cold treatment at (a)
baseline concentration, (b) 30 min post handling and (c) 60 min post handling.

Fig. 4. Influence of temperature on time adjusted CORT concentrations (residuals from the relation between CORT and time of day), in python from warm treatment at (a)
baseline concentration, (b) 30 min post handling and (c) 60 min post handling.
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higher baseline CORT concentrations than those from the warm
treatment. Second, the kinetic of the CORT stress response was
not slowered at 17 �C. Such counter-intuitive result could be inter-
preted as a cold compensation mechanism that stimulates physio-
logical and behavioural response (Landys et al., 2006; McEwen and
Wingfield, 2003, 2010; Romero et al., 2009). Our study underlines
that short term changes in body temperature affects absolute CORT
concentrations (baseline but also stress-induced concentrations)
and should therefore be considered when studying CORT concen-
trations in reptile species (Cree et al., 2003; Jessop et al., 2000; Jones
and Bell, 2004; Romero and Wikelski, 2006; Tyrrell and Cree, 1998;
Woodley et al., 2003).
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How does temperature mechanistically affect the CORT stress
response?

In our experiment, snakes were kept in a cold environment
(17 �C) from one to two days before sampling. Our predictions
were not supported which therefore advocate for alternative
hypotheses to the positive relationship between CORT concentra-
tion and temperature. For example, cold temperature may have
been perceived as a perturbation and, as a result, elicited an acti-
vation of the HPA axis. Although such activation might have been
progressive because of reduced metabolism and physiological
processes, it resulted in increased CORT concentrations within
48 h of continuous exposure. Therefore, the cold treatment may
have been stressful for our captive snakes possibly because of al-
tered locomotor performance and inducing increased in CORT
concentrations.

In vertebrates, acute environmental stressors influence CORT
concentrations and favour the activation of an ‘‘emergency’’ life-
history stage (Wingfield et al., 1998) promoting immediate sur-
vival (Sapolsky et al., 2000; Wingfield et al., 1998; Wingfield and
Sapolsky, 2003). We found that pythons from the cold group had
higher absolute stress-induced CORT concentrations than those
from the warm group. Remarkably, this suggests that the activa-
tion of the HPA axis, the secretion of CORT and its diffusion is
not significantly impaired by cold temperature in this species
and is less thermally sensitive than other physiological process
(Angilletta, 2009; Bennett and Dawson, 1976; Stevenson et al.,
1985) and all literature therein]. Accordingly, such high concentra-
tions of CORT in response to short term exposure to low tempera-
ture have already been reported in other ectothermic organisms
such as fish species (Chen et al., 2002). Temperature compensation
has been largely studied in ectotherms after prolonged exposure to
a temperature change (Angilletta, 2009; Huey and Berrigan, 1996).
For instance, some species display a shift in metabolic rate or a
modified thermal sensitivity of performance in response to low
temperature (Glanville and Seebacher, 2006; Hare et al, 2010).
Such adjustments aim at maintaining functional balance in a new
thermal environment. Such integrated acclimation processes usu-
ally requires several days to reach a new steady state (Lucassen
et al., 2003).

Alternatively, our results may simply reflect more passive ef-
fects of temperature on CORT physiology. Indeed plasma CORT
concentrations do not only depend on secretion by the adrenal
glands and circulation of CORT through the organism (Romero,
2004; Sapolsky et al., 2000). For example, clearance plays a major
role in determining circulating CORT concentrations because it
determines the rate at which CORT is catabolised. In addition, cor-
ticosteroid-binding globulin (CBG) is essential to consider: a large
percentage of CORT is bound to CBGs in the blood and it seems that
only free CORT can be active and catabolised (Breuner and Orchi-
nik, 2002; Jennings et al., 2000; Mommsen et al., 1999; Siiteri
et al., 1982). CORT also binds to receptors directly on tissues and
such binding will affect the clearance rate. Blood concentration
of CORT also depends on CORT itself through a negative feedback
(Romero, 2004). Importantly, these different mechanisms are likely
to be temperature-dependent but may show contrasted thermal
reaction norms and therefore influence circulating concentrations.
For instance, the CORT catabolism in the liver is certainly reduced
when body temperature rapidly decreases due to lower enzymatic
activity. Similarly, low temperature should affect the affinity of
CORT to CBG and receptors and, therefore, the amount of CORT that
can be cleared out of the blood. The influence of temperature on
these physiological processes has never been investigated in rep-
tiles and further studies are required to better understand the role
of temperature.
Non-linear effect of temperature on CORT concentrations

Our results emphasize a complex relationship between temper-
ature and CORT concentrations (baseline and stress-induced). That
is, when snakes were imposed cold temperature, a strong negative
relationship was detected between CORT concentrations (baseline
and stress-induced) and temperature. In turn, this negative rela-
tionship was not supported when snakes had access to preferred
body temperature (warm treatment). A positive effect of tempera-
ture on baseline CORT was found but the relation was marginal.
High temperatures (upper limit) are known to be stressful in ecto-
therms and may therefore elicit an activation of the HPA axis.
However, individuals in the warm treatment were at preferred
temperature and therefore well below critical thermal maximum
(Lourdais et al., 2008). Therefore, our study does not allow assess-
ing the impact of high temperature on CORT. Still, the non-linear
relationship suggests complex thermal dependence and the rela-
tion between CORT concentrations and temperature should be
investigated over species thermal tolerance range.
Elevated CORT concentrations reflect suboptimal temperature
in pythons?

Thermal sensitivity of performance attracted considerable
interest in ectotherms (Angilletta et al., 2002; Angilletta, 2006;
Martin and Huey, 2008; Somero et al., 1996). For instance, relative
performance curves are typically asymmetric with a progressive
increase toward optimal performance breadth (Angilletta, 2009)
and then a rapid decline when body temperature gets closer to
critical temperature maximum (Martin and Huey, 2008). Imposed
low temperatures are likely to be a constraint resulting in impaired
locomotion capacities and lower physiological performances (Ang-
illetta, 2009; Huey and Stevenson, 1979; Huey and Kingsolver,
1989). Defensive response and ability to escape from predators
are also dramatically affected by temperature (Cury de Barros
et al., 2010; Herrel et al., 2007; Hertz et al., 1982). Hence, the
increase of CORT concentrations in response to suboptimal
temperature might stimulate compensating mechanisms, either
behavioural (increase activity to evade poor thermal conditions)
or physiological (increased metabolism) (AlKindi et al., 2003; Bel-
liure et al., 2004; Preest and Cree, 2008). Importantly, this would
help the individuals to maintain an alert state. In support with this
hypothesis, CORT is known to influence on metabolic rate in rep-
tiles (DuRant et al., 2008; Guillette et al., 1995; Preest and Cree,
2008) and likely stimulates locomotor activity (Belliure and Clo-
bert, 2004; Belthoff and Dufty, 1995, 1998; Dauphin-Villemant
et al., 1990; Silverin, 1997). Moreover, some reptile species display
small metabolic increase at low temperature (Aleksiuk, 1971; Hare
et al., 2010) and therefore at short term, CORT might be one mech-
anism involved in such compensation. In reptiles, metabolism is
primarily driven by body temperature but CORT might allow
fine-tuned regulation of metabolic rate independently of
temperature.

Overall, our study demonstrates that CORT concentrations re-
spond to short term temperature variation. Elevated baseline and
stress-induced CORT concentrations may both promote immediate
survival (Wingfield and Sapolsky, 2003) under constraining ther-
mal conditions. Here, we hypothesize that the endocrine response
of python could be a short term compensation to suboptimal tem-
perature (Lance and Elsey, 1999; Li et al., 2011; Sykes and Klukow-
ski, 2009). However, CORT concentrations should also depend on
the duration, and the intensity of thermal stress. In addition, it is
crucial to note that the co-occurrence of multiple stressors (cold
temperature, predation risk) may be particularly demanding (very
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high allostatic load sensu (Landys et al., 2006; McEwen and
Wingfield, 2003, 2010; Romero et al., 2009) and CORT secretion
may therefore depend on multiple factors. For instance, the avail-
ability of a shelter and temperature have recently been shown to
interact to affect CORT concentrations in another snake species
(Bonnet et al., 2013). Further studies are required to specifically
test the effects of multiple stressors on the CORT stress response.
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