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Temperature aﬀects the physiological functions of ectotherms. To maintain optimal body temperature and ensure physiological performance, these organisms can use behavioral adjustments to keep the body temperature
in their speciﬁc temperature range, so-called preferred temperature (Tpref). It is therefore crucial to describe and
understand how Tpref vary within and amongst populations to predict the eﬀects of climate change of altitudinal
range shifts in organisms. We aimed at determining the altitudinal variations in Tpref in three ectothermic species
(the Pyrenean brook salamander – a semi-aquatic and thigmothermic amphibian – the European common lizard
and the wall lizard – both heliothermic species). Using an experimental approach where Tpref were measured
along a temperature gradient in laboratory conditions, we used a cross-sectional approach to compare the
variation of Tpref measured in populations sampled along the altitudinal gradient in the Pyrenees. We hypothesized a complex and highly variable intra-speciﬁc response of Tpref along geographical clines, with a positive relationship between Tpref and altitude (as predicted by the countergradient variation), the reverse pattern
(referring to the adaptation of local optima hypothesis), or no relationship at all. Our results corroborated
partially the countergradient hypothesis in the salamander (middle to high elevation part). At high altitude level,
individuals may compensate for lower opportunities of favorable conditions by choosing a high temperature
which maximizes their activities. However, populations from low elevation level hence better supported the
adaptation of local optima hypothesis, such as both lizard species, for which Tpref tended instead to decrease with
altitude. Lizards from cold climates may be physiologically adapted to low temperature, with the ability to reach
optimal functioning at lower temperature than individuals from low altitude. Our ﬁndings suggest that predicting future niche models should therefore take into account the variability of Tpref, where species might be
diﬀerently aﬀected by global warming.

1. Introduction
Environmental (operative) temperature varies seasonally and geographically along latitudinal and altitudinal clines (Gvozdík, 2002;
Sunday et al., 2014). For several decades, the variation of mean global
air temperature has been associated with anthropogenic activities resulting notably in a global increase in temperature over the world (+
0.12 °C per decade [0.08–0.14 °C] in average since 1951; IPCC, 2014).

⁎

The current climate change generates important and heterogeneous
spatial redistribution of historical climate conditions (Loarie et al.,
2009), with various consequences at every level of biodiversity complexity (e.g. Peñuelas et al., 2013). Indeed, global warming may force
organisms to adapt, migrate (by driving upslope and poleward range
shifts of many populations and/or species towards new sustainable
climate conditions; Botts et al., 2015) or, when these are not possible,
go extinct (Jump and Peñuelas, 2005; Parmesan, 2006; Aitken et al.,

Corresponding author.
E-mail address: audrey.trochet@sete.cnrs.fr (A. Trochet).

https://doi.org/10.1016/j.jtherbio.2018.08.002
Received 24 April 2018; Received in revised form 24 July 2018; Accepted 6 August 2018
Available online 08 August 2018
0306-4565/ © 2018 Elsevier Ltd. All rights reserved.

Journal of Thermal Biology 77 (2018) 38–44

A. Trochet et al.

et al., 2014).
In the current study, we aimed at determining the altitudinal variations in Tpref in three ectothermic species occurring in diﬀerent
thermal conditions. We used a cross-sectional approach to compare the
variation of Tpref measured in standard conditions in populations sampled along the altitudinal gradient in the Pyrenees mountains.
Speciﬁcally, we focused on species from middle to high altitude, the
Pyrenean brook salamander (Calotriton asper, n = 159 individuals from
8 populations) and the European common lizard (Zootoca vivipara,
n = 264 individuals from 12 populations), and a species of low elevation level, the wall lizard (Podarcis muralis, n = 90 individuals from 9
populations). The three species exhibit diﬀerent behavioral thermoregulation, from thigmothermy (behavioral thermoregulation by contact with substrates or a warm object in the environment) in the brook
salamander to heliothermy (behavioral thermoregulation by radiant
heat from the sun) in lizards, both mechanisms involved in heat gain to
access optimal body temperature in ectotherms (Carrascal et al., 1992;
Hutchison and Dupré, 1992; Belliure and Carrascal, 2002). Because the
relationship between altitude and temperature is not straightforward,
and that thermal conditions can also vary with slope orientation or topvalley, we sampled individuals from an extended altitudinal gradient to
order to compensate for change in microclimatic conditions. We tested
if Tpref co-varies with altitude following the hypotheses exposed above
and ﬁnally discussed the pattern observed in regards of its potential
consequences to understand and predict ectotherm species’ response to
climate change.

2008; Sinervo et al., 2010). A major driver of biological responses to
climate change is the physiological sensitivity of organisms in the face
of climatic conditions of their natural environment (Bernardo et al.,
2007; Calosi et al., 2007). Evaluating the impacts of operative temperature on such functional responses is therefore essential to parameterize predictive models and to clarify the organisms’ response to
climate changes (Buckley et al., 2010; Li et al., 2013).
Ectotherms (more than 98% of animal species) are likely to be
highly vulnerable in the face of climate change because their physiological performance is aﬀected by body temperature, for which variation depends on the availability of environmental (operative) temperatures (Angilletta, 2009). The relationship between physiological
performance and body temperature in ectotherms is a nonlinear
asymmetric curve, bounded by extreme low and high temperatures (i.e.
lower and upper critical temperatures; Paaijmans et al., 2013). The
thermal zone between both critical limits shapes the thermal tolerance
range, where the given species can tolerate the environmental temperatures (Stevenson et al., 1985; Sinclair et al., 2016) with a maximum
performance reached at an optimal temperature, usually higher that the
preferred body temperature (Tpref is the body temperature maintained
by an ectotherm; Hertz et al., 1993). To maintain optimal body temperature and ensure physiological performance, ectotherms mainly rely
on behavioral thermoregulation (Angilletta, 2009). Behavioral thermoregulation is characterized by a set of measures including Tpref
(Porter et al., 1973; Stevenson, 1985; Hertz et al., 1993; Kearney et al.,
2009). One important point is that Tpref is not necessarily homogenous
within populations and may notably vary along environmental clines
(Artacho et al., 2017). But Tpref can also stay fairly stable across ecogeographical clines (see an example in the large Psammodromus lizard;
Zamora-Camacho et al., 2013). Thus, to investigate the current and
future eﬀects of climate change of altitudinal range shifts in organisms,
it is crucial to ﬁrst describe and understand how Tpref varies within
populations that typically span several hundred or even thousand meters in altitudinal range.
We expected a complex and highly variable intra-speciﬁc response
of Tpref in the face of climate change along geographical clines
(Valladares et al., 2014). Individuals at high altitude (i.e. a cold environment) may select higher temperatures in order to compensate for
lower opportunities of ﬁnding favorable temperatures than at low altitude (Aubret and Michniewicz, 2010; Marco et al., 2016; Tedeschi
et al., 2016), as predicted by the countergradient variation hypothesis
(Conover and Schultz, 1995). This strategy may allow individuals to
maximize their performance under low frequent favorable conditions.
In contrast, individuals may select colder temperatures (i.e. a decrease
Tpref) as elevation increase in order to be adapted to local climate
conditions, following the adaptation of local optima hypothesis
(Levinton, 1983). A last hypothesis also supposes that Tpref might stay
stable across altitudinal gradient, because ectotherms may buﬀer selection pressure of thermal environment on Tpref by behavioral thermoregulation (Bogert, 1949; Stevenson, 1985). The three hypotheses
diﬀer in their assumptions on trade-oﬀs but can result from plasticity or
genetic local adaptation. As a consequence, climate change is expected
to have contrasting eﬀects on species along geographical gradients
(Vittoz et al., 2009; Rosbakh et al., 2014) aﬀecting future range shifts
depending intraspeciﬁc variation in species temperature response. To
the best of our knowledge, considering species temperature response as
a varying trait throughout the geographical space to explain and predict
the impact of climate change on species remain under-investigated.
Predicting future niche shift should therefore take into account the
variability of Tpref, instead of projecting of current suitable temperature
range for a given organism into a changing environment (i.e. upwards
move of the climate envelope). Considering ecogeographical variation
in Tpref could challenge actual predictions of the climate change impacts
on biodiversity. Indeed, it has been recently demonstrated that local
adaptation to current climate conditions could lead to higher decrease
in species range under future climate change scenarios (Valladares

2. Material and methods
2.1. Study species and populations
2.1.1. The Pyrenean brook salamander
The Pyrenean brook salamander (Calotriton asper) is a large-bodied
urodele species native to the Pyrenees Mountains, at the interface between France, Andorra and Spain. This species is commonly found
between 400 and 2500 m above sea level (Clergue-Gazeau and
Martínez-Rica, 1978). Individuals grow to about 105–120 mm total
length in males and 110–140 mm total length in females. Moreover, this
species is considered as a low-disperser animal, with low dispersal rate
and weak gene ﬂow between populations (Milá et al., 2010) which
could favor local adaptation, with strong morphological variability
among populations (Serra-Cobo et al., 2000).
Individuals are active during both day and night, and can be relatively easily found under rocks or walking on the bottom of a body of
water. Habitats of the Pyrenean brook salamander are small rivers and
lakes (rivers with no or low ﬁsh density, width of river and cover vegetation variable) but few low-elevation populations live in caves.
Individuals from rivers can move to basins of water or under rocks
where water ﬂow is lower and temperature is higher than in the middle
of the river (pers. comm.). The brook salamander mainly relies on
thigmothermy (behavioral thermoregulation by contact with substrates
or a warm object in the environment) and is able to select microhabitats
(Spotila, 1972; Heath, 1975; Balogová and Gvoždík, 2015).
Because the relationship between altitude and temperature is not
straightforward, and that thermal conditions can also vary with slope
orientation or top-valley, we sampled 159 Pyrenean brook salamanders
(86 females and 73 males) from eight diﬀerent populations (North and
South slopes) across an elevation gradient from 625 m to 2189 m in
altitude (Appendix A). Individuals captured between the 10th and the
25th of June 2017 were housed at the Catalonia Reptile and Amphibian
Rescue Center (CRARC, Masquefa, Spain, coordinates: 41°29′52.61"N,
1°48′51.44"E), and those captured between the 15th of June and the
27th of July 2017 were housed at the Station d′Ecologie Théorique et
Expérimentale (SETE, Moulis, France; coordinates: 42°57′29.82"N,
1 °05′11.27"E). We captured non-gravid females to avoid inﬂuence of
reproduction on Tpref (Gvoždík, 2005). All individuals were PIT-tagged
39
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Fig. 1. Schematic representation of the experimental devices for testing the preferred body temperatures (Tpref) in (A) Calotriton asper and (B) the two lizard species
Zootoca vivipara and Podarcis muralis.

Individuals from the same population were housed by two in one terrarium of 26 × 38 × 23 cm. All terrarium was equipped with sterilized
substrate, a shelter and ad libitum water and food (mealworms). Individuals was exposed to a photoperiod (9 h of light and 15 h of darkness) provided by artiﬁcial lighting (28 W heating bulb). Individuals
were kept few days and were not fed one day before thermal measurements to avoid the eﬀect of digestion on preferred body temperatures (Qu et al., 2011).

(BIOLOG-ID, France) following the same procedure before the experiments, allowing unambiguous identiﬁcation of each individual. Animals were all housed in same-species groups of 10 individuals in
aquaria of 80 × 35 × 40 cm (sex-ratios per group: mean ± SD:
0.91 ± 0.20; range: from 0.40 to 1.86). They were kept at a water
temperature of 15 °C (Raﬀaëlli, 2007; Silvestre, 2011). Animals were
kept under controlled air temperature conditions (mean ± SD:
20 °C ± 1 °C) and exposed to a photoperiod (12 h of light and 12 h of
darkness) provided by artiﬁcial lighting (28 W heating bulb). Because
digestion may inﬂuence Tpref in newts (Gvoždík, 2003), salamanders
were fed with mealworms and Tubifex worms 24 h before experiments
and ad libitum outside test periods.

2.2. Measurements of Tpref
2.2.1. Tests on Calotriton asper
In both places (SETE in France and CRARC in Spain), water preferred body temperatures were recorded on 159 individuals (73 males
and 86 females) using standard device and protocol under controlledtemperature conditions (mean ± SD: 15 °C ± 1 °C). The experimental
device (Fig. 1) featured six basins, with a central test basin connected to
ﬁve peripheral basins with diﬀerent water temperatures (from 8 °C to
32 °C). The “cold” basins were cooled using coolers (Chiller 200 BLUE
MARINE) which maintained the water temperature at 8 °C ± 2 °C and
12 °C ± 2 °C. The “temperate” basin was ﬁlled with tap water where
the temperature was 20 °C ± 2 °C. The “warm” basins were heated
using thermostatic heaters (thermocontrol 100 W EHEIM JÄGER)
which maintained the water temperature at 28 °C ± 2 °C and
32 °C ± 2 °C respectively. The central basin was connected with each
peripheral basin by a darkened tube about 5 cm in diameter and 40 cm
long. In the central basin, a pipe allowed the evacuation of water to an
auxiliary tank. Then, a pump redistributed the water from the tank to
the peripheral basins, creating a continuous water ﬂow in a closed
circuit. All the tests (habituation and survey) were ﬁlmed using a video
camera.
Each individual was placed into the central test basin (Fig. 1A) and
maintained with a little transparent box for 2 min of habituation. Then,
we removed the transparent box and left for individual temperature
choice during 30 min. During the experiment (between 10:00 and
18:00) individuals were free to move into the test basin and could also
enter into the darkened tubes between the test and the peripheral basins. To take into account temperature variation (21.11 ± 0.85 °C), we
also recorded the water temperature of each basin between each experiment. From videos we recorded for each individual the time spent
in each zone (i.e. 8 °c, 12 °C, 20 °C, 28 °C or 32 °C; Fig. 1A) and the
number of zone changes during the 30 min of experiment. In newt and
salamander species, body temperatures closely approach those of the
surrounding water (Gvoždík, 2005). We therefore considered temperature of each zone as a reliable indirect estimate of body temperatures in Pyrenean brook salamanders. We then calculated a water
preferred temperature (Tpref) (with Tpref variance) using the weighted
average of the time spent in each zone (correcting by the temperature
recorded in each basin between tests).

2.1.2. The common lizard
The common lizard (Zootoca vivipara) is a small (adult snout-vent
length ~ 50–75 mm), widespread species in the family Lacertidae that
inhabits peat bogs and heathlands across northern Eurasia. In the
Pyrenees Mountain range, this species is at the southern limit of its
distribution area and common between 300 and 2500 m (Salvador
et al., 2014). The common lizard inhabits a wide variety of habitats
although it is mostly found in great density in humid and cold habitats.
This species mainly heat up in basking in the sun while alternating with
shade area (Gvoždík, 2002).
We sampled 264 individuals from 12 populations distributed from
488 to 2001 m above sea level (Appendix A). Individuals (males and
non-reproductive females) were captured between 15th July and 8th
August 2017. The day of capture, lizards were brought back to the SETE
and individualized in terrarium (26 × 38 × 23 cm). All terraria were
equipped with sterilized soil, a shelter and a basking point under a 25 W
light bulb to provide a thermal gradient (20 – 35 °C) for 6 h per day
(09:00–12:00 and 14:00–17:00). Individuals were kept two days before
thermal measurements and were not fed to avoid the eﬀect of digestion
on Tpref (Qu et al., 2011). Water was sprayed three times per day
(09:00, 13:00, and 17:00). The day following the measurement, all
individuals were released at the population locality.
2.1.3. The wall Lizard
The wall lizard (Podarcis muralis) is a small (adult snout-vent length
~ 48–68 mm) species in the family Lacertidae. This species is widely
distributed in Europe around the Mediterranean area, from sea level up
to 2500 m above sea level. The wall lizard inhabits a wide variety of
habitats, including rocky and scree areas, scrubland, deciduous and
coniferous woodland, orchards, vineyards, ﬁelds, stone walls, and on
buildings. This species mainly heat up in basking in the sun while alternating with shade area. A complete description of this species is
given by Pérez-Mellado (1998) (see also Diego-Rasilla, 2015).
We sampled 90 individuals from 9 populations distributed from 474
to 1400 m above sea level (Appendix A). Individuals were captured
between 19 h April and 11th May. The day of capture, individuals were
brought back to the SETE, marked with low temperature cautery
(Bovie®) by the technique of heat branding (Winne et al., 2006).
40
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2.2.2. Tests on Zootoca vivipara and Podarcis muralis
The tests were performed into an air conditioned room at 18 °C and
under constant room light. The experimental design comprised 15 heat
gradient tracks each measuring 100 × 20 × 30 cm. A heating bulb (28
W) was placed at one end of each track and generates a thermal gradient on air of track from 18 °C to 40 °C (Fig. 1B).
Each individual was placed two days post-prandial on a track and let
habituated from one hour. We then measured skin surface temperature
with multiple sampling every 15 min (12 measures in Z. vivipara; 21
measures in P. muralis) between 9:00 and 17:00 (Fig. 1B). The temperature readings were taken on the dorsal surface of each individual
using an infrared thermometer (Trotec® BP21). This technique has the
advantage of avoiding any manipulation of the lizards and thus to avoid
a measurement bias related to stress (Hare et al., 2007) and has been
shown to strongly correlate with body core temperature in lizards
(Carretero, 2012). For each individual, we calculated a mean preferred
temperature (Tpref) (with Tpref variance) by averaging the body temperature recorded. After the measurements, individuals were housed in
the terrarium one day before releasing at the exact capture locality.

along the elevation diﬀered among species. In the Pyrenean brook
salamander, we found that both the simple and quadratic terms of altitude were signiﬁcant (Table 1), materializing a non-linear relationship
where Tpref was maximum at both low (451 m a.s.l.) and high (2158 m
a.s.l.) altitudes (Fig. 2A; R2 = 0.1895). Preferred body temperature was
minimum at medium altitude (~1250 m a.s.l.). In both lizard species,
Tpref showed a negative and linear relationship with altitude (Fig. 2CD). Both a higher decrease in Tpref along the altitudinal gradient and a
higher part of variation in Tpref explained by the altitude were observed
in the wall lizard compared (mean slope = −0.4599 [-0.7183;0.1925]; R2 = 0.2628) to the common lizard (mean slope = −0.2196
[-0.4068;-0.0324]; R2 = 0.1494). Males tended to prefer warmer
temperatures compared to females, but such diﬀerences were not signiﬁcant whatever the species (Table 1; no signiﬁcant diﬀerences between sexes in C. asper P = 0.1774; in P. muralis P = 0.2186; in Z. vivipara P = 0.1302).
4. Discussion
Despite a strong individual variability of Tpref within populations,
our results showed signiﬁcant relationships between Tpref and altitude
in three ectothermic species along an altitudinal gradient in the
Pyrenean mountains (e.g. Navas, 2002). These relationships highlighted complex species-speciﬁc behavioral responses to altitude. That
is, the brook salamander showed non-linear relationship between Tpref
and altitude while lizards from low altitude populations tended to select
higher temperatures than those from higher altitude populations (i.e.
adaptation of local optima hypothesis). Below, we discuss these speciesspeciﬁc variation in Tpref along altitude and the further implications of
these patterns in regard with current theories and future climate
change.

2.3. Statistical analyses
To investigate the relationship between Tpref and altitude, we ﬁtted
mixed-eﬀects linear models with Gaussian errors including the Tpref as
the response variable, “population” as random variable and altitude as
explanatory variable with both simple and quadratic terms. Because
preferred body temperatures can depend on sex in ectotherms (Van
Damme et al., 1986; Rodríguez-Díaz and Braña, 2011), we also added
sex as a covariate. Mean eﬀects and conﬁdence intervals were assessed
by bootstrapped models (n = 5000) as the average and the range of
parameter estimates containing 95% of the bootstrap distributions respectively. First, we identiﬁed signiﬁcant variables and terms from the
complete model as coeﬃcient values having at least 95% of their
bootstrap distribution less or more than 0 (that is, a threshold
α = 0.05). Second, we ﬁtted a model based on signiﬁcant variables
only. The “lme4″ (Bates et al., 2015) R-package were used to build
mixed-eﬀects models. All statistical analyses were performed using R
3.1.0 (R Development Core Team, 2014).

4.1. Species-speciﬁc behavioral responses along altitudinal gradient
We found two types of relationships between Tpref and altitude, nonlinear in the brook salamander and linear in two lizard species. It is
worth noting that such species-speciﬁc pattern is consistent with previous investigations showing variable tendencies amongst (Huey et al.,
1989; Andrews, 1998; Feder et al., 2000; Melville and Schulte, 2001;
Winne and Keck, 2005) and within species (Mathies and Andrews,
1997; Le Galliard et al., 2003; Xu and Ji, 2006; Lin et al., 2008). The
studied species mainly diﬀer in habitat use, with aquatic (i.e., brook
salamander) versus terrestrial (i.e., lizards) lifestyle during the active
season, and therefore speciﬁc mode of thermoregulation. Therefore,
diﬀerent behavioral strategies (i.e. thigmothermy in C. asper and heliothermy in both lizard species) leading to species-speciﬁc pattern of
Tpref variation with altitude could emerge from these diﬀerences in
lifestyle, thermoregulation and temperature variation exposure.
Speciﬁcally, in the brook salamander, some divergences in the life-

3. Results
In C. asper, Tpref varied from 11.10 °C to 32 °C (mean ± SD:
21.08 °C ± 4.60 °C). In both lizard species, Tpref varied from 18.87 °C to
37.23 °C and 28.36–36.25 °C respectively for Z. vivipara and P. muralis
(mean ± SD: 29.24 °C ± 3.22 °C and 32.89 °C ± 1.53 °C respectively).
In all species, diﬀerences between marginal and conditional R2 showed
that Tpref variability was higher within population than between populations (Appendix B). We showed that Tpref was signiﬁcantly explained by altitude in all species and sex (Table 1). The variation of Tpref

Table 1
Eﬀects of altitude and sex on species temperature preferences estimated through Bayesian bootstrapped mixed-eﬀects linear models (n = 5000). Signiﬁcant eﬀects
are displayed in bold (P < 0.05). Response and explanatory variables have been scaled for comparison purposes. N = number of populations. R2 = marginal R2 (i.e.
the part of Tpref variance explained by ﬁxed eﬀects only).
Variable

Calotriton asper
R2 = 0.1895 [0.0586;0.3385]; N = 8

Zootoca vivipara
R2 = 0.1494 [0.0504;0.2742]; N = 12

Podarcis muralis
R2 = 0.2628 [0.0986;0.4433]; N = 9

Mean
estimate

CI95%

P-value

Mean estimate

CI95%

P-value

Mean estimate

CI95%

P-value

Altitude (simple term)

− 0.193

[− 0.4473; 0.058]

0.0714

− 0.2196

0.011

− 0.4599

0.4042

[0.1467; 0.6597]

0.0004

− 0.0904

0.1718

− 0.0656

[− 0.7183;
− 0.1925]
[− 0.3297; 0.2056]

0

Altitude (quadratic
term)
Sex (female)

[− 0.4068;
− 0.0324]
[− 0.0993; 0.2822]

− 0.061

0.3096

− 0.0494

[− 0.2589; 0.1551]

0.3176

− 0.0761

[− 0.3928; 0.2315]

0.31

Sex (male)

0.069

[− 0.3004;
0.1839]
[− 0.1891; 0.325]

0.3004

0.0713

[− 0.1545; 0.2928]

0.2686

0.1228

[− 0.2574; 0.3868]

0.342

41
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Fig. 2. Variation of mean individual preferred body temperatures (Tpref) along an altitudinal gradient in the 3 ectothermic species studied in our study. The
relationship between the Tpref and altitude was quadratic in A) the Calotriton asper, and negative in B) Zootoca vivipara and in C) Podarcis muralis. Black lines and grey
areas show the relationships ﬁtted on signiﬁcant variables and terms only through mixed-eﬀects models (see Table 1) and their 95% conﬁdence intervals respectively.

habitats that associate lower temperature and thereby less frequent
opportunities to perform crucial physiological functions to complete
their life cycle (Freidenburg and Skelly, 2004; Artacho et al., 2017).
Indeed, lower access to favorable temperature should then compromise
the individuals to perform critical activities (locomotion, digestion,
reproduction, etc.). Therefore we hypothesized that Tpref, one component of behavioral thermoregulation should be related to altitude as
individuals from high elevation and “cold” populations maximize the
intensity in basking.
Our results corroborated partially this hypothesis in the Pyrenean
brook salamander (middle to high elevation part), as reported in other
studies (Fangue et al., 2009). At high altitude level, individuals may
compensate for lower opportunities of favorable conditions by choosing
a high temperature which maximize their activities. However, populations from low elevation level hence better supported the adaptation
of local optima hypothesis, such as both lizard species, for which Tpref
tended instead to decrease with altitude. In our study, lizards from cold
climates (i.e. high altitude) may be physiologically adapted to low
temperature, with the ability to perform theirs activities (breeding,
feeding, dispersal, etc…) at lower temperature than individuals from
low altitude (Laugen et al., 2003; Muir et al., 2014). Behavioral adjustments of thermoregulation could be viewed as the proximate regulator within species physiological limits (Huey and Slatkin, 1976;
Buckley et al., 2013).

cycle (i.e. mating season) or in phenotypic diﬀerences depending on the
elevation site have been reported (Martínez-Rica, 1980; Gasser and
Clergue-Gazeau, 1981; Serra-Cobo et al., 2000; Miaud and Guillaume,
2005; Oromi et al., 2014). Here, the quadratic relationship between
preferred body temperatures and altitude may illustrate two behavioral
strategies in this species. Notably, populations living at low elevation
level showed activity periods from May-June to September. Moreover,
low-level sites were more forestry, with a continuous forest vegetation
over the river, which can buﬀer the inﬂuence of air temperature on
water temperature. As a result, individuals from low altitude might
have no opportunities to ﬁnd microhabitats with higher temperature for
thermoregulation (passive to thermal heterogeneity; see Piasecna et al.,
2015). In this context, Tpref follows the decrease in temperature with
altitude, which could make individuals adapted to cold temperature
conditions (following the adaptation of local optima hypothesis). On
the contrary, from 1300 m high onwards, the snow duration linearly
increases with elevation (Appendix C). For these populations from
middle and high elevation levels, we suggested that Pyrenean brook
salamanders may have a restricted time to accomplish their life cycle
(at 2400 m of altitude, the mean snow duration is up to 150 days, which
induce a reduction in the activity season -from July to September- of
this species; Appendix C). This might force animals to select relatively
higher temperatures in order to compensate for lower opportunities of
favorable temperature (short breeding season or short time to prepare
for winter; i.e. the countergradient hypothesis). Furthermore, we observed in the ﬁeld at high elevation levels (rivers with surrounded by
meadow with no vegetation cover over) that individuals can move to
basins of water or under rocks where water ﬂow was lower and temperature was higher than in the middle of the river. As a consequence,
individuals from high altitude might be able to thermoregulate by selecting microhabitats (Spotila, 1972; Heath, 1975; Balogová and
Gvoždík, 2015).
In both lizard species, we found convergent tendencies that follow
the prediction of the adaptation of local optima hypothesis (Levinton,
1983). That is, individuals from lower altitude and warmer conditions
have higher Tpref than those from cooler habitats allowing them to be
adapted to local temperature conditions, even if we cannot exclude that
low temperature lizards were more prompt for inactivity.

4.3. Perspectives and conservation applications
Plasticity and adaptation of thermoregulation behaviors can interact
and inﬂuence the vulnerability of organisms in the face to climate
change (Huey et al., 2012). We showed here that populations from
diﬀerent elevation levels displayed diﬀerences in preferred body temperatures, which could reveal that they might be diﬀerently aﬀected by
global warming. In general, models predicting the responses of species
in face to climate change do not consider any inter- and intraspeciﬁc
and spatially structured variability in temperature preferences. That is,
niche models (largely used in this context) do not consider either of the
adaptation of local optima hypothesis or the countergradient hypothesis. Based on our results, we stress that this modelling approach has
missed one important point: preferred body temperatures are not necessarily homogenous within populations and may notably vary along
the altitudinal gradient, therefore aﬀecting future range shifts depending on the shape, slope and intensity of the Tpref gradient (which is
highly related to the optimal body temperature). Some recent

4.2. Evolutionary implications of Tpref variation
Following the countergradient theory (Conover and Schultz, 1995),
we would have expected higher Tpref in individuals from high altitude
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simulations conﬁrmed the fears that this parameter omission could
have strong consequences on the determination of future range shifts
(Valladares et al., 2014). More generally, predicting the responses of
species face to climate change requires an understanding of the factors
that could constrain their cycle life (such as physiological, behavioral,
ecological, and evolutionary factors), it becomes crucial to increase our
understanding on the inﬂuence of temperature on those aspects. Notably, determining the patterns leading to thermal physiology is essential to understand the evolutionary responses of species to climatic
variations and correctly predict the future of species.
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