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Synopsis Microhabitats provide ecological and physiological benefits to animals, sheltering them from predation and extreme
temperatures and offering an additional supply of water and food. However, most studies have assumed no energetic costs of
searching for microhabitats or moving between them, or considered how the availability of microhabitats may affect the energy
reserves of animals and how such effects may differ between seasons. To fill these gaps, we studied how the body condition
of lizards is affected by microhabitat availability in the extreme environment of the Judean Desert. In particular, we quantified
how vegetation and rock cover in the vicinity of these lizards affect their body condition during summer and winter. First,
we used aerial imagery to map the vegetation/rock cover at two study sites. Next, we collected 68 adult lizards and examined
how their body condition varies across seasons and availability of vegetation and rock cover. In addition, we examined how
vegetation and rock cover may differ in their effective distance (i.e., the distance that best explains body condition of lizards).
We found that lizards body condition was better if they were collected closer to a higher availability of vegetation or rocks.
However, while close proximity (within 10 m) was the best predictor for the positive effect of rocks, a greater distance (up to
90 m) was the best predictor for the effect of the vegetation cover. Moreover, the positive effect of vegetation was 12-fold higher
than the effect of rocks. Interestingly, although the lizards’ body condition during winter was poorer than during summer, the
positive effects of rock and vegetation cover remained constant between the seasons. This similarity of benefits across seasons
suggests that shaded microhabitats have important additional ecological roles regardless of climate, and that they may provide
thermoregulatory benefits in winter too. We also found a synergic effect of vegetation and rock cover on the lizards’ body
condition, suggesting that their roles are complementary rather than overlapping. Our research has revealed the importance
of shade- and shelter-providing microhabitats in both summer and winter. We suggest that proximity to microhabitat diversity
may contribute to better body condition in lizards or, alternatively, facilitates competition and attracts lizards with better body
condition. Comprehending the complex interactions between animals and different microhabitats is critical for developing
better conservation plans, understanding the risks of climate change, and suggesting mitigation strategies.

Introduction
Microhabitats are a key factor in the ability of ani-
mals to flourish in different environments. A high diver-
sity of both sheltered and open microhabitats reduces
competition and increases opportunities for predation

(e.g., ambush predation; Davies et al. 2016) and anti-
predatory behaviors (Jacob and Brown 2000; Jones et
al. 2001; Mandelik et al. 2003). Moreover, microhab-
itats may supply shade or basking surfaces, enabling
animals to maintain their preferred body temperature
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under various environmental conditions (Kearney et
al. 2009; Scheffers et al. 2014). However, these benefits
come with energetic and missed opportunity costs, as
well as increased predation risks (Huey 1974; Huey and
Slatkin 1976; Basson et al. 2017). Most studies, however,
have assumed that there is no energetic cost of search-
ing for or moving between microhabitats (Buckley 2008;
Kearney et al. 2009; Buckley et al. 2010; Levy et al. 2015;
Levy et al. 2016a; Levy et al. 2017). Understanding how
the availability of such microhabitats affects the fitness
of animals is an important milestone in a world suf-
fering from habitat loss and climate change. Empirical
studies can inform us how lower availability can po-
tentially increase the energetic costs of thermoregula-
tion (Sears et al. 2016), food abundance, and predation;
and eventually alter ecological communities (Zeng et al.
2014, 2016).

One of the key roles of microhabitats is to pro-
vide animals with the ability to maintain an optimal
body temperature. In natural habitats, the main ele-
ments that provide thermal and physical shelter for ani-
mals during their activities are physical features, such
as vegetation and rocks. These features also provide
shelter from winds that may increase convective cool-
ing or heating (Porter and Gates 1969; Kearney and
Porter 2009; Ortega et al. 2017). However, the fate
of each microhabitat in a changing environment dif-
fers. Under climate change, the availability of vegeta-
tion cover may decline as habitats become warmer and
drier, especially during the summer at lower latitudes
(Schulz et al. 2011; Levy et al. 2016b; Madani et al.
2018; Zhu et al. 2019; Hantson et al. 2021). In many
habitats, while rocks too may offer thermal shelter to
animals (Schlesinger and Shine 1994; Kearney 2002;
Goldsbrough et al. 2004; Webb et al. 2004; van den Berg
et al. 2015), rocky habitats are also under constant threat
due to habitat degradation and loss to agriculture, in-
dustry, and urbanization. In light of such threats (e.g.,
Wramneby et al. 2010; Levy et al. 2016b; Fitzsimons
and Michael 2017), a better understanding of the re-
lationships between rocks/vegetation and animal pop-
ulations is crucial. The loss of such microhabitats can
increase the distances between shaded patches during
summer, when animals need them the most for ther-
moregulation (Sears et al. 2016). Hence, such reduc-
tion in the availability of shade may reduce the possi-
bilities of thermoregulation and increase the energetic
costs of activity (Attum and Eason 2006). However, we
still lack sufficient information on how such shifts may
contribute to increasing or decreasing animals’ energy
reserves and affect their body condition. Moreover, the
interplay between rocks and vegetation cover as thermal
shelters has hardly been studied, and its understand-
ing is crucial if we aim to develop a better comprehen-

sion of the ability of different types of thermal shelter
to supply the ecological resources needed for animals’
survival.

The relative role of each microhabitat is a conse-
quence of the extent to which an animal benefits from
access to it, not only from thermoregulation but also
from other ecological services such as shelter from pre-
dation or access to more food (e.g., Eifler et al. 2012;
Newbold and MacMahon 2014). In rocky deserts, for
example, animals inhabit areas with both vegetation and
rock cover, and can exploit these microhabitats as a
thermoregulatory resource that enhances their perfor-
mance, and increases their rates of capturing and di-
gesting prey (Shah et al. 2004; Goldsbrough et al. 2006;
Nordberg and Schwarzkopf 2019; Kearney et al. 2021;
Chukwuka et al. 2021). The issue is more complex how-
ever than thermoregulation alone, as these microhab-
itats often play other important roles in the different
ecological systems. For example, both rocks and vege-
tation may offer shelter not only from hot temperatures
but also from predation (Mandelik et al. 2003; Segoli
et al. 2016). Moreover, vegetation cover is an impor-
tant food and water source for many species. Hence,
although these shade-supplying microhabitats may be
considered mostly important during summer as ther-
mal shelters, the multifarious roles of rocks and vegeta-
tion are year-round.

Here, we determined how the availability of veg-
etation and rock cover differentially affects lizards
throughout the two main seasons (summer and win-
ter) in a desert habitat. In particular, we sampled lizards
across gradients of vegetation and rock cover during
these seasons and measured their body condition. We
mapped the availability of rocks and vegetation across
the lizards’ studied habitat and analyzed how their body
condition varied across seasons and according to the
availability of these shade elements. We predicted that if
the main ecological role of rock and vegetation cover is
to provide thermal shelter, the high availability of shade
elements would be beneficial for lizards during the sum-
mer, but would have little or no effect during winter,
when temperatures are cooler and animals may not
need to seek shelter from the heat. Our alternative pre-
diction was that vegetation and rock cover would ben-
efit the lizards during both seasons, since these micro-
habitats also offer other ecological benefits in addition
to enabling thermoregulation. Understanding the inter-
play between habitat characteristics, climatic variations,
and an animal’s ecology and physiology could lead to
a better understanding of how species interact with
their environment, and what habitat features should
be protected or reintroduced in order to help con-
serve vulnerable species under changing environmental
conditions.
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Methods
Study area

We conducted our study in the Judean Desert, a rain-
shadow desert occupying the east-facing slope of the
Judean Mountains in Israel (31◦28′N, 35◦10′E). The
desert’s eastern border is the Dead Sea, which is ∼400 m
below sea level. There are two major habitats in the area
that offer shelter to the local wildlife: rocky habitats,
with rock accumulations that provide shelter in the in-
terstices under and between them, and vegetation habi-
tats, existing almost exclusively near dry river beds or
streams in the area, predominated by perennial desert
shrubs and annual grasses (Moncaz et al. 2012). The
climate is extremely arid, with a mean annual rainfall
below 100 mm in the eastern part of the desert (Baum
and Artis 1966). Thermal conditions vary across sea-
sons and between open and shaded microhabitats. Dur-
ing the summer, ground temperatures in the open range
from 30◦C in the early morning to 44◦C during noon,
with shade cover offering a substantial thermal shelter,
with maximal ground temperatures of 37◦C (Levy et
al. 2016c). Winter temperatures are much cooler, with
ground temperatures reaching 27◦C in the open and
up to 25◦C under shade cover (Levy et al. 2016c). We
sampled lizards at two sites in the region: Nahal Mish-
mar (31◦22′51.1′′N, 35◦22′52.9′′E) and Parking Tse’elim
River (31◦21′04.8′′N, 35◦21′11′′E). Some areas in Na-
hal Mishmar are characterized by a few Acacia raddi-
ana trees and denser vegetation cover (mostly bushes)
than that by the Parking Tse’elim River, which is cov-
ered mostly by rocks and very sparse vegetation. At both
sites, we sampled lizards in locations that vary in the
availability of vegetation and rock cover. To character-
ize the ground temperatures during our study period,
we deployed four miniature temperature loggers (iBut-
ton ds1921 thermochron, Maxim Integrated, San Jose,
CA) on shaded areas (under vegetation cover, n = 2
at each site), and eight in the open (n = 4 at each
site, covered by a small thin stone to avoid direct so-
lar radiation on the logger). Temperature was measured
hourly to the nearest 0.5◦C during both winter (De-
cember 2019–February 2020) and summer (June 2020–
September 2020).

Study animal

We focused our study on the wide-ranging Mesalina ba-
haeldini lizard (Segoli et al. 2002) from the Messalina
guttulata species complex (Sindaco et al. 2018). This
species is a small-sized lizard belonging to the family
Lacertidae. The adults have a snout vent length (SVL)
of males and females of 36–51 and 40–53 mm, respec-
tively (Goldberg 2012) with a body mass of 0.6–3.2 g

when SVL > 31 mm (Orr et al. 1979). The species is
widely distributed across the desert habitats in the re-
gion, including the southern Sinai Mountains, the Is-
raeli Negev and Judean deserts, the West Bank, Jordan,
and northern Saudi Arabia (Sindaco et al. 2018), with
home ranges varying from 100 to 900 m2 lizard–1, with
no differences between males and females or across sea-
sons (Orr et al. 1979). Mesalina bahaeldini are diur-
nal and terrestrial, with specimens foraging for insects
(mainly ants and termites) on the ground near vegeta-
tion and rock substrates, and resting below rocks and
inside burrows during daytime and nighttime, respec-
tively (Orr et al. 1979). The predators of the species
include scorpions [(e.g., Buthus (Leiurus) quinquestria-
tus), centipedes (Scolopendra sp.)], reptiles (e.g., Colu-
ber rogersi), and birds (e.g., Lanius excubitor) (Orr et al.
1979). The activity patterns of the species are limited
by warm and cold temperatures during both summer
and winter, respectively, which together with the avail-
ability of abundant rocks and sparse vegetation cover in
the Judean Desert, make this ecological system an ideal
model for our study.

Body condition measurements

We collected 68 adult specimens of M. bahaeldini by
hand (SVL > 36 mm for males, and > 40 mm for
females, Goldberg 2012) (permits no. 2019/42, 232,
2020/42, 436 from the Israeli Nature and Parks Author-
ity) during summer (June–September; Nahal Mishmar:
n = 14, Parking Tse’elim River: n = 11) and winter
(December–February; Nahal Mishmar: n = 21, Park-
ing Tse’elim River: n = 22) between January 2019 and
December 2020. Since age and reproductive state may
influence the body condition, we only collected adult
males and non-gravid adult females. We were able to
identify the sex of only 47 individuals (males: n = 25,
females: n = 22). For each lizard, we recorded the coor-
dinates (latitude and longitude) of the capture location
using the GPS application “Map Coordinates” (∼1 m
precision). We measured SVL using a digital caliper
(0.01 mm precision, MT-11005x, MUNRO Scientific,
London, UK) and body mass in grams using a spring
scale (to the nearest 0.01 g, 20 g, PESOLA, Schindellegi,
Switzerland). The lizards were then taken to Tel Aviv
University for an additional experiment before being
released back into their natural habitat after 72 h. To
avoid pseudo-replications ( Schank and Koehnle 2009),
the lizards were released ∼1 km from our study sites,
and the location where each lizard had been caught was
not sampled again within a range of ≥100 m until the
next season. We did not mark individuals before release,
so our approach does not guarantee that the sampled
lizards did not return to our field sites and they may
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have been resampled. However, as far as we know, hom-
ing behavior of more than 280 m has never been ob-
served in small lizards (reviewed by Ellis-Quinn and Si-
mon 1989).

To estimate the body condition of each lizard, we
used the “scaled mass index” of body condition, as sug-
gested by Peig and Green (2009):

M̂i = Mi ×
[

SV L0

SV Li

]bSML

,

where for each individual i, Mi is the body mass (g),
SVLi is the body measurement (mm), SVL0 is the mean
SVL across the measured lizards (43.03 mm), and bSML
is the scaling exponent (3.997). The scaling exponent
was calculated by dividing the slope of the linear model
between log-scaled mass and log-scaled SVL by the
Pearson’s r correlation coefficient between the variables.
Finally, the calculated scaled mass index, M̂i, represents
the scaled body mass when the SVL is standardized to
SVL0 (Peig and Green 2009).

Vegetation and rock cover

During summer 2020, we used a mapping drone
(eBee X, SenseFly, Cheseaux-sur-Lausanne, Switzer-
land) equipped with a multi-spectral camera (MicaS-
ense RedEdge-MX Multispectral Camera, Micasense
Inc., Seattle, WA). Controlled by a mapping software
(eMotion, SenseFly, Cheseaux-sur-Lausanne, Switzer-
land), the drone took images of our study sites, which
were used to generate a DSM (Digital Surface Model,
i.e., a 3D representation of the habitat of interest) map,
an RGB orthophoto map, and a map for each spectral
band (blue, green, red, red-edge, and near-IR). To map
the vegetation cover, we used the Normalized Differ-
ence Vegetation Index (NDVI), a commonly used index
of the greenness and vigor of vegetation in each pixel
(Kriegler et al. 1969; reviewed by Huang et al. 2021),
including in desert regions (Dall’Olmo and Karnieli
2002). We then created a vegetation cover map, using
a fixed NDVI threshold value (NDVI > 0.14) to distin-
guish between bare soil and sparse vegetation. To map
rock cover, we used the TERRA filtering algorithm (Pijl
et al. 2020) to extract the Digital Terrain Model (DTM)
from the DSM model of our study sites. Next, we ex-
tracted the height of the above-ground features, the veg-
etation and rock cover, by subtracting the DTM from
the DSM. We then created a map of above-ground fea-
tures, using a fixed height threshold value (>20 cm)
to distinguish between bare ground and above-ground
features that may provide thermal shelter. Finally, we ex-
tracted the rock cover by removing the vegetation pixels
from the above-ground features map.

In order to validate the presence of vegetation cover
and rocks on the generated maps, we compared the
maps to the vegetation and rocks as seen on our RGB
maps, by determining whether those that appeared on
the RGB maps also appeared on the other recipro-
cal map, and corrected the maps accordingly. We per-
formed this validation procedure on all capture loca-
tions of lizards within a radius of 100 m. Maps were cor-
rected using the Serval plugin of the QGIS software.

Next, we extracted the percentage of vegetation and
rock cover around the location of each lizard caught in
the field at various distances from the lizards (10–100 m,
at 10 m intervals). These distances enabled us to esti-
mate the distance at which a lizard is affected by the
presence of each microhabitat (i.e., effective distance).

Statistical analysis

To examine the seasonal differences in ground temper-
atures on shaded and open microhabitats, we fitted a
linear model, with temperature as the dependent vari-
able and season (winter/summer) and thermal shelter
(open/shade) as the factorial explanatory variables. We
used a generalized least squares model, with varying
variances across seasons and shelters to account for het-
erogeneity in the temperature data, using the gls func-
tion of the R nlme package (Pinheiro et al. 2011).

To understand how vegetation and rock cover affect
the body condition of our studied lizards, we fitted a lin-
ear mixed-effects model, with body condition as the re-
sponse variable, season as categorical factor and the per-
centage of thermal shelters (vegetation and rock cover)
as continuous covariates. We included the study sites
(Parking Tse’elim River and Nahal Mishmar) as a ran-
dom factor to account for a possible variation between
sites. To account for heterogeneity in our data (less vari-
ation at high vegetation cover), we introduced an expo-
nential variation structure into the model (Zuur et al.
2009). We used the model in a two-stage approach, in
which we first searched for the effective distance (i.e.,
the distance of the vegetation and rock cover from the
lizards that best explained their effect on body condi-
tion), and then explored how each explanatory variable
affects the body condition at these effective distances.
We did not include sex as a factor in our analysis since
the sex of 21 individuals (31% of our dataset) was un-
known, and similar testing with the remaining individ-
uals (n = 47) did not show a significant effect of sex on
stage 1 of the analysis (test not shown).

For the first stage, we fitted full linear models with
all explanatory variables and all possible combinations
of vegetation and rock cover (100 possible models over-
all). For each of these models, we used Akaike Informa-
tion Criteria for small data sets (Burnham and Ander-
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son 2002) to select the model that best explains the body
condition, using the dredge function from the MuMIn
R package (Bartoń 2020). We then identified the model
that performed the best (lowest AICc), and the distances
of the vegetation and rock cover that were used to fit
this model. In the second stage, we selected the sig-
nificant explanatory variables using Bayesian statistics,
due to the observational nature of the data (Anderson
et al. 2000). We first fitted the full model, with the ex-
planatory variables, random factor, and variance struc-
ture as described above. We ran the statistical model
using a Markov chain Monte Carlo (MCMC) simula-
tion implemented in the JAGS computer program ver-
sion 4.3.0 (Plummer 2017) using the r2jags R package
(Su and Yajima 2021). We used non-informative priors
for all model parameters. The MCMC simulation was
first run for 100,000 iterations, and we calculated the
mean parameters’ estimation (with standard deviations
and 95% confidence intervals [95% CI]) after an addi-
tional 200,000 iterations and tested the convergence of
each model parameter. We then simplified the model
using stepwise backwards selection. Plots of residuals
versus fitted values and every explanatory variable were
checked for any violations of model assumptions. All
statistical analyses in this study were performed in R
4.1.2 (R Core Team, Vienna, Austria) using the RStudio
1.4.1106 (RStudio Inc., Boston, MA, USA) interface. We
report mean ± SD of our collected measurements and
parameter estimations.

Results
The collected lizards (n = 68) varied in their SVL
(43.04 ± 3.01 mm, 36.3–51.8 mm), body mass
(1.78 ± 0.45 g, 0.7–2.8 g), and the calculated scaled
mass index, M̂i (1.78 ± 0.39 g). In the open habitat,
ground temperatures varied from 38.3 ± 2.5◦C in the
summer to 20.4 ± 1.6◦C during winter (winter effect:
–17.9 ± 1.5 ◦C , t = –11.7, P < 0.001; Fig. 1). During
summer, shade temperature was lower by 5.9 ± 1.3◦C
than in the open (shade effect: t = –4.4, P = 0.0013),
whereas there was no similar effect of shade in the win-
ter (shade × winter interaction: 6.8 ± 2.1 ◦C, t = 3.3,
P = 0.0078; Fig. 1).

During our first stage of the statistical modeling,
we found that the effective distances, as suggested by
our AICc scores, were up to 10 and 90 m for rocks
and vegetation cover, respectively. The worst model
(�AICc = 25.7) produced effective distances of no
greater than 10 and 20 m for vegetation and rock cover,
respectively. All models that performed almost similarly
to the best model (�AICc < 2) had an effective distance
of up to 10 m for rock cover, and either 80 or 100 m
for vegetation cover, suggesting that the impact of rock

Fig. 1 The temperatures under shaded (black) and open (orange)
microhabitats throughout the year in the desert. Each point and
error bars represent the mean and SD of the temperatures for
each month, respectively.

Fig. 2 Examples of the variation in landscape at the effective
distances of the captured lizards. Top panels show two locations
with low (left panel: <1%) and high (right panel: ∼10%) availability
of vegetation cover; bottom panels show two locations with low
(left panel: ∼0%) and high (right panel: ∼24%) availability of rock
cover (above 20 cm height). Circles are drawn at 90 m and 10 m
radius for vegetation (top panels) and rock (bottom panels) cover,
respectively.

cover is strongest at close proximity to the lizard’s home
range, while that of vegetation cover reaches much far-
ther than an individual lizard’s home range (>17 m ra-
dius; Orr et al. 1979). Our collected lizards varied in
the availability of vegetation and rock cover at these
effective distances (Fig. 2), with an average (± SD) of
1.81 ± 2.00%, and 8.63 ± 9.52% for vegetation and rock
cover, respectively.
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Fig. 3 Higher availability of vegetation and rock cover enables
lizards to acquire higher body condition. The figure presents the
significant relationships found in our statistical model between
scaled mass index and vegetation (A) and rock (B) covers during
summer (orange) and winter (black). Solid line = mean slope;
dashed line = 95% CI of slopes; points = lizards’ body condition.

During the second stage of our statistical modeling,
our statistical Bayesian model revealed that body con-
dition (M̂i) was higher for lizards that had more vegeta-
tion and rock available within their effective distances.
In particular, M̂i increased by 0.008 ± 0.004 g (95% CI
[0.0003, 0.016]) for every 1% increase in rock cover, and
by 0.057 ± 0.011 g (95% CI [0.037, 0.078]) for every 1%
increase in vegetation cover (Fig. 3). Importantly, the
effect of vegetation cover was 12.3-fold higher than the
effect of rock cover (95% CI [1.9, 36.9]). We also found
a positive interaction between vegetation and rock
cover, in which for every 1% increase in vegetation or
rock cover, the positive effect of the other microhabitat
increased by 0.003 ± 0.001 g per 1% increase (95%
CI [0.0001, 0.006]) (Fig. 4). The body condition of
lizards was lower by 0.149 ± 0.074 g during the winter
(95% CI [–0.292, –0.003]), but with no interaction
with vegetation cover (mean ± SD–0.098 ± 0.166,
95% CI [–0.223, 0.414]), rock cover (mean ± SD–
0.230 ± 0.209 g, 95% CI [–0.179, 0.637]), or both

Fig. 4 Higher availability of vegetation and rock cover synergically
improves lizards’ body condition. The figure presents the
significant interaction found in our statistical model between
scaled mass index and the vegetation and rock cover. Under low
vegetation cover the positive impact of rock cover is much lower
than under high vegetation cover. Similarly, higher rock cover
substantially strengthens the positive impact of vegetation cover.
Colors represent the predicted scaled mass index of lizards.

(mean ± SD–0.236 ± 0.353 g, 95% CI [–0.444, 0.916]).
Regardless of season, vegetation, and rock cover, the
body condition of lizards was lower by 0.06 ± 0.01 g
per 1 mm increase in SVL (95% CI [–0.079,
–0.042]).

Discussion
The findings from our study provide evidence regarding
the importance of access to vegetation and rocks during
both summer and winter in order to maintain a good
body condition in the studied lizards. In an extreme en-
vironment such as the Judean Desert, the access to these
shade elements in the vicinity of the lizards substan-
tially improved their body condition during both sum-
mer and winter in various ways, with a 12-fold stronger
effect of vegetation cover than of rocks, and a synergic
effect of the two. The lack of seasonal variation in these
effects on the body condition supports our alternative
hypotheses. In particular, the contribution of rocks and
vegetation lies beyond that of thermal benefits alone, in
providing other ecologically important services during
both summer and winter.

The effective distance for the contribution of vegeta-
tion cover was up to 90 m. Interestingly, this distance is
much greater than that of a lizard’s home range (17 m
radius or 900 m2, Orr et al. 1979), suggesting that the
lizards benefiting from vegetation do not only use it for
shade. As a primary producer, vegetation has an impor-
tant role in ecological systems, providing indirect ben-
efits for distant animals that may never physically reach
it. It is possible that the shade and food provided by
vegetation determine nearby prey abundance (Johnson
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2000; Borkhataria et al. 2012; Guenat et al. 2017) such as
insects, reducing the lizards’ energetic costs of searching
and increasing their foraging efficiency (Belliure et al.
1996; Attum and Eason 2006; Kearney et al. 2021). For
example, in our study system, herbivorous ants (Myr-
micinae) and termites (Isoptera), the main prey items
for M. bahaeldini, may travel up to 50–100 m to reach
their food (pers. obs.), exposing themselves to preda-
tion (Orr et al. 1979). Mesalina bahaeldini, whose home
range lies within the path of these insects, will thus in-
directly benefit from the proximity to vegetation.

The effective distance for rock cover was much
shorter, only up to 10 m, suggesting that the ecologi-
cal role of rocks functions only in close vicinity to the
lizards, unlike the vegetation cover. In particular, lizards
may directly benefit from rock cover as a physical shelter
from the harmful effects of the high temperature in the
desert summer, enabling them to effectively thermoreg-
ulate and maintain optimal temperature, reducing the
costs of missed opportunities for basking (Basson et
al. 2017), and enabling more efficient foraging and di-
gestion (Melville and Schulte 2001; Amo et al. 2007;
Monasterio et al. 2010). Moreover, a high availability of
rocks may also shorten the lizards’ escape distance when
encountering predators, enabling them to exploit their
home range under high predation risks (Huey 1991;
Amo et al. 2007; Pietrek et al. 2009; Monasterio et al.
2010; Newbold and MacMahon 2014).

The positive synergistic effect of vegetation and rock
cover on the body condition of lizards suggests that
their roles are more complementary than overlapping.
It is possible, for example, that the role of vegetation is
more indirect than direct, as it mediates food availabil-
ity, while that of rocks is more direct, offering shelter
from unfavorable temperatures and predation. While
such complementary interactions have rarely been stud-
ied and observed in nature, here we provide evidence
that by focusing on one type of microhabitat alone,
we may inadvertently underestimate the importance of
others. In order to increase and improve conservation
efforts or carry out sustainable habitat modifications in
a particular area, we should therefore develop a bet-
ter understanding of the effects of the natural micro-
climates in that area. Using high-resolution drone im-
agery, we were able here to accurately map the micro-
habitats at a resolution of centimeters, which is rele-
vant for small animals such as lizards and arthropods
(Pincebourde and Woods 2020). With the increasing
availability of these aerial technologies, such mapping,
together with on-the-ground animal surveys, can sig-
nificantly improve our ability to accurately map the mi-
crohabitats in natural ecological systems and analyze
the importance of different microhabitats for the ani-
mals that occupy them.

During winter, the body condition of the studied
lizards was poorer, regardless of the local availability of
vegetation and rocks. This decline in body condition
suggests that in winter lizards either suffer from lower
prey availability, as previously observed by Vonshak et
al (2009) for this area, or lower opportunities for ther-
moregulation, since temperatures are mostly below the
optimal temperature for lizards, slowing their foraging
and digestion rates (Cowles 1941; Huey et al. 2021).
The winter ecology of reptiles has been little studied,
and here we provide evidence that even in the desert,
where summer is considered the harshest climate sea-
son, the relatively cold temperatures of winter may drive
ectotherms to a slower pace of energy acquisition and
a negative energy balance that eventually reduce body
condition regardless of access to microhabitats. Alter-
natively, the poorer body condition may represent a loss
of energy storage for reproduction, at least for females
that invest much energy in producing eggs. Neverthe-
less, even during winter, both vegetation and rock cover
had the same effect on body condition of lizards as dur-
ing summer. Thus, lizards whose home range was in
close proximity to vegetation and rocks displayed a bet-
ter body condition than those with less access to such
cover.

This lack of seasonal effect on the interaction be-
tween shade cover and seasonality indicates the com-
plexity of the forces that together shape body condi-
tion in desert lizards. Although both the opportunity
to thermoregulate and prey abundance are lower dur-
ing winter, a high availability of microhabitats (rock and
vegetation cover) nonetheless increases the chances of
encountering prey and reaching optimal body temper-
ature. It is possible that these microhabitats thus of-
fer lizards the ability to avoid predators (Huey 1991;
Downes and Shine 1998; Newbold et al. 2014), while
increasing the availability of prey species in both sea-
sons (Newbold and MacMahon 2014; Luna-Gómez et
al. 2017; Giménez Gómez et al. 2018; Bajaru et al. 2019).
Moreover, rocks may also promote basking and passive
warming during the winter by enabling lizards to ad-
just their body angle towards the sun and maximize
solar radiation intake (Martín et al. 1995). Rocks and
vegetation can also offer shelter from wind, enabling
lizards to minimize unfavorable conductive heat ex-
change (Porter and Gates 1969; Ortega et al. 2017). Al-
ternatively, if a lizard’s home range does not shift be-
tween seasons, the animal’s better body condition dur-
ing winter could be the result of the benefits obtained
from these microhabitats during summer. Competition
over such microhabitats might also lead to dominant
lizards excluding subordinate ones, although no inter-
ference competition has been observed in the species
(Orr et al. 1979).
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The findings from our study reveal the need to fur-
ther explore how the diversity of microhabitats affects
the physiological state of animals, from individuals
to populations and communities. Although we found
a strong effect of microhabitat on body condition in
our studied lizards, it is clear that the provision of
thermal shelter is only one aspect of the various factors
in the ecological system that may also affect body condi-
tion. Hence, we emphasize the importance of measuring
additional variables, such as prey abundance near the
shaded animals, since this may explain an indirect ef-
fect of shade. Moreover, to better understand the degree
to which animals exploit shade, we need improved em-
pirical tools, such as bio-tracking loggers that can cap-
ture thermoregulation via light-level sensors (Williams
et al. 2020). For example, the fact that we have found a
substantially smaller number of lizards during summer
may have limited our analysis to lizards that are less sen-
sitive to warm conditions and spent less time hiding in-
side thermal shelters. Better tracking tools will decrease
such detection biases and enable more robust measure-
ments of how changes in shade and food availability af-
fect body condition of the same individuals over time.
Finally, our study was limited to adults only, but shade
availability may also affect earlier life stages and repro-
ductive success. It is possible, for example, that animals
compete over rocks and vegetation and that individu-
als with better body condition are able to establish their
home range closer to vegetation and rocks. We sug-
gest that measuring an animal’s body condition at ear-
lier life-stages and in different reproductive states (e.g.,
gravid vs non-gravid females) can help us to understand
how seasonal changes and variations in climate across
ontogeny and across time may affect body condition
(Dunham 1978; Durst et al. 2008; Bang and Faeth 2011).
These potential further studies may shed more light on
the impact of microhabitats and seasonality on the en-
ergy reserves of desert species.

In conclusion, our research has demonstrated the
importance of shade and of shade-providing elements,
such as vegetation and rock, as ecological resources. We
have shown that the seasonal changes observed in the
body condition of our studied lizards are not related
solely to shade availability in the desert. The high level
of complexity resulting from the interactions between
the various factors demonstrates the extent to which
several factors may contribute to shaping the energetic
budget of animals in an extreme environment. Our re-
sults suggest that we may be oversimplifying assump-
tions if we treat shade as mere shade and nothing more;
and that we also need to account for the ecological roles
of the shade-supplying elements. Under climate change,
the availability of shade in many habitats will directly af-
fect the thermoregulatory responses of various species

(Kearney et al. 2009; Sinervo et al. 2010; Kearney 2013).
Consequently, there is a need to assess the significance
of shade availability for animals in ensuring the stabil-
ity of ecological interactions in the desert system, in or-
der to better predict the biological impacts of climate
change.
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