%

BRILL

&

Amphibia-Reptilia 45 (2024): 61-72 brill.com/amre

Living on the edge: thermoregulation at the niche margin in the
Bedriaga’s rock lizard

Pierluigi Bombi!*, Fabrizio Cald?, Daniele Salvi®

1 - Institute of Research on Terrestrial Ecosystems, National Research Council, via Salaria km 29.300, 00015
Monterotondo, Rome, Italy
2 - Department of Biology, University of Rome ‘Tor Vergata’, via della Ricerca Scientifica 1, 00133 Rome,
Italy
3 - Department of Health, Life & Environmental Sciences, University of L’ Aquila, Via Vetoio snc, 67100
L’ Aquila-Coppito, Italy
*Corresponding author; e-mail: pierluigi.bombi@cnr.it
ORCID iDs: Bombi: 0000-0002-7322-5724; Calo: 0009-0002-9430-8243; Salvi: 0000-0002-3804-2690

Received 21 April 2023; final revision received 8 January 2024; accepted 8 January 2024;
published online 18 January 2024; published in print 12 February 2024
Associate Editor: Miguel A. Carretero

Abstract. Thermoregulation is essential for ectotherms but its relative cost, especially under ongoing climate change,
depends on the thermal quality of habitats. Populations at the warm margin of a thermal niche could be negatively
affected by environmental temperatures that approach the limits of a species’ thermoregulation capacity. This study aims
to define the thermal niche of the Bedriaga’s rock lizard, Archaeolacerta bedriagae, a rock-dwelling species endemic to the
Corsica and Sardinia islands (western Mediterranean Sea), and to investigate its thermoregulation effectiveness at the warm
edge of its niche. We collected data on climate, body temperature, and microhabitat temperature throughout the species’
range to characterize its thermal niche. We found that A. bedriagae does not occupy the entire climatic space available
across its distribution range; rather, it selects temperate climates. Remarkably, thermoregulation effort increases when the
habitat thermal quality decreases towards warmer sites. Populations at the warm edge of the thermal niche show the best
thermoregulation effectiveness, but they are also more sensitive to the effects of climate change as they may already be at (or
beyond) the species’ maximum thermal capacity under the current conditions. We observed such a pattern at the extreme hot
side of the thermal niche. This study provides key information on the thermoregulatory response of A. bedriagae to ongoing
climate change that can be useful to identify populations facing a higher extinction risk either currently or in the near future.

Keywords: Archaeolacerta bedriagae, climate change, Corsica, Sardinia, thermal niche.

Introduction an optimal thermal range is especially impor-

tant for ectotherms such as reptiles. Thermoreg-

Environmental temperatures are among the
most important conditions regulating the pres-
ence of animals. It is a characteristic of the habi-
tat and part of a species’ ecological niche (Mag-
nuson, Crowder and Medvick, 1979). Ther-
mal niche is the range of temperature needed
for a species to live and reproduce and it
directly influences fitness (Magnuson, Crow-
der and Medvick, 1979; Kearneya, Shine and
Porter, 2009; Taylor et al., 2021). Maintaining

ulation is the process that allows animals to
maintain body temperature within their thermal
range, suitable for metabolism. In ectotherms,
thermoregulation includes behavioural mecha-
nisms, such as moving between sun and shade,
changing time of activity, exploring microen-
vironments with suitable thermal conditions
(Hertz, Huey and Stevenson, 1993; Blouin-
Demers and Nadeau, 2005; Artacho et al.,
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2017). However, not all reptiles thermoregu-
late in the same way; some species or popu-
lations are mainly thermoconformers (Hertz,
Huey and Stevenson, 1993) while others are
good thermoregulators. The cost of thermoreg-
ulation includes energetic costs for behavioural
adjustments (Huey and Slatkin, 1976; Hertz,
Huey and Stevenson, 1993) and diverts time
away from other activities like foraging or mat-
ing. This, however, strongly depends on the
thermal quality of the habitat (Huey and Slatkin,
1976; Hertz, Huey and Stevenson, 1993).
Several studies have demonstrated that many
species are effective thermoregulators espe-
cially in habitats with low thermal quality where
thermoregulation is costly (Blouin-Demers and
Weatherhead, 2001; Blouin-Demers and Na-
deau, 2005; Row and Blouin-Demers, 2006).
This suggests that in extreme climatic condi-
tions the disadvantages of being thermocon-
formers (e.g., reduced physiological efficiency,
increased risk of predation, reduced foraging
success) outweigh the costs of thermoregula-
tion. Thus, when thermal quality is reduced,
thermoregulation effort increases (Vickers, Ma-
nicom and Schwarzkopf, 2011). Since the ther-
mal quality of the habitat can change over time,
the species’ thermoregulation strategy become
essential for success in a changing environment.
Defining the thermal niche of species, their
efficiency of thermoregulation, and clarifying
relationships with climatic variables is essential
to understand how species will respond to ongo-
ing climate change (Huey et al., 2009; Frishkoff,
Hadly and Daily, 2015; Piantoni, Navas and
Ibargiiengoytia, 2016; Kirchhof et al., 2017;
Li et al., 2017). In this respect, populations
that live at the warm margin of a species’
thermal niche are usually more vulnerable to
ongoing climate changes because they exist in
conditions close to their upper limit of toler-
ance (Huey et al., 2009; Sunday et al., 2014;
Bombi et al., 2017) and therefore face a higher
risk of local extinction (Aradjo et al., 2013;
Artacho et al., 2017; Kirchhof et al., 2017).
Overall, climate change is negatively affecting
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reptiles worldwide, with negative impacts on
growth, reproduction, population size, and dis-
tribution (Huey et al., 2009; Walters, Blancken-
horn and Berger, 2012; Buckley, Ehrenberger
and Angilletta, 2015; Walker, Stuart-Fox and
Kearney, 2015). Investigating the thermoregu-
lation capacities of populations in the light of
climate change is important to understand the
extent to which they can cope with such changes
and to develop effective long-term conservation
strategies.

In this study, we focused on the Bedriaga’s
rock lizard, Archaeolacerta bedriagae, endemic
to Corsica and Sardinia, two large islands in
the Mediterranean Sea. This species has a high
biogeographical and conservation importance,
representing a relict lineage within the Lacer-
tini radiation (Mendes et al., 2016) and being
classified as Near Threatened, with a decreas-
ing population trend, in the International Union
for the Conservation of Nature red list (JTUCN,
2008). The typical habitat of the species is rep-
resented by large rocky outcrops from sea level,
with hot Mediterranean climate, up to 2710 m
a.s.l, with cold mountain conditions (Bombi and
Vignoli, 2004; Bombi et al., 2009a, b; Sindaco
et al., 2010; Salvi, Bombi and Sindaco, 2016).
This wide range of environmental conditions
faced by A. bedriagae make it particularly suit-
able to study the thermoregulation strategy and
capacity of populations. The main aims of this
paper are to define the thermal niche of the
species and to clarify the effects of high temper-
atures on populations at the warm margin of its
thermal niche. First, we described the thermal
niche of the species at two different scales: (1)
at the species range scale and (2) at the micro-
habitat scale. Second, to assess the thermoreg-
ulation effectiveness at each sampling site, and
its variation across the thermal niche gradient,
we measured the relationship between lizards’
body temperature and environmental tempera-
ture at the capture point. This approach allowed
us to test the hypothesis that site thermal quality
influences the thermoregulation effectiveness of
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the A. bedriagae populations across its distribu-
tion range and provides insights on the extinc-
tion risk of marginal populations under climate
change.

Materials and methods
Data collection

To characterize the thermal niche of A. bedriagae and to
estimate the thermoregulation effectiveness of each studied
population we used climate data of known sites of pres-
ence and field-sampled temperature data. Known sites of
presence of A. bedriagae were organized through a criti-
cal review of the available literature (e.g., Delaugerre and
Cheylan, 1992; Bombi and Vignoli, 2004; Bombi et al.,
2009a, b; Salvi et al., 2009a, b; Salvi and Bombi, 2010;
Salvi et al., 2010; Bombi, Salvi and Bologna, 2012). Cli-
mate data were obtained from the WorldClim high spatial
resolution databank (version 2.1; Fick and Hijmans, 2017).
We used 11 bioclimatic variables (i.e., WorldClim Biol —
Bioll) referring to the period 1970-2000 at a resolution of
30 arc-seconds that corresponds to a resolution of about 700
meters at the latitude of the study area (i.e., Corsica and Sar-
dinia islands). We collected field-sampled temperature data
in eight sites throughout the range of A. bedriagae between
May 2003 and September 2004, during the period of high-
est activity of the species (see fig. 1 and supplementary
table S1). Sites were represented by large rocky outcrops,
of variable size (from 100 m? to 14 000 m?2), emerging from
mediterranean vegetation, which we thoroughly explored
during each sampling session, searching for surface active
lizards both exposed to sun or in shadowed spots at different
times of day. Overall, we captured 58 lizards, measured their
body temperature immediately after capture, and released
them at the capture point. At the same time, we measured the
temperature of the rock at the exact position where the lizard
was firstly detected and the temperature of the air 20 cm
above the same position. We used a Delta Ohm HD9218
thermocouple to measure all the temperature data.

Thermal niche

To define the thermal niche of A. bedriagae at the species-
range scale we extracted climate data from the World-
Clim climatic surfaces for (1) the entire study area (about
32800 kmz), (2) all the known sites of presence of A.
bedriagae, and (3) the eight population sampling sites. We
described the thermal niche at the whole range scale using
two approaches. One based on the first two principal com-
ponents calculated by a PCA (see supplementary table S2)
on all the bioclimatic variables related to the environmen-
tal temperature. The other approach focused on the two
variables that mostly determine lizards’ activity period and
may be critical for thermoregulation: Max Temperature of
Warmest Month (Bio5) and Mean Temperature of Warmest
Quarter (Biol0). We chose these two variables because

63

Figure 1. Studied populations of Archaeolacerta bedriagae
(red dots) and known sites of presence of the species in
Corsica and Sardinia (blue dots). Map tiles by Stamen
Design, under CC BY 3.0.

they bring information about seasons when lizards’ activ-
ity is the highest and because they may have the greater
influence on the species thermoregulation effectiveness (see
below for details). In both cases, we used binomial GLMs to
assess the climatic variable effects on the presence/absence
of the species (see supplementary table S3 for details). This
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allowed clarifying how A. bedriagae selects sites within a
wider range of available conditions.

In order to assess the species thermal niche at the micro-
habitat scale, we analysed field-sampled temperature data.
Body, air, and rock temperatures were compared through
binomial GLMs using the measured temperature as inde-
pendent variable and the categories body/air, body/rock,
and air/rock as responses (see supplementary table S3 for
details). The relationship between lizards’ body temperature
and environmental temperatures (air and rock temperatures)
was analysed by gaussian GLMs, using body temperature as
dependent and air and rock temperatures as predictors (see
supplementary table S3 for details). This analysis provides
information on how A. bedriagae selects microhabitat tem-
perature to control its body temperature.

Thermoregulation effectiveness

Thermoregulation effectiveness in each sampling site was
calculated as the coefficient of the gaussian GLM with
lizards’ body temperatures as response and environmen-
tal temperatures as predictor variables (see supplemen-
tary table S3 for details). We explored how both air and
rock temperature influence lizards’ body temperature. We
used the coefficient value as a proxy of thermoregulation
effectiveness (Van Damme et al., 1990; Hailey and Coul-
son, 1996; Ortega, Mencia and Pérez-Mellado, 2016; Diaz,
Izquierdo-Santiago and Llanos-Garrido, 2022). High values
of the coefficient indicate low effectiveness because imply
that body temperature strictly follows the environmental
temperature. Low values indicate high effectiveness because
imply that lizard body temperature does not follow rock or
air temperature variations. The maximum effectiveness cor-
responds to a coefficient equal to zero. In such case, changes
of environmental temperature, due to different time of the
day, exposure, microsite selection, or other interacting fac-
tors, do not modify lizard body temperature.

Finally, we explored the effect of the site climatic con-
ditions on the population thermoregulation effectiveness
by analysing the relationships between the effectiveness
and relevant climate variables. To do this, we fitted gaus-
sian GLMs with the thermoregulation effectiveness in the
sites (coefficients of body temperature with respect to rock
and air temperature) as response variable and the rela-
tive climatic conditions, using both the ‘Mean Tempera-
ture of Warmest Quarter’ and the ‘Max Temperature of
Warmest Month’ as predictors (see supplementary table S3
for details). In order to exclude an effect of the sampling
period on this relationship, we also fitted the same GLMs
including the sampling period as a covariate. In addition, to
further test the reliability of the site coefficients (thermoreg-
ulation effectiveness) we used an approach based on null
models (Gotelli and Graves, 1996). Site coefficients were
calculated 1000 times randomizing the temperature data
and the relative relation between climate and thermoregu-
lation effectiveness was recalculated with the new coeffi-
cients. The proportion of times that the simulated p-value
(derived from permutations) was lower than the observed p-
value (from original, non-permutated data) was calculated
and used as an aggregate p-value, indicating the probability
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that the final pattern derives by chance from random data.
All the data management and the analyses were made in
R (R Core Team, 2022) using the packages: geodata (Hij-
mans, Ghosh and Mandel, 2022), and rgdal (Bivand, Keitt
and Rowlingson, 2023), the map of A. bedriagae distribu-
tion and sampling site locations was made in QGIS 3.24
(QGIS.org, 2022).

Results

The analysis of the thermal niche of A. bedria-
gae at the range scale showed that this species
does not occupy the entire climatic space avail-
able throughout Corsica and Sardinia. This is
evident both in the climatic space defined by
the PCA based on 11 climatic variables and on
Bio5 and BiolO (fig. 2A, B). Most of the cli-
matic variance in the study area is explained
by the first axis of the PCA (92%), while PC2
explains a smaller portion of variance (7%).
PC1 is mostly associated with Temperature Sea-
sonality (variable loading = 0.99) and PC2
with Isothermality (—0.44), Max Temperature
of Warmest Month (—0.39), and Mean Temper-
ature of Wettest Quarter (—0.37). The results of
the binomial GLMs showed a highly significant
effect of climatic conditions on the occupation
of sites for the variables PC1 and PC2 (McFad-
den’s R? = 0.18, p < 0.001 for both vari-
ables; see supplementary table S3) as well as
for Mean Temperature of Warmest Quarter and
Max Temperature of Warmest Month (McFad-
den’s R?> = 0.19, p < 0.001 for both variables)
(see table 1 for temperature data). This indicates
that A. bedriagae mostly occurs in relatively
cold and mild climates with low seasonal tem-
perature variation whereas this species occupies
few sites with high temperature and large sea-
sonal variation.

At the microhabitat scale, the thermal niche
of A. bedriagae is linked to the microenvi-
ronmental conditions, as lizard body tempera-
ture is related to both air and rock tempera-
tures (McFadden’s R? = 0.22, p < 0.001 and
McFadden’s R? = 0.097, p < 0.05 respec-
tively) (fig. 3B). However, the species has a
relatively high and constant body temperature
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Figure 2. Thermal niche of Archaeolacerta bedriagae at the species range scale. Synthesis of the thermal niche through
PCA of eleven bioclimatic variables based on temperature data (A) and detail of the niche described by two specific thermal
variables (Max Temperature of Warmest Month — Bio 5 and Mean Temperature of Warmest Quarter — Bio 10) (B). PC1
is mostly associated with Temperature Seasonality (0.99) and PC2 to Isothermality (—0.44), Max Temperature of Warmest
Month (—0.39), and Mean Temperature of Wettest Quarter (—0.37). In both plots, grey dots represent thermic availability in
the study area, blue dots represent thermic conditions in all the known sites of A. bedriagae presence, and red dots represent
thermic conditions in the population sampling sites. Polygons on the axes represent the frequency distribution of the values
of thermic availability in the study area (grey polygons) and the frequency distribution of temperature variable values at the
presence sites (blue polygons). On the top left of each plot are reported the results of the GLMs comparing climatic conditions

at available and occupied sites on the X and Y axes.

Table 1. Descriptive statistics of Mean Temperature of Warmest Quarter (°C) and Max Temperature of Warmest Month
(°C) in available and occupied sites, measured body temperature (°C), measured air temperature (°C), and measured rock

temperature (°C).

Minimum Maximum Mean Standard deviation
Mean Temperature of Warmest Quarter Available sites 10.98 25.25 22.07 1.99
Occupied sites 10.98 24.37 18.12 3.18
Max Temperature of Warmest Month Available sites 15.50 32.60 2791 2.45
Occupied sites 15.50 29.80 23.01 3.33
Body temperature 28.20 36.50 32.56 1.84
Air temperature 12.00 31.20 22.82 4.10
Rock temperature 20.1 41.10 29.31 4.78

(see table 1 for values), which is usually warmer
than air and rock temperatures (McFadden’s
R? = 0.84, p < 0.001 and McFadden’s R? =
0.14, p < 0.001 respectively) (fig. 3A). At the
studied sites, rock temperature (see table 1 for
values) is generally higher (McFadden’s R? =
0.32, p < 0.001) than air temperature (see
table 1 for values) but these two variables are
related (McFadden’s R? = 0.18, p < 0.01).
Thermoregulation effectiveness, measured as
the coefficients of regressions between lizard

body temperature and rock and air tempera-
tures, changed from site to site. The coeffi-
cients of the linear regressions between body
temperatures and rock temperatures range from
—0.03 in P. Colmi and Petraiaccio to 0.25 in
Restonica (fig. 4A and supplementary table S1).
The regression coefficients between lizard body
temperature and air temperatures range from
—0.11 in Petraiaccio to 0.59 in Restonica
(fig. 4B and supplementary table S1). Signif-
icant, or almost significant differences among
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sites were found for body and air tempera-
tures (Anova Fpogy = 2.02, ppogy = 0.07
and Anova Fy; = 8.20, p,r < 0.001 respec-
tively), whereas rock temperatures were not sig-
nificantly different among sites (Anova Fiock =
1.08, prock = 0.38). Nevertheless, the ther-
moregulation effectiveness is not related to
population differences in mean body temper-
atures (r; = 0.45, p = 0.27), air tempera-
tures (ry = 0.07, p = 0.88), and rock tem-
peratures (r; = —0.29, p = 0.50). In addi-
tion, when we included the sampling period as
a covariate in the GLMs, it was not significant
in any case (see Table S3 for details), mean-
ing that thermoregulation effectiveness of each
population is not dependent on the sampling
period.

Thermoregulation effectiveness increases ap-
proaching the warm niche margin. The warmest
sites (i.e., Petraiaccio, P. Colmi, M. Moro, and
P. Falcone) are close to the warm edge of the
species thermal niche, and these populations
showed low coefficients, while at the coldest
sites (i.e., Restonica and Ortachis) populations
have high coefficients (fig. 5). One site, Colum-
bare, located at the warmest extreme of the
thermal niche (highest ‘Max Temperature of
Warmest Month’ and one of the highest ‘Mean
Temperature of Warmest Quarter’), does not
follow this pattern and showed low and inter-
mediate thermoregulation effectiveness. Lin-
ear models fitted on a dataset excluding this
anomalous population showed increased signif-
icance (see values in fig. 5 and supplemen-
tary table S3 for detailed results). This pat-
tern is confirmed by the null-model “aggregate”
test, which indicated significant trends for both
the two climate variables (p = 0.026 for the
Max Temperature of Warmest Month and 0.003
for the Mean Temperature of Warmest Quar-

ter).
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Discussion
Thermal niche of Archaeolacerta bedriagae

The distribution range of the Bedriaga’s rock
lizard encompasses sites along the northern Sar-
dinian and southern Corsican coasts, from sea
level up to the highest mountains both in Sar-
dinia (1783 m asl in the Gennargentu moun-
tains; Salvi et al., 2010) and Corsica (2710 m
a.s.l. in M. Cinto; Delaugerre and Cheylan,
1992). Such an eurizonal distribution indicates
that this lizard is able to cope with a wide range
of climatic conditions across its range and might
suggest that climate is not limiting for the pres-
ence of the species. However, our results indi-
cate that this is not true for warmer conditions.
Indeed, we found that, while the number of
populations of A. bedriagae is higher in the cold
tail of the thermal availability, presence sites
become rare in warmer conditions. Since the
cold edge of the realized niche (sensu Hutchin-
son, 1957; Moore et al., 2023) corresponds to
the coldest available conditions, we suppose
that the cold margin of the realised niche is
limited by climatic availability, but the funda-
mental niche (sensu Hutchinson, 1957; Moore
et al., 2023) could be larger in this direction.
On the contrary, the absence of the lizard from
the warmest areas of Corsica and Sardinia, as
well as its rarity and range fragmentation in
relatively warm conditions that are abundantly
available across these islands, would suggest
that the warm edge of the realized niche is
very close to the limit of the fundamental one.
This is in close agreement with results from
Bombi et al. (2009b) that showed a negative
effect of high summer temperature conditions
(“Maximum Temperature of Warmest Month”
variable) on the distribution of A. bedriagae in
Sardinia.

The body temperature of ectotherms depends
on the environmental temperature but also on
body biophysical and morphological features
and on behavioural and physiological mecha-
nisms (Blais et al., 2023). This allows lizards
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Figure 5. Relationship between lizard thermoregulation effectiveness and environmental temperatures. Top-left and top-
right plots represent the relationships between the ‘thermoregulation effectiveness with respect to rock temperature’ and
the two climatic variables, Mean Temperature of Warmest Quarter (A) and Maximum Temperature of the Warmest Month
(B). Bottom-left and bottom-right plots represent the relationships between the ‘thermoregulation effectiveness respect to
air temperature’ and the two climatic variables (C and D). The red lines are the regression lines of the relation between the
thermoregulation effectiveness and the climate variable considering all the sites and the green lines are the regression lines of
the same relation excluding the outlier site (Columbare) indicated by the red point.

to control, at some degree, the body temper-
ature that is related to but different from air
and ground temperatures. Bauwens et al. (1990)
measured body temperatures of a high-elevation
population of A. bedriagae and recorded val-
ues that were comparable with our measured
values and similar to those registered for other

sympatric lacertid lizards (Van Damme et al.,

1990). The tight curve of the frequency dis-
tribution of lizard body temperatures indicates
that A. bedriagae is able to maintain, through
thermoregulatory mechanisms, a relatively con-
stant temperature in a diverse array of envi-
ronmental microclimates. Biophysical traits of
A. bedriagae (such as shape, colour, size) could
further contribute to maintain a body tempera-
ture higher than the microenvironment. When
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air and/or rock are too cold or too hot, ther-
moregulation mechanisms can be insufficient
for maintaining the body temperature within the
activity range and lizards take shelter in rock
crevices.

Thermoregulation and Niche Margin Effect

Several studies demonstrated that the ther-
moregulation effort in reptiles depends on the
thermal quality of the habitat (e.g., Huey and
Slatkin, 1976; Row and Blouin-Demers, 2006;
Sagonas et al., 2017). Based on this, one
can expect that the effort in thermoregulation,
and thus the effectiveness of the mechanism,
changes with air and/or rock temperatures. We
found changes in the thermoregulation effec-
tiveness across sites as well as differences in
air and body temperatures. This, together with
the stronger relationship between body and air
temperatures than between body and rock tem-
peratures, suggests that air temperature is a
main driver of body temperature in these lizards.
Nevertheless, our results indicate that the ther-
moregulation effectiveness is not related to the
microenvironmental temperatures.

Under extreme and challenging climatic con-
ditions, the thermoregulatory effort increases
when thermal quality of the habitat decreases
(e.g., Blouin-Demers and Nadeau, 2005; Vick-
ers, Manicom and Schwarzkopf, 2011; Arta-
cho et al., 2017). Our study focuses on the
warm side of the thermal niche of A. bedria-
gae; thus, in our case, the habitat thermal qual-
ity decreases when the climate at the site is
warmer. In this light, the observed increase
of thermoregulation effectiveness (reduction of
the coefficients) from colder to warmer sites is
coherent with the expected pattern and indicates
that the thermoregulation effort is related to
macroclimatic gradients. We call such relation-
ship “Niche Margin Effect”. The Niche Margin
Effect could be used to detect the niche edge,
identify the most extreme sites, and forecast
potential impacts of climatic alterations.

The sites located on the niche edge can some-
times experience conditions that are beyond
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the thermoregulation capacity of the species
(Moore et al., 2023). In these circumstances, a
higher thermoregulation effort might not corre-
spond to an increased thermoregulation effec-
tiveness. This could be the case of the site
Columbare, which does not follow the trend
showed by the other populations of increased
thermoregulation effectiveness in warmer sites
and seems to respond differently to the Niche
Margin Effect. If the experienced temperatures
are too far beyond the species thermoregulation
capacities (or beyond them for too long), a neg-
ative impact and ultimately local extinction of
the population could be expected.

In view of current global warming, ther-
moregulation processes have deep conse-
quences for the long-term conservation of
ectothermic animals. The extreme sites are
known to be those mostly exposed to climate
change impacts (Sinervo et al., 2010; Artacho
et al.,, 2017; Kirchhof et al., 2017) because
local conditions there can overcome the ther-
mal niche edge. In our case, the sites closest to
the warm edge of the niche are located in north-
ern Sardinia and southern Corsica (Columbare,
Petraiaccio, P. Falcone, P. Colmi, and M. Moro).
All of them are coastal sites characterized by
large rocky outcrops with no forest vegetation.
On the other hand, in the other sites (e.g., Maid-
opis), irrespective to latitude, warm conditions
are buffered by the effect of altitude, hydrogra-
phy (proximity to water bodies), and/or forest
coverage.

The negative effect on thermoregulation ef-
fectiveness that we have observed at Colum-
bare could be soon observed in the other sites
approaching the warm margin of the species’
niche, with deleterious consequences on indi-
vidual fitness and population persistence. While
this hypothesis requires to be tested with further
field studies, the Niche Margin Effect could rep-
resent an instrument to detect the earliest effects
of the global warming on this endemic species
and to identify populations facing higher extinc-
tion risk (Wiens, 2016; Bombi et al., 2021).
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This study provides the first range-wide char-
acterization of the thermal niche of Archaeo-
lacerta bedriagae and highlights a striking geo-
graphical pattern of thermoregulation effective-
ness at the population level. Thermoregulation
effectiveness increases towards the warm niche
margin, suggesting an increased thermoregula-
tion effort in environments with lower thermal
quality (Niche Margin Effect). Remarkably, in a
coastal population under extremely warm con-
ditions we observed the reduction of thermoreg-
ulation effectiveness that can indicate a disrup-
tion of thermoregulation processes and a poten-
tial increase of local extinction risk. In light of
the current global warming, we can hypothe-
size that a similar trend can also occur in other
coastal populations, which deserve a special
attention for the long-term conservation of the
species. In this respect, our approach might rep-
resent a useful tool for detecting global warm-
ing effects on ectotherms and for identifying
priority population. In addition, this approach
has the advantage of not requiring the exper-
imental estimation of absolute values of ther-
moregulation parameters (see e.g., Hetz et al.,
1993) because it is based on relative differences
among populations and on disclosing geograph-
ical patterns of the thermoregulation capacity.
Similar approaches have been fruitfully imple-
mented in plants and animals (e.g., Wiens,
2016; Bombi et al., 2017, 2021). Results from
this study warrant further exploration of these
approaches in animal populations.

Supplementary material. Supplementary material is avail-
able online at:
https://doi.org/10.6084/m9.figshare.24968016

References

Aratijo, M.B., Ferri-Yaiiez, F., Bozinovic, F.,, Marquet, P.A.,
Valladares, F., Chown, S.L. (2013): Heat freezes niche
evolution. Ecol. Lett. 16: 1206-1219.

Artacho, P., Saravia, J., Perret, S., Bartheld, J.L., Le Gal-
liard, J.F. (2017): Geographic variation and acclimation
effects on thermoregulation behavior in the widespread
lizard Liolaemus pictus. J. Therm. Biol. 63: 78-87.

P. Bombi, F. Calo, D. Salvi

Bauwens, D., Castilla, A.M., Van Damme, R., Verheyen,
R.F. (1990): Field body temperatures and thermoregula-
tory behavior of the high altitude lizard, Lacerta bedria-
gae. J. Herpetol. 24: 88-91.

Bivand, R., Keitt, T., Rowlingson, B. (2023): rgdal: bindings
for the ‘Geospatial’ Data Abstraction Library. R package
version 1.6-4.

Blais, B.R., Velasco, D.E., Frackiewicz, M.E., Low, A.Q.,
Koprowski, J.L. (2023): Assessing thermal ecology
of herpetofauna across a heterogeneous microhabitat
mosaic in a changing aridland riparian system. Environ.
Res. Ecol. 2: 035001.

Blouin-Demers, G., Weatherhead, P.J. (2001): Thermal
ecology of black rat snakes (Elaphe obsoleta) in a ther-
mally challenging environment. Ecol. 82: 3025-3043.

Blouin-Demers, G., Nadeau, P. (2005): The cost-benefit
model of thermoregulation does not predict lizard ther-
moregulatory behavior. Ecol. 86: 560-566.

Bombi, P., Vignoli, L. (2004): Distribution, ecology and
conservation of Archaeolacerta bedriagae in Sardinia
(Reptilia, Lacertidae). Ital. J. Zool. 71: 135-144.

Bombi, P, Salvi, D., Luiselli, L., Bologna, M.A. (2009a):
Modelling correlates of microhabitat use of two sym-
patric lizards: a model selection approach. Anim. Biol.
59: 109-126.

Bombi, P, Salvi, D., Vignoli, L., Bologna, M.A. (2009b):
Modelling Bedriaga’s rock lizard distribution in Sar-
dinia: an ensemble approach. Amphib.-Reptil. 30: 413-
424.

Bombi, P, Salvi, D., Bologna, M.A. (2012): Cross-scale
predictions allow the identification of local conservation
priorities from atlas data. Anim. Conserv. 15: 378-387.

Bombi, P, D’Andrea, E., Rezaie, N., Cammarano, M.,
Matteucci, G. (2017): Which climate change path are
we following? Bad news from Scots pine. Plos One 12:
e0189468.

Bombi, P, Salvi, D., Shuuya, T., Vignoli, L., Wassenaar, T.
(2021): Climate change effects on desert ecosystems: a
case study on the keystone species of the Namib Desert
Welwitschia mirabilis. Plos One 16: €0259767.

Buckley, L.B., Ehrenberger, J.C., Angilletta, M.J. (2015):
Thermoregulatory behaviour limits local adaptation of
thermal niches and confers sensitivity to climate change.
Ecol. 29: 1038-1047.

Delaugerre, M., Cheylan, M. (1992): Atlas de répartition
des Batraciens et Reptiles de Corse. PN.R.C./E.P.H.E.,
p. 128.

Diaz, J.A., Izquierdo-Santiago, R., Llanos-Garrido, A.
(2022): Lizard thermoregulation revisited after two
decades of global warming. Funct. Ecol. 36: 3022-3035.

Fick, S.E., Hijmans, R.J. (2017): WorldClim 2: new 1 km
spatial resolution climate surfaces for global land areas.
Int. J. Climatol. 37: 4302-4315.

Frishkoff, L.O., Hadly, E.A., Daily, G.C. (2015): Thermal
niche predicts tolerance to habitat conversion in tropical
amphibians and reptiles. Global Change Biol. 21: 3901-
3916.

Gotelli, N.J., Graves, G.R. (1996): Null Models in Ecology.
Smithsonian Institution Press, Washington, DC.


https://doi.org/10.6084/m9.figshare.24968016

Thermoregulation at the niche margin

Hailey, A., Coulson, .M. (1996): Temperature and the trop-
ical tortoise Kinixys spekii: tests of thermoregulation. J.
Zool. 240: 537-549.

Hertz, PE., Huey, R.B., Stevenson, A.R.D. (1993): Evalu-
ating temperature regulation by field-active ectotherms:
the fallacy of the inappropriate question. Am. Nat. 142:
796-818.

Hijmans, R.J., Ghosh, A., Mandel, A. (2022): geodata:
download geographic data. R package version 0.5-3.
Huey, R.B., Slatkin, M. (1976): Cost and benefits of lizard

thermoregulation. Q. Rev. Biol. 51: 363-384.

Huey, R.B., Deutsch, C.A., Tewksbury, J.J., Vitt, L.J., Hertz,
PE., Pérez, H.J.A., Garland, T. (2009): Why tropical
forest lizards are vulnerable to climate warming. Proc.
R. Soc. B 276: 1939-1948.

Hutchinson, G.E. (1957): Concluding remarks. Popula-
tion studies: animal ecology and demography. In: Cold
Spring Harbor Symposia on Quantitative Biology, vol.
22, pp. 415-427. Cold Spring Harbor Laboratory Press,
New York.

IUCN (International Union for Conservation of Nature)
(2008): The IUCN Red List of Threatened Species.

Kearneya, M., Shine, R., Porter, W.P. (2009): The poten-
tial for behavioral thermoregulation to buffer “cold-
blooded” animals against climate warming. PNAS 106:
3835-3840.

Kirchhof, S., Hetem, R.S., Lease, H.M., Miles, D.B.,
Mitchel, D., McUIler, J., Rcodel, M.O., Sinervo, B.,
Wassenaar, T., Murray, I.W. (2017): Thermoregulatory
behavior and high thermal preference buffer impact of
climate change in a Namib Desert lizard. Ecosphere 8.

Li, S.R., Wang, Y., Ma, L., Zeng, Z.G., Bi, J.H., Du,
W.G. (2017): Thermal ecology of three coexistent desert
lizards: implications for habitat divergence and thermal
vulnerability. J. Comp. Physiol. B, Biochem. Syst. Env-
iron. Physiol. 187: 1009-1018.

Magnuson, J.J., Crowder, L.B., Medvick, P.A. (1979): Tem-
perature as an ecological resource. Am. Zool. 19: 331-
343.

Mendes, J., Harris, D.J., Carranza, S., Salvi, D. (2016):
Evaluating the phylogenetic signal limit from
mitogenomes, slow evolving nuclear genes, and
the concatenation approach. New insights into the
Lacertini radiation using fast evolving nuclear genes
and species trees. Mol. Phylogenet. Evol. 100: 254-267.

Moore, N.A., Morales-Castilla, 1., Hargreaves, A.L., Olalla-
Tarraga, M.A., Villalobos, F., Calosi, P, Clusella-
Trullas, S., Rubalcaba, J.G., Algar, A.C., Martinez, B.,
Rodriguez, L., Gravel, S., Bennett, J.M., Vega, G.C.,
Rahbek, C.R., Aratjo, M.B., Bernhardt, J.R., Sunday,
J.M. (2023): Temperate species underfill their tropical
thermal potentials on land. Nature Ecology & Evolution.
DOI:10.1038/541559-023-02239-x.

Ortega, Z., Mencia, A., Pérez-Mellado, V. (2016): The peak
of thermoregulation effectiveness: thermal biology of
the Pyrenean rock lizard, Iberolacerta bonnali (Squa-
mata, Lacertidae). J. Therm. Biol. 56: 77-83.

Piantoni, C., Navas, C.A., Ibargiiengoytia, N.R. (2016):
Vulnerability to climate warming of four genera of New
World iguanians based on their thermal ecology. Anim.
Conserv. 19: 391-400.

71

QGIS.org (2022): QGIS Geographic Information System.
QGIS Association.

R Core Team (2022): R: a Language and Environment
for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria.

Row, J.R., Blouin-Demers, G. (2006): Thermal quality
influences effectiveness of thermoregulation, habitat
use, and behaviour in milk snakes. Oecologia 148: 1-11.

Sagonas, K., Kapsalas, G., Valakos, E., Pafilis, P. (2017):
Living in sympatry: the effect of habitat partitioning
on the thermoregulation of three Mediterranean lizards.
J. Therm. Biol. 65: 130-137.

Salvi, D., Bombi, P. (2010): Reptiles of Sardinia: updating
the knowledge on their distribution. Acta Herpetol. 5:
161-177.

Salvi, D., Capula, M., Bombi, P., Bologna, M.A. (2009a):
How many Archaeolacerta inhabit the Corso-Sardinian
plate? Allozyme variation and differentiation in Archae-
olacerta bedriagae (Camerano, 1885). Amphib.-Reptil.
30: 463-470.

Salvi, D., Capula, M., Bombi, P., Bologna, M.A. (2009b):
Genetic variation and its evolutionary implications in a
Mediterranean island endemic lizard. Biol. J. Linn. Soc.
98: 661-676.

Salvi, D., Harris, D.J., Bombi, P., Carretero, M.A., Bologna,
M.A. (2010): Mitochondrial phylogeography of the
Bedriaga’s rock lizard, Archaeolacerta bedriagae (Rep-
tilia: Lacertidae) endemic to Corsica and Sardinia. Mol.
Phylogenet. Evol. 56: 690-697.

Salvi, D., Bombi, P., Sindaco, R. (2016): Archaeolacerta
bedriagae (Camerano, 1885) (Lucertola di Bedriaga).
In: Handbooks for Monitoring Species and Habitats of
Community Interest (Council Directive 92/43/EEC) in
Italy: Animal Species, vol. 2016. ISPRA, Series Hand-
books and Guidelines, pp. 266-267. Stoch, F., Genovesi,
P, Eds.

Sindaco, R., Bombi, P., Salvi, D., Corti, C. (2010):
Archaeolacerta bedriagae. In: Fauna d’Italia — Reptilia,
Calderini Edition, pp. 341-347. Corti, C., Capula, M.,
Luiselli, L., Razzetti, E., Sindaco, R., Eds.

Sinervo, B., Mendez-de-la-Cruz, F., Miles, D.B., Heulin,
B., Bastiaans, E., Cruz, M.V.S., Lara-Resendiz, R.,
Martinez-Mendez, N., Calderon-Espinosa, M.L., Meza-
Lazaro, R.N., Gadsden, H., Avila, L.J., Morando,
M., De la Riva, L.J., Sepulveda, P.V., Rocha, C.ED.,
Ibargiiengoytia, N., Puntriano, C.A., Massot, M., Lep-
etz, V., Oksanen, T.A., Chapple, D.G., Bauer, A.M.,
Branch, W.R., Clobert, J., Sites, J.W. (2010): Erosion of
lizard diversity by climate change and altered thermal
niches. Science 328: 8§94-899.

Sunday, J.M., Bates, A.E., Kearney, M.R., Huey, R.B.
(2014): Thermal-safety margins and the necessity of
thermoregulatory behavior across latitude and elevation.
PNAS. 111: 5610-5615.

Taylor, E.N., Diele-Viegas, L.M., Gangloff, E.J., Hall, J.M.,
Halpern, B., Massey, M.D., Rodder, D., Rollinson, N.,
Spears, S., Sun, B., Telemeco, R.S. (2021): The thermal
ecology and physiology of reptiles and amphibians: a
user’s guide. J. Exp. Zool. 335: 13-44.


http://dx.doi.org/10.1038/s41559-023-02239-x

72

Van Damme, R., Bauwens, D., Castilla, A.M., Verheyen,
R.F. (1990): Comparative thermal ecology of the sym-
patric lizards Podarcis tiliguerta and Podarcis sicula.
Acta Oecologica 11: 503-512.

Vickers, M., Manicom, C., Schwarzkopf, L. (2011): Extend-
ing the cost-benefit model of thermoregulation: high-
temperature environments. Am. Nat. 177: 452-461.

Walker, S., Stuart-Fox, D., Kearney, M.R. (2015): Has con-
temporary climate change played a role in population

P. Bombi, F. Calo, D. Salvi

declines of the lizard Ctenophorus decresii from semi-
arid Australia? J. Therm. Biol. 54: 66-77.

Walters, R.J., Blanckenhorn, W.U., Berger, D. (2012): Fore-
casting extinction risk of ectotherms under climate
warming: an evolutionary perspective. Funct. Ecol. 26:
1324-1338.

Wiens, J.J. (2016): Climate-related local extinctions are
already widespread among plant and animal species.
PLoS Biol. 14: €2001104.



