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• Climate may impose thermal restric-
tions to ectotherms in Mediterranean
habitats.

• Lizards increased thermoregulatory ac-
tivity and glucocorticoids under heat
stress.

• Coping responses were not influenced
by the distance to a road.

• Seasonal increase of ectoparasites was
explained by thermal restrictions.
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Differences between air and ground temperatures are expected tonarrowwith the advance of the season in temper-
ate regions (aka seasonal restriction in the availability of thermalmicrohabitats), whichmay activate behavioral and
physiological responses of ectotherm species adapted to temperate climates. However, according to cost-benefit
models of ectotherm thermoregulation, we hypothesize that these responses may also carry some costs. We quan-
tified seasonal shifts in thermoregulatory precision, concentration of fecal glucocorticoidmetabolites, and load of ec-
toparasites in a Mediterranean lizard, Psammodromus algirus. We also tested whether the proximity to a road, a
putative source of chronic stress, can facilitate the glucocorticoid-mediated response of lizards to heat stress. As ex-
pected, differences between body and environmental temperatures narrowed during the reproductive season and
lizards responded by increasing their thermoregulatory precision and the secretion of glucocorticoids, as indicated
by metabolites in feces. Interestingly, lizards tended to have higher glucocorticoid concentration when captured
far from the road. Thismight reflect either a putative impairment of the glucocorticoid-mediated response of the liz-
ards to heat stress close to the road or the plastic capability of P. algirus to acclimate to sources of moderate chronic
stress. In the latter direction, the increase of both glucocorticoid metabolites and thermoregulatory precision sup-
ported that this Mediterranean species responds to environmental thermal restrictions with adaptive behavioral
and physiological mechanisms. However, this was also associated with an increase in its susceptibility to ectopara-
sites, which represents an added cost to the current cost-benefit models of ectotherm thermoregulation.
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1. Introduction

Roads havemultiple impacts onwildlife populations, including their
role as sources of chronic stress (e.g., Navarro-Castilla et al., 2014;
Troïanowski et al., 2017; Kechnebbou et al., 2019). These linear infra-
structures can promote fragmentation of populations of species with
low dispersal ability (Tellería et al., 2011), while also promoting a road
effect zone, namely an increase in human activity due to easy access.
This can lead to the degradation of the vegetation that surrounds
roads, as well as habitat pollution and homogenization (Forman and
Alexander, 1998; Eigenbrod et al., 2009; Shanley and Pyare, 2011). On
the other hand, the rapid seasonal increase in warm temperatures in
temperate regions can be a source of acute stress. Even in thermally re-
strictive environments, ectotherms must achieve body temperatures
that allow them to optimize metabolic processes (Huey and Slatkin,
1976; Vickers et al., 2011). The classic cost-benefit model of ectotherm
thermoregulation considers the case where organisms, particularly liz-
ards, suffer costs derived from time invested to seek heat sources to at-
tain body temperatures within their range of physiological competence
(Huey and Slatkin, 1976). This modelwas based on the assumption that
lizards usually find thermal microhabitats below their thermal optima.
However, most temperate populations of lizards face the opposite chal-
lenge: seasonal thermal restrictions due to heat excess, a situation that
may be aggravated under climate change (Dunlap and Wingfield,
1995; Vickers et al., 2011; Herrando-Pérez et al., 2020a). Heat stress
may have dramatic consequences at the population level, especially if
this occurs during reproductive periods (Sinervo et al., 2010; Dupoué
et al., 2017). One of the predictions of Huey and Slatkin's (1976)
model is that lizards facing high costs associatedwith thermoregulation
in poor quality thermal habitats will decrease thermoregulation effort
until they thermoconform (i.e. null thermoregulatory effort). However,
Vickers et al. (2011) developed an extended version of this model
where they also considered that temperate lizards face warm environ-
ments exceeding their physiological limits. Using a combination of
field and laboratory data of temperatures recorded during different sea-
sons, Vickers et al. (2011) demonstrated that, in the presence of micro-
habitat heterogeneity, active thermoregulators, rather than becoming
thermoconformers, increase their thermoregulatory precision to avoid
overheating in habitats with poor thermal quality. We are particularly
interested in investigating if heat stress, which may occur before the
summer in Mediterranean habitats, leads to detectable behavioral and
physiological changes in lizards.

Ectotherms can respond to environmental stressors with behavioral
andphysiological copingmechanisms,which are adaptive to restore ho-
meostasis (Wingfield and Ramenofsky, 1999; Romero, 2004). Likely, the
most important and adaptive physiological response among vertebrates
is the activation of the hypothalamic-pituitary-adrenal (HPA) axis,
which elicits an increase in the secretion of glucocorticoids in the adre-
nal cortex (cortisol or corticosterone) (Harvey et al., 1984; Millspaugh
and Washburn, 2004). Under life-risking situations (e.g. overheating
hazard), the release of glucocorticoids activates alert mechanisms that
include fat catabolism and energy allocation to locomotion (i.e. in-
creased activity) (e.g. Moore and Jessop, 2003). Therefore, although glu-
cocorticoids may likely have pleiotropic effects when attached to the
multiple glucocorticoid receptors present in the body (MacDougall-
Shackleton et al., 2019), their release facilitates behavioral and physio-
logical shifts that are part of the body's coping mechanisms that mini-
mize the negative effect of stress (Romero and Wingfield, 2015). This
fact, while being adaptive to increase survival prospects (Cote et al.,
2006), may also be harmful in the long-term in co-occurrence with
other stressors (e.g. Josserand et al., 2017). Indeed, circulating glucocor-
ticoids acting at different levels can terminate the HPA response
(reviewed by Hill and Tasker, 2012). This can occur when
(i) glucocorticoid concentration reaches certain upper thresholds in-
compatible with life (Romero, 2004), and/or perhaps when (ii) stimuli
exceed upper thresholds of physiological response (e.g. Dupoué et al.,
2

2018). In extreme situations, and as a complementary emergency
mechanism, cessation of activity may occur as a behavioral coping re-
sponse to acute anxious stimuli (e.g. extreme heat waves, Dupoué
et al., 2018). We hypothesize that the increased activity associated
with the release of glucocorticoids may also favor exposure of lizards
to questing ectoparasites (Wieczorek et al., 2020; Barrientos and
Megía-Palma, 2021; Smolinský et al., 2021). Thus, both glucocorticoids
and parasites can be interpreted as biomarkers of increased activity as-
sociated with environmental stress in lizards (Oppliger et al., 1998;
Josserand et al., 2017; Kechnebbou et al., 2019; Tylan et al., 2020). Par-
ticularly, plasma glucocorticoids can reflect heat stress in lizards
(Telemeco and Addis, 2014; Racic et al., 2020), and we hypothesize
that fecal metabolites do as well.

There ismixed evidence on the capability of ectotherms to acclimate
to environmental stress. Some studies revealed evidence of stress signa-
tures, which suggests (i) a low acclimation capability of the stressed
population, (ii) that the stimulus overtakes the response, or (iii) a com-
bination of both (see Lucas and French, 2012; Cayuela et al., 2017;
Kechnebbou et al., 2019; Megía-Palma et al., 2020a). Some stressors
may even be partially beneficial (e.g. Graham et al., 2012), while other
studies showed similar levels of glucocorticoids between stressed and
naïve populations (Baxter-Gilbert et al., 2014; Owen et al., 2014;
Megía-Palma et al., 2020b). However, the latter does not always indicate
a plastic acclimation capability, but rathermay be a symptomof a severe
impact of stressors and impairment of this important coping response
(Dupoué et al., 2018; Romero and Beattie, 2021). Moreover, acclimation
can also motivate an enhanced stress response in the face of an acute
stressor (i.e. facilitation hypothesis; Bhatnagar and Vining, 2003).

We hypothesize, in line with the extended cost-benefit model of ec-
totherm thermoregulation (i.e. Vickers et al., 2011), that Mediterranean
climates are thermally restrictive to lizards during their reproductive
season. Heat constrictions may commence throughout the summer
months, constituting a source of seasonal acute stress. We analyze
data collected during the mating season in a population of the
Algerian sand racer, Psammodromus algirus (fam. Lacertidae). We pre-
dict that (i) lizards will reduce the variance of their body temperatures,
which represents an increase in thermoregulatory precision and a be-
havioral coping response to restrictions in thermal microhabitats
(Vickers et al., 2011); (ii) this constriction in the thermal breadth of
the lizardswill elicit the release of glucocorticoids, a physiological adap-
tive response in Mediterranean lizards that will be detectable in fecal
metabolites; and (iii) these two coping responses will not be free of
costs, with the load of ectoparasites increasing in lizard hosts because
of an expectation that heat stress promotes an increase in shuttling
rates among thermal microhabitats when lizards try to avoid
overheating (Vickers et al., 2011). In the present study, we also investi-
gated interactive effects of heat and anthropogenic sources of stress
under the facilitation hypothesis (sensu Romero, 2004). The latter hy-
pothesis predicts an enhanced response in individuals previously accli-
mated to a repeated or chronic stress source (Bhatnagar and Vining,
2003; Romero, 2004). Thus, we expected that (iv) under a closer influ-
ence of a road, lizards will show a stronger increase in both mite infes-
tation and corticosterone metabolites in response to heat stress.

2. Material and methods

2.1. System description

The sampling area falls within the Mesomediterranean bioclimatic
region, which is characterized by contrasting seasons (Rivas-Martínez
et al., 2017). Monte de El Pardo (40.5063, −3.7662; ~680 m above sea
level; Madrid, Spain) has temperate and rainy springs (average
15.0 °C; 54.0 mm) with hot and dry summers (23.4 °C; 14.8 mm)
(Díaz et al., 2006). We studied lizards in two sampling plots that were
located within a heterogeneous matrix of evergreen forest with sandy
substrate resulting from the erosion of granite rock and dominated by
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holm-oak trees (Quercus ilex) and rock rose bushes (Cistus ladanifer).
One of the sampling plots, placed at the bottom of a valley, was an
area of 6.6 ha ranging in distance between 0 and 150 m from a road
withmoderate intensity of trafficflow(9050vehicles/day). This is a typ-
ical road-effect zone, with increased human pressure (high numbers of
walkers, cyclers, pickers) with a lower cover of ground level vegetation,
gramineous plants, and bushes (Supplementary Materials),
transforming it into a low quality habitat for our study species
(Carrascal et al., 1989). The second area, placed on the surrounding
hills, was 7.9 ha and ranged between 350 and 550 m from the road
(Barrientos and Megía-Palma, 2021). This left a 200-m band between
both sampling plots. The size of the smallest of our sampling plots
exceededby approximately 75 times themaximumhomerange size de-
scribed for the species,which is 0.09ha (Díaz, 1993).Moreover, in a pre-
vious translocation capture-recapture experiment in the same
population, control lizards (not translocated) travelled on average
18 m linear distance in a period of four weeks (Barrientos and Megía-
Palma, 2021). Therefore, there was a high likelihood that only a few liz-
ards, if any, moved between sampling plots and thus, ectoparasites and
fecal glucocorticoid metabolites do reflect conditions of the plot where
lizards were actually captured.

2.2. Sampling

P. algirus is a mid-sized lizard (adult snout-vent length range =
64–79 mm), and a precise thermoregulator with generalist habitat occu-
pancy (Díaz, 1997). Its activity period in the study area ranges from late
April to early October. We sampled lizards during 24 sampling days be-
tween April 29th and June 19th 2019, a period of maximum gonadal de-
velopment and reproductive activity in this species (Díaz et al., 1994).
Typically, sampling took place between 10:00 AM and 3:30 PM, but the
earliest and latest lizards in our pool were sampled at 9:45 AM and
6:25 PM, respectively. We used a lasso to capture both adults and juve-
niles. To prevent re-sampling, we identified captured lizards by painting
one spot on their back with a xylene-free white paint, which was visible
prior to capture and that presumably lasted during the whole period of
sampling as demonstrated by a previous mark-recapture experiment in
the same population (Barrientos and Megía-Palma, 2021).

2.3. Quantification of individual thermal traits

Field body temperature (i.e. Tb; Hertz et al., 1993) of active adult
lizards (N = 185; 76 females and 109 males) was registered within five
seconds of capture with an instant touchless infrared thermometer
(0.1 °C precision in ~0.5 s; ThermoFlash®, LX-26 Evolution, NEXMED
Technology Co. Ltd., NY, USA).We did this by pointing toward the cloacal
areawith the thermometer from less than 1 cmof distancewhile trying to
minimize handling of the lizards to avoid heat transference.We alsomea-
sured both the temperatures of the ground where the lizards were first
spotted at 1 cm above the ground (hereafter, Tground) and the air at the
same location 1 m above the ground (hereafter, Tair). Prior to each of
these three measurements, we set the modes ‘body’, ‘surface’, and
‘room’ of the thermometer, respectively. The time of day (GMT +02:00)
was also registered. We validated the accuracy of the infrared
thermometer by comparing its values for cloacal temperatures from 168
lizards with those taken with an instant contact thermometer (ETI
2001, Electronic Temperature Instruments Ltd., Sussex, UK), which was
gently placed in contact with the cloaca of the lizards. These measures
were highly correlated (R2 = 0.92, P < 0.0001). We confirmed the sex
of adult lizards by scrutiny of their femoral pores, which are enlarged in
males. The relatively larger head size as compared to females, the longer
tail, and the presence of orange coloration were also used as additional
criteria. The snout-vent length of the lizards was measured with a ruler
to the closest 1 mm.

The distribution of Tbs was left-skewed. Thus, to improve the resid-
ual distribution of the model, we calculated the inverse of the data by
3

subtracting to 100 the values of Tb. After this, the inverted scores of Tb
were all positive and their distribution was right-skewed and hence,
we were able to fit a Gaussian model after log10-transforming them.
Sampling plot and sex were set as predictor factors. As continuous pre-
dictors we set the transformed time of day, Julian date, which was
z-standardized to increase model stability, body size, and the tempera-
tures of both air and ground measured at the same spots where the liz-
ards were captured. We discarded model multicollinearity by checking
variance inflation factor scores (all VIFs <2.0; Craney and Surles, 2002).
The sign of the beta-estimates reported by themodel was inverted to re-
flect the correct relationships with the non-inverted original response.

2.4. Restrictions in thermal microhabitats

2.4.1. Daily hours of restriction
We deployed sixteen cylindrical copper models (50 × 10 mm; Díaz,

1997) at random spots within thematrix of habitat, but in places where
lizards had been previously observed, betweenMay 29th and June 20th
2019.We set eight of them in the sampling plot close to the road and an-
other eight in the plot far away from it. We inserted in the copper
models sixteen thermocouples (Hobo® U23-001A, Pro v2, Bourne,
MA, USA, 0.01 °C of precision) that autonomously registered environ-
mental (operative) temperature (i.e. Te; Black et al., 2019) every ten
minutes. Since sampling took place in a forest, copper models were in
the sun and shade at different times of day. Two of the copper models
deployed in the plot close to the road disappeared during the
sampling period, resulting in fourteen temperature datasets. Copper
models are considered to have similar thermal properties to the body
of lizards and are hence commonly used to obtain the null distribution
of Tbs that a non-thermoregulating (passive) model would experience
in the environment (Bakken, 1992; Bauwens et al., 1996; Díaz, 1997).
We compared Te data between the two sampling plots with a general
mixed model (LMM) where the response was the log10-transformed-
hourly averaged values of Te from each of the two plots. We set plot as
a fixed predictor, and we set the hour and the hour nested within the
day as random terms.

Following Hertz et al. (1993) and previous authors, we used three
indices of daily thermal restrictions, which used Te, Tset, and CTmax. Tset
represents the upper limit of 50% central boundaries of the thermal
preference range of the species (Blouin-Demers and Nadeau, 2005;
Zamora-Camacho et al., 2016). Based on previously published data on
selected temperatures of P. algirus in artificial thermal gradients and
sampled at a similar elevation, we adopted Tset as 36.33 °C (Zamora-
Camacho et al., 2016). CTmax, or the critical thermal maximum, is a
measure of thermal tolerance and quantifies the maximum body
temperature at which lizards' performance, or fitness, is at a minimum
(Huey and Kingsolver, 1993). We adopted the average CTmax of
43.1 ± 0.1 °C, which was experimentally assessed for males of
P. algirus sampled at different localities (Herrando-Pérez et al., 2020b).

Using these parameters, (i) we calculated the percentage of daily
hours between 9:00 AM and 8:00 PM that the absolute difference be-
tween Tset and Te was between 3 and 5 °C. Environments within this
thermal range are considered of good thermal quality for lizards
(Hertz et al., 1993; Díaz and Cabezas-Díaz, 2004; Vickers et al., 2011).
We also (ii) calculated the daily average of hours that the hourly
mean Te exceeded Tset; and (iii) the daily average of hours that the
hourly mean Te exceeded CTmax. We also calculated an index of
thermoregulatory precision as the hourly variation in Tb standard
deviations (SDh). We compared SDh with the hourly mean of Tes using
a Spearman order correlation test weighed by the number of lizards
captured per hour.

2.4.2. Seasonal restrictions
We calculated three indices of seasonal thermal restriction. These

consisted of the daily (N = 24) arithmetic mean of both ΔTb–Tair and
ΔTb–Tground, and the daily variation in standard deviations of Tb (SDd).
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We performed a multiple analysis of the variance (MANOVA) based on
Pillai's test (Pillai, 1955) in Statistica 10.0 (StatSoft Inc., Tulsa, Ok, USA),
where the responses were the daily scores of ΔTb–Tair, ΔTb–Tground, and
SDd, while the date (z-standardized)was set as a predictor. This analysis
was weighed by the number of lizards sampled per day.

2.5. Biomarkers of physiological stress indicators

2.5.1. Fecal glucocorticoid metabolites
We obtained fresh fecal samples from adults and juveniles (N =

231; average ± SE daily sampling rate = 9.24 ± 0.82 lizards, range =
3–17) (Table 1). We gently massaged the belly of the lizards to obtain
the fecal samples (Megía-Palma et al., 2016, 2020a), and avoided
doing so with gravid females, or when individuals did not produce
feces after a few tries. This was done in the field within a few minutes
after capture. Fecal samples were directly collected in vials of 1.5 ml
and deposited in a cooler with ice until they were stored at −20 °C
until processing. To extract the contents of fecal glucocorticoid metabo-
lites, fecal samples were dried at 90 °C for 4 h, weighed to the closest
0.01 g, and then approximately 0.05 g of dry sample was placed in an
assay tubewith 500 μl of 100%methanol and 500 μl of phosphate buffer.
Tubes were vortexed at high speed in a shaker for 16 h. Subsequently,
samples were centrifuged at 2500 rpm for 15 min. Finally, 100 μl of su-
pernatant was stored at−20 °C until analysis. A commercial corticoste-
rone enzyme immunoassay kit (EIA, DEMEDITECGmbH, Kiel, Germany)
was used for quantification according to the manufacturer's instruc-
tions. The samples were randomly distributed in the assays and the re-
covery of fecal glucocorticoid metabolites was 90%. The between-assay
andwithin-assay coefficients of variationwere 10.1% and 11.4%, respec-
tively. To analyze the individual variation in fecal glucocorticoid metab-
olite concentration, we fit a general linear model (LM) to the fecal
glucocorticoid metabolite concentration (hereafter, [CORTind]). To
comply with parametric assumptions, we had to log10-transform the
[CORTind] scores. The sex and age of the individuals was integrated in
a single factor of three levels as follows: adult males, adult females,
and juveniles. A second factor of two levels was set to group lizards cap-
tured in each of the sampling plots. We also included in the model the
interaction between sex and sampling plot and between date and sam-
pling plot. The latter aimed to test the hypothesis of road-mediated fa-
cilitation (i.e. Bhatnagar and Vining, 2003; Romero, 2004).

We analyzed the daily variation in fecal glucocorticoids. To do so, we
fit a LM to the daily arithmetic means of the individual scores of fecal
glucocorticoid metabolites (hereafter, [CORTmean]) (N = 24 days).
Date (z-standardized), the daily averaged scores of Tair and Tground,
and the daily median of ectoparasites were set as predictors. The
number of fecal pellets sampled per day was included as a weighing
term in the analysis.

2.5.2. Ectoparasites
We used in the field a 10×-magnifying glass to quantify ectopara-

sites in adult lizards (N = 185) (Table 1). We found hematophagous
mites that were mostly located in the annuli of the tail close to the
Table 1
Sample size of lizards per sampling plot and variables analyzed. Mites and body tempera-
tures (Tb) were quantified in 185 adult lizards. [CORTind] refers to the fecal concentration
of glucocorticoid metabolites and was quantified in adults and juveniles. ‘Close’ makes
reference to lizards sampled from 0 to 150 m from a road, while ‘Far’ designates lizards
sampled 350 to 550 m from the road.

Females Males Juveniles Females Males

Close 48 56 22 Close 48 56
Far 28 53 24 Far 28 53
Subtotals 76 109 46 Subtotals 76 109
Total
[CORTind]

231 Total Mites and Tb 185

4

cloaca. To analyze the individual variation in mite load, we fit a general-
ized linear model with a negative binomial distribution, which corrects
the overdispersion parameter in parasite data (Pennycuick, 1971). We
included as predictors sex (we did not include juveniles), [CORTind]
(log10-transformed), sampling plot, body length, Tb-Tair and Tb-Tground,
and the interactions between these two indices of thermal restriction
with sex and with sampling plot. However, VIFs for Tb-Tair main effect
and its interactions were all ~8 and hence we removed them (Craney
and Surles, 2002). The new model without Tb-Tair terms had the same
Akaike score as the model that included them (i.e. ΔAICc = 0),
suggesting that Tb-Tair was a non-informative predictor for mite inten-
sity.

In addition,we analyzed the daily variation inmite intensity.We cal-
culated daily mite medians, which better represent centrality for a typ-
ically aggregated distribution of parasite data (Rózsa et al., 2000;Megía-
Palma et al., 2020a). We fit a LM to the median scores of mites, and we
included as predictors date (z-standardized), daily averaged scores of
Tb-Tair and Tb-Tground, and [CORTmean]. Daily number of infested lizards
was included as a weighing term in the analysis.

2.6. Model averaging and cross-validation of final models

To calculate the z-standardized coefficient of the effects analyzed,
we used multimodel inference and model averaging implemented in R
with the package ‘MuMIn’ (Barton, 2018). Model averaging was
based on the models with ΔAICc ≤4 (Burnham and Anderson, 2004).
The importance of each predictor was calculated by summing the
weights of models where the variable appears. The estimate coeffi-
cients were z-standardized and the effects of significant predictors
cross-validated using a k-fold split of 3 in the R package ‘DAAG’
implemented in R version 3.4.3 (Maindonald et al., 2015; Megía-
Palma et al., 2020a).

3. Results

3.1. Individual thermal traits

Mean± SE Tb obtained from active adult lizards with the infrared
thermometer was 33.00± 0.19 °C (n= 185, range= 20.7–36.6). The
most important predictors of Tb were Tair and Tground (both with
similar β = +0.003 and importance = 1.00, r2 between them =
0.187), followed by the time of the day (β = −0.085,
importance = 0.97), and the body size of the lizards (β = +0.002,
importance = 0.83). However, the cross-validation approach
dropped off body length (F1, 180 = 2.38, P = 0.12) and hour (F1,
180 = 0.82, P = 0.37), confirming Tair (F1, 180 = 45.42, P < 0.001)
and Tground (F1, 180 = 35.88, P < 0.001) as significant predictors
(Table 2). Tb was on average 4.0 ± 0.4 °C higher than Tground and
9.0 ± 0.3 °C than Tair. Indeed, 77.8% of the lizards were warmer
than the ground and 98.9% warmer than the air at the same spot
where they were captured.
Table 2
Model averaging based on a general linear model analyzing predictors of Tb from adult
lizards (N = 185). Significant effects confirmed by cross-validation are shown in bold
(see Results).

Importance Estimate Adj SE z value Pr(>|z|)

(Intercept) 4.420 0.074 59.34 <0.001
Time 0.97 −0.085 0.031 2.69 0.007
Body length 0.83 0.002 0.001 2.23 0.026
Tair 1.00 0.003 0.001 3.95 <0.001
Tground 1.00 0.003 0.001 5.73 <0.001
Road proximity 0.40 −0.003 0.002 1.18 0.236
Sex 0.26 0.000 0.003 0.10 0.918
Date_stand 0.23 0.000 0.003 0.07 0.944



Fig. 1. (a) Hourly averaged Te registered during 22 days at 14 random spots within the habitat of P. algirus represented in relation to the proximity to a road. (b) Accumulative hourly
variation in Tb, Tground, and Tair of free-ranging lizards in El Pardo. The grey dotted line in (a) and (b) indicates Tset of P. algirus (i.e. 36.33 °C; following Zamora-Camacho et al., 2016),
while the black continuous line indicates CTmax (43.1 °C; Herrando-Pérez et al., 2020b). The graphs suggest that despite upper thermal limits in the environment are exceeded almost
daily in central hours during the reproductive season, they are actively avoided by the lizards through the selection of cooler thermal microhabitats.
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3.2. Environmental thermal restrictions

3.2.1. Daily hours of restrictions
Te significantly differed between sampling plots (LMM, plot: χ1, 20=

86.21, P < 0.001). The daily mean difference in Te between sampling
plots was 0.69 ± 0.12 °C, being higher in the plot far from the road
86.4% (19/22) of the sampled days. In addition, only 13.6% of the
hourly |Tset–Te| scoreswherewithin 3 and 5 °C. In this sense, daily scores
of Te exceeded Tset in both sampling plots on average 4.77 ± 0.38 h per
day, 95.4% (21/22) of these days. Moreover, Te exceeded CTmax 1.61 ±
0.07 h on average per day and 90.9% (20/22) of the days (Fig. 1a).
However, only 4.3% (8/185) of the lizards' Tbs exceeded Tset, and none
exceeded CTmax, indicating that lizards actively avoided exceeding Tset
through selection of cooler thermal microhabitats (Fig. 1b). In
addition, SDh and hourly mean Te were negatively correlated
(Spearman's rho = −0.72, P < 0.001), suggesting an increase in
thermoregulatory precision during the warmest hours of the day
(Fig. 2).
Fig. 2. Weighed relationship between hourly standard deviation of field body
temperatures of active lizards (SDh; N = 185) during the ten-hour period of daily lizard
activity and hourly mean operative temperatures of the environment. The analysis
supports that lizards increase their thermoregulatory precision during hours of more
heat stress.
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3.2.2. Seasonal restrictions
TheMANOVA performed to analyze SDd and the two indices of daily

thermal niche constriction was significant (Pillai's test: F3, 209 = 12.43,
P < 0.001). The a-posteriori univariate tests supported the prediction
that daily average differences between air and lizards' body
temperatures narrowed with date (ΔTb–Tair: β = −0.35; F1, 20 =
28.90, P < 0.0001), and so did SDd (β = −0.16, F1, 20 = 5.63, P =
0.018) (Fig. 3). Both results indicate that lizards suffer heat
constrictions, are sensitive to them, and show a short-term response in-
creasing their thermoregulatory precision. However, the variation with
date of ΔTb–Tground was not significant (ΔTb–Tground: F1, 20 = 0.004, P=
0.94), which suggested that lizards maintained ΔTb–Tground constant
across the sampling period through the active selection of thermal
microhabitats.

3.3. Biomarkers of physiological stress

3.3.1. Fecal glucocorticoid metabolites
Mean± SE individual concentration of fecal glucocorticoid metabo-

lites was 1614.5± 173.6 ng/g. Date (β=0.08, importance = 0.92) and
road proximity (importance = 0.72) were the most important
Fig. 3.Weighed significant relationships as indicated byMANOVA between date and both
daily mean difference between body and air temperatures measured at the same spot
where each lizard was captured (black line) and with daily standard deviations in body
temperatures (grey line).



Table 3
Model averaging based on a general linear model analyzing predictors for the individual
log10-transformed [CORTind] (N = 231). ‘Sex’ represents males, females, and juveniles.
Significant effects confirmed by cross-validation are shown in bold (see Results).

Importance Estimate Adj SE z value Pr(>|z|)

(Intercept) 2.99 0.03 99.73 <0.001
Date_stand 0.98 0.08 0.03 2.65 0.008
Road proximity 0.70 −0.05 0.03 1.73 0.083
Road proximity:Date_stand 0.18 −0.01 0.03 0.25 0.800
Sex 0.15 0.02 0.05 0.50 0.620
Sex 0.15 0.00 0.06 0.03 0.979
Road proximity:Sex 0.02 −0.03 0.04 0.73 0.463
Road proximity:Sex 0.02 −0.02 0.05 0.39 0.696

Fig. 4. (a) Relationship between date and the individual concentration of fecal
glucocorticoid metabolites (log10-transformed) (N = 231). (b) Weighed negative
relationship between [CORTmean] and Mean Tb–Tair as suggested by model averaging and
confirmed by cross-validation (N = 24). Therefore, the lowest the temperature
difference between lizards and air, the highest glucocorticoid concentration found in
their feces. Note that ΔTb-Tair correlates with date (see Fig. 2b).
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predictors. No significant effect was found for sex (P > 0.5) (Table 3).
Cross-validation confirmed the significant positive effect of date
(F1, 228 = 7.84, P = 0.006), while indicating a non-significant trend
(F1, 228 = 2.99, P = 0.085) in lizards captured far from the road to
have higher [CORTind], although the variance of [CORTind] was higher
close to the road (mean ± SE: far away = 1806.33 ± 206.11 ng/g;
close = 1694.35 ± 264.73 ng/g).

Daily mean Tb–Tair was the most important predictor of [CORTmean]
(β = −149.76, importance = 0.97) (Table 4). This was confirmed by
cross-validation (F1, 22 = 9.6, P = 0.005) (Fig. 4).

3.3.2. Ectoparasites
Mites were morphologically and molecularly identified as

Ophionyssus sp. (Acari: Macronyssidae). The prevalence of both adults
and larvae of mites was 92.4% (171/185). The intensity of mites was
best predicted by sex (importance = 0.99). Females had a mean ± SE
infestation of 18.03 ± 2.55 mites, and males had 24.88 ± 2.81 mites.
Lizards had more mites when Tground was closest to Tb (β = −0.04,
importance = 0.89), and larger lizards had fewer mites (β = −0.06,
importance = 0.75). The significance of these predictors was
confirmed by cross-validation (Sex: F1, 181 = 13.49, P < 0.001; Tb-
Tground: F1, 181 = 4.09, P = 0.045; body length: F1, 181 = 4.76, P =
0.030) (Table 5).

In addition, infested individuals had a median intensity of 17.00 ±
1.86 mites (range = 1–123). The daily median of mite intensity was
best predicted by date (β = +5.31, importance = 0.76) (Table 6),
which was confirmed by cross-validation (F1, 22 = 6.00, P = 0.023)
(Fig. 5).

4. Discussion

We tested general predictions of the extended cost-benefit model of
ectotherm thermoregulation (i.e. Vickers et al., 2011) hypothesizing
that P. algirus, a Mediterranean lizard, can suffer from and respond to
heat stress during its reproductive season. This view was supported by
the seasonal narrowing between body and air temperatures. Moreover,
the increase in both thermoregulatory precision and concentration of
fecal glucocorticoid metabolites following environmental heat restric-
tions supported that lizards increased their thermoregulatory activity
in response to heat stress. However, this coping response had costs in
terms of increased parasite load. Besides these effects of heat stress on
Table 4
Model averaging based on a weighted general linear model analyzing predictors for daily
means (N=24) of fecal glucocorticoids. ‘Mites’ refers to dailymedian ofmites. Significant
effects are shown in bold.

Importance Estimate Adj SE z value Pr(>|z|)

(Intercept) 3011 602 5.00 <0.001ΔTb–Tair 0.97 −149.76 57.24 2.62 0.009
ΔTb–Tground 0.20 −32.48 55.02 0.59 0.555
Mites 0.19 −7.58 16.84 0.45 0.653
Date_stand 0.18 −52.73 142.56 0.37 0.711
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lizards, the results defied the facilitation hypothesis because concentra-
tions of fecal glucocorticoid metabolites tended to be higher in the plot
far from the road. The latter result, however, was consistent with the
higher 0.69 ± 0.12 °C registered there, indicating that heat stress can
elicit activation of the HPA axis in the lizards. The reasons for this differ-
ence in ambient temperature between sampling plots might be due to
the road running through the valley floor, less exposed to the sun than
the surrounding hills. The lower corticosterone concentration of lizards
captured close to the road might reflect the plastic ecology of P. algirus,
which is a generalist species that is distributed across Mediterranean
Model averaging based on a generalized linear model fit with negative binomial distribu-
tion analyzing predictors for individual intensity of mites (N = 185). Significant effects
confirmed by cross-validation are shown in bold (see Results).

Importance Estimate Adj SE z value Pr(>|z|)

(Intercept) 6.56 2.63 2.50 0.013
Sex 0.99 −0.26 0.10 2.67 0.007ΔTb–Tground 0.89 −0.04 0.02 2.21 0.027
SVL 0.75 −0.06 0.03 2.12 0.034
Road proximity 0.64 0.17 0.10 1.62 0.105
log_[CORTind] 0.28 −0.12 0.18 0.66 0.508
Road proximity: ΔTb–Tground 0.23 −0.02 0.02 1.25 0.210
ΔTb–Tground: Sex 0.22 0.00 0.02 0.21 0.830



Table 6
Model averaging based on a weighted general linear model analyzing predictors for daily
medians of mites (N= 24). Significant effects confirmed by cross-validation are shown in
bold (see Results).

Importance Estimate Adj SE z value Pr(>|z|)

(Intercept) 24.76 8.81 2.81 0.005
Date_stand 0.76 5.32 2.63 2.02 0.043
Tb-Tair 0.27 −1.19 1.19 1.00 0.317
Tb-Tground 0.26 −1.23 1.27 0.97 0.331
[CORTmean] 0.14 0.00 0.00 0.37 0.711
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habitats from the southwest of France to the western Magreb, from sea
level to 2400 m of elevation (e.g. Reguera et al., 2014). Nonetheless, in
opposing view, recent research highlights that low glucocorticoid con-
centrations may sometimes be a sign of impaired coping capacity in
stressed individuals (Romero and Beattie, 2021; see also Owen et al.,
2014).

The results suggested that lizards experienced a restrictive thermal
environment in both sampling plots, with only 1.63 h per day within
3–5 °C below the preferred upper thermal limits of P. algirus. This is con-
sidered a range of good thermal quality requiring low thermoregulatory
effort (Hertz et al., 1993; Díaz and Cabezas-Díaz, 2004; Vickers et al.,
2011). Moreover, thermal environments exceeded almost daily the
upper limits of both thermal preference and critical thermal maxima
of lizards during their reproductive season. This result is consistent
with the seasonal increase in thermoregulatory precision, an adaptive
Fig. 5. (a) Relationships between the intensity of 1+ log10-transformed intensity of mites
and thedifference between the temperatures of the lizards' body and ground as confirmed
by model averaging and cross-validation (N = 185). Note that Tb-Tground narrows with
date in Monte de El Pardo and mite intensity tends to increase. (b) Weighed
relationships between daily median mite intensity and date (N= 24).
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behavioral response that can reduce overheating risks when the ther-
mal environment approaches lizards' critical thermal maximum
(Clusella-Trullas and Chown, 2014; Cadena and Tattersall, 2009a,
2009b; Black et al., 2019).

Field body temperatures of the lizards were on average 4 and 9 °C
warmer than ground and air temperatures, respectively. This suggests
that the adopted critical thermal maximum of 43.1 °C (i.e. Herrando-
Pérez et al., 2020b) could potentially be attained by the lizards at an op-
erative temperature of 39.1 °C. This would increase the daily average
hours of restriction up to 3.34 ± 0.20 during zenithal hours. Lizards
are typically forced to retreat to underground microhabitats and cease
their activity under extreme temperatures, even populations adapted
to arid environments (e.g. Sinervo et al., 2010; Kirchhof et al., 2017).
Moreover, the scarcity of drinking water in the prospected area might
reduce the tolerance of lizards to heat stress (Rozen-Rechels et al.,
2019; Dupoué et al., 2020; Herrando-Pérez et al., 2020a). However, de-
spite the daily thermal restriction in El Pardo, lizards remained uninter-
ruptedly active from the earliest hours in the morning to sunset,
suggesting that they copewith the daily restrictions in thermal environ-
ment through the active selection of cooler thermal microhabitats dur-
ing the warmest hours. This was indicated by the fact that only 4.3% of
the lizards exceeded their preferred upper thermal limits despite the
high operative temperatures attained at zenithal hours. Moreover,
both the field body temperatures and thermal microhabitats selected
by the lizards (ground and air) did not exceed the critical thermal max-
imumof P. algirus (Fig. 1b). Indeed, the strongly significant negative cor-
relation between (i) the standard deviations of field body temperatures
of the lizards and (ii) the operative temperatures registeredwith copper
models deployed in the field suggested that thermoregulatory precision
is facilitated by the heterogeneity of available thermal microhabitats in
El Pardo. Indeed, even though lizards were observed to be active, they
remained in the shade inside the bushes during zenithal hours. Díaz
et al. (2006) demonstrated that P. algirus can increase its preferred ther-
mal range by approximately 2 °C between May and July. However, the
same authors suggested that this seasonal shift might not be enough
to overcome heat excess during the hottest months (Díaz et al., 2006).
Future researchwill also need to address how lizards copewith extreme
temperatures of longer periods during the summer to fully understand
the response of this population to heat stress.

Our analyses suggested that the increase in mite and glucocorticoid
loads is complementary responses to heat stress, and not significant
predictors of each other. Mean fecal glucocorticoid metabolites may re-
flect patterns of daily activity and the routine of the lizards
(MacDougall-Shackleton et al., 2019). Thus, the seasonal increase in
fecal glucocorticoid metabolites in the lizards matches the expected in-
crease in the activity of lizards because they may struggle to maintain
their body temperatures below their preferred upper thermal limits
when optimal thermal microhabitats become a limiting resource due
to heat excess (Dreisig, 1984: Black et al., 2019). Barrientos and
Megía-Palma (2021) experimentally demonstrated in this population
that mite load increase was explained by the distance travelled by the
lizards. In the present study, the seasonal increase in mite loads was ex-
plained by differences between body and ground temperatures,
supporting recent evidence of phenological variation of ectoparasite
loads in lizards (Drechsler et al., 2021; Smolinský et al., 2021). However,
complementary to the plausible effects of the warming environment on
mite replication, our results suggest that lizards may increase exposure
to ectoparasites when shuttling among thermal microhabitats during
the warmest periods (Barrientos and Megía-Palma, 2021). Therefore,
our results support that increased parasitism by mites is a cost added
to the cost-benefit models of ectotherm thermoregulation of Huey and
Slatkin (1976) and Vickers et al. (2011). This is because mites draw
blood from hosts, can be competent vectors of blood parasites, inflict
microwounds in the skin of hosts, and can reduce body mass gain in
free-ranging lizards (Klukowski and Nelson, 2001; Álvarez-Ruiz et al.,
2018). The fact that males had significantly more mites than females
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also supported our interpretation, because males have larger home
ranges than females (Díaz, 1993), which may favor more encounters
with questing mites (Barrientos and Megía-Palma, 2021).

According to the extended cost-benefit model of thermoregulation
proposed by Vickers et al. (2011), our data support that the thermal
niche of P. algirus is constrained by heat excess during the mating sea-
son. This elicited both behavioral and physiological coping responses
that were associated with increased loads of ectoparasites. However,
the results defied the facilitation hypothesis because daily trends of glu-
cocorticoid and ectoparasite increase were independent from road
proximity. Previous studies suggested that low stress response close to
roads may be indicative of acclimation, but this could also (i) indicate
an impaired response to environmental stressors and/or (ii) result in in-
creased road mortality if animals do not perceive roads as a potential
threat (Owen et al., 2014). Plasma quantification of glucocorticoid re-
sponse to a stressor following a capture and restraint standard protocol
or the capacity to recover from such stress responses are complemen-
tary tests of stress vulnerability that could be performed in this popula-
tion in the future (e.g. Tylan et al., 2020). More studies of similar nature
analyzing ecological responses of ectotherm species to potentially inter-
active sources of stress are clearly needed. In the current scenario of
global warming, aridification, and land homogenization, the coping re-
sponses of organisms to heat stress might be constrained (Megía-
Palma et al., 2020c). The greater intensity and longer lasting heat
waves forecasted for the Mediterranean basin for the next decades
(Meehl and Tebaldi, 2004; Kuglitsch et al., 2010) are added adaptive
challenges for lizards, drawing an uncertain future for an important pro-
portion of lizard biodiversity (Sinervo et al., 2010; Quintero andWiens,
2013).

CRediT authorship contribution statement

Rodrigo Megía-Palma: Conceptualization, Methodology, Investiga-
tion, Formal Analysis, Validation, Writing – Original draft preparation.
Isabel Barja: Investigation, Biochemical Analyses, Hormonal validation,
Resources (hormonal analyses). Rafael Barrientos: Resources, Project
administration, Methodology, Investigation, Writing – Review Editing.

Data availability statement

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Authors declare no conflict of interest. Handling protocols, aswell as
the general ethics of our researchwere approved by the ethics commit-
tee of University Complutense de Madrid (Ref. 5005), and by
Comunidad de Madrid, Consejería de Medio Ambiente, Ordenación del
Territorio y Sostenibilidad (Ref. 10/165944.9/18, PROEX 271/19) in
accordance with current European laws. We thank I. De la Riva
(MNCN-CSIC) and J.A. Díaz (UCM) who kindly provided us with data
loggers and copper models, respectively. I. Domingo kindly provided a
picture of P. algirus. C. Duque and M. García-París (MNCN-CSIC) identi-
fied the mites found on P. algirus. S. Reguera, C. Ponce, I. Pozo, M.
Fernández, Z. Rohrer, C. Luque, and P. Quiles helped with logistics.
RMP participates in the project PGC2018-097426-B-C21, MCIU/AEI/
FEDER, UE and holds a postdoctoral contract (CEECIND/04084/2017)
by ICETA – Instituto de Ciências, Tecnologias e Agroambiente da
Universidade do Porto and Fundação da Ciência e Tecnologia. RB holds
a postdoctoral grant from Comunidad deMadrid (2018 T1/AMB10374).
8

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149919.

References

Álvarez-Ruiz, L., Megía-Palma, R., Reguera, S., Ruiz, S., Zamora-Camacho, F.J., Figuerola, J.,
Moreno-Rueda, G., 2018. Opposed elevational variation in prevalence and intensity of
endoparasites and their vectors in a lizard. Curr. Zool. 64, 197–204.

Bakken, G.S., 1992. Measurement and application of operative and standard operative
temperatures in ecology. Am. Zool. 32, 194–216.

Barton, K., 2018. MuMIn: multi-model inference. R package version 1.40.4. https://CRAN.
R-project.org/package=MuMIn.

Barrientos, R., Megía-Palma, R., 2021. Associated costs of mitigation-driven translocation
in small lizards. Amphibia-Reptilia 1–8 (aop).

Bauwens, D., Hertz, P.E., Castilla, A.M., 1996. Thermoregulation in a lacertid lizard: the rel-
ative contributions of distinct behavioral mechanisms. Ecology 77, 1818–1830.

Baxter-Gilbert, J.H., Riley, J.L., Mastromonaco, G.F., Litzgus, J.D., Lesbarrères, D., 2014. A
novel technique to measure chronic levels of corticosterone in turtles living around
a major roadway. Conserv. Physiol. 2, 1–9.

Bhatnagar, S., Vining, C., 2003. Facilitation of hypothalamic–pituitary–adrenal responses
to novel stress following repeated social stress using the resident/intruder paradigm.
Horm. Behav. 43, 158–165.

Black, I.R.G., Berman, J.M., Cadena, V., Tattersall, G.J., 2019. In: Bels, V.L., Russell, A.P. (Eds.),
Behavioral Thermoregulation in Lizards: Strategies for Achieving Preferred Tempera-
ture. in: Behavior of Lizards: Evolutionary and Mechanistic Perspectives. CRC Press,
Boca Raton, FL, USA, pp. 232–235.

Blouin-Demers, G., Nadeau, P., 2005. The cost–benefit model of thermoregulation does
not predict lizard thermoregulatory behavior. Ecology 86, 560–566.

Burnham, K.P., Anderson, D.R., 2004. Multimodel inference, understanding AIC and BIC in
model selection. Sociol. Methods Res. 33, 261–304.

Cadena, V., Tattersall, G.J., 2009a. Decreased precision contributes to the hypoxic thermo-
regulatory response in lizards. J. Exp. Biol. 212, 137–144.

Cadena, V., Tattersall, G.J., 2009b. The effect of thermal quality on the thermoregulatory
behavior of the bearded dragon pogona vitticeps: influences of methodological as-
sessment. Physiol. Biochem. Zool. 82, 203–217.

Carrascal, L.M., Díaz, J.A., Cano, C., 1989. Habitat selection in iberian psammodromus spe-
cies along a Mediterranean successional gradient. Amphibia-Reptilia 10, 231–242.

Cayuela, H., Quay, L., Dumet, A., Léna, J.P., Miaud, C., Rivière, V., 2017. Intensive vehicle
traffic impactsmorphology and endocrine stress response in a threatened amphibian.
Oryx 51, 182–188.

Clusella-Trullas, S., Chown, S.L., 2014. Lizard thermal trait variation at multiple scales: a
review. J. Comp. Physiol. B. 184, 5–21.

Cote, J., Clobert, J., Meylan, S., Fitze, P.S., 2006. Experimental enhancement of corticoste-
rone levels positively affects subsequent male survival. Horm. Behav. 49, 320–327.

Craney, T.A., Surles, J.G., 2002. Model-dependent variance inflation factor cutoff values.
Qual. Eng. 14, 391–403.

Díaz, J.A., 1993. Breeding coloration, mating opportunities, activity, and survival in the
lacertid lizard Psammodromus algirus. Can. J. Zool. 71, 1104–1110.

Díaz, J.A., 1997. Ecological correlates of the thermal quality of an ectotherm’s habitat: a
comparison between two temperate lizard populations. Funct. Ecol. 11, 79–89.

Díaz, J.A., Alonso-Gómez, A.L., Delgado, M.J., 1994. Seasonal variation of gonadal develop-
ment, sexual steroids, and lipid reserves in a population of the lizard Psammodromus
algirus. J. Herpetol. 28, 199–205.

Díaz, J.A., Cabezas-Díaz, S., 2004. Seasonal variation in the contribution of different behav-
ioural mechanisms to lizard thermoregulation. Funct. Ecol. 18, 867–875.

Díaz, J.A., Iraeta, P., Monasterio, C., 2006. Seasonality provokes a shift of thermal prefer-
ences in a temperate lizard, but altitude does not. J. Therm. Biol. 31, 237–242.

Drechsler, R.M., Belliure, J., Megía-Palma, R., 2021. Phenological and intrinsic predictors of
mite and haemacoccidian infection dynamics in a Mediterranean community of liz-
ards. Parasitology https://doi.org/10.1017/S0031182021000858 in press.

Dreisig, H., 1984. Control of body temperature in shuttling ectotherms. J. Therm. Biol. 9,
229–233.

Dunlap, K.D., Wingfield, J.C., 1995. External and internal influences on indices of physio-
logical stress. I. Seasonal and population variation in adrenocortical secretion of
free-living lizards, Sceloporus occidentalis. J. Exp. Zool. 271, 36–46.

Dupoué, A., Rutschmann, A., Le Galliard, J.F., Clobert, J., Angelier, F., Marciau, C., Ruault, S.,
Miles, D., Meylan, S., 2017. Shorter telomeres precede population extinction in wild
lizards. Sci. Rep. 7, 1–8.

Dupoué, A., Rutschmann, A., Le Galliard, J.F., Clobert, J., Blaimont, P., Sinervo, B., Miles, D.B.,
Haussy, C., Meylan, S., 2018. Reduction in baseline corticosterone secretion correlates
with climate warming and drying across wild lizard populations. J. Anim. Ecol. 87,
1331–1341.

Dupoué, A., Angelier, F., Ribout, C., Meylan, S., Rozen-Rechels, D., Decencière, B., Agostini,
S., Le Galliard, J.F., 2020. Chronic water restriction triggers sex-specific oxidative
stress and telomere shortening in lizards. Biol. Lett. 16 20190889.

Eigenbrod, F., Hecnar, S.J., Fahrig, L., 2009. Quantifying the road-effect zone: threshold ef-
fects of a motorway on anuran populations in Ontario, Canada. Ecol. Soc. 14, 24.
https://doi.org/10.5751/ES-02691-140124.

Forman, R.T.T., Alexander, L.E., 1998. Roads and their major ecological effects. Annu. Rev.
Ecol. Evol. Syst. 29, 207–231.

https://doi.org/10.1016/j.scitotenv.2021.149919
https://doi.org/10.1016/j.scitotenv.2021.149919
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260328443690
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260328443690
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335255191
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335255191
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335208523
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335208523
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335287417
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335287417
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329124654
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329124654
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329124654
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335316028
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335316028
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335316028
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329356586
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329356586
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329356586
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329356586
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335349613
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335349613
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329387344
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329387344
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335402311
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335402311
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335439886
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335439886
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335439886
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329406601
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329406601
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335454688
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335454688
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335454688
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335567079
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260335567079
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336020857
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336020857
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336087493
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336087493
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336118417
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336118417
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336189538
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336189538
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329426397
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329426397
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329426397
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336224545
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336224545
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336246313
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336246313
https://doi.org/10.1017/S0031182021000858
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336275943
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336275943
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336299534
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336299534
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336299534
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329544008
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260329544008
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336350493
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336350493
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336350493
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf9000
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf9000
https://doi.org/10.5751/ES-02691-140124
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336377295
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336377295


R. Megía-Palma, I. Barja and R. Barrientos Science of the Total Environment 802 (2022) 149919
Graham, S.P., Freidenfelds, N.A., McCormick, G.L., Langkilde, T., 2012. The impacts of in-
vaders: basal and acute stress glucocorticoid profiles and immune function in native
lizards threatened by invasive ants. Gen. Comp. Endocrinol. 176, 400–408.

Harvey, S., Phillips, J.G., Rees, A., Hall, T.R., 1984. Stress and adrenal function. J. Exp. Zool.
232, 633–645.

Herrando-Pérez, S., Belliure, J., Ferri-Yáñez, F., van den Burg, M.P., Beukema, W., Araújo,
M.B., Terblanche, J.S., Vieites, D.R., 2020a. Water deprivation drives intraspecific var-
iability in lizard heat tolerance. Basic Appl. Ecol. 48, 37–51.

Herrando-Pérez, S., Monasterio, C., Beukema, W., Gomes, V., Ferri-Yáñez, F., Vieites, D.R.,
Buckley, L.B., Araújo, M.B., 2020b. Heat tolerance is more variable than cold tolerance
across species of iberian lizards after controlling for intraspecific variation. Funct.
Ecol. 34, 631–645.

Hertz, P.E., Huey, R.B., Stevenson, R.D., 1993. Evaluating temperature regulation by field-
active ectotherms: the fallacy of the inappropriate question. Am. Nat. 142, 796–818.

Hill, M.N., Tasker, J.G., 2012. Endocannabinoid signaling, glucocorticoid-mediated nega-
tive feedback, and regulation of the hypothalamic-pituitary-adrenal axis. Neurosci-
ence 204, 5–16.

Huey, R.B., Kingsolver, J.G., 1993. Evolution of resistance to high temperature in ecto-
therms. Am. Nat. 142, S21–S46.

Huey, R.B., Slatkin, M., 1976. Cost and benefits of lizard thermoregulation. Q. Rev. Biol. 51,
363–384.

Josserand, R., Dupoué, A., Agostini, S., Haussy, C., Le Galliard, J.F., Meylan, S., 2017. Habitat
degradation increases stress-hormone levels during the breeding season, and de-
creases survival and reproduction in adult common lizards. Oecologia 184, 75–86.

Kechnebbou, M., Martín, J., Chammem, M., Arregui, L., Nouira, S., 2019. Roads and urban
areas as physiological stressors of spiny-tailed lizards, uromastyx acanthinura.
J. Arid Environ. 170, 103997.

Kirchhof, S., Hetem, R.S., Lease, H.M., Miles, D.B., Mitchell, D., Müller, J., Rödel, 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. Eco-
sphere 8, e02033.

Klukowski, M., Nelson, C.E., 2001. Ectoparasite loads in free-ranging northern fence liz-
ards, Sceloporus undulatus hyacinthinus: effects of testosterone and sex. Behav.
Ecol. Sociobiol. 49, 289–295.

Kuglitsch, F.G., Toreti, A., Xoplaki, E., Della-Marta, P.M., Zerefos, C.S., Türkes, M.,
Luterbacher, J., 2010. Heat wave changes in the eastern Mediterranean since 1960.
Geophys. Res. Lett. 37, 1–5.

Lucas, L.D., French, S.S., 2012. Stress-induced tradeoffs in a free-living lizard across a var-
iable landscape: consequences for individuals and populations. PLoS One 7, e49895.

MacDougall-Shackleton, S.A., Bonier, F., Romero, L.M., Moore, I.T., 2019. Glucocorticoids
and “stress” are not synonymous. Integr. Organismal Biol. 1 (obz017).

Maindonald, J.H., Braun, W.J., Braun, M.W.J., 2015. Package ‘DAAG’. Data Analysis and
Graphics Data and Functions.

Meehl, G.A., Tebaldi, C., 2004. More intense, more frequent, and longer lasting heat waves
in the 21st century. Science 305, 994–997.

Megía-Palma, R., Martínez, J., Merino, S., 2016. Structural- and carotenoid-based throat
colour patches in males of Lacerta schreiberi reflect different parasitic diseases.
Behav. Ecol. Sociobiol. 70, 2017–2025.

Megía-Palma, R., Arregui, L., Pozo, I., Žagar, A., Serén, N., Carretero, M.A., Merino, S., 2020a.
Geographic patterns of stress reveal anthropogenic and climatic signatures in insular
lizards. Sci. Total Environ. 749, 141655.

Megía-Palma, R., Jiménez-Robles, O., Hernández-Agüero, J.A., De la Riva, I., 2020b. Plastic-
ity of haemoglobin concentration and thermoregulation in a mountain lizard.
J. Therm. Biol. 92, 102656.

Megía-Palma, R., Paranjpe, D., Blaimont, P., Cooper, R., Sinervo, B., 2020c. To cool or not to
cool? Intestinal coccidians disrupt the behavioral hypothermia of lizards in response
to tick infestation. Ticks Tick-borne Dis. 11, 101275.

Millspaugh, J.J., Washburn, B.E., 2004. Use of fecal glucocorticoid metabolite measures in
conservation biology research: considerations for application and interpretation.
Gen. Comp. Endocrinol. 138, 189–199.

Moore, I.T., Jessop, T.S., 2003. Stress, reproduction, and adrenocortical modulation in am-
phibians and reptiles. Horm. Behav. 43, 39–47.

Navarro-Castilla, A., Mata, C., Ruiz-Capillas, P., Palme, R., Malo, J.E., Barja, I., 2014. Are mo-
torways potential stressors of roadside wood mice (Apodemus sylvaticus) popula-
tions? PLoS One 9, e91942.
9

Oppliger, A., Clobert, J., Lecomte, J., Lorenzon, P., Boudjemadi, K., John-Alder, H., 1998. En-
vironmental stress increases the prevalence and intensity of blood parasite infection
in the common lizard Lacerta vivipara. Ecol. Lett. 1, 129–138.

Owen, D.A., Carter, E.T., Holding, M.L., Islam, K., Moore, I.T., 2014. Roads are associated
with a blunted stress response in a north american pit viper. Gen. Comp. Endocrinol.
202, 87–92.

Pennycuick, L., 1971. Frequency distributions of parasites in a population of three-spined
sticklebacks, Gasterosteus aculeatus L., with particular reference to the negative bino-
mial distribution. Parasitology 63, 389–406.

Pillai, K.C.S., 1955. Some new test criteria in multivariate analysis. Ann. Math. Stat. 26,
117–121.

Quintero, I., Wiens, J.J., 2013. Rates of projected climate change dramatically exceed past
rates of climatic niche evolution among vertebrate species. Ecol. Lett. 16, 1095–1103.

Racic, A., Tylan, C., Langkilde, T., 2020. Effects of temperature on plasma corticosterone in
a native lizard. Sci. Rep. 10, 1–8.

Reguera, S., Zamora-Camacho, F.J., Moreno-Rueda, G., 2014. The lizard Psammodromus
algirus (Squamata: Lacertidae) is darker at high altitudes. Biol. J. Linn. Soc. 112,
132–141.

Rivas-Martínez, S., Penas, Á., del Río, S., González, T.E.D., Rivas-Sáenz, S., 2017.
Bioclimatology of the Iberian Peninsula and the Balearic Islands. The vegetation of
the Iberian Peninsula. Springer, Cham, pp. 29–80.

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research.
Trends Ecol. Evol. 19, 249–255.

Romero, L.M., Beattie, U.K., 2021. Common myths of glucocorticoid function in ecology
and conservation. J. Exp. Zool. A Ecol. Integr. Physiol. 2021, 1–8. https://doi.org/10.
1002/jez.2459.

Romero, L.M., Wingfield, J.C., 2015. Tempests, Poxes, Predators, and People: Stress inWild
Animals and How They Cope. Oxford University Press.

Rozen-Rechels, D., Dupoué, A., Lourdais, O., Chamaillé-Jammes, S., Meylan, S., Clobert, J., Le
Galliard, J.F., 2019. Whenwater interacts with temperature: ecological and evolution-
ary implications of thermo-hydroregulation in terrestrial ectotherms. Ecol. Evol. 9,
10029–10043.

Rózsa, L., Reiczigel, J., Majoros, G., 2000. Quantifying parasites in samples of hosts.
J. Parasitol. 86, 228–232.

Shanley, C.S., Pyare, S., 2011. Evaluating the road-effect zone on wildlife distribution in a
rural landscape. Ecosphere 2, 1–16.

Sinervo, B., Mendez-De-La-Cruz, F., Miles, D.B., Heulin, B., Bastiaans, E., Villagrán-Santa
Cruz, M., Gadsden, H., 2010. Erosion of lizard diversity by climate change and altered
thermal niches. Science 328, 894–899.

Smolinský, R., Hiadlovská, Z., Martínková, N., 2021. Ectoparasite load increase in repro-
ductively active sand lizards. J. Vertebr. Biol. 70 20128-1.

Telemeco, R.S., Addis, E.A., 2014. Temperature has species-specific effects on corticoste-
rone in alligator lizards. Gen. Comp. Endocrinol. 206, 184–192.

Tellería, J.L., Díaz, J.A., Pérez-Tris, J., De Juana, E., De la Hera, I., Iraeta, P., Salvador, A.,
Santos, T., 2011. Barrier effects on vertebrate distribution caused by a motorway
crossing through fragmented forest landscape. Anim. Biodivers. Conserv. 34,
331–340.

Troïanowski, M., Mondy, N., Dumet, A., Arcanjo, C., Lengagne, T., 2017. Effects of traffic
noise on tree frog stress levels, immunity, and color signaling. Conserv. Biol. 31,
1132–1140.

Tylan, C., Camacho, K., French, S., Graham, S.P., Herr, M.W., Jones, J., McCormick, G.L.,
O’Brien, M.A., Tennessen, J.B., Thawley, C.J., Webb, A., Langkilde, T., 2020. Obtaining
plasma to measure baseline corticosterone concentrations in reptiles: how quick is
quick enough? Gen. Comp. Endocrinol. 287, 113324.

Vickers, M., Manicom, C., Schwarzkopf, L., 2011. Extending the cost-benefit model of ther-
moregulation: high-temperature environments. Am. Nat. 177, 452–461.

Wieczorek, M., Rektor, R., Najbar, B., Morelli, F., 2020. Tick parasitism is associated with
home range area in the sand lizard, Lacerta agilis. Amphibia-Reptilia 1, 1–10.

Wingfield, J.C., Ramenofsky, M., 1999. Hormones and the behavioral ecology of stress. In:
Balm, P.H.M. (Ed.), Stress Physiology in Animals. Sheffield Academic Press, pp. 1–51.

Zamora-Camacho, F.J., Reguera, S., Moreno-Rueda, G., 2016. Thermoregulation in the liz-
ard Psammodromus algirus along a 2200-m elevational gradient in Sierra Nevada
(Spain). Int. J. Biometeorol. 60, 687–697.

http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336447930
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336447930
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336447930
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336548106
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260336548106
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337050723
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337050723
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337062249
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337062249
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337062249
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337072621
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337072621
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337125171
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337125171
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337125171
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337153312
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337153312
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337164880
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337164880
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337196116
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337196116
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337196116
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337208706
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337208706
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337208706
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260330143661
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260330143661
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260330143661
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337287798
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337287798
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337287798
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260330191613
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260330191613
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337385436
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337385436
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331224500
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331224500
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331275525
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331275525
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337398859
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337398859
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331322147
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331322147
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331322147
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337437771
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337437771
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337492119
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337492119
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260337492119
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338097219
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338097219
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338097219
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338150053
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338150053
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338150053
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338206687
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338206687
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338219158
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338219158
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338219158
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331321502
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331321502
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331321502
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331358748
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331358748
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331358748
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338231834
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338231834
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338231834
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338259021
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338259021
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338311365
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338311365
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331368571
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331368571
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338376953
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338376953
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338376953
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331532312
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260331532312
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338391362
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338391362
https://doi.org/10.1002/jez.2459
https://doi.org/10.1002/jez.2459
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260333297052
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260333297052
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338490807
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338490807
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338490807
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338518008
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338518008
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260333397653
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260333397653
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260333406819
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260333406819
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334340691
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334340691
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338550610
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338550610
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334343126
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334343126
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334343126
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338590183
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338590183
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260338590183
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339016994
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339016994
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339016994
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339042352
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339042352
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334349513
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334349513
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334403465
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260334403465
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339104864
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339104864
http://refhub.elsevier.com/S0048-9697(21)04994-9/rf202108260339104864

	Fecal glucocorticoid metabolites and ectoparasites as biomarkers of heat stress close to roads in a Mediterranean lizard
	1. Introduction
	2. Material and methods
	2.1. System description
	2.2. Sampling
	2.3. Quantification of individual thermal traits
	2.4. Restrictions in thermal microhabitats
	2.4.1. Daily hours of restriction
	2.4.2. Seasonal restrictions

	2.5. Biomarkers of physiological stress indicators
	2.5.1. Fecal glucocorticoid metabolites
	2.5.2. Ectoparasites

	2.6. Model averaging and cross-validation of final models

	3. Results
	3.1. Individual thermal traits
	3.2. Environmental thermal restrictions
	3.2.1. Daily hours of restrictions
	3.2.2. Seasonal restrictions

	3.3. Biomarkers of physiological stress
	3.3.1. Fecal glucocorticoid metabolites
	3.3.2. Ectoparasites


	4. Discussion
	CRediT authorship contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




