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Abstract. The knowledge of a species’ spatial ecology is essential for its conservation as it helps to implement targeted
protection measures to suitable habitats. In 2011 and 2013, two French populations of ocellated lizards Timon lepidus were
monitored through very high frequency (VHF) radio telemetry in two distinct Mediterranean habitats: a 77 ha scrubland (n =
8) and a 1590 ha semi-arid steppe (n = 11) corresponding to a heterogeneous and homogeneous habitat respectively. The
variability in spatial estimates for the seasonal habitat use of the ocellated lizard was compared within the two sites using
the Autocorrelated Kernel Density Estimation (AKDE). Recursive movement patterns and spatial repartition of shelters were
further assessed to study the habitat influence on the species’ space use. No significant differences between sexes or sites were
identified in the computed AKDE ranges. This inter-site approach demonstrated higher shelter revisits in core-areas than in
the rest of estimated home ranges for both sites. A higher shelter density was observed in the core areas of the lizards than in
the rest of their home-ranges for the Mediterranean scrubland but not for the semi-arid steppe. Such findings might attest to
the species’ adaptive capabilities within two distinct Mediterranean ecosystems.

Keywords: autocorrelated kernel density estimation, habitat structure, Lacertidae, Mediterranean ecosystems, recursive
movements, spatial ecology.

Introduction

Understanding the spatial ecology of a species
is a crucial step for its conservation, as it helps
to target and select the most suitable habi-
tat to implement effective protection measures
(Law and Dickman, 1998). A deeper insight
into spatial ecology further sheds light on the
numerous factors shaping a home range, which
refers to the entire area within which an indi-
vidual moves to find food, retreats and mates
(Rose, 1982). Nevertheless, few studies focus
on animal’s tendency to return to previously vis-
ited locations (i.e., shelters, breeding grounds,

nesting sites, etc.; Berger-Tal and Bar-David,

2015), also called recursive movement patterns.

Such behaviour is seen at different spatial scales

according to the animal’s behaviour (i.e., flow-

ers for bees; large patches of vegetation for

ungulate herbivores) and its knowledge allows

the identification of strategic spatial units for

the conservation of species (i.e., feeding area,

shelters network, predator avoidance area, etc.)

(Fryxell et al., 1988; Ohashi and Thomson,

2009).

Location-based tracking using embedded ani-

mal’s sensors has greatly expanded in recent
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years, providing high resolution data and move-
ment trajectories for many animal species
(Kays, 2015). Large animals (elephants, tigers,
sharks, whales, etc.) are able of carrying rela-
tively heavy and cumbersome equipment (e.g.,
Argos satellite Doppler-based positions, Global
Positioning System, etc.) and benefit from the
most efficient and precise technologies. In con-
trast, studies dealing with lighter animals with
limited weight transport capacity rely heavily
on very high frequency (VHF) radio teleme-
try, using short-range transmitters with low bat-
tery life (Kenward, 2000; Thomas, Holland
and Minot, 2011). Beside an increasing focus
on animal movement study and technological
improvement of carried devices miniaturisa-
tion, data on smaller-sized animals with limited
detection probabilities is still scarce (Crane et
al., 2021). Such disparity is further explained
by the challenge of attaching and maintaining
tracking devices on these animals over a long
period to provide high quality data with a min-
imal disturbance of tagged animal’s biological
traits.

Reptiles are the most diverse terrestrial ver-
tebrate group and one of the most endan-
gered clades at a global scale (Gibbons et al.,
2000; Böhm et al., 2013). Yet, they suffer from
deprived attention in animal movement stud-
ies. Saurian in particular represents the lesser
known group within reptiles with only 5%
(28/564) of genera being studied (Crane et al.,
2021). The lack of knowledge on the spatial
ecology of reptiles prevents smart conservation
measures (e.g., protection of habitat particularly
suited to the physiological needs of a species)
(Imansyah et al., 2008; Böhm et al., 2013),
which could benefit a whole range of biodiver-
sity, especially when targeting umbrella species
(Roberge and Angelstam, 2004).

The ocellated lizard (Timon lepidus) is an
umbrella species typical of open Mediterranean
environment, among the largest European lizard
species. French populations of this species
have declined considerably over the last few
decades (Cheylan and Grillet, 2003, 2005),

echoing a general biodiversity loss from semi-
arid Mediterranean landscapes threatened by
reforestation (Preiss, Martin and Debussche,
1997; Debussche, Lepart and Dervieux, 1999;
Prodon, 2000; Sirami et al., 2010). The ocel-
lated lizard is considered as vulnerable at
the national level (UICN France, MNHN and
SHF, 2015) and benefits from a national action
plan to halt population decline (Thirion and
Doré, 2012; Thienpont, 2020). As such, the
main threat for this species is identified to be
the disappearance of agro-pastoralism habits,
which maintain open vegetation environments
and habitat connectivity (Cheylan and Gril-
let, 2003), while extensive urbanisation fur-
ther exacerbates populations’ fragmentation and
habitat destruction (Doré, Cheylan and Grillet,
2015).

The studies conducted so far on this species
mainly relate to trophic ecology (Hódar, Cam-
pos and Rosales, 1996; Salvidio et al., 2006;
Thirion, Grillet and Cheylan, 2009; Tatin et
al., 2013), geographical range (Salvidio et al.,
2004; Cheylan and Grillet, 2005; Renet et al.,
2018) and microhabitat selection (Castilla and
Bauwens, 1992; Díaz, Monasterio and Sal-
vador, 2006; Grillet et al., 2010). Only two
published studies attempted to estimate home
ranges of the ocellated lizard (Salvador, Veiga
and Esteban, 2004; Piazzon et al., 2012) but the
used methods (i.e., Minimum Convex Polygon
and Kernel Density Estimation) are not deal-
ing with spatial autocorrelation and are thus
not considered suitable anymore for herpeto-
fauna (Row and Blouin Demers, 2006; Averill-
Murray, Fleming and Riedle, 2020; Crane et
al., 2021), in light of new spatial ecology tools
(Fleming et al., 2015; Noonan et al., 2019).

In order to study the spatial ecology of
the ocellated lizard, a study using VHF radio
telemetry was conducted in 2011 and 2013
among two French populations of ocellated
lizards in two distinct Mediterranean habitats:
A scrubland (site A) displaying heterogeneous



Spatial ecology of the ocellated lizard 3

habitats and a semi-arid steppe (site B) display-
ing numerous stone piles erected by man dur-
ing the Second World War. The objectives were
two-fold: First, to assess the variability in spa-
tial estimates for the seasonal habitat use of
the ocellated lizard within the two sites using
the Autocorrelated Kernel Density Estimation
(AKDE). Second, to explore the habitat influ-
ence on the spatial use of the ocellated lizard
from recursive movement patterns and spatial
repartition of shelters.

Material and methods

Study sites

The two ecosystems studied (site A and B) present impor-
tant singularities in their landscape composition and struc-
ture.

Site A covers a 77 hectares area located on the Etoile
hill in the Bouches-du-Rhône department, at the east of
the Rhône valley and the Camargue delta (fig. 1). This site
is characterised by scrublands (38 hectares, 48% of the
total area) of various rosemary (Salvia rosmarinus), kermes
oak (Quercus coccifera), shrubby hare’s-ear (Bupleurum
fruticosum) and Provence’s gorse (Ulex parviflorus). The
site is also characterised by closing scrubland from Aleppo
pines (Pinus halepensis) recolonisation (28 hectares, 37%),
while cultures (olive trees, almond, fig), open fields and
plantations cover the rest (11 hectares, 14%). The climate
is typically Mediterranean with a mean annual temperature
of 16°C (maxima in July and August) and an annual low
rainfall of 470 mm (maxima in October and November)
(ONF, 2004).

Also located in the Bouches-du-Rhône department at
50 km from site A, the site B area covers 1590 hectares
from the 7400 ha of the Crau plain national nature reserve
(fig. 1). The natural habitat of the Crau plain represents
the former delta of the Durance River which became a
Mediterranean semi-arid steppe fragmented into several
patches that totalize 11 000 hectares. The 7400 ha reserve
are grazed each year by 40 000 sheep, which allow a
very low vegetation cover to be maintained (Dutoit et al.,
2011). The climate is Mediterranean with high inter-annual
variability, low rainfall (400–500 mm per year, maxima in
spring and autumn), long hot summers and mild winters
(mean annual temperature 14°C) (Tatin et al., 2013). The
landscape is scattered with thousands of stone piles built
during the Second World War in order to avoid planes from
landing. These stone piles now represent shelter and basking
sites for the ocellated lizard (Tatin et al., 2013).

Animal captures and equipment

The analyses included a total of 19 adult ocellated lizards
captured opportunistically by hand within their habitats

starting in May 2013 for site A and in April 2011 for
site B. Morphometric data of the captured individuals were
recorded with a measuring tape (precision ± 1 mm) for
Snout-Vent Length (SVL) and a 300 g spring scale Pesola®

(precision ± 0.3%) for body mass. Five males and three
females were captured and monitored at site A. Four males
and seven females were captured and monitored at site B.
At site A, the mean mass of females (n = 3) was 170.0 g
(± SD 20.0, min = 150.0, max = 190.0) and the mean SVL
was 18.8 cm (± SD 2.0, min = 16.5, max = 20.0). The
mean mass of males (n = 5) was 226.7 (± SD 58.9, min =
150.0, max = 300.0) and the mean SVL was 19.1 cm (±
SD 2.2, min = 16.4, max = 20.9). At site B, the mean mass
of females (n = 7) was 149.9 g (± SD 23.2, min = 122.0,
max = 191.0) and the mean SVL was 16.6 cm (± SD 7.5,
min = 15.8, max = 17.9). The mean mass of males (n =
4) was 173.0 g (± SD 14.9, min = 162.0, max = 194.0)
and the mean SVL was 16.8 cm (± SD 5.4, min = 16.1,
max = 17.4). Differences in SVL and mass between sexes
and between sites were explored by a comparative approach
with non-parametric tests (Wilcoxon tests).

The transmitters used for this study were very high
frequency (VHF) radio elements (thereafter named “tags”)
composed of a box (32 × 13 × 5 mm) and a flexible antenna
(20 cm length and 0.52 mm diameter, Biotrack Pip3). The
weight of the device was 2.68 g which is less than 5%
of average body mass of adult ocellated lizards (Mateo,
2011), a commonly yet arbitrary weight limit to minimise
the device’s impact on animal behaviour (Kingsbury and
Robinson, 2016). Tags were attached by a backpack to
the lizard’s body following a method used previously for
several species of reptiles (Warner, Thomas, and Shine,
2006; Van Winkel, 2008) and applied by Chabanier et al.
(2012) to the ocellated lizard. Tensoplast bands (elastic and
cohesive) were used to design a backpack functioning like
a skin-tight tee-shirt allowing free movements of forelimbs
and thorax (for breathing). As critically advised by several
authors (Kenward, 1987; White and Garrott, 1990; Samuel
and Fuller, 1996), tags were tested for signal reception
range before attachment to the animals. Signal reception
was accomplished by a Biotrack® Sika receiver and a Yagi
antenna (3 flexible elements). When an individual lost its
tag, it was either recaptured and equipped with the same
tags or a new individual was captured instead then equipped
with the lost tags. Individual recognition was based on the
arrangement of cephalic scales and blue spots on the flanks
from photos of each individual. Individuals were labelled as
TIMLEP (Timon lepidus) followed by the site (A or B) and
a digit.

Capture permits were obtained for the two sites stud-
ied by the French Government (permit numbers: 2011077-
0002, 2013109-0002).

Data collection

The radio telemetry study was conducted in 2013 from May
2 to July 17 for site A (77 days) and in 2011 from April 4
to May 31 for site B (57 days). These monitoring periods
correspond to the maximum activity of the ocellated lizard
which extends in the Mediterranean region from April to
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Figure 1. Location of the two study sites in south-eastern France. Site A: Etoile hill and Site B: Crau plain.

June followed by a slow-down in July and August, the most
dried months (Vacher and Geniez, 2010).

Individuals were radio tracked from 8 am to 6 pm.
Individuals were first detected from a distance with 10 × 42
binoculars and then geolocated in order to avoid any related
influence on behaviour. Position was recorded in Lambert
93 coordinate system using a Garmin GPS (precision of 5
meters), as well as date and time of the day.

Seasonal home range estimation

Spatial patterns of ocellated lizards were assessed using
Autocorrelated Kernel Density Estimation (AKDE) (Flem-
ing et al., 2015). This home range estimation method based
on continuous-time movement modelling represents a more
reliable estimator than traditional Minimum Convex Poly-
gon (MCP) and Kernel Density Estimation (KDE). These
latter do not adequately tackle the interdependence of points
(Fleming et al., 2015). AKDEs are robust in the face of data
gaps (Fleming et al., 2019; Averill-Murray, Fleming and
Riedle, 2020) therefore a well-adapted method for manual
radio-tracking datasets that often present data gaps due to
irregular sampling. AKDE is now widely used for the mon-
itoring of several animal species (e.g., mammals: Wilson-
Aggarwal et al., 2020; Meyer et al., 2021, reptiles: Hib-
bitts et al., 2021, birds: Mitchell, White and Arnold, 2019;
Maphalala et al., 2020). It suits well for estimating the
home ranges of reptiles because of their sedentary behaviour
(Averill-Murray, Fleming and Riedle, 2020; Crane et al.,
2021).

Both the seasonal home range area at 95% AKDE and
the core area of the animal at 50% AKDE were com-
puted. The core area represents the most frequently occu-
pied part of the home range (i.e., a clustered point pat-
tern) (Powell, Zimmerman and Seaman, 1997). Corrections
for irregular sampling design and small sampling size in
the data were performed using the pHREML (perturba-
tive Hybrid Residual Maximum Likelihood estimation) and
wAKDEc (weighted AKDE) methods following the guide-
lines proposed by Silva et al. (2021). The pHREML method
was intended to mitigate small sample size biases. The
wAKDEc method was used to correct irregularities in the
sampling design (i.e., missing data or irregularity in the
frequency of sampling) (Fleming et al., 2019; Silva et al.,
2021). In order to substantially reduce the above-mentioned
biases, parametric bootstrap method was applied in addi-
tion to pHREML wAKDEc method on each individual with
extremely small effective sampling size (i.e., degree of free-
dom area <5). (Fleming et al., 2019; Silva et al., 2021).
Effective sampling size is characterised by the tracking
duration divided by the number of home range crossings
the animal undertook. To visually inspect the autocorrela-
tion structure of the location data, estimated semi-variances
as a function of time lag were plotted for each lizard. Var-
iograms of individuals exhibiting home-range behaviour
(i.e., meeting the range residency assumption for AKDEs
use), and thus presenting a so-called stable home range,
show an asymptote on the timescale corresponding to the
home-range crossing time. On the other hand, non-range
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resident individual variograms do not approach any asymp-
tote and are therefore described as displaying an unstable
home range. Analyses were carried out in R version 3.5.2
(R Core Team, 2019) using the ctmm package (Fleming
and Calabrese, 2019) excluding individuals with an unstable
home range (i.e., the range residency assumption necessary
for home range estimation was not met). AICc was used to
select the best fitting continuous-time movement model for
each individual.

Density and spatial organisation of the shelters

In site A, the shelters for the ocellated lizard were accounted
for and geolocated through field investigation over the 77
hectares of the studied area. The 400 shelters identified as
such were categorized as either rocks, low walls, thick-
ets, stumps or burrows, preferably known to be used by
the ocellated lizard (Grillet et al., 2010). The number of
shelters at site B were investigated through QGIS (ver-
sion 3.8.3) (QGIS Development Team, 2021) by visual-
ization of high resolution satellite pictures (Orthophotog-
raphy, 2009, Bouches-du-Rhône; http://geoservices.crige-
paca.org/geoserver/crige_ortho/wms) of the studied area, as
stone piles are highly visible from the air. Shelter density at
both sites for each home range deemed stable was then esti-
mated by making the ratio between the number of shelters
and the corresponding AKDE range for the three surfaces
considered (i.e., 50% AKDE, 95% AKDE and 50% to 95%
AKDE) (supplementary table S1). In the same way, mean
distances between shelters were further investigated through
QGIS by averaging all distances measured between closest
shelters within AKDE ranges (supplementary table S1).

Auto-correlated kernel estimated ranges and habitat
structure analyses

Although SVL and mass were collected from tracked indi-
viduals, the small amount of data did not allow an explana-
tory approach using linear models to assess which vari-
ables influenced home range size (Jenkins and Quintana-
Ascencio, 2020). Even if both study sites are strongly asym-
metric in surface area, they were investigated through a
descriptive and comparative approach using non-parametric
tests (Wilcoxon tests) looking for intra and inter-sites statis-
tical differences between core-areas and home-range areas.
Since some differences in home range size between sexes
for Lacertidae were shown in the literature, with males
having larger ranges (Brown, Gist and Taylor, 1995; Sal-
vador, Veiga and Esteban, 2004), the effect of sex on home-
range (95% AKDE) and core area (50% AKDE) ranges was
also explored. Shelter density and distance between shelters
were compared between the two sites with Wilcoxon tests.
Shelter density and distance between shelters within sites
were further compared between the 50% AKDE and the
rest of the home range (i.e., the home range interval from
the 50% AKDE band to the 95% AKDE band) in order to
investigate the difference in habitat structure.

Recursive movement patterns

The analysis of recursive movement patterns was based on
revisits (i.e., the number of successive visits of a shelter
by the same individual) for individuals with a sample size
large enough to highlight the regular use of a shelter with
the considered behaviour of interest (Bracis, Bildstein and
Mueller, 2018a). In this case, individuals with above 30
observation points (three females and two males at site A
and three females and one male at site B) were retained
for this analysis. A five meters circle radius correspond-
ing to the precision error of the GPS device was delimited
around each sighting of an individual provided with accu-
rate coordinates, date and time recordings. The segments of
an animal’s trajectory from a localisation to another were
determined by connecting the closest dates and time while
each segment crossing a radius added a revisit to the cor-
responding point. Recursive movement patterns were inves-
tigated through the package Recurse version 1.1.2 (Bracis,
Bildstein and Mueller, 2018b) in R. The number of shel-
ters contained with the 50% AKDE range and the number
of shelters contained within the 50% to 95% AKDE range,
averaged among individuals within a site, were compared
for each N level of revisits through a Pearson-Chi2 test.

Results

Tracking summary

A total of 8 individuals were tracked at site A
(5 males, 3 females) and 11 at site B (4 males,
7 females) with a mean of 44.13 ± SD 1.59
(range 15-93) and 24.45 ± SD 0.48 (range 14-
37) points collected, respectively (supplemen-
tary table S2). The mean tracking duration was
47.63 ± SD 1.33 days at site A (range 10-76)
and 30.09 ± SD 0.63 days at site B (range 14-
50) (supplementary table S2). The mean time
lag between each point was 26.05 ± SD 3.30
hours at site A (range 0.02-600.67) and 31.67 ±
SD 1.10 hours at site B (range 24-144) (supple-
mentary table S2 and fig. S1).

Morphological differences

No significant differences in SVL and body
mass were observed between males and females
at site A (SVL: W = 5, P = 0.858; body
mass: W = 2, P = 0.212) and site B (SVL:
W = 7, P = 0.857; body mass: W = 5.5,
P = 0.984). No significant differences were
detected between the SVL and body mass of
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Figure 2. Variograms of 8 individuals from site A displaying semi-variance of home range area estimates with x axis starting
at the beginning of each individual’s tracking period. Shaded areas display the 50% and 95% confidence intervals.

males at site A and males at site B (SVL: W =
10, P = 0.229; body mass: W = 9, P = 0.373).
Similarly, there were no significant differences
in SVL and body mass between females from
site A and site B (SVL: W = 9, P = 0.373;
body mass: W = 7, P = 0.857).

Seasonal home range estimation

Despite the small sampling size and irregulari-
ties in the sampling schedule, 7 out of 8 indi-
viduals at site A and 7 out of 11 at site B
showed a stable range and thus a tendency to
reach the range residency assumption required
to compute the AKDE ranges (figs 2 and 3). The
presence of peaks in the semi-variogram of all
individuals showed variation in movement and
space-use pattern. As the home range size was
not determined with certainty for five individ-
uals classified as unstable (i.e., the range res-
idency assumption necessary for home range
estimation was not met), they were excluded
from the following analyses.

Effective sample size for home range estima-
tion was on average 31.86 ± SD 1.65 at site A
(range 8.22-74.11) and 9.51 ± SD 0.74 at site
B (0.79-20.41) (supplementary table S2), which
justifies the use of the pHREML wAKDEc
method (Silva et al., 2021). Site B displayed 4
individuals with a very low effective sampling
size (<5; supplementary table S2) on which
bootstrapped pHREML wAKDEc method was
used (see Material and Methods).

At site A, the mean core area (50% AKDE)
was 3309 m2 ± SD 3078 m2 for males (n = 4)
and 1246 m2 ± SD 450 m2 for females (n = 3)
(table 1). Home range estimates (95% AKDE)
were on average 15 382 m2 ± SD 10 164 m2 for
males (n = 4) and 6755 m2 ± SD 2735 m2 for
females (n = 3) (table 1, supplementary fig. S2).
The mean core area at site B (50% AKDE) was
15 050 m2, ± SD 6860 m2 for males (n = 3)
and 1636 m2, ± SD 1459 m2 for females (n =
4), while the mean home range estimates (95%
AKDE) were 60 755 m2, ± SD 28 319 m2 (n =
3) for males against 7809 m2, ± SD 6908 m2
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Figure 3. Variograms of 11 individuals from site B displaying semi-variance of home range area estimates with x axis starting
at the beginning of each individual’s tracking period. Shaded areas display the 50% and 95% confidence intervals.

(n = 4) for females (table 1, supplementary fig.
S3).

Site comparison

Home range (95% AKDE) and core area (50%
AKDE) estimated size showed no significant
differences between sites for both sexes com-
bined, nor for males and females studied sep-
arately (supplementary table S3). Home range
and core areas further showed no significant dif-
ferences within the same site between males and
females (supplementary table S3).

No significant differences in shelter density
for home-range or core-areas within site A nor
within site B were seen between males and
females (supplementary table S4). No signif-
icant differences in average distance between
shelters for home-range or core-areas within site
A or site B were further seen between males and
females (supplementary table S5).

Since no effect of sex was observed on the
explored variables, both sexes were combined
in the following analyses in order to increase

the sample size. The core areas of site A had
a higher shelter density (Wilcoxon test: W =
42.50, P < 0.05, df = 13) and a smaller dis-
tance between shelters than site B (W = 0.00, P
< 0.01) (supplementary tables S4 and S5). No
significant differences were observed within the
total home range estimates for shelter density
(W = 26.00, P = 0.902) or average distance
between shelters (W = 14, P = 0.209) (supple-
mentary tables S4 and S5). In site A core areas,
compared to the rest of the home range, shelter
density was higher and distance between shel-
ters was lower respectively (W = 0.00, P <

0.01) and (W = 49.00, P < 0.01) (supplemen-
tary tables S4 and S5). The analyses showed
no such difference at site B for shelter density
(W = 26.00, P = 0.897) nor average distance
between shelters (W = 19.00, P = 0.535) (sup-
plementary tables S4 and S5).

Recursive movement’s patterns

All individuals from both sites revisited at
least one shelter from their AKDE range while
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Table 1. Summary of Autocorrelated Kernel Density Estimation (AKDE) results and movement model used per individual.
Abbreviations for sex are M = male, F = female. 95% AKDE correspond to the home range estimates while 50% AKDE
represent the core area estimates. 50% and 95% lowers and uppers AKDE’s confidence intervals are also included. Bold rows
correspond to individuals with a non-stable variogram, which were not considered in the following analyses.

Lizard ID Site Sex 95% AKDE CI (95%) AKDE 50% AKDE CI (50%) AKDE

TIMLEP_A01 A M 7955.16 6247.73-9865.73 922.45 848.09-994.72
TIMLEP_A02 A F 4413.63 3426.84- 5523.39 769.43 704.57- 832.39
TIMLEP_A03 A M 7411.91 3244.08-13 272.08 2149.37 1607.98-2655.00
TIMLEP_A04 A M 11 785.77 7873.90-16 474.03 2357.68 2047.75-2654.61
TIMLEP_A05 A M 11 378.72 6398.21-17 769.35 2127.54 1738.75-2495.47
TIMLEP_A06 A F 5209.24 3693.17-6981.97 1304.94 1157.36-1447.02
TIMLEP_A07 A M 30 409.37 15 090.38-51 005.10 7828.68 6121.86-9432.34
TIMLEP_A08 A F 9499.51 4826.17-15 728.72 1664.19 1312.20-1995.31
TIMLEP_B01 B F 5115.78 1865.22-9977.33 1222.85 857.95-1561.32
TIMLEP_B02 B M 92 049.48 54 338.74-139 536.80 22 499.87 18 706.86-26 100.78
TIMLEP_B03 B F 28 769.70 12 899.75-50 895.74 5164.79 3896.85-6350.22
TIMLEP_B04 B F 2113.21 742.18-4188.84 411.41 281.98-531.23
TIMLEP_B05 B F 2910.11 1787.55-4301.78 570.96 481.42-656.21
TIMLEP_B06 B F 12 256.19 7146.03-18 722.23 2678.25 2217.04-3115.75
TIMLEP_B07 B F 15 146.29 5324.48-30 011.36 3103.36 2149.67-3986.99
TIMLEP_B08 B M 669.59 219.12-1367.17 171.36 115.76-222.77
TIMLEP_B09 B F 1718.67 1035.64-2571.88 352.95 295.58-407.48
TIMLEP_B10 B M 53 321.81 20 352.20-101 891.40 13 657.87 9737.49-17 299.84
TIMLEP_B11 B M 36 893.19 10 031.57-80 923.79 8992.41 5695.61-12 028.68

some individuals revisited preferred shelters
in greater numbers (table 2). Significant dif-
ferences were seen in the number of revis-
its between the 50% and 50% to 95% AKDE
ranges at site A (Pearson’s Chi-squared test: X-
squared = 37.92, df = 11, P < 0.001) and at
site B (X-squared = 14.22, df = 6, P < 0.05).
In both cases, the core area of the lizards held
the most revisited micro-habitats while the 50
to 95% area contained less revisited ones.

Discussion

The spatial patterns of the ocellated lizard were
described here in two distinct Mediterranean
ecosystems using the latest space use estima-
tion method. Of the total number of tracked
lizards (n = 19), 7 out of 8 individuals in the
Mediterranean scrubland (site A) and 7 out of
11 in the semi-arid steppe (site B) showed range
residency based on their variograms. The vari-
ograms for all individuals also revealed peaks of
activity in space use coinciding with the breed-
ing period. Indeed, lizards from site A and B
were respectively monitored from May to July

and from April to May while the breeding sea-
son for ocellated lizards ranges from late April
to early June (Thirion and Doré, 2012). How-
ever, as space use may differ throughout the
year in Lacertidae (Pérez-Mellado et al., 2015),
additional tracking studies over longer periods
are needed to characterise space use of the ocel-
lated lizard more accurately.

Although several lizard species show differ-
ences in home range size between males and
females (males often displaying larger home
ranges than females) (Griffiths, 1999; Wone
and Beauchamp, 2003; Germano and Rathbun,
2016), our results show no significant effect
of sex. In ocellated lizards from central Spain,
Salvador, Veiga and Esteban (2004), found by
using the MCP method that males significantly
exhibited larger home ranges than females for
100% and 75% core area. This trend was not
found for 50% core areas. Therefore, the authors
concluded that the 50% core area was primarily
used to fulfil energetic requirements rather than
providing mating opportunities. Except a small
sample size effect, the differences in results
found by Salvador, Veiga and Esteban (2004)
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Table 2. Number of shelters with N revisits contained within the core area (50% AKDE) and within the rest of the home
range area (50% to 95% AKDE) per individual. Results are displayed as: Number of shelters within the core area| Number
of shelters in the rest of the home range area. Table 2 is read as followed with TIMLEP_A01 as an example: it had 2 shelters
displaying only one revisit within its core area (50% AKDE) and 15 shelters with one revisit in the rest of its home-range (50
to 95% AKDE) (line 1, column 1). TIMLEP_A01‘s core area further contained 4 shelters displaying 2 revisits while the rest
of its home-range contained 8 shelters with 2 revisits (line 1, column 2). From then on, TIMLEP_A01’s core-area displayed
shelters revisited up to 7 times (line 1, column 3 to column 7) while the rest of the home-range area contained no shelters
displaying 3 or more revisits (line 1, column 3 to column 12). TIMLEP_A01 had no shelters displaying 8 revisits or more
(line 1, column 8 to column 12).

Lizard ID Number of revisits (N)

1 2 3 4 5 6 7 8 9 10 11 12

TIMLEP_A01 2|15 4|8 8|0 7|0 7|0 6|0 7|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_A02 5|22 9|5 7|8 8|2 7|0 8|0 7|0 5|0 5|0 4|0 4|0 3|0
TIMLEP_A04 11|9 4|5 7|0 2|0 0|0 0|0 0|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_A06 7|11 2|8 9|2 4|1 6|0 3|0 4|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_A08 6|7 4|2 2|0 8|0 0|0 0|0 0|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_B02 2|13 0|0 1|0 5|0 4|0 3|0 1|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_B06 4|6 5|2 7|0 6|0 2|0 0|0 0|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_B07 9|7 3|3 3|0 4|0 4|0 0|0 0|0 0|0 0|0 0|0 0|0 0|0
TIMLEP_B09 1|3 3|0 4|0 5|0 5|0 3|0 0|0 0|0 0|0 0|0 0|0 0|0

and the present study can be explained by the
fact that different methods between the two
studies were used to estimate the home ranges,
and as such the statistical analysis might have
yielded distinct results. The mean computed
AKDE home range areas in the present study
were also slightly higher than the one calcu-
lated by Salvador et al. (2004) (MCP 100%
mean home range; males: 11 087 m2, n = 8;
females: 3700 m2, n = 4) and the one done by
Piazzon et al. (2012) (KDE 90% mean home
range: 12 000 m2, n = 7). It becomes apparent
that standardising methods in order to estimate
home ranges is critical since AKDE (95%),
MCP (100%) and KDE (90%) were respectively
used to determine the ocellated lizard home
ranges. As such results between sites or popu-
lations must be compared with caution (Nilsen,
Pedersen and Linnell, 2008; Silva et al., 2021;
Crane et al., 2021).

Although the effect of morphological param-
eters (e.g., mass or SVL) on home range sizes
could not be investigated through linear models
due to a small sampling size, tracked individuals
were morphologically comparable when exam-
ined with non-parametric statistics. Salvador,
Veiga and Esteban (2004) found that heavier
individuals indeed possessed larger territories,

while sex for core area estimates and age did
not play any role in home-range determination.
As in our study tagged individuals of both sexes
are displaying similar body size and mass, it
could explain why we did not detect any sea-
sonal home range differences between sexes.

Complementary studies on the ocellated
lizard would need a focus on parameters yet to
be investigated and which could play a role in
home range structure (sex, mass, SVL, absence
of tail, food availability, conspecific presence,
etc.), making use of the latest spatial ecology
available tools.

The analysis of shelter repartition for both
sites did highlight structural differences within
the lizard home ranges. Shelter density within
the core area was significantly higher in the
Mediterranean scrubland (site A) than in the
semi-arid steppe (site B), while the mean esti-
mated distance between the shelters within the
core area was also significantly lower in site A
compared to site B. This can be attributed to
the homogenous and anthropogenic repartition
of shelters (i.e., stone piles were built along par-
allel lines and not at random) in the Crau plain
(semi-arid steppe, site B).

Furthermore, in site A, shelter density was
significantly higher in the lizard’s core areas
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(50% AKDE) than in the rest of the estimated
home-range (50 to 95% AKDE), with the mean
estimated distance between the shelters being
also significantly lower in the core area than
in the rest of the home-range. This observa-
tion suggests that ocellated lizards discriminate
between localities when establishing the core
area of their home range by selecting areas with
high shelter density, allowing easier retreats
from predators and reducing movements in
open fields. It was notably demonstrated that
predation frequency on lizards increases in
open habitats (Shepard, 2007), especially by
birds of prey (Martín and López, 1996). The
present analyses of recursive movement pat-
terns tend to confirm such trends since shelters
with higher revisits in both sites were located
more frequently within the core area of the
lizards. Although these results were obtained
from a small sample size (5 individuals for
site A, 4 individuals for site B) and therefore
must be interpreted with caution, these obser-
vations might reflect the importance of core
areas in the conservation of the ocellated lizard,
as the species seems to be actively discrimi-
nating between the different areas of its home
range. The positive relationship between shel-
ter density and core area could not be con-
firmed for site B most likely because of the
homogenous artificial shelter repartition inher-
ent to the Crau plain. Such habitat configura-
tion might indicate that the core area selec-
tion also depends on the structural and ther-
mal quality of the shelters. Vegetation cover
in surroundings (Castilla and Bauwens, 1992;
Díaz, Monasterio and Salvador, 2006), abun-
dance of rocks and crevices (Diego-Rasilla and
Pérez-Mellado, 2003) and warren shape sys-
tems (Bravo, Belliure and Rebollo, 2009; Gril-
let et al., 2010) are all structural properties that
may influence a lizard’s choice of a particular
retreat. The thermal quality of a retreat is fur-
thermore known to play a role in shelter selec-
tion (Smith and Ballinger, 2001; Beck and Jen-
nings, 2003; Hagen and Bull, 2011), and several
studies demonstrated that lizards actively select

warmer microhabitats in laboratory and field
conditions (Downes and Shine, 1998; Monas-
terio et al., 2009; Ortega and Pérez-Mellado,
2017). More specifically in the ocellated lizard,
one study suggests that individuals assess the
thermal quality of their refuges in order to min-
imise the potential thermal consequences of hid-
ing from predation (Sannolo, Ponti and Car-
retero, 2019). The dynamics of these microhab-
itats must be carefully monitored, as a potential
degradation through time of these stone piles
would have a direct impact on ocellated lizard’s
populations established in this national nature
reserve.

The influence of visibility on habitat selection
and home-range size is yet to be explored in ter-
restrial lizards. In the Crau plain, the presence
of stone-piles towering over flat surroundings is
likely to influence the way a lizard apprehends
its environment and adjusts his movement pat-
terns. Thus, visibility of ocellated lizards in the
Crau plain is likely superior to those of lizards
from site A (shrubland) thanks to the numer-
ous stones piles used as thermoregulation sites
combined with a steppic vegetation. Such a con-
figuration would allow better habitat perception,
which in turn could assist dispersal potential as
well as intra-specific interactions. Future stud-
ies would need to better consider how visibility
and habitat structure could play a part in a lizard
home-range determination.

Finally, and considering all those factors,
habitat selection could also be simply a con-
sequence of a lizard’s habituation to its sur-
roundings. Most lizards are believed to orient
themselves through a mix of visual (Mueller-
Paul et al., 2012) and olfactory cues (Leu et al.,
2016), and demonstrate spatial memory abilities
(LaDage et al., 2012; Font, 2019).

Conclusion

In spite of inconsistencies in the tracking sched-
ule and a small sampling size, 14 out of 19 indi-
viduals provided useful results using AKDEs
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and bias-mitigating measures (area weight-
ing and pHREML fitting). Combining novel
techniques for home-range determination, the
present study of recursive movement patterns
suggests that ocellated lizards significantly dis-
criminate in shelter revisits between their core
area and home-range in both sites (Mediter-
ranean shrubland and semi-arid steppe in Crau
plain). This stresses the importance of core-
areas as priority targets for conservation mea-
sures. This study highlighted significant dif-
ferences for shelter density between home-
range and core-area, which might indicate that
shelter density influences the ocellated lizard’s
core-area selection in a Mediterranean scrub-
land. Such findings reinforced the importance
for studying different environment types and
populations when attempting to characterise a
species home range and making use of stan-
dardised spatial ecology tools. This inter-site
comparative analysis allowed confronting dif-
ferent results otherwise overlooked when only
studying one habitat type. Hence, it orients
future studies to a better understanding of habi-
tat selection mechanisms of the ocellated lizard.
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