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In temperate areas, seasonal changes entail a source of environmental variation potentially important for
organisms. Temperate ectotherms may be adapted to the seasonal fluctuations in environmental traits.
For lizards, behavioural adaptations regarding microhabitat selection could arise to improve thermo-
regulation during the different seasons. However, little is still known about which traits influence
microhabitat selection of lizards and their adaptation to seasonality. Here we used Podarcis guadarramae
to study the role of potential intrinsic (body size, sex, age) and environmental traits (air and substrate
temperatures, wind speed, and sunlight) in the seasonal changes of body temperatures and microhabitat
selection of lizards. We measured body temperatures of lizards in the same habitat during the four
seasons and compared the climatic variables of the microhabitats selected by lizards with the mean
climatic conditions available in their habitat. Body temperatures were similar for adult males, adult
females, and juveniles within each season, being significantly higher in summer than in the other sea-
sons, and in spring than in winter. The same pattern was found regarding substrate and air temperatures
of the selected microhabitats. Wind speed and air temperature did not affect body temperatures, while
body length was marginally significant and substrate temperatures and season did affect the body
temperatures of lizards. Our results during the whole year support the idea that the seasonality could be
the most important factor affecting body temperatures of these temperate species. Regarding micro-
habitat selection, environmental constraints, as environmental temperatures and wind speed, affected
the seasonal changes on behavioural thermoregulation of lizards. This effect was similar between sexes
and age classes, and was independent of body size. In addition, importance of sunlight exposure of the
selected microhabitats (full sun, filtered sun, or shade) also changed between seasons. Hence, environ-
mental constraints were the main forces driving seasonal changes in microhabitat selection.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Environmental temperatures available for organisms vary
mainly with latitude, altitude, habitat structure, seasonality and
climate change (Díaz et al., 2006; Solomon et al., 2007; Deutsch
et al., 2008; Sears et al., 2011; Graae et al., 2012). All biological
functions are thermo-dependent in ectotherms, so they must deal
with environmental variations in order to achieve suitable body
temperatures for physiological performance (Angilletta, 2009).
Thus, thermoregulation is a key aspect of the biology of ectotherms,
and determines many facets of their life history, physiology,
ogy, University of Salamanca,
Spain.
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ecology and evolution (Cowles and Bogert, 1944; Huey, 1974;
Adolph and Porter, 1993; Angilletta, 2009). Seasonal thermal fluc-
tuations may lead ectotherms to adapt their physiology and
behaviour (Huey, 1982; Christian and Bedford, 1995; Angilletta,
2009; Basson and Clusella-Trullas, 2015). Despite the supposed
important role of seasonal changes in the thermal biology of ec-
totherms, few studies have specifically addressed the effect of
seasonality in lizards (e.g. Díaz and Cabezas-Díaz, 2004; Díaz et al.,
2006; Ortega et al., 2014; Basson and Clusella-Trullas, 2015).

Lacertids are effective thermoregulators (Avery, 1976; Van
Damme et al., 1990; Ortega et al., 2016b). Their main mechanisms
of thermoregulation are the adjustment of their activity periods
(Hertz, 1992; Adolph and Porter, 1993), the selection of microhab-
itats with different climatic traits (Heath, 1970; Bauwens et al.,
1996), and the postural adjustments (Bauwens et al., 1996). The
combination of these strategies depends on the balance between
atterns of body temperature and microhabitat selection in a lacertid
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their costs and benefits (Huey and Slatkin, 1976; Sears and
Angilletta, 2015). Here we used Podarcis guadarramae to study the
relation between potential intrinsic and environmental constraints
in the effect of seasonality in body temperatures and microhabitat
selection of lizards. The main aims of our study are: (1) to address
the effect of intrinsic (body size, sex and age) and environmental
(air and substrate temperatures, wind speed, and sunlight) con-
straints in the body temperature exhibited by lizards across their
annual cycle, (2) to test if microhabitat selection changes between
seasons, and (3) to study how the environmental variables affect
the microhabitat selection of lizards on each season.

2. Materials and methods

2.1. Study species and area

The Lusitanian wall lizard, Podarcis guadarramae (Bosc�a, 1916),
the former P. hispanicus ‘type I’ (Pinho et al., 2007; Kaliontzopoulou
et al., 2011), has been recently proposed as a species (Geniez et al.,
2014). Podarcis guadarramae lizards inhabit the central and north-
western Iberian Peninsula (Salvador and Carretero, 2014). They are
rupicolous lizards, living mainly in granite rocks and artificial walls
(Diego-Rasilla and P�erez-Mellado, 2003). They are effective ther-
moregulators, which rely on selection of microhabitat for their
daily patterns of temperature regulation (Díaz et al., 1996; Gabirot
et al., 2013). As a model of study, we used a population of
P. guadarramae of the western end of the Sistema Central of the
Iberian Peninsula (Nava de Francia, Salamanca, Spain) at 1050 m
a.s.l. The study area is a granite outcrop, mixed with oaks (Quercus
pyrenaica) and scrub vegetation (mainly Calluna vulgaris and Erica
sp.).

2.2. Body temperatures and environmental variables

We studied lizards in 50 sunny days of fieldwork distributed
across the whole annual activity period: spring (7th-8th April, 3rd-
10th May and 4th-9th June 2011), summer (27th June, 4th-31st July,
and 7th-30th August 2010, and 9th July and 27th August 2011),
autumn (20th-27th October and 5th November 2010), and winter
(5th-26th February and 20th March 2011). We captured active lizards
by noose, during their daily activity period: 07:00e17:00 GMT in
spring, 06:00e19:00 GMT in summer, and 10:00e16:00 GMT in
autumn and winter. Immediately after capture, we measured the
cloacal body temperature (Tb), air temperature (Ta) 1 cm above the
capture point, and substrate temperature of the capture point (Ts),
as well as wind speed. Temperatures were measured with a Testo®

925 digital thermometer, shadowing the probe, and wind speed
wasmeasured with a Kestrel® 3000 anemometer. We also recorded
the type of substrate (rock, soil, or grass), the orientation of the
Table 1
The first part of the table show the mean ± SE (N) values of body temperatures (Tb) of Poda
andwind speed of their capture places. The second part of the table shows the p-values of
Significant differences are marked in bold.

Seasons Tb (�C)

Mean values Spring 23.57 ± 0.50 (66)
Summer 28.66 ± 0.30 (134)
Autumn 22.18 ± 0.32 (46)
Winter 20.68 ± 0.22 (73)

Paired comparisons Spring e Summer <0.0001
Spring e Autumn 1.000
Spring e Winter 0.001
Summer e Autumn <0.0001
Summer e Winter <0.0001
Autumn e Winter 0.133
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substrate (flat, North, South, East, or West), the altitude of the
perch, and the sunlight exposure (full sun, filtered sun, or full
shade). Finally, we recorded sex and age class (adult or juvenile),
and we measured snout-went length (SLV) and weight of lizards.

2.3. Microhabitat selection

In order to study the influence of the climatic variables on the
selection of microhabitat, we compared the climatic conditions of
each capture point with the mean values of four points that
represent mean availability of each variable. To establish an
objective rule, we chose these points as the ones 1m away from the
capture point on each compass direction (North, South, East and
West; see Ortega et al., 2016a). Thus, we measured Ta, Ts, and wind
speed of these four points, similarly as we did with the capture
point of the lizard. We used the mean values of the four points,
associated to each capture point, to represent the mean availability
of climatic conditions in the surroundings of each particular lizard
in a certain moment. Wewill refer to these measurements as ‘mean
availability’. Then, for each lizard, we calculated the deviation be-
tween the Ts of the selected point and the mean Ts of the four
points, which we refer as ds, and would represent the degree of
selection for the Ts. Similarly, we calculated the deviation between
the Ta of the selected point and the mean Ta of the four points,
referred as da, which would represent the degree of selection
regarding Ta. Finally, we calculated the deviation between the wind
speed of the selected point and the mean wind speed of the four
points, dwind, which would represent the degree of selection
regarding the speed of the wind.

2.4. Data analysis

We performed parametric statistics when data followed the
assumptions of normality and variance homogeneity. When data
did not fulfill these assumptions, even after log-transformations,
we carried out non-parametric equivalent tests (Crawley, 2012;
Sokal and Rohlf, 1995). To assess the effect of the season, body
size, and environmental conditions on body temperatures of liz-
ards, we fitted a generalized linearmodel (GLM)with normal errors
(Crawley, 2012). We considered the season, wind speed, substrate
temperature, air temperature, and body size of lizards (SVL) as
potential explanatory variables, and body temperature as the
response variable. First, we considered a saturated model with all
explanatory variables and their interactions. Then, following the
Akaike Information Criterion (AIC, see Burnham and Anderson,
2004), we removed, in a stepwise procedure, no significant vari-
ables and interactions (p > 0.05). In this way, we obtained the
simplest significant model to explain body temperatures exhibited
by P. guadarramae lizards along their annual activity. For each
rcis guadarramae lizards, as well as substrate temperatures (Ts), air temperatures (Ta)
the Kruskal-Wallis post-hoc paired comparisons for these variables between seasons.

Ts (�C) Ta (�C) Wind speed (ms�1)

24.24 ± 0.57 (66) 23.04 ± 0.54 (68) 0.25 ± 0.05 (68)
29.11 ± 0.33 (136) 28.13 ± 0.35 (137) 0.17 ± 0.05 (137)
21.38 ± 0.35 (46) 20.63 ± 0.30 (46) 0.10 ± 0.03 (46)
19.96 ± 0.27 (73) 18.83 ± 0.22 (73) 0.32 ± 0.06 (73)
<0.0001 <0.0001 <0.0001
0.021 0.090 0.080
<0.0001 <0.0001 1.000
<0.0001 <0.0001 1.000
<0.0001 <0.0001 <0.0001
0.411 0.059 0.031

atterns of body temperature and microhabitat selection in a lacertid
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Fig. 1. Daily evolution of body temperatures of Podarcis guadarramae lizards regarding
season.

Table 2
GLM of the effect of the intrinsic and environmental constraints on body tempera-
tures (Tb) of Podarcis guadarramae (N ¼ 320).

Coefficient SE t P

Intercept 5.95225 0.91077 6.535 2.62e-10

Season spring �0.71124 0.36575 �1.945 0.0527
Season summer 0.84117 0.39163 2.148 0.0325
Season winter �0.58224 0.34630 �1.681 0.0937
Substrate temperature (Ts) 0.70546 0.02876 24.530 <2e-16

Body size (SVL) 0.02803 0.01623 1.727 0.0852

Deviance residual: 1010.6, with 309 degrees of freedom. AIC ¼ 1275.1, lower than
the AIC of more complex models.
Significant results are marked in bold.
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model, we evaluated data dispersion and the distribution of re-
sidual values (Crawley, 2012). We conducted all analyses on R,
version 3.1.3 (R Core Team, 2015). We report mean values of vari-
ables accompanied by standard errors. Significance level was
a ¼ 0.05.

3. Results

The studied population of P. guadarramae exhibited sexual size
dimorphism, with larger males than females (mean SVL males:
49.40 ± 0.35 mm, N ¼ 142; mean SVL females: 45.58 ± 0.42 mm,
N ¼ 101; one-way ANOVA, F1, 241 ¼ 49.317, P < 0.0001). Males were
also significantly heavier than females (mean weight males:
2.69± 0.06 g,N¼ 142;meanweight females: 1.82± 0.05 g,N¼ 102;
Table 3
The first part of the table reports the mean ± SE values of the deviations between the sub
points of lizards and the mean availability values of each variable associated to each cap
values of the Kruskal-Wallis post-hoc paired comparisons between the seasons. Significa

ds (�C

Season (N) Spring (66) 0.353
Summer (112) 0.019
Autumn (44) 0.983
Winter (71) 1.474

Paired comparisons Spring e Summer 0.684
Spring e Autumn 0.342
Spring e Winter 0.005
Summer e Autumn 0.028
Summer e Winter <0.00
Autumn e Winter 0.551
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one-way ANOVA, F1, 242 ¼ 100.264, P < 0.0001). In addition, mean
SVL of juveniles was 35.95 ± 0.40 mm, and mean weigh
1.02 ± 0.04 g (N ¼ 77). However, body temperatures of adults were
similar between sexes in all seasons (two-way ANOVA, interaction:
F3, 234 ¼ 0.177, P ¼ 0.912, sex: F1, 234 ¼ 0.007, P ¼ 0.935, season: F3,
234 ¼ 71.760, P < 0.0001). Similar results were found for the age
classes (two-way ANOVA, interaction: F3, 311¼0.579, P¼ 0.629, age:
F1, 311 ¼ 0.331, P ¼ 0.565, season: F3, 311 ¼76.310, P < 0.0001). Thus,
we pooled body temperatures of adult males and females and ju-
veniles for subsequent analyses (Table 1).

Body temperatures were significantly higher in summer than in
spring, autumn and winter, and in spring than in winter (Fig. 1,
Table 1). Substrate temperatures of the capture points were
significantly higher in summer than in other seasons, and signifi-
cantly higher in spring than autumn and winter, while they were
similar during autumn andwinter (Table 1). Air temperatures of the
capture points were significantly higher in summer than in spring,
autumn and winter, and in spring than winter (Table 1). Finally,
wind speed was higher for spring and winter than for summer and
autumn (Table 1). The GLM reveals that wind speed and air tem-
perature had not a significant effect on body temperatures of
lizards, while the substrate temperature and the season signifi-
cantly affected the body temperatures of lizards (Table 2). In
addition, the effect of body sizewasmarginally significant (Table 2).

Mean values of the deviations between the capture points of
lizards and themean availability for substrate temperatures (ds), air
temperatures (da) and wind speed (dwind) are reported in Table 3.
Neither sex nor age of lizards affected the degree of selection of Ts
(two-way ANOVA, F2, 281 ¼ 1.273, P ¼ 0.282). However, the season
showed a significant effect on degree of selection of Ts by lizards
(two-way ANOVA, F3, 281 ¼ 8.138, P < 0.0001), and this effect was
similar for males, females and juveniles (two-way ANOVA inter-
action term, F6, 281 ¼ 0.899, P ¼ 0.496). Seasonal differences were
found between spring and summer with winter, and summer with
autumn (Table 3; Fig. 2). The selection for higher Ts was signifi-
cantly larger (that is, higher ds) in winter than in spring and sum-
mer, and in autumn than in summer (Fig. 2). Sex and age did not
affect the degree of selection of Ta either (two-way ANOVA, F2,
281 ¼ 1.689, P ¼ 0.187). Season significantly affected the degree of
selection of Ta (two-way ANOVA, F3, 281¼7.505, P< 0.0001), and the
effect was similar for males, females and juveniles (two-way
ANOVA interaction term, F6, 281 ¼ 1.940, P ¼ 0.074). Seasonal dif-
ferences were found between spring and summerwith autumn and
winter (Table 3). Thus, the extent towhich lizards selected Ta higher
than the mean available Ta was larger in autumn and winter than in
spring and summer (Fig. 2). In fact, lizards did not appear to select
their microhabitats regarding Ta during spring and summer (Fig. 2).
The selection of microhabitat regarding wind speed was similar for
males, females and juveniles within each season (Kruskal-Wallis
strate temperature (ds), air temperature (da), and wind speed (dwind), of the capture
ture point, respectively, for each season. The second part of the table reports the p-
nt differences are marked in bold.

) da (�C) dwind (ms�1)

± 0.254 �0.003 ± 0.169 �0.060 ± 0.055
± 0.188 �0.016 ± 0.126 �0.018 ± 0.039
± 0.257 0.844 ± 0.201 0.032 ± 0.031
± 0.220 0.675 ± 0.139 �0.130 ± 0.063

1.000 <0.0001
0.005 <0.0001
0.013 0.395
0.001 1.000

01 0.003 <0.0001
0.905 <0.0001
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Fig. 2. Boxplots of the deviations between substrate and air temperatures of the
capture point of lizards and the mean availability of the microhabitats for Podarcis
guadarramae in all seasons.

Table 4
Results of the G-tests for the sunlight exposure categories (full sun, filtered sun, full
shade) of the capture points of Podarcis guadarramae lizards vs the mean availability
in their microhabitat for the four seasons. Significant results are marked in bold.

G p-value

Spring Full sun e Filtered sun 0.334 0.436
Full sun e Full shade 0.001 0.002
Filtered sun e Full shade 0.002 0.020

Summer Full sun e Filtered sun 0.129 0.173
Full sun e Full shade 0.571 0.640
Filtered sun e Full shade 0.369 0.412

Autumn Full sun e Filtered sun 0.045 0.075
Full sun e Full shade 0.001 0.008
Filtered sun e Full shade 0.101 0.490

Winter Full sun e Filtered sun 0.026 0.036
Full sun e Full shade 0.042 0.080
Filtered sun e Full shade 0.528 0.723
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test, spring: H ¼ 3.284, P ¼ 0.070, N ¼ 66; summer: H ¼ 0.000,
P ¼ 0.996, N ¼ 112; autumn: H ¼ 0.066, P ¼ 0.797, N ¼ 44; winter:
H¼ 0.309, P¼ 0.579, N¼ 71). However it was significantly different
between seasons (Kruskal-Wallis test, H ¼ 61.505, P < 0.0001,
N ¼ 293). There were significant differences between all paired
comparisons except for spring and winter, and summer and
autumn (Table 3). Hence, lizards avoided the wind to a greater
extend in spring than summer and autumn, and in winter than
summer and autumn (Table 3). Finally, lizards avoided shaded
Fig. 3. Seasonal comparison of the frequencies of the sunlight exposure categories of Podarci
sun.
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microhabitats and preferred microhabitats in filtered sun in spring,
while they did not show preferences regarding sunlight in summer,
avoided shaded microhabitats in autumn, and avoided filtered sun
areas in winter (Table 4 and Fig. 3).

4. Discussion

Adult individuals of P. guadarramae showed sexual size dimor-
phism, with significantly bigger males than females. A recent study
reported that males of the Lusitanian wall lizard have slower
heating rates than females, due to their bigger body size (Gabirot
et al., 2013). However, body temperatures of adult males and fe-
males, as well as those of juvenile individuals, were similar within
each season. Although body size is known to affect body temper-
ature of small lizards (Herczeg et al., 2007), such effect would be
smaller than the effect of the environmental traits experienced by
lizards on their habitats.

Body temperature was significantly higher in summer than in
the other seasons, and in spring than in winter. The same pattern
was found regarding substrate and air temperatures of the micro-
habitats selected by lizards. Wind speed and air temperature did
not affect body temperature of lizards, while body length was
marginally significant and substrate temperature and season
significantly affected the body temperatures of lizards. The
important role of substrate temperature is probably reflecting the
use of thigmothermy as a mechanism of thermoregulation by this
species (P�erez-Mellado, 1983). In any case, our results studying the
thermal biology during the whole year support the conclusion that
seasonality is the most important factor affecting body tempera-
tures of this temperate lacertid. The important role of seasonality in
thermal biology of lizards has been addressed in previous studies,
although the effect of seasons was not assessed throughout the
whole annual activity period (Díaz and Cabezas-Díaz, 2004; Díaz
et al., 2005; Sepúlveda et al., 2008; Ortega et al., 2014).

Regarding microhabitat selection, we have demonstrated that
environmental constraints, as environmental temperatures and
wind speed, affected the seasonal changes on behavioural ther-
moregulation of lizards. This effect was similar between sexes and
age classes, and is independent of body size. Hence, environmental
constraints were the main forces driving seasonal changes in
microhabitat selection of Podarcis guadarramae. The role of sun
radiation in microhabitat selection also changed significantly be-
tween seasons. Lizards avoided shaded microhabitats in spring and
autumn. They preferred microhabitats in filtered sun in spring,
while they even avoided these filtered-sun places in winter. How-
ever, the sunlight exposure was irrelevant to microhabitat choice
during summer. These results emphasize the behavioural flexibility
of lizards to adapt to seasonal climatic variations. Probably, within
s guadarramae capture places vs the mean availability of the habitat. ‘Filt. sun’ ¼ filtered
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their possibilities, also conditioned by mating, predation or other
intrinsic constraints, lizards would adapt their behaviour to choose
the substrates with the more suitable heating rates depending on
their thermal requirements on each season. This idea is also sup-
ported by the fact that lizards are able to select the heat resource
that provides the more suitable heat transmission mode for
different moments of the daily activity period (Belliure and
Carrascal, 2002).

Since thermal preferences of lizards may also shift seasonally
(e.g. Patterson and Davies, 1978; Díaz et al., 2006; Clusella-Trullas
and Chown, 2014), and we only had data on thermal preferences
of summer, we did not assess the seasonal shifts in thermal quality
of the habitat and accuracy and effectiveness of thermoregulation
(Hertz et al., 1993). The study of the patterns of influence of the
different intrinsic and environmental traits in the indexes of ther-
moregulation of lizards would throw more light in the seasonal
drivers of lizard thermoregulation. Even though, we have shown
that season was the most important factor conditioning body
temperature in the big picture, over body size, sex, or age of lizards,
or the climatic variables of the microhabitats separately. In addi-
tion, we have shown that the drivers of microhabitat selection of
Lusitanian wall lizards, and, probably, other Mediterranean lizards,
change their roles between seasons. In winter, the preferences are
clear: sunny substrates with higher temperatures and lower wind
speed than the surroundings. In spring and autumn, the effect of
sun, temperature and wind was also significant, but not so strong.
However, wind, sun and temperature were irrelevant to micro-
habitat preferences in summer, and other traits, as protection
against predators or access to food would be more important.
Finally, our results could have important implications regarding the
predictions for ectotherms under climate change, and underscore
the necessity to incorporate seasonal changes to these projections,
at least for Mediterranean habitats.
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