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A B S T R A C T   

Lizard species may differ in their ecophysiology due to adaptation, plasticity and/or phylogeny. In restrictive 
environments, ecophysiological differences of species living in sympatry are expected to reveal long-term 
evolutionary responses to the abiotic environment while competitive interactions should be limited. These in-
fluences can be disentangled by combining field monitoring with experimental tests. Here, three lacertid lizard 
species, Atlantolacerta andreanskyi, Scelarcis perspicillata and Podarcis vaucheri sharing high mountain habitats in 
Oukaimeden (High Atlas, Morocco), were studied. In the field, spatiotemporal variation of the thermal and 
hydric environment used by the lizards was monitored using data-loggers. In the lab, thermal and hydric 
ecophysiology was estimated through assessments of preferred temperatures (Tp) and water loss (WL) rates. 
Species differed in microhabitat use and, hence, in their exposure to variations in temperature and humidity. 
However, they only differed in their WL (A. andreanskyi > S. perspicillata > P. vaucheri) while their Tp were 
similar. Such partial differences of species in in the fundamental niche, likely derived from their long-term in-
dependent phylogenetic trajectories, can be used to predict their responses to climate and habitat shifts in this 
and other parts of their respective ranges. Results also confirm previous suggestions that, together with thermal 
physiology, hydric physiology plays a prominent role in the organisation of lizard communities in the temperate 
region.   

1. Introduction 

Species distribution is moulded by a combination of ecological 
suitability, geographic opportunity (e.g. dispersal pathways, lack of 
barriers), interaction with other organisms (prey, predators, competi-
tors, parasites) and evolutionary history (i.e., selective pressures acting 
in the past) (Lomolino et al., 2010). As such, the assemblage of local 
communities depends on 1) the fundamental niche of each species 
(sensu Sillero, 2011), 2) their historical biogeographies allowing or 
preventing them to contact their ranges, and 3) their current biological 
interactions (Webb et al., 2002; Pianka et al., 2017). Both 2) and 3) may 
cause a deviation of the realized niche from the fundamental niche 
(Sillero, 2011), as reconstructed from organismal physiology (Kearney 
and Porter, 2009). 

Lizards provide excellent models for ecophysiological studies due to 
their life history traits (Carretero et al., 2016). On one hand, as they are 
ectotherms with restricted vagility and short lifespan, their populations 
become exposed to local environmental fluctuations with limited ho-
meostatic responses. On the other hand, they are abundant, conspicuous 
and easily kept in captivity, which allows efficient field sampling and 
experimental manipulation (Pianka and Vitt, 2006). Of the multiple 
environmental features shaping a lizard’s niche, temperature and water 
are among the most important (García-Porta et al., 2019). Temperature 
shapes metabolic reactions, heat balance with the environment and 
many other biological functions determining individual fitness (Angil-
letta, 2009). In a continuum between thermoregulators and thermo-
conformers, the first tend to cope with environmental fluctuations by 
adopting behavioural postures and selecting favourable thermal 
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microhabitats while the second rely more on wide thermal performance 
of their biological functions (Angilletta et al., 2010). In both cases, 
inactivity may be the only response when thermal conditions are un-
suitable either during the day or throughout the year (Adolph and 
Porter, 1993) but this also carries substantial fitness costs (Sears and 
Angilletta, 2015). Because species may differ in thermal physiology, it is 
frequent that they display divergent patterns of activity and microhab-
itat use even in syntopy (e.g. Carretero and Llorente, 1995). 

The preferred body temperature (Tp; the body temperature selected 
in the absence of thermoregulatory constraints, Huey and Bennett, 
1987) is a biological indicator widely used to characterise the thermo-
regulation in ectotherms, including heliothermic lizards. This is because 
it varies within a narrow range (Huey, 1982), correlates with many 
physiological optima (Huey and Bennett, 1987; Bauwens et al., 1995), is 
phylogenetically conservative (see below) and remains stable across 
conspecific populations under contrasting climatic conditions (e.g. 
Gvoždík and Castilla, 2001). While individual Tp may suffer some 
variation with time, season, body condition, reproductive status and 
ontogeny, these biases can be removed by restricting the lizards tested 
and the experimental conditions (Carretero et al., 2005; Camacho and 
Rush, 2017). It is also worth noting that, in mountain ectotherms, 
preferred temperatures are more informative to characterise thermal 
niche than critical thermal maxima (CTmax) and minima (CTmin). This 
is because body temperatures at high elevations do not approach 
CTmax, which is phylogenetically very conservative (Araújo et al., 
2013), while both CTmax and CTmin show little signals of short-term 
adaptation (Labra et al., 2009). 

Conversely, although water would be expected to be as important for 
life as temperature, hydric ecology has remained largely neglected in 
lizards. This is probably the consequence of most studies on lizard 
communities being conducted in deserts, where species tend to be 
resistant for water loss, or in rainforests where water restrictions are 
rare. Nevertheless, the evaporative water loss (EWL), either instanta-
neous or accumulative, is a simple robust physiological measure to 
assess the hydric trends in the fundamental niche of reptiles (Mautz, 
1982; Eynan and Dmi’el, 1993). Remarkably, it was early suggested that 
thermoregulation and water balance may trade-off in reptiles (Mautz, 
1982). Indeed, recent research on temperate species confirms that water 
loss may constrain thermoregulation, activity, habitat use and distri-
bution (Rato and Carretero, 2015; Ryan et al., 2016; Carneiro et al., 
2017; Sannolo et al., 2018; Rozen-Rechels et al., 2020). Not surprisingly, 
hydric ecophysiology has already been reported to play a prominent role 
in structuring some lizard communities when access to water is 
restricted (García-Muñoz and Carretero, 2013; Osojnik et al., 2013; 
Carneiro et al., 2015; Carretero et al., 2016). 

Some of this ecophysiological evidence comes from lacertids. This is 
a family of generalised lizards, which primarily evolved in the temperate 
climates of what is now Europe, although later diversified to other en-
vironments across Africa and Asia (García-Porta et al., 2019). Lacertids 
remain the dominant squamate group in the Mediterranean region, not 
only in terms of evolutionary diversity but also regarding the variety of 
habitats occupied, from hot desertic regions to high mountains (Arnold, 
1987). Remarkably, these studies found a strong evolutionary signal in 
distribution range, habitat use, activity patterns and ecophysiology. A 
recent phylogenomic reconstruction and biogeographic analysis (Gar-
cía-Porta et al., 2019) suggests that, leaving the stem group of Gallo-
tiinae apart, a major event in the early Eocene split this family in two 
branches, Lacertini and Eremiadini, which both developed cool adapted 
clades that diverged from the rest after the Eocene-Oligocene boundary 
under relatively stable conditions. This deep phylogenetic signal is, 
however, less marked in hydric physiology than in thermal physiology, 
suggesting that adaptation and niche shift are more frequent in the first 
while niche conservativeness and plasticity (e.g. thermoregulation) 
prevail in the second (García-Porta et al., 2019). 

In this evolutionary scenario, lacertid communities in the Western 
Palearctic are complex and their assemblage results from ancient 

overlap and subsequent segregation between the evolutionary lineages 
(e.g. genera) of their components (Arnold, 1987). This ancient niche 
partition makes current competition between lineages less likely than 
within lineages (Seligmann, 2003; Escoriza, 2018). Of the three classic 
dimensions of the ecological niche, food, time and space (Pianka, 1986), 
the latter was once suggested to take precedence in structuring lacertid 
communities (Arnold, 1987). However, since relations between niche 
dimensions are intricate, disentangling them may reveal problematic if 
not artificial. For instance, prey consumption is constrained by micro-
habitat use, activity time and metabolic requirements (Carretero et al., 
2005). Overall, physiology provides a compendium of biological prop-
erties of an organism that can be used to reconstruct its fundamental 
niche projected against the abiotic environment (Kearney and Porter, 
2009; Kearney et al., 2013). In absence of barriers, deviations of realized 
niche from fundamental niche are attributable to biotic interactions, 
including competition (Sillero, 2011). As commented above, the 
contribution of species interactions to the community structure will 
depend on their phylogenetic relationships. However, the environ-
mental context is also relevant. In particular, the same set of species 
inhabiting suboptimal environments (e.g. in terms of temperature and 
humidity) is expected to be less interactive and more limited by the 
abiotic conditions, then revealing their respective historical constraints. 
This is what has been described for mountain communities when 
compared to their counterparts in the plain (MacArthur, 1972; Cun-
ningham et al., 2015). 

Here, we investigate the ecophysiological patterns of a lacertid 
community composed of three mountain species belonging to different 
genera living in sympatry in a high mountain environment from 
Morocco. By combining systematic field observations and lab experi-
ments on well-recognised ecophysiological indicators, Tp and EWL, we 
infer the thermal and hydric aspects of their fundamental niches as well 
as their eventual deviations from realized niche in the field. We 
explicitly test the hypothesis that intrinsic (historical) differences in 
thermal and/or hydric ecophysiology shape the activity and habitat use 
of these species in that community, and whether they mirror their 
biogeographic trends. Based on the deep evolutionary differentiation 
between the species in this community and on the restrictive environ-
ment, we predict substantial ecophysiological differences and little in-
fluence of current interspecific interactions. 

Furthermore, the outcomes of this work are also expected to shed 
light on the vulnerability of lizard species to environmental disturbance, 
namely, climate change and habitat degradation. Specifically, exam-
ining their functional responses to environmental fluctuations instead of 
correlating them will provide better predictions under novel conditions 
(Kearney and Porter, 2009) and more objective species prioritization 
(Ferreira et al., 2016). 

2. Material and methods 

2.1. Study site 

The plateau of Oukaimeden is located in the central block of the High 
Atlas at 75 km south of Marrakesh (31◦12′ N, 7◦52′ W, altitude 2650 m). 
It is characterized by mountainous vegetation rich in endemic species 
(Alaoui Haroni et al., 2009). The bioclimate is of the subhumid Medi-
terranean type, with cold winter variant. Rainfall ranges between 400 
and 500 mm per year and snowfall is important between December and 
March, while summer draught is very short. Freezing days are between 
82 and 139 days per year. The temperatures are rather low, the minima 
in the coldest month average − 2.69 ◦C and the maxima of the hottest 
month average 23.5 ◦C (Alaoui Haroni et al., 2009). 

2.2. Study community 

A lizard assemblage composed of three small-sized lacertids (a fourth 
large species, Timon tangitanus is also present but in very low numbers) 
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inhabits the Oukaimeden plateau. Remarkably, all three species display 
a mountain distribution in Morocco although their altitudinal trends 
differ (Martínez del Mármol et al., 2019). Podarcis vaucheri, belongs to a 
genus with multiple representatives across the Mediterranean Basin 
with one species complex entering the Maghrebian region (Lima et al., 
2009; Kaliontzopoulou et al., 2011). In Morocco, it is found in some 
coastal locations but mostly in mountain ranges with the exception of 
Beni-Snassen and Anti-Atlas (Caeiro-Dias et al., 2018). Scelarcis perspi-
cillata is endemic to the western Maghreb (Morocco and north-western 
Algeria), mostly in mountains, where it constitutes another species 
complex (Perera et al., 2007). Finally, Atlantolacerta andreanskyi is the 
only representative of the genus and endemic to Morocco, with pop-
ulations restricted to the highest peaks of the High Atlas, between 2000 
and 3800 m, and its taxonomy also pends revision (Barata et al., 2012). 

While found in strict syntopy in Oukaimeden, the three species have 
been reported to differ in habitat use with A. andreanskyi occupying 
debris and low vegetation at ground level, S. perspicillata preferably 
using vertical rocky surfaces and P. vaucheri being more eclectic and also 
using human buildings (Busack, 1987; Schleich et al., 1996). Patterns of 
trophic ecology are constrained by lizard body size but essentially par-
allel these spatial trends, with P. vaucheri having a wider trophic niche 
than the other two species (Carretero et al., 2006a). Phylogenetic re-
lationships identify A. andreanskyi as a sister to all other Eremiadini (last 
common ancestor ~60 Mys), while the other two species are Lacertini 
although only distantly related (last common ancestor ~35 Mys) (Gar-
cía-Porta et al., 2019). 

2.3. Sampling and field body temperature of lizards 

Adult lizards of the three studied species were captured in random, 
one-way transects by using nooses for S. perspicillata and P. vaucheri 
(García-Muñoz and Sillero, 2010) and by hand for A. andreanskyi during 
their activity time from 9h00–18h00 GMT during their reproductive 
season between April and May 2017 (Busack, 1987; Schleich et al., 
1996). Within less than 15s upon capture, the cloacal temperature was 
measured using a K-thermocouple probe associated with a digital ther-
mometer (GHM-Greisinger: GTH 1170, precision 0.1 ◦C) for measuring 
the field body temperature (Tb). We recorded the snout–vent lengths 
(SVL) for each individual using a digital calliper (precision 0.01 mm), 
and the body mass (BM) with a digital balance (precision 0.01 g). 

A random subset of lizards representing all three species were kept in 
individual plastic terraria (20 × 40 × 25 cm) for no more than five days 
in captivity with water and food (Tenebrio molitor larvae) given ad 
libitum daily for performing ecophysiological experiments (see below). 
Only adult males were tested to avoid the influences of reproduction, 
body condition and ontogeny (Carretero et al., 2005). The experiments 
of EWL were always performed after experiments of preferred body 
temperature and with an interval of two days in between, when the 
lizards were kept in the terraria. The lizards were fed on the first day and 
fasted the next day before the experiment. At the end of all experiments, 
the animals were released at the exact locations of their capture. 

2.4. Preferred body temperature 

The preferred temperature (Tp) was determined for a total of 56 
adult male lizards (24 A. andreanskyi, 21 P. vaucheri and 11 
S. perspicillata). The experiments were performed in a closed room in the 
field at Oukaimeden to prevent wind and sun from affecting the tem-
perature in the terrarium. Each lizard was placed in thermal gradient 
corridor (Min-Max 13–50 ◦C; 100*30*30 cm) generated by a thermo-
Spotlight100W (HOBBY®), fixed 20 cm above the substrate at one ex-
tremity of the gradient. The minimum and maximum temperatures of 
the thermal gradient were recorded using an infrared thermometer 
pointed to the substrate (FLUKE 572 CF). The bulb was switched on one 
hour before we placed a lizard into the gradient, and two hours before 
the first measurement. The experiments were performed from 

09h00–19h00 GMT, and the Tp was measured each hour by inserting in 
the cloaca (~5 mm) a K-thermocouple probe associated with a digital 
thermometer (GHM-Greisinger: GTH 1170). We limited the between 
catching the lizard and the measurement of the Tp, to no more than 15 s, 
to minimize thermal shifts due to stress or contact with the researcher’s 
hand. 

2.5. Evaporative water loss rate 

For this experiment, our logistical means limited the determination 
of the rates of EWL to 30 adult male lizards (10 A. andreanskyi, 10 
P. vaucheri and 10 S. perspicillata) out of the 56 used to determine the 
preferred temperature. For each individual, we used two small plastic 
boxes (15 × 10 × 3 cm~ 0.45 L). The first one with ventilation holes (in 
the bottom and at the top) where we placed the lizard, then we placed it 
in the second box (without ventilations holes or lid) where we installed 
in the bottom 5 g of silica gel. After that, in groups of five boxes, lizards 
were placed into an opaque and larger box (40 × 30 × 25 cm ~ 30 L) 
where we fixed in the bottom of the lid 100 g of orange silica gel in a bag 
made of gauze. The amount of silica gel used guaranteed a low relative 
humidity (20–30%) inside each box (Osojnik et al., 2013; Carneiro et al., 
2015). Finally, the ensemble was placed in a climatic chamber 
(POL-EKO-APARATUR SP. J type ST3+/ST3+) fixed at 24 ◦C. This 
temperature was selected to allow lizard activity while preventing 
desiccation stress, which may be the case if lizards remain at Tp for long 
periods without chance for thermoregulation (Sannolo et al., 2018; 
Sannolo and Carretero, 2019). The experiment ran from 08h00–20h00 
GMT. Conditions inside the chamber were monitored with a hygrometer 
(Beurer HM 16, precision 0.1%). To standardize both factors, the ex-
periments were conducted under room temperature (~24 ◦C) and low 
humidity conditions (20–30%). Every hour, the lizards were individu-
ally removed from the climatic chamber, weighted together with the box 
using a digital balance (precision ± 0.0001 g; RADWAG, AS 110/C/2), 
and immediately placed back into their respective boxes in the climatic 
chamber. Lizards weights were obtained by subtracting the weights of 
the respective individual boxes, to minimize stress and hyperventilation 
of them, which may increase EWL. The whole measurement procedure 
took no longer than 20 s to let the scale stabilize. 

2.6. Thermal and hydric characterization of habitats 

For thermal and hydric characterization of habitats and micro- 
habitats use (Tracy, 1982; Bakken, 1992; Walsberg and Wolf, 1996; 
Bouazza et al., 2016), we installed 12 iButtom dataloggers (DS1923-F5# 
Hygrochron Temperature and Humidity Data Logger. Maxim Integrated, 
San José, CA, USA, precision 0.001 ◦C, 0.001%) randomly placed in two 
microhabitat types; under rocks, in full shade and on open ground in full 
sun, which were expected to provide an indication of the spectrum of 
environmental conditions available to the lizards during the sampling 
period. To define the thermal conditions of the study area in Oukai-
meden plateau, these dataloggers were programmed to record the site 
temperature and humidity every hour during the entire study period 
(April–May 2017). These data are detailed in Supplementary materials. 

2.7. Statistical analyses 

We first used (co)variance analyses with repeated measurements (AN 
(C)OVA-rm) to determine the variation in Tp according to species and 
time interval (within-subject factor). In the second step, SVL and body 
mass of the lizards were incorporated as covariates to account for the 
effect of size and shape (Ferreira et al., 2016). For water loss experi-
ments, we also used AN(C)OVA-rm to determine the differences in 
instantaneous water loss (EWLi = [(Wn – Wn+1)/W0] where W is the 
weight) between species and time intervals, adding as variables the SVL 
and body masses of the lizards. We also calculated the accumulated 
water loss for the 11 intervals (EWLa = [(W0 - Wn)/W0] where W is the 
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weight) and compared it between species using AN(C)OVA, with also 
SVL and body mass as covariates. Where significant, Duncan’s post hoc 
tests were performed between species pairs to detect any significant 
differences. 

All the analyses were performed in IBM SPSS Statistics version 22.0 
(IBM, 2013). 

3. Results 

3.1. Sampling and field body temperature 

During the period of study, we sampled 356 lizards for the field data 
(152 A. andreanskyi, 119 P. vaucheri and 85 S. perspicillata). The three 
species of Oukaimeden plateau did not differ significantly in their Tb 
(ANOVA, F2,353 = 0.63; p = 0.53), but they were statistically different in 
their SVL (ANOVA, F2,353 = 777.06; p < 0.001) and robustness (weight 
accounting for SVL; F2,352 = 52.81; p = 10− 6). Scelarcis perspicillata was 
the most robust followed by P. vaucheri and finally the most gracile 
A. andreanskyi (Duncan tests, p < 0.001) (Table 1). 

3.2. Preferred body temperature 

The results of the preferred temperature (Table 1, Fig. 1), showed no 
difference between the three Lacertidae species of Oukaimeden 
(ANOVA-rm, species F2,53 = 0.12; p = 0.89; time*species F20,350 = 0.60; 
p = 0.80), but a significant variation among time interval with trend of 
decrease of Tp (time F10,350 = 3.58; p = 0.005). Neither SVL or weight 
had an influence on these results (species F2,51 = 0.26; p = 0.77; time 
F10,510 = 0.80; p = 0.54; time*species F20,510 = 0.60; p = 0.80). 

3.3. Evaporative water loss 

Our analysis of EWLa (Fig. 2) rate as function of species and among 
time interval showed a significant difference (time F12,324 = 160.35; p <
0.001; species F2,27 = 3.38; p = 0.049; time*species F24,324 = 3.26; p =
0.022), with A. andreanskyi having the higher trend of losing water 
followed by S. perspicillata and then P. vaucheri. Rate of EWLi (Fig. 3) 
differed between species and among time interval (time F11,297 = 3.29; 
p = 0.015; species F2,27 = 3.77; p = 0.036) but not for the time profile by 
species (time*species F22,297 = 0.87; p = 0.54), with no clear trends. 
Analysis of EWLt rate by ANOVA test showed a significant difference 
(F2,27 = 3.94 p = 0.031) and that A. andreanskyi have the highest rate 
(mean ± SD %) of 6.34 ± 1.24% followed by S. perspicillata with a rate of 
5.42 ± 2.95%, and by P. vaucheri with the lowest rate of 3.88 ± 1.26%. 

3.4. Thermal and hydric characterization of habitats 

Data of temperature and relative humidity were filtered to retain 
only daytime measurements (08h00 - 18h00; GMT). We found a sig-
nificant difference between typical habitat used (site) by the three 

species and also between microhabitats (position of dataloggers) char-
acterized by the data recorded for both parameters (Temperature, 
month F1,3860 = 128,09 p < 0,001; site of species F2,3860 = 92.76 p <
0.001; position F2,3860 = 929.56 p < 0.001; month*site of species F2,3860 
= 92.92 p < 0.001; month*site of species*position F3,3860 = 103.61 p <
0.001: Humidity, month F1,363 = 269.05 p < 0.001; site of species F1,363 
= 774.17 p < 0.001; position F1,363 = 429.66 p < 0.001; month*site of 
species F1,363 = 9.65 p = 0.002). For both parameters, we found two 
groups one with the locations of A. andreanskyi and the other grouping 
those of P. vaucheri and S. perspicillata. 

4. Discussion 

The hypothesis that the sympatric lacertid species would differ in 
ecophysiology according to their phylogeny and biogeography was here 
confirmed, but only for hydric ecophysiology. Thermal ecophysiology 
was essentially similar across species and, when monitored throughout 
time, it appeared subsidiary to hydric ecophysiology (see below). Also as 
predicted, the use of space and time by the three species suggests ancient 
niche partitioning rather than current competition as main driver of the 
community structure. 

Despite the prolonged independent evolution (~60-35 Mys) between 
all three species, they seem to have developed similar thermal prefer-
ences. Since each species (but especially A. andreanskyi) has closer 
thermophilic relatives in the phylogeny, our results agree with a sce-
nario of convergent adaptation to cold conditions in lacertid lineages as 
proposed by García-Porta et al. (2019). Thus, the high mountain envi-
ronments have likely operated by filtering the occurrence of 
cold-adapted species to assemble the community rather than by pro-
moting thermal adaptation in situ. Remarkably, the thermal preferences 
of the three species in the lab were similarly realized as body tempera-
tures in the field despite the considerable thermal restrictions of the 
environment and the interspecific differences in microhabitat use 
(Schleich et al., 1996). This contrasts with lowland lacertid communities 
often resulting from the admixture of cold- and hot-adapted elements 
inhabiting thermally heterogenous landscapes (Belliure et al., 1996; 
Ferreira et al., 2016; Li et al., 2017; Pafilis et al., 2017; Sagonas et al., 
2017). 

In contrast, the three species clearly differed in their resistance to 
water loss under standard conditions. Atlantolacerta andreanskyi lost 
water the most, P. vaucheri the least and S. perspicillata attained inter-
mediate rates but different from both. Even if the small size of 
A. andreanskyi might have suggested that this was consequence of body 
size and surface/volume ratio (Schmidt-Nielsen, 1997), the intermedi-
ate rate of S. perspicillata, the largest species, contradicted this initial 
conclusion and advocates for interpreting the differences in hydric 
physiology as species-specific. Working at a wide phylogenetic scale, 
García-Porta et al. (2019) concluded that hydric physiology evolved 
faster that thermal physiology in lacertids. Differences in hydric ecology 
between Podarcis species also seem to support this view (Ferreira et al., 

Table 1 
Sample size; mean, maximum, minimum, and confidence interval (CI) of the mean of body mass (BM), snout-vent length (SVL), field body temperature (Tb), preferred 
temperature (Tp), total accumulated evaporative water loss (EWLt) and instantaneous evaporative water loss EWLi calculated for each species, Atlantolacerta 
andreanskyi (Aa), Podarcis vaucheri (Pv) and to Scelarcis perspicillata (Sp).  

Species BM SVL Tb Tp (◦C) EWLa (%) EWLi (%) 

N Mean ± CI Mean ± CI Mean ± CI N Mean ± CI N Mean ± CI Mean ± CI 

Min-Max Min-Max Min-Max Min-Max Min-Max Min-Max 

A. andreanskyi 152 1,96 ± 0,04 44,02 ± 0,41 28,82 ± 0,69 24 31,75 ± 1,34 10 6,34 ± 0,77 0,47 ± 0,11 
1,60–2,60 39,00–50,00 19,2–36,40 13,90–37,00 5,27–8,92 0,17–0,97 

S. perspicillata 85 4,58 ± 0,12 59,86 ± 0,46 28,54 ± 1,09 11 31,64 ± 2,35 10 5,42 ± 1,83 0,37 ± 0,21 
3,40–5,50 55,00–65,00 21,10–36,00 13,50–38,8 1,75–10,39 0,05–1,82 

P. vaucheri 119 2,97 ± 0,12 51,65 ± 0,70 27,90 ± 0,50 21 31,46 ± 1,78 10 3,88 ± 0,78 0,31 ± 0,08 
1,70–4,30 43,00–59,00 23,70–35,20 13,60–37,20 2,16–5,39 0,12–0,79 

Statistical group {Aa} {Pv} {Sp} {Aa} {Pv} {Sp} {Aa, Pv, Sp} {Aa, Pv, Sp} {Aa, Sp} {Sp, Pv} {Aa, Sp} {Sp, Pv}  
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2016; Sannolo et al., 2018), which may be also confirmed by further 
ecophysiological studies within the A. andreanskyi and the S. perspicillata 
complexes. Studies on other lacertid genera also indicate flexibility of 
water loss rates between congeneric species (Carneiro et al., 2017) and 
even between conspecific populations (Sannolo et al., 2020). 

In the field, A. andreanskyi apparently compensated its vulnerability 
to water loss by using more humid habitats, and by restricting its activity 
window (see also Busack, 1987). Differences in the hydric environment 
used by S. perspicillata and P. vaucheri were unclear, although they 
strongly differ in habitat use, foraging strategy and antipredator 
behaviour (Schleich et al., 1996; Carretero et al., 2006a, b; Dam-
as-Moreira et al., 2014). Significantly, preferred temperatures of all 
three species declined throughout time in the experiments and such 
decline was steeper in A. andreanskyi and S. perspicillata. In the field, 
lizards shifted microhabitat selection in the afternoon even when 

thermal conditions were similar to those in the morning. Both sources of 
evidence suggest that, even if water availability is less restrictive in 
mountain environments than in lowlands on a seasonal perspective, 
hydric ecology still constraints daily rhythms of thermoregulation in 
lizards as has already been reported for Mediterranean and arid envi-
ronments (Belasen et al., 2016; Carretero et al., 2016; Sannolo and 
Carretero, 2019). 

Thus, contrary to the initial expectations, hydric ecophysiology 
seems to take precedence over thermal ecophysiology in the organisa-
tion of this mountain community inhabiting a restrictive environment, 
namely, by constraining the activity patterns, habitat use (Schleich 
et al., 1996) and trophic ecology (Carretero et al., 2006a). No apparent 
effects of competition can be inferred from these results although this is 
to be confirmed further experimental work (see Damas-Moreira et al., 
2020). 

Fig. 1. Daily variation of the preferred body temperatures (Tp) of three Lacertidae species. Displayed are mean values and 0.95 confidence intervals.  

Fig. 2. Daily variation of the accumulated water loss (EWLa) of three Lacertidae species. Displayed are mean values and 0.95 confidence intervals.  
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Our ecophysiological results mirror the biogeographic patterns of 
these species in Morocco (Martínez del Mármol et al., 2019), namely, 
that the degree of range restriction paralleled the sensitiveness to 
dehydration across species. In fact, in the correlative ecological models 
of occurrence of these species, precipitation variables contributed more 
than temperature variables, while vegetation cover also carried sub-
stantial explanatory power (Kaliontzopoulou et al., 2008; Martínez--
Freiría et al., 2013). Relevant implications for conservation can be 
derived from these findings. Moroccan mountain lacertids are certainly 
cold-adapted when compared to other species living in lowlands (Gar-
cía-Porta et al., 2019), which makes them vulnerable to global warming 
as lizards worldwide (Sinervo et al., 2010). However, their weak resis-
tance to water loss increases such vulnerability. If warming is accom-
panied by aridification as forecasted by climate change scenarios for the 
next decades in this region (Hijmans et al., 2005), A. andreanskyi and, 
secondly, S. perspicillata will be suffering stronger range contractions 
and population declines than P. vaucheri, and hydric ecophysiology will 
play a role in these processes. In this context, conserving natural habi-
tats, and especially plant cover and water bodies, seems the best man-
agement strategy at local level, while deforestation, forest fires, water 
overexploitation and intensification of agricultural practices will only 
increase such negative trend (Ferreira et al., 2016; Chergui et al., 2020). 
From this perspective, a functional approach based on physiological 
evidence, not restricted to thermal parameters, will improve our un-
derstanding of the current organisation of lizard biodiversity at different 
spatial scales and also of their responses to human disturbance, 
including global change (Huey et al., 2012; Logan et al., 2015; Wang 
et al., 2016; Nowakowski et al., 2018). 
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