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Habitat preference is determined by complex interactions between biotic and abiotic habitat features and species-
specific requirements. In many terrestrial organisms, studies of habitat preference emphasize the role of vegetation.
Yet, in land-dwelling ectotherms, an often-overlooked characteristic that may have a strong effect on habitat
preference is soil type. We followed 18 Spur-thighed Tortoises (Testudo graeca) mounted with radio transmitters to
quantify their seasonal activity patterns, home-range sizes, and preferred habitats, including soil type. We used
Maximum Entropy to quantify the spatial distribution of Testudo graeca in the study area based on species occurrence
records and nine environmental variables derived from LiDAR. We describe for the first time a strong preference for soil
type in Testudo graeca, as well as preference for flat terrain (avoidance of steep slopes). Individuals avoided areas with
dense woody vegetation and chose habitats containing heterogeneous vegetation, including isolated trees, shrubs, and
open patches. We further found that individuals in the study area do not hibernate but decrease activity in summer-
autumn. Finally, home-range size was comparable between the sexes. The overlapping home ranges within and
between the sexes throughout the year, including the mating season, suggest that this species is not territorial.

T
HE habitat preference of organisms is driven by the
suitability of the environment (including climatic,
topographic, hydrologic, and pedogenic conditions)

to their niche requirements (Wolters, 1991; Guichard and
Bourget, 1998; Kearney and Porter, 2004; Guse et al., 2015).
Specific habitat demands vary considerably among species
and taxonomic groups. In ectotherms, which have specific
thermoregulatory needs, ambient temperatures might have a
fundamental role in determining habitat quality (Andersson
et al., 2010; Webb et al., 2005; Jarvie et al., 2014).

The performance and activity cycles of ectotherms have a
hump-shaped relationship with ambient temperatures. Yet,
morphological and physiological characteristics (e.g., meta-
bolic rate, water loss) and behavioral thermoregulation (e.g.,
microhabitat selection, activity patterns) can buffer changes
in ambient temperatures (Huey, 1991; Buckley et al., 2012).
Furthermore, variation in body temperature is related to
microhabitat conditions; ectotherms can thus alter their
body temperature by changing the spatial and temporal
patterns of their activities (Zimmerman et al., 1994). Thus,
body temperature may vary temporally within individuals,
between day and night, and among seasons.

Reptiles thermoregulate behaviorally by exploiting their
thermal environment and microhabitat (Seebacher and
Franklin, 2005). Basking in the sun is one of the most typical
thermal behaviors in reptiles. This kind of behavior demon-
strates the relationship between behavioral thermoregulation
and biochemical acclimatization. For example, the American
Alligator (Alligator mississippiensis) thermoregulates all year
long so that body temperatures are higher in the winter (an
average of 158C higher than ambient temperature) but lower
in summer (Seebacher, 2005).

If microhabitat conditions affect behavioral thermoregula-
tion in reptiles, then habitat characteristics that affect
ambient temperature on the ground may have a considerable
impact on fine-scale habitat selection by reptiles. Soil type
may be such a characteristic, as different soil types have
different physical attributes. Soil properties that strongly
influence the abundance and distribution of reptiles may

include soil structure, texture, moisture, aeration, and
chemical composition (Hendricks, 1985). These properties
often act in concert, as well as interact with other biotic
factors such as the presence of food, symbionts, predators
(Hendricks, 1985) and, furthermore, human activity such as
livestock grazing by cattle and goats. Very little attention has
been given to the effects of soil type in studies on nest site
selection and habitat preference in reptiles. However, the
most important variable that was previously found to explain
the distribution patterns of the Orange-Throated Whiptail,
Aspidoscelis hyperythra, in the Baja California peninsula was
soil type, mostly soft soils where the lizard can dig shelters for
resting, hibernating, or laying clutches (Jácome-Flores et al.,
2015).

The Spur-thighed Tortoise (Testudo graeca; Testudinidae) is
a terrestrial tortoise with a circum-Mediterranean distribu-
tion. This species has an extended distribution into Central
Asia, where populations are severely threatened by habitat
loss and fragmentation (Anadón et al., 2006a). The status of
this species according to the IUCN Red List of Threatened
Species is Vulnerable A1cd (IUCN, 1996). This ‘‘not yet
endangered’’ status makes it a good candidate to study
management effects on distribution—and to prevent the
decline in its conservation status—before its numbers
become too small to study. Sex determination in this species
is temperature dependent (TSD mechanism), and thus soil
temperatures determine the sex outcomes of incubated eggs.
The pivotal temperature under laboratory conditions is
30.560.58C (Pieau, 1975), where the sex ratio tends towards
female dominance above this threshold and male below it.

The size of the home range may vary with sex, age, and
season (Burt, 1943; Garrott and White, 1990), and may
reflect the spatial distribution of preferred habitats. Popula-
tion density also may influence the size of the home range.
Home ranges of different individuals may, and do, overlap.
This area of overlap is neutral range and does not constitute
part of the more restricted territory of animals possessing this
attribute (Burt, 1943). The mean home-range size of the
population of T. graeca in Sierra de la Carrasquilla-Murcia,
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Spain is 1.7161.61 ha for all individuals (Anadón et al.,
2006b). There is no information about the size of home range
for the populations in Israel and if there is territoriality
among individuals.

Little data exist to quantify if habitat selection, seasonal
activity patterns, and home-range size of T. graeca is related to
soil type distribution at a particular site. Therefore, we
conducted a field study and quantified the relationship
among the activity patterns and habitat selection of T. graeca
with soil types. Understanding the spatial and temporal
utilization of the home-range and habitat preferences of T.
graeca can contribute to proper management of the habitats
and populations that are under threat of extinction.
Moreover, information about species’ activity patterns is
critical to understand their ecology and to design conserva-
tion plans for threatened species.

MATERIALS AND METHODS

Study area.—We conducted the study in Ramat Hanadiv
Nature Park, located on the southern tip of Mount Carmel
(328320N, 34856 0E), Israel. The climate is Mediterranean with
relatively cool, wet winters (average monthly temperature in
January is 11.98C; rainfall averages 574 mm annually,
occurring mainly from November to March) and hot and
dry summers (average monthly temperature in August is
24.98C; Geffen et al., 1999; Hadar et al., 1999).

The parent rock formations consist of dolomite and
limestone. Below the upper limestone layer there is a
volcanic tuff layer (Bar and Kaplan, 2005). There are eight
distinct soil units in Ramat Hanadiv: (1) Brown-red Terra
Rossa—shallow, with little or no lime, this soil is developed
on hard limestone or dolomite; (2) Brown-red to reddish
Terra Rossa—shallow, no lime, developed on dolomite rocks;
(3) Dark rendzina—dark brown, shallow, low lime content;
(4) Light rendzina—brown-gray, shallow, low to high lime
content; (5) Soil of colluvial-alluvial origin—brown-gray,
moderate lime content, moderate depth; (6) Grumosol—
high content of clay, dark brown, deep soil, developed
slickensides at depth; (7) Hydromorphic soil—high clay
content, brown-gray, contains lime; and (8) Anthropomor-
phic soil—disturbed, stony, moderate lime content, with
varying vertical structure and soil features.

The vegetation types in Ramat Hanadiv Nature Park are
Mediterranean batha (annual herbaceous vegetation and
dwarf shrubs measuring up to 0.5 m), garrigue (a higher
stage of shrubs, 1–2 m high, and small trees), scrub forest
(‘‘maquis,’’ of medium-sized trees measuring up to 12 m), and
planted coniferous stands of pine and cypress trees (Geffen et
al., 1999; Bar and Kaplan, 2005). The most common shrubs
in the park are Phillyrea latifolia, Pistacia lentiscus, Calycotome
villosa, and the dwarf shrub Sarcopoterium spinosum. Planted
conifers include Pinus brutia, Pinus pinea, and Cupressus
sempervirens. In some parts of the park, there are small stands
of native trees such as Ceratonia silique and Quercus calliprinos
(Geffen et al., 1999; Hadar et al., 1999; Levin et al., 2013).
The total size of the study area is 133 ha (Supplemental
Appendix 5; see Data Accessibility), and its topography is flat
to gently rolling, with a slope gradient from northwest to
southeast.

Yearly activity patterns.—The study was conducted from
February 2013 to August 2014. Our data on the spatiotem-
poral patterns of tortoise activity comprised two sources:
direct observations of untracked individuals and sightings

of tortoises mounted with radio transmitters. For direct
observations, we divided the entire study area into five
equal subareas, and each was surveyed by foot for tortoise
sightings once a week in a ‘‘S’’ shape by one researcher.
When located, tortoises were sexed and marked with
numbered aluminum tags (1 3 1 cm) that were attached
with epoxy glue to the right anterior carapace (Supplemen-
tal Appendix 1; see Data Accessibility). The geographic
coordinates of each sighting were obtained from a GPS
device (MobileMapperTMCX, Spectra Precision) or from the
application Collector for ArcGIS (ESRITM) on a smartphone.
In addition, records of the activity status (e.g., sleeping,
active, awake but static, basking, mating, eating) and the
identity of the nearest plant species were recorded. Chi-
sqare tests were performed to analyze changes in the
number of tortoise observations across the different periods
in R (R Core Team, 2018).

Since October 2013, every new individual that was located
in the field was marked with an aluminum tag and mounted
with a radio telemetric transmitter (Glue-On Transmitter
R1920, Advanced Telemetry Systems [ATS]), weighing 14 g.
We used a telemetric receiver (R-1000, Communications
Specialists) and an antenna (RA-23K VHF Antenna, Telonics)
to receive signals from the radio transmitters. From October
2013 to early January 2014, the number of tortoises mounted
with radio transmitters was relatively low and the majority of
individuals were males. At the end of January 2014, there was
an increase in the number of observed tortoises and thus an
increase in the number of tortoises mounted with radio
transmitters. Radio-transmitter attachment was completed
by February 2014 for ten males and by March 2014 for eight
females. A linear mixed model was generated to analyze the
period of inactivity of tortoises mounted with radio trans-
mitters in R (R Core Team, 2018), using the ‘lme40 package
(Bates et al., 2017). Tracking took place four times a week
until August 2014. Observations were conducted from
morning to midday or from afternoon to evening. About
three times a month, searches and observations were
performed at sunset and the following sunrise to check if
the last-known locations of the tortoises changed overnight,
and thus to identify nocturnal activity. The data from all
observations were uploaded to Collector for ArcGIS on a
smartphone, and synchronized online to https://
ramathanadiv.maps.arcgis.com/.

Quantifying macrohabitat characteristics.—We utilized air-
borne LiDAR (Light Detection and Ranging) data to generate
multiple measures of habitat characteristics. LiDAR data were
obtained in an aerial survey conducted by Ofek Aerial
Photography on 10 May 2012, from an altitude of 3,200 ft
above ground, using an Optech ALTM 3100 LiDAR sensor.
Ofek preprocessed the data and created two products: a
Digital Terrain Model (DTM)—3D mapping of the terrain at a
precision of at least 25 cm; and a Digital Surface Model
(DSM)—3D mapping of the ground surface at a precision of
at least 25 cm. We analyzed the raw LiDAR data (points
cloud) in ENVI (ENvironment for Visualizing Images)
software to create nine variables that describe the structure
of the woody vegetation in the study area (Table 1). These
variables are useful for describing fine-scale habitat charac-
teristics (Bar Massada et al., 2008; Vierling et al., 2008) and
may provide insight into tortoises’ habitat selection. All of
these variables were stored as GIS layers with a spatial
resolution of 1 m.
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Macrohabitat selection.—We used Maximum Entropy models
(MaxEnt; Phillips et al., 2006) to quantify the spatial
distribution of suitable habitats for T. graeca in the study
area based on species’ occurrence records and the nine
environmental variables (Table 1). MaxEnt is a machine-
learning method that estimates the probability distribution
of species occurrence based on environmental variables and
is designed to make predictions from presence-only data
using information on background environmental variables of
the study area (Phillips et al., 2006; Chetan et al., 2014).
Relying on presence-only data, in a sense, releases us from
problems of unreliable absence records (Elith et al., 2011).
The output of MaxEnt models is a measure of habitat
suitability for each location in the landscape (which is
represented by a gridded map; in our case, with a spatial
resolution of 1 m). The predictive capability of the model is
denoted by the area under the curve (AUC) of the receiver
operator characteristic (ROC). The AUC is a common metric
for characterizing threshold-independent prediction accura-
cy applied to models of species’ presence (Franklin, 2010).
AUC ranges from 0.5 to 1, where 0.5 is analogous to a
completely random prediction and 1 implies a perfect
prediction. The common rule of thumb is: AUC values
between 0.5 and 0.7 denote poor predictive capability, values
between 0.7 and 0.9 denote moderate predictive capability,
and values larger than 0.9 denote high predictive capability
(Bar Massada et al., 2013).

To quantify the habitat preference of T. graeca in the study
area, we generated ten MaxEnt models for males (5) and
females (5) mounted with radio transmitters. To prevent
biased predictions due to small sample sizes, we restricted our
models to those individuals that had more than 50
observations. We combined the ten habitat-suitability maps
generated from the individual-level models into a single map
by averaging their corresponding pixel values.

On top of generating a map of habitat suitability across
space, MaxEnt allows for the exploratory analysis of the
importance of different environmental variables in deter-
mining habitat suitability for a given species. Variable
importance is quantified as the increase of the standardized

training gain through the process of model development,
whereby training gain denotes the increase in the probability
of finding T. graeca in the training locations (Bar Massada et
al., 2013). We used the exploratory capabilities of MaxEnt to
assess how different habitat characteristics affect the spatial
distribution of T. graeca in our study area.

Home-range estimation.—We quantified the home-range size
for all tortoises mounted with radio transmitters using the a-
hull method (Edelsbrunner et al., 1983). We restricted this
analysis to individuals that had more than 30 observations
(18 individuals in total). In general, the a-hull method
comprises four steps: 1) construction of a Delaunay triangu-
lation from the locations of all tortoise sightings; 2)
measurement of the lengths of all lines and calculation of
average line length; 3) removal of all lines that are longer
than a multiple (a) of the average line length (in our case a¼
50, based on preliminary experiments in which we compared
the sizes of home ranges that were created using a ¼ 50, 75,
and 100, and selected the most precise a that described the
individual polygons); and 4) calculation of home-range sizes
by summing the sizes of all remaining triangles. The
advantage of the a-hull approach is that it provided a more
detailed description of the shape of the home range, as it is
capable of breaking a single hull (encompassing all occur-
rence points) into several discrete hulls when it encompasses
uninhabitable regions (Burgman and Fox, 2003). After
estimating home-range sizes, we tested its correlations with
individual body sizes and number of observations. We used
ANCOVA to analyze if home-range size differs between males
and females while accounting for the possible effect of
number of observations on home-range size. We ran home-
range calculations in R (R Core Team, 2018) using the
alphahull package (Pateiro-Lopez and Rodriguez-Casal,
2016).

RESULTS

Temporal activity patterns.—Throughout the study period,
101 adult females and 80 adult males were detected as active

Table 1. Predictor variables in MaxEnt models.

Variable Description Ecological meaning

soil There are eight soil units in the study area, described
above under methods

Indicates the soil type preference of the tortoise

slope Tangent of the angle of that surface to the horizontal Indicates the ground slope of the habitat, which affects
surface run-off and vegetation formation

cv20 Coefficient of variation (ratio of the standard deviation to
the mean) of highest LiDAR returns within a 20 m
radius around each pixel (1 3 1 m) of the study-area
map

High cv20 indicates heterogeneous vegetation cover in a
20 m radius around each pixel (1 3 1 m) in the
study area map; low cv20 indicates homogeneous
vegetation cover

h_cv Coefficient of variation of LiDAR returns within each pixel
of the study-area map

High h_cv indicates heterogeneous area in a single pixel

height Value of the highest LiDAR return in each pixel of the
study-area map

Indicates the highest point in the pixel, which reflects a
tree, shrub, bush, or an open spot

p0_1 Proportion of LiDAR returns below 1 m in each pixel of
the study-area map

Indicates the proportion of dwarf shrubs or open areas
in a pixel

p1_2.5 Proportion of LiDAR returns between 1 m and 2.5 m in
each pixel of the study-area map

Indicates the proportion of shrubs in a pixel

p_ground5 Proportion of LiDAR returns lower than 30 cm in a 5 m
radius around each pixel of the study-area map

Indicates the amount of open area in a 5 m radius
around each pixel

p_veg5 Proportion of LiDAR returns higher than 30 cm in a 5 m
radius around each pixel of the study-area map

Indicates the amount of woody vegetation in a 5 m
radius around each pixel
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and marked with aluminum tags (including the 18 that were
mounted with radio transmitters). Based on our visual
observation only, the most prominent finding for both sexes
was the lack of recorded observations during the summer
(June–September). We found that the number of observa-
tions varied between genders across periods (v2

2 ¼ 22.48, P ,

0.001; Fig. 1). The females were active between March and
June 2013, but from July 2013, we did not observe any
female for three months, until the end of October of the
same year. In the following activity season, we started to
detect them more frequently in the middle of January 2014,
in parallel to the peak in male observations. This second-
recorded female activity period lasted until May 2014 and
sharply declined during June 2014, followed by two months
of no observations until the end of the study period in
August 2014 (Fig. 1). Males were observed between March
and May 2013 and were not observed from June to mid-
October. In the middle of October 2013, males began to
appear more frequently than females. The abundance of
males peaked in January, and the second-recorded activity
period lasted until May 2014, followed by three months
(until the end of the study period) where no males were
observed.

Tortoises mounted with radio transmitters.—The continuous
tracking of radio-tagged tortoises revealed several periods of
inactivity, which mostly occurred in July, during which both
males and females reached a full activity hiatus. Males
became inactive a month earlier than females (in May 2014;
Fig. 2). The linear mixed model revealed that there is a
significant interaction between sex and time on the days of
inactivity of the radio-tagged tortoises (v2¼ 13.26, df¼ 4, P¼
0.01). The duration of inactivity lasted from one week to
three months, depending on the individual. For example,
male 107 did not move from the same spot under a rock
beneath a Pistacia lentiscus shrub from 15 June to 24 August
2014 (70 days). Similarly, female 74 was in the same place
from 17 June to 26 June 2014 (9 days) and then moved to a
nearby broken pine branch, where it settled under a layer of
pine needles until the end of the research period (30 August
2014; 35 days). Based on the radio-transmitted data on the
positions of individuals in the evening and the following
morning, there was no indication of tortoise nocturnal
activity.

Macrohabitat preference.—When taking into consideration
all ten MaxEnt models (each for a different individual

mounted with a radio transmitter), we found that soil type

contributed most strongly to the spatial-distribution pattern

of tortoises in the study area (mean percent contribution
50.165.66). The second most important predictor was

ground slope (14.8563.60), which was followed by cv20

(13.5664.30; high cv20 is an indication of heterogeneous
vegetation cover in a 20 m radius around each pixel; Fig. 3;

Table 1). The models revealed a tendency of tortoises to

inhabit only three (of eight) soil types: Brown-red Terra
Rossa; Dark rendzina; Soil of colluvial-alluvial origin. All

tortoises tended to inhabit flat terrain (they avoided steep

slopes). Most of the tortoises preferred habitats with
heterogeneous vegetation cover, as revealed by the relatively

high importance of the cv20 variable (though some individ-

uals preferred areas with lower heterogeneity). While varia-
tion in vegetation cover is important, tortoises also required

patches of open habitats, as evident by the importance of the

p_ground5 variable. The average AUC of the ten models was
0.8260.1 (0.603–0.909). Based on a visual interpretation of

the habitat-suitability map that was generated with MaxEnt

(Fig. 4), tortoises tended to avoid areas with dense vegetation,

Fig. 1. Number of observations of different individuals, males and
females, throughout the study period.

Fig. 2. Days of inactivity (average and standard deviation) for the radio-
tagged tortoises during the radio-transmission period.

Fig. 3. The average value 6 standard error (across all ten models) of
the percent contribution of different variables to the predictive power of
MaxEnt models, which corresponds with their effect on tortoises’
habitat preference.
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such as dense stands of conifers and large patches of shrubs
(blue areas; Fig. 4), and avoided open rocky areas dominated
by Coridothymus capitatus (Israeli Thyme; Supplemental
Appendix 4; see Data Accessibility).

Tortoises’ home ranges.—The average area of the home range
of an individual mounted with a radio transmitter was
1.038360.15 ha and 1.48960.29 ha for females and males,
respectively. Home-range size was moderately correlated with
the number of observations (r ¼ 0.61) and weakly correlated
with body mass (r¼ 0.31). There was no statistical difference
in home-range size between sexes after accounting for the
effect of the number of observations (ANCOVA, F1¼ 1.7, P¼
0.21). There were overlaps among individuals’ home ranges
(Fig. 5), yet no confrontation between individuals was
observed.

DISCUSSION

Preferable macrohabitats.—We found that tortoise habitat
preference is predominantly influenced by soil type, topog-
raphy (e.g., slope), and vegetation structure. The vegetation
characteristic that had the greatest contribution to the
models was cv20 (Fig. 3), meaning that tortoises have a
strong preference for heterogeneous vegetation cover. The
importance of this variable is an outcome of the interaction
between soil type, terrain slope, and disturbance history,

which determine the potential vegetation type in eastern
Mediterranean ecosystems—along with elevation, which was

nearly homogeneous in our study area (Zohary, 1973). Plant

communities generally determine the physical structure of
the environment and, therefore, have a considerable influ-

ence on the distributions and interactions of animal species

(MacArthur and Wilson, 1967; Tews et al., 2004). However,
the tortoises did not bind themselves to a single plant

community but took advantage of the considerable habitat
diversity in the study area. Some were seen in the garrigue

(either dense or sparse), while others were found in sparse

stands of trees.

Differences between habitats led to contrasts between the

subhabitat preferences of individuals. For example, male 2

had its home range in the garrigue; consequently, its MaxEnt
model revealed a preference for uniform vegetation height

(low values of cv20). In contrast, male 78 had its home range

in a sparse stand of pines; as a result, its model revealed a
preference for areas with large height differences between

treetops, understory shrubs, and open patches (high values of
cv20). It might be the interaction between soil type, slope,

and cv20 that determined the spatial distribution of tortoises

in the field. When combined with additional important
variables, including p_ground5 (the amount of open area in a

5 m radius around each pixel in the map; Fig. 3; Table 1), the

subhabitat requirements of tortoises became apparent. The

Fig. 4. A habitat-suitability map for
tortoises in Ramat Hanadiv Nature
Park, based on averaging MaxEnt
suitability maps for a subset of ten
tortoises mounted with radio trans-
mitters (their occurrence locations
are marked by circles, colored ac-
cording to individual identity).
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Spur-thighed Tortoise prefers heterogeneous areas with

diverse vegetation types, including isolated trees, shrubs,

and open patches, but avoids areas with dense woody

vegetation. Areas with high variation in vegetation height

are characterized by easy access to open and closed patches

that provide tortoises, and other poikilothermic organisms, a

suitable subhabitat with thermoregulation values (Anadón et

al., 2006b).

At broader scales, climate (e.g., rain, temperature) has the

strongest impact on the distribution of species in general

(Warren et al., 2001; Parmesan and Yohe, 2003; Pearson and

Dawson, 2003; Perry et al., 2005; Anadón et al., 2006a;

Thuiller, 2007), and on T. graeca, in particular. For example,

for North Africa’s population of T. graeca, a presence-only

model indicates that distribution is mainly related to rainfall,

specifically rainfall values in the wettest and coldest quarter

of the year (Anadón et al., 2012). In contrast, our study area is

small enough for climate to be homogeneous in space,

enabling us to focus on fine-scale habitat conditions as the

sole driver of the spatial distribution of individuals. It may be

possible to improve model performance by adding additional

predictive variables, such as ground temperature and mois-

ture, which, unfortunately, were not available at the required
spatial resolution at the time of this study.

Tortoises’ preference of different soils.—The locations of the
181 tortoise observations revealed that tortoises had a non-
random preference for soil type (Supplemental Appendix 6;
see Data Accessibility). We suggest that soil type it is an
important element in habitat preference for tortoises because
of its physical characteristics such as heat capacity, radiation,
and suitability for digging.

There are almost no studies on the relationship between
habitat preference and soil type. Andersen et al. (2000) imply
that soil composition can be an important determinant of
habitat suitability for desert tortoises (e.g., Gopherus agassizii)
and for burrowing animals in general. Garden et al. (2007)
point out that reptiles and small mammals were negatively
influenced by increased soil compaction in a decision-
making process study on the conservation of native wildlife
within urban environments in Brisbane City. Moreover, few
studies exist about the impact of increasing global temper-
atures on the potential regulatory capacity of different soils
and, consequently, the effect of their interaction on
embryonic development (Ackerman, 1991) and nesting
behavior.

In casual observations of individuals not mounted with
radio transmitters, tortoises were usually spotted in open
areas or beneath vegetation. However, tortoises mounted
with radio transmitters provided enhanced data, which
revealed that tortoises inhabited additional microhabitats
such as shrubs and rocks crevices. Tortoises were found most
of the day in shrub boundaries where they basked (or
cooled), slept, rested, mated, and probably aestivated near
the roots. Compared with the bare soil, the relatively stable
ambient conditions (temperatures, radiation, and humidity)
around the shrubs likely make them a favorable microhabitat
for tortoises. Similarly, in the Sinai Peninsula, the Egyptian
Tortoise (Testudo kleinmanni) used smaller shrubs in the
autumn, winter, and spring seasons for basking, thermoreg-
ulation, and hiding, and used shrubs with a cover diameter
greater than one meter during the aestivation season (Attum
et al., 2013).

Tortoises were found to utilize the sparse stands of conifer
trees but avoided the dense stands, probably due to the
different thermoregulatory conditions they hold. Several
individuals mounted with radio transmitters had home
ranges adjacent to a dense stand of pine trees (males 2, 28,
127, and female 119) but avoided entering those stands all
together, probably because tortoises cannot thermoregulate
well there. Working also on a poikilothermic group, Todd and
Andrews (2008) showed that the highest relative abundance
of several species of snakes (Cemophora coccinea, Diadophis
punctatus, Lampropeltis triangulum, Storeria occipitomaculata,
Tantilla coronata, and Virginia valeriae) occurred in thinned
forest stands as opposed to dense forests. The preferable
habitat for tortoises probably also depends on the local
climate that the geographic location provides. For example,
Hermann’s Tortoise (Testudo hermanni), which can be found
in northern Mediterranean countries, selects grassland and
shrub habitats, avoids forests, and will use forest edges at
random (Rozylowicz and Popescu, 2012).

We did not find support for associating T. graeca in Israel to
rocky habitats (Arbel, 1984). The absence of tortoise
observations in the rocky areas (Supplemental Appendix 5;
see Data Accessibility) can be related to ground and above-
ground characteristics, e.g., the difficulty of digging in stony

Fig. 5. Home-range polygons of radio-tagged tortoises in the study
area.
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ground (for nesting or aestivation, for example). Moreover,
temperatures are less well regulated in rocky soil, and the
microconditions under or near the vegetation in rocky
habitats are less stable than under shrub canopies in
nonrocky habitats.

Yearly activity patterns.—The current study is the first to
describe a long period of summer-to-autumn activity hiatus
of T. graeca in Israel (Fig. 2). Though hibernation has been
found to be common in turtles and tortoises (Ultsch, 1989;
Litzgus et al., 1999; Mazzotti, 2004; Hochscheid et al., 2005),
including reports on populations of T. graeca in Spain and
previous reports on this species in Israel (Arbel, 1984), Ramat
Hanadiv’s tortoises do not seem to hibernate. Yet, the spring
activity pattern in the Ramat Hanadiv population has been
found to be similar to that of Spur-thighed Tortoise (T. g.
graeca) in Spain (Dı́az-Paniagua et al., 1995) and to the Negev
Tortoise Testudo kleinmanni (named in the past Testudo
werneri) in Israel (Geffen and Mendelssohn, 1989). Dı́az-
Paniagua et al. (1995) suggest that the summer period of
inactivity of T. graeca in Spain is aestivation. We assume that
the inactivity of tortoises in our study is related to
aestivation, but this claim needs to be confirmed with
physiological studies (i.e., aestivation is determined by both
inactivity and a lower metabolic rate). Aestivation was found
in other tortoises and turtles, such as the Mojave Desert
Tortoise (Gopherus agassizii), which spends more time
aestivating in burrows when summer droughts extend (Nagy
and Medica, 1986), and the Spotted Turtle (Clemmys guttata),
which becomes relatively inactive during the summer.
Spotted turtles were often observed buried in terrestrial sites
under leaf litter, woody debris, and logs, and inside the root
balls of fallen trees (Litzgus and Mousseau, 2004). However,
aestivation is much less common than hibernation in these
taxa. Under the Mediterranean summer, when most of the
herbaceous plants (i.e., potential food and water resources)
become dry and temperatures often exceed 408C, aestivation
may be beneficial for tortoises.

It is generally assumed that ectothermic species become
inactive in the winter. However, in our study, the winter and
spring of 2014 were found to be the most active periods for
tortoises, most notably, between January and March. How-
ever, our study was conducted during a relatively mild winter
in which soil temperatures were higher and precipitation was
lower than in previous years (Supplemental Appendices 2–4;
see Data Accessibility). These conditions could have brought
forward the initiation of the breeding season in January
2014, earlier than has been described elsewhere for the Israeli
population of T. graeca (Arbel, 1984; Bar and Haimovitch,
2011). Furthermore, a previously documented autumn
courtship (Willemsen and Hailey, 2003; Pellitteri-Rosa and
Sacchi, 2011) was not noticed in this study, though we had
only a single autumn period in the field in 2013.

Tortoise home range.—The size and location of tortoise home
ranges in our study revealed a high degree of overlap between
individual home ranges, mostly between male and female
ranges but also among individuals of the same sex,
suggesting a lack of territoriality in this species (Harless et
al., 2009). Similarly, overlaps between the home ranges of
males and females and among the same sex were reported in
the Egyptian Tortoise (T. kleinmanni; Geffen and Mendels-
sohn, 1988). Burt (1943) argues that only those that protect
some part of the home range, by fighting or being aggressive
to other individuals of the same species, during some phase

of their lives, may be said to be territorial. According to
Willemsen and Hailey (2003), there is no fighting behavior
among male T. graeca during the courtship season, which
suggests that they probably do not hold territories. Sexes had
similar home-range sizes like other populations of the species
and the order (Testudines): T. graeca in southeast Spain
(Anadón et al., 2006b), T. hermanni in a rural Romanian
landscape (Rozylowicz and Popescu, 2012), and Western Box
Turtle (Terrapene ornata luteola) in New Mexico (Nieuwolt,
1996). However, in T. kleinmanni, male home-range size
(34.9624.6 ha) was twice that of females (15.7686 ha), but
the difference was not statistically significantly (Geffen and
Mendelssohn, 1988).

In April 2014, an unplanned introduction of cattle into
parts of the study area resulted in home-range shifts for some
individuals, mostly emigration to the ungrazed grounds. The
ecological costs of livestock grazing can be dramatic,
including: biodiversity loss; decline of population densities
for different taxa; disruption of ecosystem functions, includ-
ing nutrient cycling and succession; change in community
organization; and change in the physical characteristics of
habitats (Fleischner, 1994). In the current study, we did not
compare tortoise presence between areas with and without
grazing and therefore cannot evaluate the impact of this
management practice on this species. The observed shift in
home range following cattle introduction merits further
study.

In conclusion, this study describes for the first time a
strong preference for soil type in T. graeca, as well as
preference for specific fine-scale habitat types. It further
shows a previously unknown long-term summer-to-autumn
activity hiatus of T. graeca in Israel as well as an absence of
hibernation of tortoises in the study area, in contrast to
common knowledge. These results can help inform manage-
ment activities, such as nesting farms for the conservation of
T. graeca in the eastern Mediterranean basin. In addition,
information on the effects of soil type on microhabitat
preference will facilitate the study of nesting site selections
and hatchlings’ sex ratio in natural habitats.
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