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Abstract

Heat waves are becoming common climatic phenomena in the western Mediterranean.
Ectotherms are sensitive to rapid climatic shifts owing to the intrinsic dependence of their
physiology on environmental temperature and humidity. Assessing microclimatic trends
in behaviour, physiology, immunology, and susceptibility to infestations in lizard species
with dissimilar thermal preferences can contribute to understanding differences in suscep-
tibility to heat waves of these ectotherms. We investigated Acanthodactylus erythrurus
and Psammodromus algirus. Two active thermoregulator lizards, with the former species
sustaining a warmer body temperature. We investigated their response at multiple levels
in two habitat plots differing in microclimatic environments and predicted that the more
thermophilic species would better tolerate heat waves. We sampled 420 lizards during
most of their annual activity period in two consecutive years with heat waves. The hydric
environment appeared to be a major determinant explaining behavioural, cellular, and en-
docrinological responses in both lizard species. Maximum relative humidity (rain events)
was associated in both species with a reduction in thermoregulatory effort and total white
blood cells (an important component of the immune system). Faecal glucocorticoid me-
tabolites concentration was lower in both species upon environments of high relative hu-
midity stochasticity. The high temperature associated with heat waves also explained some
of the responses. The rise of nocturnal temperatures increased mite loads in both species
and was associated with a significant decrease in total white cells only in P. algirus, the
less thermophilic species. Moreover, the increase of maximum diurnal temperatures and
thermal stochasticity explained a significant increase of ectoparasitic mites only for P
algirus, a species with an overall higher mite prevalence and load. The results suggested
that heat waves can incur higher costs on less thermophilic lizard species in terms of a
higher exposure to ectoparasites and a reduction in circulating white blood cells.
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1 Introduction

Climate change projections predict a rapid increase in the intensity, frequency, and duration
of heat waves (i.e., sustained periods of abnormally high temperatures relative to the typi-
cal conditions for that time of year that occur over several consecutive days) in the west-
ern Mediterranean (Giorgi and Lionello 2008; Pereira et al. 2021).This geographic region
harbours one of the highest diversities of reptile species in the Palearctic (Pascual et al.
2011; Tarjuelo and Aragon 2023). Although the region may have undergone several climate
change periods since the Pleistocene, it is a concerning situation because reptile species can
be particularly vulnerable to heat waves (Dupoué et al. 2022; Lemaitre et al. 2022). These
climatic phenomena can periodically produce environmental temperatures that exceed the
upper thresholds of lizard’s heat tolerance (Zhang et al. 2023), a situation that is aggravated
by drought (Dupoué et al. 2018; Sannolo and Carretero 2019; Herrando-Pérez et al. 2020).

Active thermoregulators (different from thermoconformers) can compensate warm envi-
ronmental conditions by downregulating their body temperature via an effective selection
of thermal microhabitats that enable cooling down their body temperatures (Diaz et al.
0s2022). Therefore, we expect that Mediterranean lizards respond to eventual heat waves
by adjusting their thermoregulatory behaviour to preclude fatal overheating (Vickers et al.
2011; Diaz et al. 2022; Megia-Palma et al. 2022). Although a significant reduction of lizard
metabolic activity and eventual dormancy periods are possible responses to heat waves in
lizards (e.g., Dupoué et al. 2018), some other behavioural adjustments are also possible
(e.g., a shuttling rate increase); the latter can imply some costs because the more the shut-
tles between thermal microhabitats to effectively thermoregulate the higher the exposure to
ectoparasites (Megia-Palma et al. 2022).

Extreme temperatures pose a threat to lizard physiological performance and survival
(e.g., Dupoué et al. 2018; Han et al. 2020; Lemaitre et al. 2022). However, temperate lizards
are plastic species with rapid physiological responses to microclimatic shifts (Megia-Palma
et al. 2020; Giacometti et al. 2024). For example, they can elevate the levels of glucocorti-
coids (GC) in peripheral blood in response to stress stimuli, which can elicit mobilization
of fat bodies and increase foraging activity (Cote et al. 2010; but see; De-Almeida-Prado et
al. 2024). This physiological response can be adaptive in contexts of abundant food avail-
ability (Millspaugh and Washburn 2004; Cote et al. 2010; Racic et al. 2020). Otherwise,
sources of stress such as microclimatic instability and sustained drought can have significant
negative effects on the body condition of lizards (Cote et al. 2010; Schlesinger et al. 2010).
This said, and although GC upregulation in the blood might be an important component
of lizards’ response to heat waves, this coping response may be contingent on heat waves’
duration and intensity (Telemeco and Addis 2014; Dupoué et al. 2018). For example, lizards
experimentally exposed for five months to a heat treatment with mean +6 °C as compared
to control lizards suffered a reduction in circulating white cell counts and immunoglobulin
type M expression (Han et al. 2020). It suggests that infection susceptibility can increase in
lizards subjected to sustained climate warming (e.g., Megia-Palma et al. 2020; Rutschmann
et al. 2021; Mediavilla et al. in press).

We analysed behavioural and physiological parameters as well as mite loads in free-
ranging lizards of two species, Acanthodactylus erythrurus (Lacertidae: Lacertinae) and
Psammodromus algirus (Lacertidae: Gallotinae), in two sampling plots that may offer dis-
similar thermoregulation opportunities due to previously identified differences in vegetation
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structure (Sears et al. 2016; Megia-Palma et al. 2022). This was done across most of their
annual activity period during two consecutive years with different heat waves regimes. This
included 2021 and 2022, the latter year summed the longest daily series of consecutive
nights over 23 °C (termed tropical night) in the Mediterranean basin since 1950 and the hot-
test summer on record in Europe (Ballester et al. 2023; Yavasli and Erlat 2024). 4. erythru-
rus has a 2.9 °C higher (i.e., 46.0 vs. 43.1 °C) average critical thermal maximum (i.e., upper
body temperature at which lizards lost their righting response; sensu Huey and Stevenson
1979) (Herrando-Pérez et al. 2020). Moreover, the top sprinting performance occurs at 5 °C
higher in 4. erythrurus (Bauwens et al. 1995). Our hypothesis is that lizards will adjust their
behaviour and physiology in response to warming and, more specifically, that A. erythrurus
will be more heat-tolerant than P. algirus due to their physiological differences. The main
objective of the study was to investigate whether these responses are species-specific and
how they relate to the microclimatic environment.

2 Material and methods
2.1 Model species

We investigated two mid-sized lizard species of the family Lacertidae: P. algirus and
A. erythrurus. The mean+SE adult snout-vent length of P algirus in the sample was
70.44+0.31 mm (range=58-80mm; n=282) and for 4. erythrurus it was 71.73+0.46 mm
(range=58-86 mm; n=138). The first species has a Mediterranean origin in the Iberian
Peninsula and is considered a habitat generalist across its distribution range in this area,
Mediterranean France, and northern Africa (Carrascal et al. 1989; Carranza et al. 2006;
Llanos-Garrido et al. 2021). On the contrary, 4. erythrurus is the only representant of the
tribe Eremiadini in Iberia because the genus has an African origin (Tamar et al. 2016). This
species is distributed in the Mediterranean region of the Iberian Peninsula where it shows
preference for open habitats, with disperse vegetation soft reliefs, and loose soils (Belliure
2015).

2.2 Field sampling

We captured lizards using a /asso in a heterogeneous matrix of evergreen forest dominated
by holm-oak trees (Quercus ilex) and gum rockrose bushes (Cistus ladanifer) in the centre
of the Iberian Peninsula (Madrid, Spain; 40.50°N, 3.76°W;~680m above sea level). This
forest has a sandy substrate that resulted from the erosion of granite rock. Fieldwork was
performed in 2021 and 2022 and covered most of the period in which lizards are active
annually, namely from April to September. We followed our previous sampling design and
captured lizards in two habitat plots that differ in their distance to a road with moderate traffic
flow (9,054 vehicles/day) (Barrientos and Megia-Palma 2021). One of the sampling plots,
placed at the bottom of a valley, was an area of 6.6ha ranging in distance between 0 and
150 m from the mentioned road. Thus, this sampling plot has a lower cover of ground level
vegetation, gramineous plants, and bushes (Megia-Palma et al. 2022) (hereafter, plot with
worse vegetation structure —WVS). The second area (hereafter, plot with better vegetation
structure —BVS), placed on the surrounding hills of the same side of the road, was 7.9ha
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and ranged between 350 and 550 m from it (Barrientos and Megia-Palma 2021). This design
left a 200-m band between both sampling plots. We note that the size of the smallest of our
sampling plots exceeded by approximately 75 times the maximum home range of 0.09 ha
described for P. algirus (Diaz, 1993). We only sampled adult lizards and for 2—-3 days in the
second week of each month from 10:00 am to 17:00 pm, employing a constant sampling
effort of two experienced researchers. We marked the lizards with xylene-free white paint
to avoid recapturing them during the same month. We estimated 5% of recaptures between
consecutive months as the white paint lasts for several weeks (Megia-Palma et al. 2022).

2.3 Microclimate

Data on temperature (°C) and relative humidity (%) were obtained on one hour-basis with
data-loggers (ibutton model: DS1923 Hygrochron) that were deployed on the ground, four
in each of the two sampling plots (eight in total), from April to September in 2021 and 2022.
We recovered all the dataloggers initially deployed, downloaded and assigned the micro-
climatic data to the lizards attending to their month of capture and sampling plot. Using
the recordings of the data loggers, we calculated 30 microclimatic variables (Table S7) and
summarized them using a principal component analysis after varimax factor rotation. We
considered those factors with eigenvalue> 1. We performed full factorial ANOVAs testing
the three-way interaction between year, month, and sampling plot on the microclimatic PCs
as well as their principal effects, and every combination of two-way interactions between
them.

2.4 Lizard capturability, thermoregulatory behaviour, and exposure to
ectoparasites

We calculated an index of lizard capturability (as a proxy of field lizard activity) for each
capture day, namely the number of lizards captured per minute a first approach in this popu-
lation to estimate the resilience of the lizards during heatwaves. Within the first 1-2 seconds
after we captured a lizard, and avoiding handling it, we measured the body temperature (7).
We also measured air temperature 1 m above the ground at the point of capture (7,;,). Despite
the caveats described against infrared thermometer for thermal studies with lizards (Car-
retero 2012), we used an instant touchless one (0.1 °C precision in ~0.5 s; ThermoFlash®,
LX-26 Evolution, NEXMED Technology Co. Ltd., NY, USA) following its previous valida-
tion Megia-Palma et al. (2022). Active thermoregulators may exert more effort to maintain
their body temperature within their preferred temperature as the difference between air and
ground temperatures decreases (e.g., Besson and Cree 2010; Megia-Palma et al. 2022).
We calculated an index of thermoregulatory effort (TE) as |Msr — Tp|/ |MsT — Tair|.
We used for this index the temperatures of the ground and air temperature registered at the
exact location of each lizard as a proxy of thermal microhabitats occupied by the lizards
in the field. Mg, in this formula is the median of the temperatures selected by the species
in an artificial thermal gradient (i.e., an environment independent of the ecological costs
and constraints that can influence temperature regulation in the field) (Hertz et al. 1993).
We used from the literature 37.15 °C as M, for A. erythrurus and 35.40 °C for P. algirus
(Bauwens et al. 1995). The use of absolute values in the formula avoids the issue of mixing
positive and negative relationships by considering the absolute deviation from Mg, Thus,
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in this thermal index, the closer to zero the higher the TE of the lizard. We quantified the
ectoparasites (mites) on the lizards using a magnifying glass (10%) in the field as a proxy of
their exposure to ectoparasites (Barrientos and Megia-Palma 2021).

2.5 Body condition

We used a transparent ruler (accuracy=1mm) to measure the body length of the lizards
from the tip of the snout to the cloaca (hereafter, SVL) and the tail length from the cloaca
to the tip of the tail. We used a digital scale (accuracy=0.02g) to weigh the lizards. We
calculated a body condition index as the residuals of the regression of log,,-transformed
scores of body mass on the log,,-transformed scores of body length and we included tail
length as covariate (Barrientos and Megia-Palma 2021). This was calculated separately per
species and sex because the annual cycle of fat body depletion differs between sexes in
lacertids (Carretero 2006), and to control the possibly confounding phylogenetic effects.
Lizards were released on the point of capture immediately after collecting the data which
was accomplished within 5 min.

2.6 Leukocyte profiles

We collected a blood sample (~2 pl) from the ventral area of the tail of the lizards using
sterile needles (25 G, BD Microlance) within 1-2 minutes after capture (Megia-Palma et al.
2022). A rapid blood acquisition may favour obtaining haematic basal parameters (Davis et
al. 2008). We smeared the blood samples on microscope slides that were air-dried and fixed
with methanol. Smears were stained using Diff-Quick (Pandptico rdpido, Casa Alvarez,
Madrid, Spain), a stain that allows the chromatic discrimination of white blood cell lines
(Megia-Palma et al. 2023). A single researcher (SBC) used a light optic microscope (BA410,
Motic, Kowloon, Hong Kong) to differentially count white blood cells in 50 microscope
fields atx 1,000 magnification and with a homogeneous distribution of erythrocytes. We
discriminated heterophils, eosinophils, basophils, lymphocytes, monocytes, and azurophils.
We also calculated a ratio between heterophils and lymphocytes (H:L ratio) as a measure
of cellular stress because circulating heterophils increase in peripheral blood in proportion
to lymphocytes that enter internal organs following stress challenges (Woodley and Moore
2002; Davis et al. 2008; Han et al. 2020; Megia-Palma et al. 2023). Since we aimed to have
an offset term (i.e., a measure of sampling effort in the blood smears) in the models of total
white blood cells (TWBC) and H:L ratios, we counted the number of erythrocytes in two
random microscope fields in every blood smear (mean+ standard error erythrocytes/field in
A. erythrurus=127.10+£0.88; in P. algirus=130.90%£0.54). The offset term was calculated
by multiplying the average of these erythrocyte counts by 50 as an estimate of the total
number of erythrocytes counted (Megia-Palma et al. 2023).

2.7 Concentration of faecal glucocorticoid metabolites (FGM)
Blood GC quantification requires sampling a considerable blood volume that can be harm-
ful for small ectotherms that have a smaller volume of total blood than endotherms (Yokota

et al. 1985). A less invasive alternative for lizards is the quantification of GC metabolites
in faecal samples (Annais et al. 2024). Therefore, we gently massaged the belly of the liz-
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ards to obtain the faecal samples (Megia-Palma et al., 2016), which was avoided in gravid
females, or when individuals did not produce faeces after few tries. Thus, we obtained fresh
faecal samples from 78.38% of the lizards. This was done in the field within a maximum of
Sminutes after capture. Faeces were directly collected in vials of 1.5ml and deposited in a
cooler with ice until they were stored at —20 °C until analysis. To extract the glucocorticoid
metabolites in faeces we followed the methods described in Megia-Palma et al. (2022).
The samples collected from both species were randomly distributed in the assays and the
recovery of FGM was 109.4%. The between-assay and within-assay coefficients of varia-
tion were 5.2% and 7.1%, respectively. The results were expressed as nanograms per gram
of dry faecal matter.

2.8 Statistical analyses

The T, scores were not normally distributed and so we compared 7;s of the two species
using a non-parametric Mann-Whitney U. We used a model averaging approach in R ver-
sion 4.4.1 (R Core Team 2024) to model as response variables TE, body condition, ectopara-
sites, TWBC, H:L ratio, and FGM. The model for capturability index included species, year,
month, sampling plot, and every two-way interaction between them. In addition, we also
included the mean faecal glucocorticoid metabolites calculated per month, species, and sam-
pling plot (FGM,,,.,), and its interaction with species upon the hypothesis that FGM may
correlate with lizard activity (Megia-Palma et al. 2022). A weighing term was included in
the model to account for the sample size per species, month, and sampling plot. All remain-
ing models included as predictors species, year, sampling plot, sex, and the two-way inter-
actions between species and the microclimatic principal components, between species and
year, year and sampling plot, year and sex, sex and sampling plot, and a three-way interac-
tion between species, year, and sampling plot. We added to the models of TWBC counts and
heterophile to lymphocyte ratio (H:L) the offset term ‘number of estimated erythrocytes in
50 microscope fields’ that stands for the sampling effort performed per blood smear. Model
averaging is specially recommended in evolutionary ecology to retain degrees of freedom
when sample size is relatively small in relation with the number of terms tested (Hegyi and
Garamszegi 2011). In addition, we used the Akaike’s information criterion corrected for
small sample size (AICc) (Bedrick and Tsai 1994). We considered equally likely all the
selected models with AAICc < 2 in relation to the best model (i.e., the one with the lowest
AICc) (Burnham and Anderson 2004). After model selection, we obtained a final average
model using the ‘dredge’ function in the R package ‘MuMIn’ (Barton 2018). We also cal-
culated the sum of AICc weights of all the models where each of the predictors appeared
(i.e., conditional average) to calculate the relative importance of each predictor in the final
average model. Using this procedure, we calculated the estimated significance (¢ <0.05) of
the effects and their z-standardised 8 coefficient+adjusted standard error, which enables
comparing their magnitude. If a two-way interaction was retained in the final model, we cal-
culated the significance and correlation score (R?) of the continuous predictor for each level
in the interaction. When just a single model complied with the criterion of difAICc < 2 (this
occurred in two of the response variables), an ANCOVA based on type 3 Fisher’s test was
performed on the full model to evaluate the significance of the effects. In addition, for the
variation in H:L ratio, we used the dataset with the FGM data (n=330) under the hypothesis
that FGM and H:L ratios are expected to correlate because both can reflect recent stressors
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undergone by the lizards (Megia-Palma et al. 2022, 2023). We checked the residual distribu-
tions and the autocorrelation of the models based on a variance inflation factor (maximum
VIF score in the six models=3.49) using the vif() function of the ‘car’ package (Fox and
Weisberg 2019).

3 Results

We collected data of a total of 420 adult lizards (4. erythrurus 2021 =27 females, 25 males;
P. algirus 2021 =59 females, 75 males; 4. erythrurus 2022 =41 females, 45 males; P. algirus
2022="73 females, 75 males). However, as commented, we could not get faecal samples in
the field from 21% of them and the sample size for the analysis of FGM was 330.

3.1 Microclimate

In 2021, heat waves took place between the 6™ and 23™ of July and between the 7" and 17"
of August (Direccion General de Salud Publica 2022). In 2022, they took place between the
12" and 18" of June, the 9™ and 26™ of July, and between the 30" of July and 15" of August
(de Meteorologia 2022) (Fig. 1a). A top maximum temperature of 82.29 °C and a median
diurnal relative humidity of 14.83% was recorded in July 2022 in the BVS sampling plot
(77.86 °C and 26.10% in July 2021) (Tables S1 and S2). Other details about the microcli-
matic data (e.g., nocturnal temperatures and relative humidity per month and sampling plot)
can be consulted in the supplementary tables S1-S6. There were five principal components
with eigenvalue>1 that together explained 94.8% of the observed variance in the microcli-
matic data (for interpretation of PCs see Table S7). The microclimatic environment was sig-
nificantly different in the two sampling plots. PC1 scores were higher both years in the BVS
plot (Fig. 1b; Table S8). This indicates that maximum diurnal and monthly temperatures, as
well as the diurnal and monthly variation (standard deviation) of temperatures were overall
higher away from the road. The interaction between year and month was significant, indi-
cating significant differences in PC1 scores between the same months in different years, but
an overall temporal trend was not evident (Figure S1). PC2 had significantly higher scores
in 2022, with no significant differences between sampling plots (Fig. 1b; Table S8). There-
fore, in our study area, 2022 had higher diurnal, nocturnal, and monthly maximum scores
of relative humidity. The interaction between year and month was significant, with evident
lower PC2 scores only for August of 2021 (Figure S1). PC3 scores were significantly higher
in 2022 (Table S8) and near the road (WVS). Thus, 2022 and the WVS plot had higher
median and minimum monthly temperatures, minimum diurnal temperatures, and mean,
median, minimum, and maximum nocturnal temperatures. The interaction between month
and year was significant; relatively higher PC3 scores were recorded in April, May, June,
and July of 2022 (Figure S1). PC4 significantly varied across sampling plots and years,
with a lower variation (standard deviation) in monthly and diurnal humidity scores in the
BVS plot in 2022 (Fig. 1). In addition, the interaction between year and month was also
significant (Table S8); relatively higher humidity variation scores were registered in April,
May, and June of 2021 and with a similar variation in the following months (Figure S1).
The three-way interaction between year, month, and sampling plot significantly explained
PC5 (Figure S2), indicating different patterns of the minimum diurnal and monthly humid-
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Fig. 1 (a) Temperature (upper plot) and relative humidity profiles of 2021 (blue) and 2022 averaged
from data collected using eight dataloggers deployed in the field (WVS=worse vegetation structure;
BVS=better vegetation structure; Megia-Palma et al. 2022). Yellow squares depict heat wave periods. (b)
Effects graphs of the two-way interaction between year and sampling plot on the five microclimatic PCs
showing that the two sampling plots posed contrasting microclimatic environments (for PCA interpreta-
tion see Table S7). Symbols and error bars represent the means=standard error, respectively. Asterisks in
the plots indicate significant effect of year x sampling plot (p<0.05); n.S.=not significant (see Table S8)

ity scores between sampling plots across years and months. For example, differences in PC5
scores between 2021 and 2022 were relatively higher in April and May of 2022 for the BVS
sampling plot than in the WVS sampling plot and periods (Figure S2).

3.2 Lizard capturability, thermoregulatory behaviour, and exposure to
ectoparasites

Using activity indices based on random field observations are methodologically problem-
atic. Thus, any conclusion derived from the analysis of the capturability index here calcu-
lated should be taken with caution. The capturability index was best fitted by a generalized
linear model with a Gamma residual distribution after log,-transforming 2+ capturability
scores. A single model complied with the assumption of AICc <2 (hence, no model averag-
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ing performed). An ANCOVA indicated that there were significant effects of the interaction
between month and species, with a higher capturability score for P. algirus in May (Table
S9; Fig. 2). Interestingly, there was a significant and negative effect of FGM,,,, with no
significant effect of the interaction with species (Table S9). Thus, when mean faecal gluco-
corticoids were the highest, the capturability index was the lowest for both lizard species.

The mean+standard error (SE) T, of A. erythrurus was 37.90+0.25 °C and significantly
higher than T} of P. algirus (34.47+0.20 °C) (Mann-Whitney U=7653.0, p<0.001). The
TE scores were best fitted by a generalized linear model with a Gamma residual distribu-
tion and a log link function after log,,-transforming 1+TE scores. Fourteen models had
AlICc < 2 (Tables S10a and b). There was an important effect of the three-way interaction
between species, year, and sampling plot (Table 1). Acanthodactylus erythrurus performed
significantly lower thermoregulatory effort (higher TE scores) in the WVS plot in 2022 as
compared to P. algirus in the same plot and year and as compared to all lizard groups in
2021 (Table S11; Fig. 3a). There was also an important effect of the interaction between spe-
cies and PC4 on lizards’ TE scores. The TE behaviour of P. algirus was significantly lower
(higher TE scores) upon high monthly and diurnal humidity stochasticity (Fig. 3b), whereas
the opposite was observed for A. erythrurus. PC5 was an important negative predictor for
TE scores in the two species. Thus, lizards increased their TE behaviour when monthly and
diurnal minimum humidity scores were the highest (Figure S3).

Mite prevalence for A. erythrurus was 47.8% (females=48.5%, males=47.1%), whereas
for P. algirus was 87.2% (females=84.1%, males=90.0%). Lizards’ mite load was best fit-
ted by a general (Gaussian) linear model after log,,-tranforming 1 +mite count scores. Fif-
teen models had AICc <2 (Table S12). There were independent important effects of species,
but not of year or sex, on mite intensity (Table 2). Acanthodactylus erythrurus (7.72+2.14
mites) had lower mite intensities than P. algirus (14.94+1.35 mites). PC2, PC3 and PC5
were positive predictors of mite load for both lizard species (Figure S4). Thus, mites were
more abundant when humidity and temperature were higher. There were important effects of
the interactions between species and PC1 and PC4 (Table 2). Upon microclimatic contexts
of both higher stochasticity and maximum monthly and diurnal temperatures, mite load
was significantly higher in P. algirus and significantly lower in 4. erythrurus (Fig. 4a). In
contrast, mite load was significantly lower in P. algirus upon high stochasticity of monthly
and daily humidities, a microclimatic scenario that showed null trend with mite load in A.
erythrurus (Fig. 4b).
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Table 1 Results of model averaging for thermoregulatory effort (TE) scores of A. erythrurus (AE) and P.
algirus (N=420). WVS=worse vegetation structure near a road. Adj SE=adjusted standard error. For the
interpretation of PC1-PCS5 see Table S7

Importance Estimate Adj SE z-value P-value

(Intercept) -0.919 0.017 55.238 <0.001
Year (2021) 1.00 -0.040 0.019 2.102 0.036
Sampling plot (WVS) 1.00 0.015 0.020  0.746  0.456
Year (2021) : Sampling plot (WVS) 1.00 —0.019 0.019 1.005 0.315
Species (AE) 1.00 0.030 0.017  1.795 0.073
Sex (Female) 0.62 0.018 0.015 1.194 0.233
Sex (Female) : Year (2021) 0.04 —0.006 0.015 0.409 0.683
Species (AE) : Year (2021) 1.00 —0.018 0.019 0953 0.341
Sex (Female) : Sampling plot (WVS) 0.18 -0.013 0.015 0916 0.360
Species (AE) : Sampling plot (WVS) 1.00 0.029 0.019 1.514 0.130
Species (AE) : Year (2021) : Sampling plot (WVS) 1.00 —-0.047 0.018 2.579  0.010
PC1 0.56 0.014 0.021  0.669  0.504
PC1 : Species (AE) 0.09 —0.021 0.024 0.893 0.372
PC2 1.00 0.032 0.016 1.990 0.047
PC2 : Species (AE) 0.00 0.005 0.018 0252  0.801
PC3 0.00 0.001 0.018  0.069 0.945
PC3 : Species (AE) 0.00 0.012 0.021  0.567 0.571
PC4 1.00 0.005 0.019 0273 0.785
PC4 : Species (AE) 1.00 -0.089 0.019 4.726  <0.001
PC5 1.00 —0.035 0.017 2.017 0.044
PCS : Species (AE) 0.30 0.014 0.019  0.698 0.485

3.3 Body condition

Body condition was best fitted by a general (Gaussian) linear model. Twenty-nine models
had AICc <2 (Table S13). There were important effects of the year and the two-way interac-
tion between sex and sampling plot (Table 3). Thus, both species of lizards had higher body
condition scores in 2021, and females had better body condition in the WVS plot than in the
BVS plot (Table S14).

3.4 Leukocyte profiles

Lymphocytes were the most abundant white blood cell, followed by azurophils in P. algi-
rus and heterophils in 4. erythrurus (more details on cell counts per species in Table S15).
TWBC was best fitted by a generalized linear model with a negative binomial residual dis-
tribution and a log link function. A single model complied with the assumption of AICc <2
(hence, no model averaging performed). There were significant effects of the year and the
interaction between species and year (Table S16); 4. erythrurus had lower TWBC than P,
algirus in 2022 (mean=standard error for A. erythrurus=75.30+6.10, n=86; mean+ stan-
dard error for P. algirus=86.43+4.93, n=148), whereas TWBC were similarly higher in
both species in 2021 (4. erythrurus=95.73+6.85, n=52; P. algirus=95.31+5.29, n=134).
The principal effects of PC1 on TWBC was significantly positive (Table S16); TWBC
increased in both species upon microclimatic contexts of high temperature stochasticity and
maximum monthly and diurnal temperatures (Figure S5a). The principal effects of PC2 and
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Fig. 3 (a) Three-way interaction plot showing the mean+standard error of the lizards’ TE scores across
levels of sampling plot and year. See Bonferroni’s post-hoc test in Table S11 for interpretation of pair-
wise significant differences. (b) Relationship between thermoregulatory effort (TE) scores and PC4 in
A. erythrurus (A.E) and P, algirus (P.A). (¢ and d) Relationships between the log-transformed mite load
and PC1 and PC4 in A. erythrurus (A.E) and P. algirus (P.A). (e) Relationship between total blood cell
counts (TWBC) and PC3 in 4. erythrurus (A.E) and P. algirus (P.A). Shaded areas represent the standard
deviation
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Table2 Results of model averaging for mite load of 4. erythrurus (AE) and P. algirus (N=420). WVS=worse
vegetation structure near a road. Adj SE=adjusted standard error. For the interpretation of PC1-PCS5 see
Table S7

Importance Estimate Adj SE z-value P-value

(Intercept) 0.655 0.027 24.510 <0.001
Year (2021) 0.63 0.025 0.032 0.779  0.436
Sampling plot (WVS) 1.00 0.085 0.046 1.834  0.067
Year (2021) : Sampling plot (WVS) 0.24 -0.034  0.027 1.258  0.208
Species (AE) 1.00 -0.275  0.027 10.312  <0.001
Sex (Female) 0.00 0.003 0.024 0.126  0.900
Sex (Female) : Year (2021) 0.00 0.019 0.024 0.775  0.438
Species (AE) : Year (2021) 0.29 -0.042  0.033 1.282  0.200
Sex (Female) : Sampling plot (WVS) 0.00 0.015 0.024 0.641 0.521
Species (AE) : Sampling plot (WVS) 0.10 0.055 0.053 1.033  0.302
Species (AE) : Year (2021) : Sampling plot (WVS) 0.00 0.001 0.033 0.026  0.979
PC1 1.00 0.022 0.039 0.562  0.574
PC1 : Species (AE) 1.00 -0.085 0.032  2.636  0.008
PC2 1.00 0.136 0.026 5213  <0.001
PC2 : Species (AE) 0.05 -0.015  0.029 0.509  0.611
PC3 1.00 0.119 0.037  3.232  0.001
PC3 : Species (AE) 0.37 —0.053  0.037 1.415  0.157
PC4 1.00 —-0.086  0.029 2929  0.003
PC4 : Species (AE) 1.00 0.062 0.028  2.204  0.028
PC5 1.00 0.053 0.026  2.022  0.043
PCS : Species (AE) 0.16 0.023 0.027 0.822 0411
a) 4.6 b) .
A BVS A.e(P=023,R2=0.01)

42 + WVS Ep.a (P=0.13, R =0.01)
7|
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= T B o
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Fig. 4 (a) Interaction plot showing the variation in the faecal glucocorticoid concentration (FGM) of the
lizards in the two sampling plots (WVS=worse vegetation structure; BVS =better vegetation structure).
The plot depicts the mean+ SE. A bonferroni post-hoc test indicated significant differences only for BVS
in 2021 (Table S19). (b) Relationship between FGM and PC2 in 4. erythrurus (A.E) and P. algirus (P.A).
Shaded areas represent the standard deviation
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Table 3 Results of model averaging for the body condition of A. erythrurus (AE) and P. algirus (N=420).
WVS=worse vegetation structure near a road. Adj SE=adjusted standard error. For the interpretation of
PC1-PCS5 see Table S7

Importance Estimate Adj SE  z-value P-value

(Intercept) 0.000 0.002 0.172  0.864
Year (2021) 1.00 0.005 0.002 2.298  0.022
Sampling plot (WVS) 1.00 0.003 0.003 1.186  0.235
Year (2021) : Sampling plot (WVS) 0.09 —0.002  0.002 0.887  0.375
Species (AE) 0.80 0.000 0.002 0.081  0.935
Sex (Female) 0.50 0.000 0.002 0.001  0.999
Sex (Female) : Year (2021) 0.03 —0.001  0.002 0.804  0.422
Species (AE) : Year (2021) 0.71 -0.003  0.002 1.62 0.105
Sex (Female) : Sampling plot (WVS) 0.50 0.004 0.002 1.99 0.047
Species (AE) : Sampling plot (WVS) 0.80 -0.005  0.003 1.722  0.085
Species (AE) : Year (2021) : Sampling plot (WVS) 0.00 -0.002  0.002 0.946  0.344
PC1 0.41 0.000 0.003 0.017  0.987
PC1 : Species (AE) 0.38 -0.004  0.003 1.544  0.123
PC2 0.00 0.001 0.002 0.319  0.750
PC2 : Species (AE) 0.00 0.003 0.002 1.371  0.170
PC3 0.28 -0.003  0.002 1.221 0222
PC3 : Species (AE) 0.00 -0.002  0.003 0.779  0.436
PC4 0.36 -0.002  0.002 0.957  0.339
PC4 : Species (AE) 0.09 0.002 0.002 0.982  0.326
PC5 0.00 0.001 0.002 0.511  0.610
PC5 : Species (AE) 0.00 0.001 0.002 0.625  0.532

PCS5 were significantly negative (Figure SSb and S5c¢); TWBC decreased in both species
upon microclimatic contexts of maximum relative humidity, likely during long precipita-
tion events. The effect of the two-way interactions between species and PC3 was significant
(Table S16). The observed decrease of circulating TWBC in response to the general increase
in temperatures and reduction of relative humidity (see Table S7 for details) was significant
for P. algirus (Fig. 3e), although with a rather low correlation coefficient (R*=0.02).

The heterophil to lymphocyte ratio (H:L) was best fitted by a generalized linear model
with Gamma residual distribution and a log link function after log,-transforming 2+H:L
scores. A single model complied with the assumption of AICc < 2 (hence, no model aver-
aging performed). Thus, the analysis of the covariance (ANCOVA) performed on the full
model indicated a significant effect of sex; the H:L ratio was significantly higher in females
(0.141+0.012 H:L; males=0.098+0.008 H:L) (Table S17). The relationship between FGM
and H:L ratio was not significant (Figure S6).

3.5 Concentration of faecal glucocorticoid metabolites (FGM)

In total we analysed FGM of 60 females (27.67+8.83 ng/g) and 52 males (21.98£5.19
ng/g) of A. erythrurus, and 93 females (27.92+8.15 ng/g) and 125 males (30.95+8.25
ng/g) of P. algirus. FGM scores were best fitted by a generalized linear model with Gamma
residual distribution and an inverse link function after we log,-transformed them. Thirty-
two models had AICc < 2 (Table S18). There were important effects of the year and the
interaction between sampling plot and year (Table 4); the lizards in 2021 had significantly
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Table 4 Results of model Importance ~ Estimate ~ Adj  z-value P-value
averaging for faecal glucocor- SE
ticoid metabolites (FGM) of 4. Tyl oo 0.293 0.005 59.022 <0.001
erythrurus (AE) and P. algirus
(n=330). WVS=worse vegeta- Year (2021) 1.00 -0.021 0.007 3.081 0.002
tion structure near a road. Adj Sampling 1.00 0.013 0.009 1.383 0.167
SE=adjusted standard error. For plot (WVS)
the interpretation of PC1-PC5 Year (2021) 1.00 0.016 0.006 2.643  0.008
see Table S7 . Sampling
plot (WVS)
Species 0.68 —0.004 0.005 0.822 0.411
Sex 0.18 —0.002 0.005 0.497 0.619
(Female)
Sex (Fe- 0.16 —0.008 0.005 1.621 0.105
male) : Year
(2021)
Species 0.04 0.004 0.006 0.599 0.549
(AE) : Year
(2021)
Sex 0.00 —0.001 0.005 0.119  0.906
(Female) :
Sampling
plot (WVS)
Species 0.27 —-0.007 0.006 1.243 0214
(AE) : Sam-
pling plot
(WVS)
Species 0.00 —0.002 0.005 0.465 0.642
(AE) : Year
(2021) :
Sampling
plot (WVS)
PC1 0.72 0.014 0.008 1.650 0.099
PC1:Spe- 0.02 —0.002 0.007 0.239 0.811
cies (AE)
PC2 1.00 —-0.010 0.006 1.502 0.133
PC2 : Spe- 0.61 0.011 0.006 1.995 0.046
cies (AE)
PC3 0.29 —0.007 0.006 1.080 0.280
PC3:Spe- 0.00 —0.002 0.006 0.290 0.772
cies (AE)
PC4 1.00 0.018 0.006 2.868 0.004
PC4: Spe- 0.00 —0.003 0.006 0.488 0.626
cies (AE)
PC5 0.36 —0.007 0.006 1.238 0.216
PC5:Spe-  0.00 —0.003 0.005 0.688 0.491
cies (AE)

higher mean=standard error FGM scores in the BVS plot as compared to any other com-
bination of sampling plot and year (Table S19 and Fig. 3¢). Moreover, they generally had
higher mean=standard error FGM scores in 2021 (31.05+6.44 ng/g, n,y,;=143) than in
2022 (25.82+5.70 ng/g, n,yg,,=187). PC4 had a positive effect on FGM of both species (no
effect of the interaction between PC4 and species). Thus, FGM was higher in both lizard
species upon microclimatic contexts of high monthly and diurnal stochasticity in humidity
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(Figure S7). There was also an important effect of the interaction between species and PC2
(Table S18); however, the partial correlations between FGM and PC2 were not significant
for any of the species (Fig. 3d).

4 Discussion

The two sampling plots investigated underwent significantly different microclimatic envi-
ronments during the lizards’ activity periods of 2021 and 2022. However, this was not mir-
rored in significant differences of capturability index (a proxy for lizards’ activity) because
monthly variation accounted for most of its variance; a general reduction of capturability
for both species was observed during the summer, the warmest period. Interestingly, FGM-
mean Negatively correlated with the capturability index. This suggests that sustained high
metabolic activity (i.e., high FGM) is costly for these populations of lizards and is followed
by rest periods. Faecal glucocorticoid metabolites were lower in the warmer year. Taken
together with the negative relationship between FGM,,.,, and the capturability index, this
lower FGM suggests that lizards’ activity was higher in the warmer year, likely associated
with a more intense thermoregulation activity (Megia-Palma et al. 2022). In this sense, our
results supported that the active thermoregulatory behaviour of 4. erythrurus and P. algirus
compensated the significant differences found in the microclimatic environments experi-
enced near and away from the road. This might be facilitated by the seasonal shift in thermal
preferences of the lizards (Diaz et al. 2006; Giacometti et al. 2024), a phenomenon not con-
sidered by our thermoregulation index and that we acknowledge as a limitation. Nonethe-
less, our results suggest that the variation in lizards’ thermoregulatory effort correlated with
microclimatic oscillations in stochasticity and maximum scores of relative humidity. The
latter positively correlated with an increase in thermoregulatory effort in both lizard species
that, in line with previous studies on this system, implies costs in terms of increased expo-
sure to haematophagous mites (Megia-Palma et al. 2022). In support of our results, a recent
study shows that P. algirus significantly increased thermoregulatory effectiveness during
heat waves of May 2022 (Diaz and Llanos-Garrido 2025). We interpret that such behaviour
implies more shuttling and a higher exposure to mites because mite load increases in P. algi-
rus in correlation with the distance travelled (Barrientos and Megia-Palma, 2021). Mite load
was higher in P. algirus, but lower in 4. erythrurus, upon microclimatic contexts of both
higher stochasticity and maximum monthly and diurnal temperatures. It was also lower in
P. algirus upon high stochasticity in monthly and daily relative humidity. This translates in
higher mite loads in June and July, and a significant decrease in August, when substrate dry-
ness is high (Megia-Palma et al. 2025). These species-specific differences in microclimatic
trends of mite loads suggest a differential effect of temperature and humidity on the host-
parasite encounter rates. The trend observed for P. algirus conforms to a higher exposure to
hematophagous mites as the thermoregulatory activity of this species increases to compen-
sate thermally restrictive environments of high thermal stochasticity and temperature. Inter-
estingly, the opposite pattern observed in A. erythrurus suggests that this species reduces
its travelled distance upon the same microclimatic conditions. To explain such opposed
patterns, we evoke species differences in thermal strategies with a higher thermal prefer-
ence in A. erythrurus (3.43 °C higher mean T,) as well as its preferential selection for drier
microhabitats (expected lower mite abundance) where this species performs few and short
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displacements (Belliure et al. 1996). This is expected to reduce mite-lizard encounters (Bar-
rientos and Megia-Palma 2021). In addition, the spatial distribution, and the microhabitat
selection of the two lizard species may also contribute to explain the higher mite prevalence
and infestation intensity of P. algirus. This species was more abundantly found in humid
microhabitats of the forest matrix with leaf litter where mites may also be abundant (Wu et
al. 2019; BeVier et al. 2022). However, although A. erythrurus was also found in the forest
matrix, it was more abundant in the sandier and drier forest clearings with high solar radia-
tion (authors, pers. obs.) where mites may be less abundant due to the lower soil humidity.
Thus, the microhabitat preference of A. erythrurus and the short displacements performed
by this species (Belliure et al. 1996) could favour lower mite-lizard encounter rates than in
P. algirus. Both species similarly increased their mite load as the environmental humidity
and temperature rose, which can simply mirror a seasonal increase of mite abundances in
the environment (Klukowski 2004; Megia-Palma et al. 2025).

The lizards body condition was unaffected by microclimatic oscillations, with females of
both species showing higher body condition in the plot with worse vegetation structure. This
contradicts previous studies of a negative effect of degraded habitats on the body condition
of females of P. algirus (Amo et al. 2007). The similar activity patterns and observed abun-
dance of lizards in the two plots suggests that despite the differences in vegetation structure,
food items may be sufficiently available in both plots. We can only speculate that the higher
body condition near the road might be explained by a higher detectability of arthropods in
an open and degraded habitat.

Psammodromus algirus had low circulating TWBC upon increasing temperatures and
low humidity, whereas A. erythrurus had the lowest TWBC scores in the hottest and dri-
est year despite the consistency of its higher field body temperatures, suggesting that heat
waves can hamper in similar fashion the immunocompetence of these two lizard species
(Han et al. 2020).

Heterophiles to lymphocytes ratios were not significantly correlated with FGM scores, indi-
cating a discrepancy between these two widely used biomarkers of physiological stress. None-
theless, FGM does not necessarily reflect physiological stress, but rather the metabolic activity
of the lizards during the previous days (MacDougall-Shackleton et al. 2019; Megia-Palma et al.
2022). The heterophiles to lymphocytes ratio is indeed widely accepted as a cellular index of
physiological stress (Davis et al. 2008). In our study, it was higher in females of both species,
suggesting that they were consistently subjected to higher physiological stress than males across
months, years, and sampling plots. This result conforms to a higher responsiveness of females to
stress stimuli (Langkilde and Shine, 2006; Dupoué et al. 2020; Megia-Palma et al. 2020). How-
ever, the analyses were unable to discriminate environmental from intrinsic effects. Interestingly,
the fact that females consistently showed higher H:L ratios and higher body condition conforms
to a sustained status of stress (Kyrou et al. 2006; Patterson and Abizaid 2013) that will require
further investigation.

The higher FGM scores found closer to the road in 2021 might reflect a lower activ-
ity of the lizards in the significantly colder environment of this sampling plot and year.
Either a partial inactivation of the lizards during the activity period, and/or a low availability
of potential prey (i.e., active arthropods) due to a colder microclimatic environment, may
increase the activation of the hypothalamus-pituitary axis that enables the mobilization of
fat reserves to keep energetic demands of vital organs during periods of putative low prey
item availability (Cote et al. 2010). In support of this interpretation, we found a nearly sig-
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nificant effect of the two-way interaction between year and sampling plot on capturability
index that mirrors this pattern (Table S9).

5 Conclusions

The reaction norms in response to microclimatic oscillations differed in five out of the 30
species-by-microclimate interaction tests performed. These interactions partially explained the
observed variance at behavioural (thermoregulatory effort), endocrinological (FGM), cellular
levels (TWBC), and associated costs (mite load). In nine of these tests, the principal effect of the
microclimatic components explained the observed variation in the response, while the species-
by-microclimate interaction failed to do so, supporting a similar response for both species. The
hydric environment appeared to be a major determinant explaining behavioural, cellular, and
endocrinological responses in both lizard species. However, the high temperature associated
with heat waves also explained some of the responses. The fact that lizards remained active
during events of extreme heat as well as the observed microclimatic trends in behavioural, physi-
ological, and cellular responses suggest that physiological upper threshold of heat tolerance of
A. erythrurus and P. algirus falls well within the thermal/hydric proximal environment posed by
heat waves with some behavioural and/or physiological signs of acclimation in this anthropized
environment. Nonetheless, heat waves may incur higher costs on less thermophilic lizard species
in terms of a higher exposure to ectoparasites and a reduction in circulating white blood cells.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s10584-026-04119-2.
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