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Abstract

The available range of habitats and suitable abiotic conditions like temperature and
radiation tends to be narrower toward the periphery of the distribution range of spe-
cies. Peripheral populations of generalist species could then be more specialized and
have a smaller and differentiated realized niche (habitat niche in our study) compared
to populations at the core. Likewise, patterns of microhabitat selection can differ
between periphery and core. In our study, we compared niche size and microhabitat
selection among core (Bulgaria) and northern peripheral (Germany, Czech Republic)
populations of Lacerta viridis and estimated niche differentiation among regions. We
collected data on vegetation structure and abiotic parameters at the microhabitat
scale in each region. In order to compare niche size among regions and estimate niche
differentiation, we built multidimensional niche hypervolumes. We applied general-
ized linear mixed models and model averaging, accounting for spatial autocorrelation
when necessary, to analyze microhabitat differences among regions and microhabi-
tat selection in each region. Peripheral populations were more specialized, having a
smaller niche than core ones, and their niche differed from that in the core (Sgrensen
overlap in all comparisons <0.3). Microhabitats at the periphery had lower radiation
and soil compaction and less structured vegetation. Microhabitat selection at the
core depended solely on abiotic parameters, while at the periphery it was defined by
only vegetation structure (Czech Republic) or a combination of both, vegetation
structure, and abiotic factors (Germany). Thus, peripheral populations seem to com-
pensate for overall harsher climatic conditions by responding to different parameters
of the microhabitat compared to core populations. We suggest specific conservation
measures for L. virids in each studied region and point out the general implications of
a higher specialization degree of peripheral populations in relation to climate change

and habitat fragmentation.
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1 | INTRODUCTION

Availability of resources and environmental conditions changes
along the distribution range of species, with especially marked dif-
ferences along the gradients of broadly distributed species (Gaston,
2009; Kirkpatrick & Barton, 1997). These patterns can lead to eco-
logical differences between populations of the same species living
either at the core or at the periphery of its distribution range (Brown,
Stevens, & Kaufman, 1996). The Kihnelt principle (Kihnelt, 1965)
states that the range of colonizable habitats is wider at the core
where environmental conditions are optimal, whereas at the periph-
ery conditions are suboptimal and fewer microhabitats are suitable
for the species. Therefore, populations at the core should be habitat
generalists (“euryoecious”), while populations at the periphery of
the species’ range can, in comparison, be more specialists (“stenoe-
cious”) (Bbhme & Rodder, 2014). Under the Hutchinson’s concept of
ecological niche (Hutchinson, 1957), this suggests that populations
living at the periphery of the distribution range will have a smaller
locally realized niche breadth compared to generalist core popula-
tions. Studies quantifying these differences in animal populations
are scarce, but evidence of smaller niche breadth at the periphery
compared to the core has been found in a few taxa. For instance,
the niche breadth and availability of resources of three invertebrate
species, the butterfly Plebejus argus, the ant Myrmica sabuleti, and
the grasshopper Chorthippus vagans, were found to decrease toward
the northern colder edge of their distribution range (Thomas, Rose,
Clarke, Thomas, & Webb, 1999). In vertebrate species, Lappalainen
and Soininen (2006) found that the niche breadth of fresh water per-
cid and cyprinid fishes was narrower toward the northern edge of
the distribution range, and Yurkowski et al. (2016) demonstrated that
niche breadth at the population level decreased with increasing lati-
tude in ringed seals (Pusa hispida) and beluga whales (Delphinapterus
leucas).

Additional to differences in niche breadth, niche differentia-
tion can also be found when comparing core and peripheral popu-
lations. Studies investigating niche differentiation in animal species
are focused on evolutionary niche divergence among populations
across the species’ distribution range (Ahmadzadeh et al., 2013;
Cadena & Loiselle, 2007), with the niche of relict populations being
usually found to be differentiated from that of more central pop-
ulations (Lozano-Jaramillo, Rico-Guevara, & Cadena, 2014). Many
approaches exist for such studies, such as occupancy models with
climatic, land cover, or other environmental variables as covariates
(Araujo & Peterson, 2012; Chefaoui, Hortal, & Lobo, 2005; Hirzel &
Le Lay, 2008), and models that use presence/pseudoabsence data
(Morales, Fernandez, Carrasco, & Orchard, 2015). These studies are
generally done at a macroscale of large regions (often including the
whole distribution of a species) and using a coarse spatial resolutions
of 1 km? or more (Pearson & Dawson, 2003). Such studies are un-
able to assess the effects of environmental factors that have a much
finer spatial variability. There is a lack of studies on animal species
testing niche differentiation by using field data at such microhabitat
scale that allows deeper insights into intraspecific niche differences

between peripheral and core populations, and into the microhab-
itat selection patterns shaping these differences. Elucidating such
differences is important for understanding ecological processes like
range shifts under global change, as well as for promoting effective
conservation measures for edge populations of threatened species
(Lesica & Allendorf, 1995; Peterman, Feist, Semlitsch, & Eggert,
2013).

Given their sensitivity to environmental changes and thermal
dependency, reptiles are of particular interest to study niche and mi-
crohabitat selection in regions with different ranges of available hab-
itats and climatological regimes (Buckley, 2010; Cunningham, Rissler,
Buckley, & Urban, 2016). Moreover, for some taxa like lacertid lizards,
there is enough qualitative information about niche differences be-
tween core and peripheral populations, like the known differences in
the diversity of habitats occupied in core regions of the distribution
range compared with the northern periphery (Korsés, 1982; Olsson,
1988). Lacerta viridis, for example, is a common species in the Balkan
Peninsulain Eastern Europe and Asia Minor (Elbing, 2001) and has its
northern distribution range located in Germany and in the Bohemian
region of the Czech Republic. In core regions, the species is found in
habitats ranging from slopes with rock covering, bushlands, and road
edges to mixed forest and pine plantations, including several semi-
natural and urban habitats (Heltai, Saly, Kovacs, & Kiss, ; Covaciu-
Marcov et al., 2009; Popgeorgiev & Mollov, 2005). In Germany and
Czech Republic, where thermal conditions and other limiting factors
like daily hours of sunshine (Fror, 1986; Laube & Leppelsack, 2007)
do not provide many suitable habitats for the species, it is scarce
and mostly found in open areas and river valleys (B6hme & Moravec,
2011; Bohme, Schneeweil3, Fritz, Schlegel, & Berendonk, 2007).
However, despite substantial descriptive evidence suggesting a nar-
rower range of habitats used by northern edge populations, there
are no quantitative studies that explicitly quantify and compare the
niche between core and peripheral populations, nor any study com-
paring the factors that determine microhabitat selection in different
regions.

In the present study, we compare the specialization degree with
respect to realized niche, and microhabitat selection of populations
of L. viridis (Figure 1) living either at the core (Bulgaria) or at the
northern periphery (Germany and Czech Republic) of the species’
distribution range (Figure 1).The studied populations in the Czech
Republic are relict populations, which are not part of the continuous
distribution of the species, and in Germany and the Czech Republic,
the species is critically endangered and highly protected according
to the EU Habitats Directive and national conservation regulations..
On the other hand, in Bulgaria, L. viridis is the most common lizard
species (Beutler & Rudolph, 2003; Zavadil & Moravec, 2003). We
expected to find (a) smaller realized niches in northern edge pop-
ulations compared to the core, with a niche differentiation pres-
ent in populations located around Prague (relicts) but not in those
in Passau (which are part of the continuous distribution range); (b)
higher preference of L. viridis in the periphery for specific vegetation
structures at the microhabitat scale, like low and open vegetation,
as compensation for overall suboptimal climatic conditions; and (c)
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FIGURE 1 Adult male of the eastern green lizard Lacerta viridis
in Passau, Germany. Photo credits: AMPR

higher influence of vegetation structure in the microhabitat selec-
tion in the northern periphery, where the availability of suitable hab-
itats for the species is a limiting factor, while in the core, where the
available range of habitats is broader, abiotic parameters will have a
higher influence in the microhabitat selection.

2 | MATERIALS AND METHODS

2.1 | Study regions and site selection

The study region at the core of the species’ distribution was located
in the Thracian Plain of Bulgaria, in the surroundings of Plovdiv
(Figure 2a). Bulgaria is the historical and current range core of the
species (Popgeorgiev & Mollov, 2005),and in the Thracian Plain are
represented most of the habitats in which L. viridis is present in cen-
tral regions, from road edges and open shrublands to mesophilic
forest. The study regions at the species’ northern periphery were
located near Passau (Bavaria, Germany) and in the surroundings of
Prague (Bohemia, Czech Republic). From now on, we will use the
term periphery to refer to the study regions located in the north-
ern periphery. In Passau (Figure 2b), populations are found along the
Danube Valley in rocky outcrops in the oak and hornbeam forest
and on the southern exposed cliffs, but mostly along an abandoned
railroad that runs parallel to the river. Populations of L. viridis in the
surroundings of Prague (Figure 2c) are relict populations located in
open stony areas of the oak forest and on the slopes of the Moldova
valley, as well as those of other valleys perpendicular to the Moldova
River.

The extent of the areas where the study was carried out in each
region was 325 km?, 288 km?, and 522 km? in Plovdiv, Passau, and
Prague, respectively. Based on information available about places
where the species has been found and on information about the
habitat of L. viridis reported in the literature, we identified potential
suitable sites into these areas by using satellite maps. Each site rep-
resented a portion of habitat potentially holding a population and
separated from other sites/populations by structures in the land-

scape (e.g., agriculture, highways) that do not represent habitat. In
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order to reduce the effects of probable local processes present in
each region, we increased as much as possible the number of sites,
by visiting all potentially suitable sites present in the study area in
each region. In total, we visited 40, 27 and 33 sites visited in Plovdiv,
Passau, and Prague, respectively. Also, to avoid bias in the habitat
types visited in each region, at the periphery, we also visited sites
with similar vegetation structure to those where L. viridis was found
in the core (e.g., mixed forest). In Plovdiv, the area of the sites was
0.1-3.91 km? and the distance between sites was 5-6,100 m; in
Passau, sites had an area of 0.23-4.51 km? and were apart from one
another 10-800 m; in Prague, sites were 0.3-2.28 km? large and the
range of distances between was 5-2,171 m.

2.2 | Field survey and data collection

Field surveys took place in Plovdiv and Passau in 2014 and in Prague
in 2015. In order to make the surveys comparable among regions,
they were carried out in each region starting with the onset of the
reproduction season: early April in Plovdiv and early to mid May in
the two peripheral regions. Sampling lasted till late May in Plovdiv
(core) and till June and July in Passau and Prague. This shift in sam-
pling made average maximum air temperatures per sampling month
similar among sites: 18.5 and 23.4°C in Plovidiv, 23.1 and 24.8°C in
Passau, and 22.5 and 24.6°C in Prague).

Data were gathered around a total of 363 points, from which
152 were in the core (presence: 102; absence: 50), 117 in the pe-
riphery-Pa (33; 84), and 94 in the periphery-Pr (29; 65). In the core
region, lizards were found in a variety of habitats from shrublands to
mixed forest, in riverbeds as well as far away from any water body. In
Passau, the presence of the lizards is restricted to the lower part of
the narrow Danube valley, where the habitat is represented by stony
areas with low vegetation. Finally, in Prague, lizards were mainly
found in the open rocky slopes of the Vltava valley and the valleys
of tributary rivers.

We used an occupancy survey design to incorporate detection
probability. Following study designs proposed by Mackenzie and
Royle (2005) and based on estimates of detection probability for
similar species (Janssen & Zuiderwijk, 2006; Sewell, Guillera-Arroita,
Griffiths, & Beebee, 2012), the number of visits per site was set to
two, one in the morning (9:00-12:00 a.m.) and one in the afternoon
(14:00-19:00 p.m.) in accordance with the species’ daily activity pat-
tern (Korsés, 1983). The second visit in each population was carried
out either on the same day or one day later. Only in two populations
in Plovdiv (core) and two in Prague visits were separated by 7 days.

Each visit lasted one hour, and sites were surveyed by means
of line transects. Walking speed was standardized at 20 m/min.
Thus, one hour visit corresponded to 1,200 m, which were divided
into transects of variable lengths (50-400 m). Transects were sys-
tematically placed in order to represent the area of the site and
all different habitat types present at it. With the use of maps and
based on the relative coverage of each habitat type into each
site, we calculated the length of each transect and the number of
transects that had to be placed in each habitat type. The entire
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FIGURE 2 Distribution range of Lacerta viridis and study sites in the core located in Plovdiv, Bulagria (a), and in two peripheral regions
corresponding to Passsau, Germany (b) and Prague, Czech Republic (c)
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length of each transect was placed only in one habitat type and
did not crossed to another. The number of transects surveyed per
site ranged from 3 to 12. To avoid double counting of observed
lizards among transects, the minimum distance between transects
was 100 m. A width of 2.5 m at each side of the transect was set
to carefully inspect visually for L. viridis. A metal stake was placed
on the specific point where each lizard was seen and coordinates
were taken. In a 25-m? plot around this point (presence plots), data
on vegetation structure and abiotic parameters were recorded.
Percentage of vegetation coverage was visually estimated for the
following categories: herbs with a height lower than 30 cm (herbs1),
between 40 and 80 cm (herbs2) and higher than 90 cm (herbs3);
woody plants < 2 m and woody plants > 2 m; dry leaves, rocks and
fallen trunks (rocks_trunks), bare soil, way (road edges, dirt tracks,
walking paths), and coverage of branches (Branches). Vegetation
height was measured with a retractable measure tape. Abiotic pa-
rameters included air temperature at 1.5 m height, 10 cm height
and ground surface, soil compaction, soil composition, slope, and
aspect. Temperatures and soil compaction were measured at three
random points (different for each parameter) within each plot and
then averaged for the analysis. Soil compaction was measured with
a manual penetrometer, and soil composition was qualitatively clas-
sified into humus, organic, clay, gravel, or sand. Temperature was
measured with a precision digital thermometer (Greisinger GTH
175/PT), exposition was taken with a GPS (Garmin 62S) and slope
with a compass (Global system DS 50G).

In order to analyze microhabitat preference of the species, the
same data were collected in 25-m? plots around random points along
each transect, where the lizard was not seen at the time of the sur-
vey. These random plots are specific locations that the lizard might
use at other time and where it might not be permanently absent,
but in order to simplify terminology, from now on we will call them
absent plots. Random points were chosen by blindly selecting points
along each transect in the GPS. Data gathering in each presence/
absence plot took approximately 15 min, which were not accounted
for as sampling time, and in consequence one hour of surveying liz-
ards represented 2-4 hr of data sampling. Therefore, due to time
constrains, data were gathered around a maximum of three “pres-
ence” points per transect per visit in the case more than three lizards
were encountered, and a minimum of one random “absence” point
per transect. If a lizard was encountered in an already surveyed plot
during the second visit, data were not included in the analysis to
avoid pseudo-replication.

Additionally, to variables measured in the field, we estimated
radiation at each data point and at the specific time range of the
study in each region with the “Potential incoming solar radiation”
tool of the software SAGA. For this purpose, elevation maps with
30-m resolution were obtained from the USGS database. Aspect
was transformed into two variables: cosine values, representing the
South-North component (S-N aspect), and sine values, representing
the West-East component (W-E aspect). S-N aspect values increase
from south to north, and W-E aspect values increase from west to
east.
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2.3 | Data preparation and variable selection

The following procedure was performed for the data set including
all regions (see section Comparison of microhabitats among regions),
and separately for the individual dataset of each region (see section
Microhabitat selection in each region)Vegetation structure data
were ARCSIN transformed, tested for correlation with Spearman
rank correlation, and assessed for collinearity by estimating the
variance inflation factor (VIF). Variables with correlation > 0.6 or
VIF > 3 were excluded from analysis (Zuur, leno, & Elphick, 2010).
In the dataset, including all regions, no correlation or collinearity
was found and all variables were retained (Supporting Information
Appendix S1, Table S1.1). In Plovdiv, the variable Herbs 2 had a high
collinearity (VIF = 17) and was excluded from the analysis of micro-
habitat selection (see analysis description below). In the other two
regions, neither correlation nor collinearity was found (Supporting
Information Appendix S1, Table $1.2-51.4). Therefore, all variables
were retained. Continuous abiotic variables were log-transformed
and tested for correlation with the Pearson correlation test and also
for collinearity with VIF. Variables with correlation >0.6 or VIF > 3
were excluded. Air temperature, temperature at 10 cm height, and
temperature at soil surface were correlated (r > 0.9) in all study re-
gions; hence for further analysis, only the temperature at the soil
surface was used, as lizards’ bodies are directly in contact with it,
and its influence on microhabitats may be the strongest. No cor-
relation or collinearity was found in other variables (Supporting
Information Appendix S1, Table S1.1-5S1.4). Correlations between
each abiotic continuous variable and the factor soil composition
were tested using linear regression. In Plovdiv, soil composition was
correlated with soil compaction (F4,136 = 3.75, p < 0.01) and radiation
(F4'136 =10.08, p < 0.001) and therefore removed from the analy-
sis. In Passau and Prague, soil composition was correlated with soil
compaction (F2,9e =3.14,p = 0.047,; F3y73 =4.45,p =0,038). To select
between soil compaction and soil composition, we tested the effect
of each of the two variables on the presence/absence of the lizard
in each region and retained the variable with the strongest effect
(Poulin, Villard, Edman, Goulet, & Eriksson, 2008). In all regions, soil
composition was least correlated with presence/absence of L. viridis,

and therefore, for further analysis this variable was removed.

2.4 | Statistical analysis

2.4.1 | Niche size and specialization

To compare realized niches among regions, multidimensional niche
hypervolumes were derived with the package “Hypervolume” from
R software (Blonder, 2015). All calculations were performed sepa-
rately for vegetation structure and abiotic parameters in each region.
Data were scaled and centered, and principal component analysis
(PCA) with the R package “ade4” (Dray, Dufour, & Thioulouse, 2015)
was applied to the whole dataset including all points of all regions.
This reduction in dimensionality was necessary as the niche hyper-

volume analysis requires orthogonal axes. Principal components
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Principal components

TABLE 1 Loadings of each variable in
the principal components with

PC1 PC2 PC3 PC4

Vegetation structure

Herbs 1 0.19 0.73 -0.37 -0.08

Herbs 2 -0.43 -0.32 0.16 -0.24

Herbs 3 -0.38 -0.07 -0.28 0.16

Woody plants <2 m 0.10 0.17 0.64 0.30

Woody plants >2 m 0.20 0.01 0.17 -0.51

Dry leaves 0.50 -0.46 -0.11 0.05

Rocks_trunks -0.08 -0.25 -0.35 0.46

Bare soil 0.17 0.07 0.37 0.41

Way -0.11 -0.06 0.15 -0.40

Branches 0.53 -0.24 -0.17 -0.12
Abiotic parameters

Temperature -0.34 -0.09 0.72

Soil compaction 0.37 0.35 0.53

S-N aspect 0.05 -0.81 0.13

W-E aspect -0.25 0.06 -0.43

Slope -0.56 0.41 0.06

Radiation 0.60 0.20 -0.06

with eigenvalues > 1 were used to construct the hypervolumes of
the realized niches in each study region (see Table 1 for variable
loadings). Six principal components were selected for vegetation
structure (77.05% of total variance) and three for abiotic parame-
ters (62.89% of total variance). We used a fixed bandwidth of 0.5
with 1,000 Monte Carlo samples per data point to calculate the
volumes. Hypervolume units are standard deviations (SD). Besides
the size of each hypervolume, we also estimated the intersection
and the union, and for testing niche differentiation, we estimated
the Sgrensen overlap index for each comparison, which is an index
measuring the similarity among two samples with values varying
from O for low overlap to 1 for complete overlap (Blonder, Lamanna,
Violle, & Enquist, 2014).

2.4.2 | Comparison of microhabitats among regions

For comparing microhabitats among regions, a multinomial logistic
regression was run using the “multinom” function of the “nnet” R
package (Ripley & Venables, 2016), with “region” as response vari-
able. Analysis was first done separately for vegetation structure
and abiotic parameters. After fitting a global model with all vari-
ables of either vegetation structure or abiotic parameters, all pos-
sible models with a reduced number of parameters were generated
with the “dredge” function of the “MuMIn” R package (Bartén, 2015).
Model comparison was based on Akaike’s information criterion cor-
rected for small sample size (AlCc) (Burnham & Anderson, 2002).
All models with AAICc<2 relative to the best model were selected,
and parameters were estimated by averaging across these models

with the “model.avg” function of “MuMIn” package. Relative variable

PC5 PC6 eigenvalues >1 selected to build the niche
hypervolumes for vegetation structure
and abiotic parameters

0.09 0.12
0.48 0.06
-0.38 -0.49
-0.14 0.38
0.26 -0.15
-0.14 0.07
0.12 0.43
0.09 -0.58
-0.70 0.17
-0.01 -0.13

importance (RVI) was calculated by summing the Akaike weights
of each variable across the selected models. Variables with RVI >
0.6 were considered important (Kennedy et al., 2013). Important
variables of both sets of variables, vegetation structure and abiotic
parameters, were then combined in a third global model. Again, all
possible models were generated and those with AAICc < 2 were av-
eraged. We selected the approach of analyzing vegetation structure
and abiotic parameters separately, and then combine most impor-
tant variables of both averaged models in order to avoid overfitting
of the global model, which is a common risk in mixed models that
tends to overweight the variables averaged through the best models
(Grueber, Nakagawa, Laws, & Jamieson, 2011).

2.4.3 | Microhabitat selection in each region

We applied generalized linear mixed models GLMM, with plot pres-
ence/absence as response variable, site occupancy (i.e., the pres-
ence or absence of the lizard in each visited site) as random factor
and variables of vegetation structure or abiotic parameters as fixed
factors. Analyses were initially done separately for vegetation struc-
ture and abiotic parameters. For each region, a full model containing
all variables, either of vegetation structure or of abiotic parameters,
was fitted using the “glmer” function of the “Ime4” R package (Bates,
Maechler, Bolker, & Walker, 2016) with a logit link function and bino-
mial error distribution. We tested for spatial autocorrelation of resid-
uals (SACR) and when present, we applied principle coordinates of
neighbor matrices (PCNM) (See “Detection and correction of spatial
autocorrelation”). We then proceeded as described in Comparison

of microhabitats among regions to generate all possible models,
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TABLE 2 Comparison among the

realized niche size in Plovdiv (PI), Passau Comparison Volume 1 Volume 2 Intersection Union Sgrensen overlap
(Pa), and Prague (Pr) Vegetation structure

Pl-Pa 90.89 28.85 6.69 113.05 0.11

PI-Pr 90.89 27.03 5.93 111.98 0.10

Pa-Pr 28.85 27.03 2.38 53.50 0.08

Abiotic parameters

Pl-Pa 32.89 20.97 10.16 47.70 0.37

PI-Pr 32.89 23.24 4.29 51.84 0.15

Pa-Pr 20.97 23.24 6.32 37.89 0.28

Note. Volume 1 and 2 correspond to the first and second region mentioned in the name of each
comparison.

(a)
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FIGURE 3 Two dimension (2D) representation of the multidimensional niche hypervolumes of realized niches for vegetation structure (a,
6 dimensions) and abiotic parameters (b, 3 dimensions) in the core of the distribution range of L. viridis (core, red), in the periphery in Passau
(periphery-Pa, green) and in the periphery in Prague (periphery-Pr, blue). Dimensionality of each niche hypervolume corresponds to the
number of principal components with eigenvalue >1
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averaged through those with AAICc < 2 and combine the most im-
portant variables of both the vegetation structure and abiotic pa-
rameters averaged models. We checked again for VIF and for SACR,
and the process of model averaging was repeated to obtain the final
model that includes the most important variables among vegetation
structure and abiotic factors. For each final model, we report con-
ditional R? corresponding to the variance explained by fixed factors
and random term together, and marginal R? representing the vari-

ance explained by fixed factors only (Nakagawa & Schielzeth, 2013).

2.4.4 | Detection and correction of spatial
autocorrelation

All global models (vegetation structure, abiotic parameters, or com-
binations thereof) of microhabitat selection in each region were
tested for spatial autocorrelation of model residuals (SACR) by es-
timating Moran’s | index, calculating Moran’s I-based correlograms
and computing autocorrelation of residuals. Correction for SACR
was done by means of principal coordinates of neighbor matrices
(PCNM). PCNM are a type of Moran'’s eigenvector maps and consist
of calculating spatial eigenvectors based on a matrix of truncated
distances. The obtained PCNM vectors can then be added into the
model as fixed terms to account for SACR (Borcard & Legendre,
2002) (Supporting Information Appendix S2).

3 | RESULTS

3.1 | Niche size and specialization

The realized niche of vegetation structure was largest in the
core, followed by the periphery-Pa and the periphery-Pr (Table 2,
Figure 3a). The realized niche of vegetation structure was found to

differ in both peripheral regions from the niche in the core with the

same degree of differentiation (Sgrensen overlap = 0.1). Percentages
of intersected niche volume ranged between 21.93%-23.18% for
the peripheries and 6.5%-7.36% for the core. Between peripheral
regions, there was also differentiation (Sgrensen overlap = 0.08) and
low percentages of overlapped niche volumes (8.24% for periphery-
Pa and 8.80% for periphery-Pr).

The realized niche based on abiotic parameters was also larg-
est in the core, but in this case, it was followed by that in the
periphery-Pr and the smallest abiotic niche was in the periph-
ery-Pa (Table 2, Figure 3b). In both peripheral regions, it differed
from that in the core, with the lowest overlap found between
the Periphery-Pr and the core (Sgrensen overlap = 0.15), with
18.45% of the niche in periphery-Pr intersecting with 13.04% of
the niche in the core. Between periphery-Pa and core (Sgrensen
overlap = 0.37) intersected volumes were 48.45% and 30.89%,
respectively. The comparison between peripheries also showed
niche differentiation (Sgrensen overlap = 0.28), and 30.13% of
the niche of Periphery-Pa overlapped with 27.19% of the niche
in Periphery-Pr.

3.2 | Comparison of microhabitats among regions

With the multinomial logistic regression (Table 3), we found
that the most important variables differentiating microhabitats
used among regions were radiation, soil compaction, Herbs1,
Herbs2, Herbs3, woody plants<2 m, woody plants>2 m, and Way
(RVI = 1). In both peripheral regions, radiation and soil compac-
tion were lower compared to the core region. Also, herbs and
woody plants had a lower proportion in microhabitats used in
peripheral regions compared to the core region. When comparing
between peripheral regions microhabitats used in periphery-Pr
had an even lower radiation and proportion of herbs and woody

plants<2 m, but higher soil compaction and woody plants>2 m.

TABLE 3 Parameter estimates with 95% confidence interval (LCL and UCL) from averaged models of the multinomial logistic regression
for the comparison among realized niches in Plovdiv (Pl), Passau (Pa), and Prague (Pr)

Pl versus Pa
RVI Estimate (SE) LCL UCL
Intercept 14.15 (4.24) -12.90 26.80
Radiation 1 -0.61 (0.14) -0.96 -0.33
Soil compaction 1 -5.57(1.77) -10.20 -2.01
Way 1 -16.09 (5.79) -28.07 -5.05
Woody plants <2 m 1 -38.38(12.93) -67.98 -12.76
Woody plants >2 m 1 -13.81 (6.65) -28.48 -0.88
Herbs 1 1 -7.71(2.52) -13.43 -2.13
Herbs 3 1 -0.22 (2.36) -5.27 4,592
Herbs 2 1 -6.38(2.91) -12.90 -0.67
Temperature 0.51 5.77 (7.85) -3.44 26.28
Slope 0.47 0.36(0.58) -0.51 2.04

Pl versus Pr Pa versus Pr
Estimate(SE) LCL UCL Estimate (SE) LCL UCL
16.56 (4.59) -23.26  31.80 2.4(2.60) -18.15 1274
-0.66 (0.15) -1.01 -0.35 -0.04 (0.09) -0.21 0.14
-5.40 (1.85) -10.45  -1.85 0.16 (1.17) -2.42 2.33
-15.28 (6.54) -27.95 -3.09 0.81 (5.05) -8.57  10.65
-26.11(11.94) -51.32 0.34 12.35(9.47) -4.68 3445
-27.78 (9.43) -46.30 -8.34 -13.96(7.75) -27.73 241
-8.46(2.48) 1442  -275 -0.74 (1.85) -4.54 2.93
-9.90 (4.29) -1794  -1.11 -9.68 (4.11) -17.23 -1.15
-12.83(3.28) -20.00 -6.30 -6.44(2.14) -10.64  -2.08
9.21(10.86) 191  34.53 3.45(5.22) -4.07 17.73
0.78 (0.99) 0.10 3.21 0.42 (0.6) -0.25 2.03

Note. Estimates and confidence intervals correspond to Pa and Pr in comparison to PI, and to Pr in comparison with Pa. Most important variables are

those with relative variable importance RVI > 0.6.
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TABLE 4 Microhabitat selection of green lizards in the core
(Plovdiv) and in the periphery (Passau, Prague). Table shows the
most important variables (relative variable importance RVI > 0.6)
among vegetation structure and abiotic factors resulting from
model averaging of selected models (AAIC < 2)

Variable Estimate SE RVI
Plovdiv
Intercept 15.3877 7.415
Radiation 0.5275 0.2727 1
Slope -3.8056 2.3085 1
Soil compaction -5.7846 1.4432 1
S-N aspect -3.6429 2.9139 0.74
Temperature -1.406 3.5887 0.24
W-E aspect 0.1214 0.6582 0.14
Passau
Intercept -1.03e03 6.02e-03
Branches -2.91e02 2.89e01 1
S-N aspect -5.44e01 6.02e03 1
pcnm1l 4.48e02 6.02e-03 1
pcnm44 -2.13e+02 4.14e02 1
W-E aspect 4.97e01 6.02e-03 1
Temperature 6.54e02 6.02e-03 1
pcnmé -4.91e02 6.02e-03 0.9
pcnm9 -60.13 395.32 0.21
pcnm22 -22.36 1,341.55 0.12
Way 7.664 22.18 0.11
Herbs 3 1.24 96.80 0.11
Bare soil -6.25 18.25 0.10
pcnm16 -0.39 146.65 0.10
Prague
Intercept -4.27 5.08
pcnm1 -72.84 96.15 1
Herbs 1 4.88 3.79 1
Herbs 2 85.42 54.62 1
Slope 2715 364.24 0.57
Way 72.81 1,027.02 0.57
Herbs 3 -792.12 14,232.53 0.43
Branches 12.87 378.09 0.22
Bare soil 55.08 1,421.35 0.22

Note. In the core, none of the vegetation parameters was retained in the
global model. PCNM: Principal coordinates of neighbor matrices correct-
ing for spatial autocorrelation.

Most of the populations in Prague were found on rocky slopes
of the valley, with sparse vegetation and scarce trees. Given
the rocky substrate of slopes inhabited by L. viridis in Prague,
the soil compaction was higher in Prague compared to Passau
(Supporting Information Appendix S3, Table S3.1 for model se-
lection and model averaging separately for vegetation structure
and abiotic parameters).
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3.3 | Microhabitat selection in each region

Results of model averaging of the GLMMs based on abiotic and
vegetation parameters as potential predictors are shown in Table 4.
Microhabitat selection in the core region was affected only by abi-
otic parameters. The most important variables found were radiation,
slope, soil compaction (RVI = 1), and S-N aspect (RVI = 0.74), with ra-
diation having a positive effect on the presence/absence of L. viridis,
and slope, soil compaction, and S-N aspect having a negative effect.
A high proportion of the variance was explained by our model, with
the larger part being explained by the random intercept (conditional
R? = 0.93; marginal R? = 0.20). The inclusion of random intercepts
can enormously improve the explanatory capacity of models, and a
high conditional R? value is a very common output in GLMM that in-
tend to find the best set of variables to explain the data (Nakagawa &
Schielzeth, 2013) (Supporting Information Appendix S4, Table S4.1
for model selection and model averaging separately for vegetation
structure and abiotic parameters).

The most important variables affecting microhabitat selection in
the periphery-Pa were a combination of vegetation structure and
abiotic parameters: Branches, S-N aspect, W-E aspects, and tem-
perature (RVI = 1) Lacerta viridis in the periphery-Pa avoided loca-
tions with high coverage of branches and selected places with an
eastern and southern aspect where temperatures are higher. The
model explained most of the variance, with fixed factors explaining
almost half of it (conditional R% = 0.99; marginal R2—marginal =0.43)
(Supporting Information Appendix S4, Table S4.2 for model selec-
tion and model averaging separately for vegetation structure and
abiotic parameters).

Microhabitat selection in the periphery-Pr was affected only by
vegetation structure variables. Lacerta viridis in the periphery-Pr se-
lected places with low structure principally composed by low vege-
tation (RVI Herbs2, Herbs1 = 1). Most of the variance in the model
was explained by fixed factors (conditional R? = 0.61; marginal R%-
marginal = 0.60) with a very small proportion being explained by the
random intercept (Supporting Information Appendix S4, Table $4.3
for model selection and model averaging separately for vegetation

structure and abiotic parameters).

4 | DISCUSSION

We hypothesized that the microhabitat niche is smaller at the pe-
riphery of the distribution of our study species, L. viridis, compared
to the core and that there should be a higher preference for specific
vegetation structures at the microhabitat scale at the periphery. We
further hypothesized that in the core, where availability of suitable
habitats does not represent a limiting factor, abiotic parameters will
determine microhabitat selection. All hypotheses were met in line
with Kiihnelt’s principle (Kihnelt, 1965), which states that the range
of colonizable habitats is wider at the core where environmental
conditions are optimal, whereas at the periphery conditions are sub-

optimal and fewer microhabitats are suitable for the species. The
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niche of vegetation structure and abiotic parameters was smaller in
the periphery and was differentiated from the niche in the core. In
the periphery, L. viridis compensated for the overall lower suitability
of environmental conditions by selecting microhabitats with specific
vegetation structures that allow it to take advantage of sufficiently
suitable conditions. As expected, only abiotic parameters deter-
mined microhabitat selection at the core, whereas at the periphery
in Prague, only variables of the vegetation structure influenced mi-
crohabitat selection. However, in the periphery in Passau, a combi-
nation of abiotic and vegetation structure parameters determined
microhabitat selection.

Smaller niche size and niche differentiation in the periphery can
be the result of either different thermoregulatory behavior, pheno-
typic plasticity or local adaptation (genotypic changes) to conditions
that lay near the limits of suitability. On the one hand, thermoreg-
ulatory behavior can allow individuals at the northern (and upper
altitudinal) periphery to meet their thermal requirements by strin-
gent selection of optimal habitats, which therefore often determines
the peripheral limits of the distribution of ectotherms (Henle et al.,
2010; Huang, Porter, Tu, & Chiou, 2014). In the core region, thermal
condition should be more benign, thus allowing ectotherms to reach
their thermal requirements in a larger number of different habitats.
This is the basic idea behind Kiihnelt’s principle of regional stenoecy
(Kihnelt, 1965) and has been shown qualitatively in various lizard
species (B6hme & Rédder, 2014). Furthermore, thermoregulatory
behavior might avoid selective pressures to act upon physiological
traits and is sometimes regarded as the most plausible mechanism
to explain patterns of niche differentiation when data relies on real-
ized niche (Araujo et al., 2013; Bogert, 1949; Grigg & Buckley, 2013;
Huey, Hertz, & Sinervo, 2003).

On the other hand, thermoregulatory behavior in lizards is more
often found to be determinant near the hot extremes of species’
niches, where individuals avoid heat by retreating into burrows or
staying under shadow, compared to near the colder limits of the
niche (Mufoz et al.,, 2014). Moreover, for peripheral populations
that are not connected with the distribution range of the species
(relict populations), in which immigration from more central popu-
lations cannot contribute to population persistence, pressure for
adaptation is stronger and therefore phenotypic plasticity and local
adaptation (genotypical changes) can be more plausible mechanisms
shaping smaller niche size and niche differentiation (Blanquart,
Kaltz, Nuismer, & Gandon, 2013; Chevin, Lande, & Mace, 2010;
Garcia-Ramos & Kirkpatrick, 1997). Under this scenario, the selec-
tive pressure of environmental conditions can result in adjustments
of the thermal physiology, like changes in heat and cooling rates, and
critical thermal limits, with the range of selected body temperatures
(SBT) at the periphery being different and narrower in comparison
with core (Brattstrom, 1968; Castilla, Damme, & Bauwens, 1999;
Henle et al., 2010; Huey, 1982). For instance, the STB of the com-
mon lizard Lacerta vivipara differs between locations, with popula-
tions in southern latitudes having a higher STB compared with those
located at higher latitudes (Patterson & Davies, 1978; Van Damme,
Bauwens, & Verheyen, 1986). The lack of connectedness with the

continuous distribution range is indeed the case of the populations
in Prague, which are regarded as relicts, have overall small size, and
are genetically differentiated from other peripheral (but not relict)
populations (Béhme & Moravec, 2011). Additionally, there is evi-
dence in several ectotherm taxa that the expression of the potential
phenotypic plasticity of a species is higher near its lower thermal
limit, which for several taxa have a strong relation with high lati-
tudes (Chown & Terblanche, 2006; Overgaard, Kristensen, Mitchell,
& Hoffmann, 2011).

One possible selective pressure acting upon populations in
colder northern peripheral regions can be radiation. Contrary to
expectation, radiation had a positive effect on the presence of the
lizards in the core area but no effect in the peripheral areas. As a
consequence, this variable strongly differentiated microhabitats
among regions, being lower in both peripheral regions in compar-
ison with the core. Most importantly, the niches of L. viridis in pe-
ripheral regions were characterized by lower vegetation height than
the niche in the core, where higher temperatures can compensate
for increased shading by higher vegetation. Thermal conditions and
other limiting factors like daily hours of sunshine (Fror, 1986; Laube
& Leppelsack, 2007) presumably do not allow such a compensation
at the periphery.

In Passau and Plovdiv, selected microhabitats additionally seem
to reflect the response to abiotic parameters shaped also by topog-
raphy. In Plovdiv, the effects of slope and S-N aspect were six to
ten orders of magnitude stronger than the effect of radiation and
were negative. This can be explained by the absence of the lizard in
the two rocky hills included among the sites we visited in Plovdiv. In
the Passau region, the Danube valley is narrow and is characterized
by rocky cliffs, above which the habitat changes dramatically into
dense mixed forest and oak forest with high coverage of branches.
Despite higher radiation values above the cliffs in comparison with
the valley (z = -3.501, p < 0.01) and the relative abundance of forest
edges and clearings with potentially suitable vegetation structures,
L. viridis seems unable to cope with unfavorable microclimatic condi-
tions in the forest to colonize those areas. Similar observations were
made for the Taiwanese lizards Takydromus hsuehshanensis (Huang
et al., 2014). On the other hand, the rocky open valley has a south-
eastern aspect, with higher temperatures and suitable microclimate
for L. viridis. Then, in Passau, it can be more difficult for L. viridis to
compensate for overall climatic conditions (e.g., lower radiation) by
just selecting suitable vegetation structures, because topography
confines lizards mostly to the lower part of the valley and they lack
accessibility to alternative localities with suitable microclimate.

In all three regions studied other lizard species are also pres-
ent, Lacerta agilis in Passau and Prague, and Lacerta trilineata and
Podarcis tauricus in Plovdiv. Although interspecific interactions, like
competition, can have an influence in the niche and microhabitat
selection of species, we think that in the regions of our study the
possible effect of these interactions, if present, will be very low.
Theory predicts that in peripheral populations in higher (colder) lat-
itudes individuals are more limited by climatic conditions, while bi-
otic interactions like predation and competition are more important
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at low latitudinal peripheries (Cahill et al., 2014; Holt & Barfield,
2009; Price & Kirkpatrick, 2009). In Passau and Prague, Lacerta agi-
lis occupies much more humid and covered environments than those
inhabited by L. viridis, which at this part of its distribution range, as
our results showed, tends to occupy drier opener places. Evenmore,
in Passau, each species occupies completely different habitats
and does not occur synoptically (Waitzmann & Sandmaier, 1990).
Nevertheless, an influence of the interaction of both species on the
niche of L. viridis can be expected in southern regions, where the
habitat of both species overlaps (Korsés, 1982), due to the trend
of L. viridis to inhabit more covered areas toward lower latitudinal
regions. However, even in this region, analyses at a finer scale have
demonstrated significant niche segregation (Babocsay, 1997; Heltai
et al., 2015) that allows the coexistence of both species in the same
habitat.

In the core region, the habitats used by Lacerta trilineata, Podarcis
tauricus, and L. virdis have an overlap in the driest and least covered
portion of the niche of L. viridis (Mollov, 2011), which corresponds
to the most covered and humid habitats inhabited by the other two
species. Therefore, an effect of the interaction with other species on
the microhabitat selection of L. viridis in this region might be possible
but only in a reduced portion of its niche and would have shifted
the niche toward the conditions in the periphery if the niche would
be indeed suppressed. Analyses at the microhabitat scale in another
core region, Hungry also suggest coexistence through niche segre-
gation (Babocsay, 1997). Moreover, the differentiation of habitats
between L. trilineata and Podarcis tauricus, and L. viridis becomes
stronger toward the southern parts of the distribution range of
L. virids, like in Greece, where L. viridis occupies even more covered
habitats (Strijbosch, 2001).

4.1 | Implications for conservation

Our findings have several implications for the management and
conservation of core versus peripheral populations of species.
Management measures applied for the protection of peripheral pop-
ulations of L. viridis should address the high specialization degree of
the species in these regions, their microhabitat selection and their
need to compensate for less suitable climatic conditions. In Prague
and in Passau, maintenance of low vegetation in sites where the spe-
cies already occurs is important for the species’ viability, as it will
allow individuals to compensate for low radiation. In Passau, man-
agement measures are already installed in the lower parts of the val-
ley (below the cliff; O. ABmann, pers. comm.). However, we suggest
that similar measures should be considered in the upper border of
the cliff, in order to increase the potentially suitable area for the spe-
cies. Also, corridors, for example, along forest tracks or powerlines
could facilitate connections between suitable habitats below and
above the cliffs. We are not aware that measures for maintaining
open vegetation are applied around Prague and would recommend
considering them for the long-term viability of L. viridis.

In Plovdiv (Bulgaria), where our core study area was located, it is
the diversity of habitats and their vegetation structures that matters
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most for the species. In the core, abiotic conditions suitable for L. vir-
idis are met in a wide range of habitat types, including those with
high vegetation and branches coverage. Landscape heterogeneity is
altogether known to be important for the viability of many species
(Brachet et al., 1999), and in the case of the populations of L. viridis
in the core it is the presence of habitats with different vegetation
structures that could represent the highest benefits. This can be
considered, for instance, in Natura 2000 planning or in agri-envi-
ronmental measures employed so that they also protect scrubland
habitats in the region.

In two of the studied regions, Plovdiv and Prague, the species’
habitat was severely fragmented. Recently, Henle et al. (2016) found
that peripheral populations of a related lizard species, Lacerta agilis,
had a higher specialization degree, lower genetic diversity, and were
more sensitive to habitat fragmentation compared to those located
in the center. A similar pattern of lower genetic diversity and higher
sensitivity to fragmentation caused by the narrower niche is likely to
occur also in northern peripheral populations of L. viridis. Thus, be-
sides protection of high quality habitats, reestablishing connectivity

is an important complementary conservation need.

4.2 | Limitations and outlook

As in many ecological studies dealing with the quantification of spa-
tial ecological patterns, the risk of local processes influencing the
geographical correlation with the parameter under study is always
present, and in our study, the inclusion of more regions would have
allowed a broader generalization of our results. However, we tried as
much as possible to counteract this risk by taking data in less plots
per site but increasing the number of sites per region. Most impor-
tantly, we defined the spatial scale to which the patterns of niche
size are related (Chase & Myers, 2011). To do so, we selected regions
that had to fulfill two preconditions closely related to processes that
occur at a biogeographical scale: (a) to have contrasting ranges of
habitat availability representative of different parts of the distribu-
tion range (broad in the core and narrow in the northern peripheries)
and (b) to have clearly different climatic regimes. Both premises were
fulfilled by all three regions in our study. Local processes due to the
particularities of each location, like the topography in Passau and
Plovdiv, or the disconnectedness in Prague, are of course still pre-
sent, but their effects might probably be more related with mecha-
nisms (e.g., local adaptation) acting at a rather local scale, than with
differences in niche size and microhabitat selection per sé, which
might more strongly respond to a spatial gradient of habitat avail-
ability and climatic regimes at a larger spatial scale.

Although our study only includes high latitudinal peripheries
of the species’ range and the core and lacks data from other lo-
cations along the distribution range of the species, we consider
this a valuable input given the many empirical gaps in studying
species’ range limits, namely, a detailed analysis of the factors af-
fecting species at the core versus periphery (Sexton, Mclintyre,
Angert, & Rice, 2009). As a next step, it is important to inves-
tigate whether limitations in other regions also lead to changes
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in niche and microhabitat selection compared to the core. The
peripheral regions in our study one a relict (Prague) and the other
at the tip of a narrow extension of the distribution range of the
species (Passau) might not fully represent the northern periphery.
In other northern edges, located at the border of the contiguous
distribution range, habitat availability might not be broader and
climatic conditions might be as limiting as in Passau and Prague,
but the persistence of populations might depend more on immi-
gration than on adaptation to specific conditions. Hence, niche
would still be smaller compared to the core but probably less dif-
ferentiated. On the other hand, in low latitudinal regions, inter-
actions with other lizards’ species might have a more important
role in restricting the niche than it does in northern peripheries
(Cahill et al., 2014).However, the study of the niche and micro-
habitat selection of several species must be carefully addressed
at the proper spatial scales in order to correctly quantify possible
overlaps or segregation among species (Heltai et al., 2015), and its
effects in the intraspecific comparison of the niche of populations
at peripheries with the core.

Other regions not included in our study that could also rep-
resent cold range edges are those located at high altitudes. High
altitudinal populations of L. viridis are located in the central and
southern parts of the species’ range, in the Balkan Peninsula from
southern Rumania to northern Anatolia (Pafilis & Maragou, 2013;
Schmidtler, 1986; Uhrin et al., 2016). Although this regions are
characterized either as subtropical or transitional subtropical-
temperate climatic zones (Nojarov, 2017), it is possible that cli-
matic conditions at high altitudes, as well as an expected narrower
range of habitats available, have the same effect on the niche size
of L. viridis as the conditions in temperate peripheries. This can
be specially possible in the Carpathians in south Rumania, where
there is a more continental climatic regime with less oceanic and
subtropical influence, and where some mountainous populations
of L.viridis have been reported (Strugariu, 2009). As these re-
gions are surrounded by the contiguous distribution range of the
species, and therefore, might strongly depend on immigration,
compared with the peripheral regions that we visited, niche differ-
entiation might be lower.

Finally, a higher specialization degree is already known to be
linked with a higher sensitivity to habitat fragmentation and cli-
mate change at the species level (Henle, Davies, Kleyer, Margules,
& Settele, 2004; Lancaster, Dudaniec, Hansson, & Svensson, 2015;
Vergara & Armesto, 2009). In the same way, peripheral popula-
tions may be more specialized than core populations and be stron-
ger affected by these two processes (Cahill et al., 2014; Hampe
& Petit, 2005; Henle et al., 2016). Therefore, the identification of
differences in niche and microhabitat selection at fine scales in
various locations across the distribution range of single species
would significantly improve predictions of species distributions
under different scenarios of climate change and habitat fragmen-
tation. This would be enormously valuable to prioritize the appli-
cation of conservation measures at the population level and at
regional and local scales.

5 | UNCITED REFERENCES

Dray et al. (), Ficetola and Padoa-Schioppa (), Griffith and Peres-Neto
(), Marrot et al. (), Sokol et al. ().

ACKNOWLEDGMENTS

We thank Pavel Stoev and Nikolay Tzankov (RIP) for facilitating infor-
mation about the species in Plovdiv. Thanks to Otto ABmann for in-
formation about populations in Germany, and to Martin Hanslmeier
for his enormous support in the logistics in Passau. We thank Jiri
Moravec for providing information about L. viridis in Prague, and
to Jan Chmelar for his input identifying locations around Prague.
This project was financially supported by the German Society for
Herpetology and Herpetoculture DGHT and the Heinrich Boéll
Foundation HBS scholarship number P113742.

CONFLICT OF INTEREST

None declared.

AUTHORS CONTRIBUTIONS

AMPR and KH conceived the idea; all authors designed the field sur-
veys and defined the data analysis approach; AMPR conducted the
field work, analyzed the data, and wrote the manuscript; all other

authors provided manuscript reviews and editorial advice.

DATA ACCESSIBILITY

Data available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.Obg620m.

ORCID

Ana M. Prieto-Ramirez http://orcid.org/0000-0001-7633-3192

REFERENCES

Ahmadzadeh, F., Flecks, M., Carretero, M. A., Bohme, W., llgaz, C.,
Engler, J. O., ... Rédder, D. (2013). Rapid lizard radiation lacking
niche conservatism: Ecological diversification within a complex
landscape. Journal of Biogeography, 40, 1807-1818. https://doi.
org/10.1111/jbi.12121

Araujo, M. B., Ferri-Yanez, F., Bozinovic, F., Marquet, P. A, Valladares, F.,
& Chown, S. L. (2013). Heat freezes niche evolution. Ecology Letters,
16, 1206-1219. https://doi.org/10.1111/ele.12155

Aratjo, M. B., & Peterson, A. T. (2012). Uses and misuses of biocli-
matic envelope modeling. Ecology, 93, 1527-1539. https://doi.
org/10.1890/11-1930.1

Babocsay, G. (1997) The niche segregation of three lacertid lizard spe-
cies (Lacerta viridis, L. agilis and Podarcis taurica) on sandy grass-
land in Hungary. In: Meeting of the Zoological Society of Israel, p.
48, Tel-Aviv.

Bartdn, K. (2015). MuMIn: Multi-Model Inference. https://cran.r-project.
org/web/packages/MuMin/index.html.


https://doi.org/10.5061/dryad.0bg620m
https://doi.org/10.5061/dryad.0bg620m
http://orcid.org/0000-0001-7633-3192
http://orcid.org/0000-0001-7633-3192
https://doi.org/10.1111/jbi.12121
https://doi.org/10.1111/jbi.12121
https://doi.org/10.1111/ele.12155
https://doi.org/10.1890/11-1930.1
https://doi.org/10.1890/11-1930.1

PRIETO-RAMIREZ €T AL.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2016). Ime4: Linear
Mixed-Effects Models using 'Eigen' and S4. https://cran.r-project.
org/web/packages/Ime4/index.html .

Beutler, A., & Rudolph, B. U. (2003). Rote Liste gefahrdeter Lurche
(Amphibia) Bayerns. In Bayerisches Landesamt fur Umwelt (Eds.),
Schriftenreihe Bayerisches Landesamt fiir Umweltschutz (Vol. 166, pp.
48-51).

Blanquart, F., Kaltz, O., Nuismer, S. L., & Gandon, S. (2013). A practical
guide to measuring local adaptation. Ecology Letters, 16, 1195-1205.
https://doi.org/10.1111/ele.12150

Blonder, B., Lamanna, C., Violle, C., & Enquist, B. J. (2014). The n-dimen-
sional hypervolume. Global Ecology and Biogeography, 23, 595-609.

Blonder, B. (2015). hypervolume: High-Dimensional Kernel Density
Estimation and Geometry Operations. https://cran.r-project.org/
web/packages/hypervolume/index.html .

Bogert, C. M. (1949). Thermoregulation in reptiles, a factor in evolution.
Evolution, 3, 195-211. https://doi.org/10.1111/j.1558-5646.1949.
tb00021.x

Bohme, M. U., & Moravec, J. (2011). Conservation genetics of Lacerta
viridis populations in the Czech Republic (Reptilia: Lacertidae). Acta
Societatis Zoologicae Bohemicae, 75, 7-21.

Bohme, W., & Rédder, D. (2014). Amphibien und Reptilien: Verbreitungs-
und Verhaltensanderungen aufgrund der Erderwéarmung. In J. L. Lozan,
H. Grassl, L. Karbe, & G. Jendritzky (Eds.), Warnsignal Klima: Gefahren
fur Pflanzen, Tiere und Menschen (2nd edn., pp. 77-81). Hamburg,
Germany. Retrieved from www.warnsignale.uni-hamburg.de.

Bohme, M. U., SchneeweiR3, N., Fritz, U., Schlegel, M., & Berendonk, T. U.
(2007). Small edge populations at risk: Genetic diversity of the green
lizard (Lacerta viridis viridis) in Germany and implications for conser-
vation management. Conservation Genetics, 8, 555-563. https://doi.
org/10.1007/s10592-006-9191-0

Borcard, D., & Legendre, P. (2002). All-scale spatial analysis of eco-
logical data by means of principal coordinates of neighbour ma-
trices. Ecological Modelling, 153, 51-68. https://doi.org/10.1016/
S0304-3800(01)00501-4

Brachet, S., Olivieri, I. I., Godelle, B., Klein, E., Frascaria-Lacoste, N., &
Gouyon, P. H. (1999). Dispersal and metapopulation viability in a het-
erogeneous landscape. Journal of Theoretical Biology, 198, 479-495.
https://doi.org/10.1006/jtbhi.1999.0926

Brattstrom, B. H. (1968). Thermal acclimation in anuran amphibians as
a function of latitude and altitude. Comparative Biochemistry and
Physiology, 24, 93-111.

Brown, J. H., Stevens, G. C. A., & Kaufman, D. M. (1996). The Geographic
Range: Size, shape, boundaries, and internal structure. Annual Review
of Ecology and Systematics, 27, 597-623. https://doi.org/10.1146/an-
nurev.ecolsys.27.1.597

Buckley, L. B. (2010). The range implications of lizard traits in changing
environments. Global Ecology and Biogeography, 19, 452-464. https://
doi.org/10.1111/j.1466-8238.2010.00538.x

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference: A practical information-theoretic approach. (2nd ed.). New
York, NY: Springer-Verlag.

Cadena, C. D., & Loiselle, B. A. (2007). Limits to elevational distributions
in two species of emberizine finches: Disentangling the role of in-
terspecific competition, autoecology, and geographic variation in the
environment. Ecography, 30, 491-504.

Cahill, A. E., Aiello-Lammens, M. E., Caitlin Fisher-Reid, M., Hua, X,
Karanewsky, C. J., Ryu, H. Y., ... Wiens, J. J. (2014). Causes of warm-
edge range limits: Systematic review, proximate factors and implica-
tions for climate change. Journal of Biogeography, 41, 429-442.

Castilla, A. M., Van Damme, R., & Bauwens, D. (1999). Field body tem-
peratures, mechanisms of thermoregulation and evolution of thermal
characteristics in lacertid lizards. Natura Croatica, 8, 253-274.

Chase, J. M., & Myers, J. A. (2011). Disentangling the importance of eco-
logical niches from stochastic processes across scales. Philosophical

Ecology and Evolution 13
=4 e W1 LEY- 2

Transactions of the Royal Society B: Biological Sciences, 366, 2351-
2363. https://doi.org/10.1098/rstb.2011.0063

Chefaoui, R. M., Hortal, J., & Lobo, J. M. (2005). Potential distribution
modelling, niche characterization and conservation status as-
sessment using GIS tools: A case study of Iberian Copris species.
Biological Conservation, 122, 327-338. https://doi.org/10.1016/j.
biocon.2004.08.005

Chevin, L.-M,, Lande, R., & Mace, G. M. (2010). Adaptation, plasticity,
and extinction in a changing environment: Towards a predictive
theory. PLOS Biology, 8, e1000357. https://doi.org/10.1371/journal.
pbio.1000357

Chown, S. L., & Terblanche, J. S. (2006). Physiological diversity in insects:
Ecological and evolutionary contexts. Advances in Insect Physiology,
33, 50-152.

Covaciu-Marcov, S. D., Cicort-Lucaciu, A. S., Dobre, F., Ferenti, S.,
Birceanu, M., Mihut, R., & Strugariu, A. (2009). The herpetofauna of
the Jiului Gorge National Park, Romania. North-Western Journal of
Zoology, 5, 1-78.

Cunningham, H. R., Rissler, L. J., Buckley, L. B., & Urban, M. C. (2016).
Abiotic and biotic constraints across reptile and amphibian ranges.
Ecography, 39, 1-8. https://doi.org/10.1111/ecog.01369

Dray, S., Dufour, A.-B., & Thioulouse, J.(2015). ade4: Analysis of Ecological
Data: Exploratory and Euclidean Methods in Environmental Sciences.
https://cran.r-project.org/web/packages/ade4/index.html.

Elbing, K. (2001). Die Smaragdeidechsen: Zwei (Un)gleiche Schwestern.
Bochum, Germany: Laurenti-Verlag.

Fror, E. (1986). Erhebung zur Situation der Reptilienbestande im Bereich
der Donauhdnge zwischen Passau und Jochenstein. Schriftenreihe
Bayer. Landesamt Fiir Umweltschutz, 73, 135-158.

Garcia-Ramos, G., & Kirkpatrick, M. (1997). Genetic models of adaptation
and gene flow in peripheral populations. Evolution, 51, 21-28. https://
doi.org/10.1111/j.1558-5646.1997.tb02384.x

Gaston, K. J. (2009). Geographic range limits of species. Proceedings
of the Royal Society B: Biological Sciences, 276, 1391. https://doi.
org/10.1098/rspb.2009.0100

Grigg, J. W., & Buckley, L. B. (2013). Conservatism of lizard thermal
tolerances and body temperatures across evolutionary history and
geography. Biology Letters, 9, 20121056. https://doi.org/10.1098/
rsbl.2012.1056

Grueber, C. E., Nakagawa, S., Laws, R. J., & Jamieson, I. G. (2011).
Multimodel inference in ecology and evolution: Challenges and
solutions. Journal of Evolutionary Biology, 24, 699-711. https://doi.
org/10.1111/j.1420-9101.2010.02210.x

Hampe, A., & Petit, R. J. (2005). Conserving biodiversity under climate
change: The rear edge matters. Ecology Letters, 8, 461-467. https://
doi.org/10.1111/j.1461-0248.2005.00739.x

Heltai, B., Saly, P., Kovécs, D., & Kiss, I. (2015). Niche segregation of sand
lizard (Lacerta agilis ) and green lizard (Lacerta viridis) in an urban semi-
natural habitat. Amphibia-Reptilia, 36, 389-399.

Henle, K., Andres, C., Bernhard, D., Grimm, A., Stoev, P., Tzankov, N., &
Schlegel, M. (2016). Are species genetically more sensitive to habitat
fragmentation on the periphery of their range compared to the core?
A case study on the sand lizard (Lacerta agilis). Landscape Ecology, 32,
131-145. https://doi.org/10.1007/s10980-016-0418-2

Henle, K., Davies, K. F. Kleyer,M.,Margules, C., & Settele, J.(2004). Predictors
of species sensitivity to fragmentation. Biodiversity & Conservation, 13,
207-251. https://doi.org/10.1023/B:BIOC.0000004319.91643.9¢

Henle, K., Dick, D., Harpke, A., Kihn, I., Schweiger, O., & Settele, J.
(2010). Climate change impacts on European amphibians and rep-
tiles. In Council of Europe (Eds.), Biodiversity and Climate Change:
Reports and Guidance Developed under the Bern COnvention, Vol. I.
Nature and Environment, 156, 225-306.

Hirzel, A. H., & Le Lay, G. (2008). Habitat suitability modelling and
niche theory. Journal of Applied Ecology, 45, 1372-1381. https://doi.
org/10.1111/j.1365-2664.2008.01524.x


https://doi.org/10.1111/ele.12150
https://doi.org/10.1111/j.1558-5646.1949.tb00021.x
https://doi.org/10.1111/j.1558-5646.1949.tb00021.x
www.warnsignale.uni-hamburg.de
https://doi.org/10.1007/s10592-006-9191-0
https://doi.org/10.1007/s10592-006-9191-0
https://doi.org/10.1016/S0304-3800(01)00501-4
https://doi.org/10.1016/S0304-3800(01)00501-4
https://doi.org/10.1006/jtbi.1999.0926
https://doi.org/10.1146/annurev.ecolsys.27.1.597
https://doi.org/10.1146/annurev.ecolsys.27.1.597
https://doi.org/10.1111/j.1466-8238.2010.00538.x
https://doi.org/10.1111/j.1466-8238.2010.00538.x
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1016/j.biocon.2004.08.005
https://doi.org/10.1016/j.biocon.2004.08.005
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1111/ecog.01369
https://doi.org/10.1111/j.1558-5646.1997.tb02384.x
https://doi.org/10.1111/j.1558-5646.1997.tb02384.x
https://doi.org/10.1098/rspb.2009.0100
https://doi.org/10.1098/rspb.2009.0100
https://doi.org/10.1098/rsbl.2012.1056
https://doi.org/10.1098/rsbl.2012.1056
https://doi.org/10.1111/j.1420-9101.2010.02210.x
https://doi.org/10.1111/j.1420-9101.2010.02210.x
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1007/s10980-016-0418-2
https://doi.org/10.1023/B:BIOC.0000004319.91643.9e
https://doi.org/10.1111/j.1365-2664.2008.01524.x
https://doi.org/10.1111/j.1365-2664.2008.01524.x

PRIETO-RAMIREZ ET AL.

il_wl LEy_Ecology and Evolution

Open Access,

Holt, R. D., & Barfield, M. (2009). Trophic interactions and range lim-
its: The diverse roles of predation. Proceedings of the Royal Society
of London B: Biological Sciences, 276, 1435-1442. https://doi.
org/10.1098/rspb.2008.1536

Huang, S. P., Porter, W. P., Tu, M. C., & Chiou, C. R. (2014). Forest cover
reduces thermally suitable habitats and affects responses to a
warmer climate predicted in a hiogh-elevational lizard. Oecologia,
175(1), 25-35.

Huey, R. B. (1982). Temperature, physiology, and the ecology of reptiles.
In C. Gans, & H. F. Pough (Eds.), Biology of the reptilia (pp. 25-91).
London, UK: Academic Press.

Huey, R. B., Hertz, P. E., & Sinervo, B. (2003). Behavioral drive versus
behavioral inertia in evolution: A null model approach. American
Naturalist, 161, 357-366. https://doi.org/10.1086/346135

Hutchinson, G. E. (1957). Concluding remarks. Cold Spring Harbour
Symposiumon Quantitative Biology, 22, 415-427. https://doi.
org/10.1101/5QB.1957.022.01.039

Janssen, |., & Zuiderwijk, A. (2006). Detection probability derived from
the national reptile monitoring program in the Netherlands. In.
Monitoring Network of Reptile, Amphibian & Fish Conservation the
Netherlands, RAVON, http://eumon.ckff.si/files/porto/3_janssen.
pdf.

Kennedy, C. M., Lonsdorf, E., Neel, M. C., Williams, N. M., Ricketts, T.
H., Winfree, R., ... Kremen, C. (2013). A global quantitative synthe-
sis of local and landscape effects on wild bee pollinators in agro-
ecosystems. Ecology Letters, 16, 584-599. https://doi.org/10.1111/
ele.12082

Kirkpatrick, M., & Barton, N. H. (1997). Evolution of a species' range.
American Naturalist, 150, 1-23. https://doi.org/10.1086/286054

Korsos, Z. (1982). Field observations of two lizard populations (Lacerta
viridis Laur. and Lacerta agilis L.). Vertebrata Hungarica, 21, 185-194.

Korsés, Z. (1983). Comparative niche analysis of two sympatric lizard
species (Lacerta viridis and Lacerta agilis). Vertebrata Hungarica, 22,
5-14.

Kiihnelt, W. (1965). Grundrif der Okologie mit besonderer Beriicksichtigung
der Tierwelt. Jena, Germany: Fischer Verlag.

Lancaster, L. T., Dudaniec, R. Y., Hansson, B., & Svensson, E. |. (2015).
Latitudinal shift in thermal niche breadth results from thermal release
during a climate-mediated range expansion. Journal of Biogeography,
42, 1953-1963. https://doi.org/10.1111/jbi.12553

Lappalainen, J., & Soininen, J. (2006). Latitudinal gradients in niche
breadth and position—Regional patterns in freshwater fish.
Naturwissenschaften, 93, 246-250. https://doi.org/10.1007/
s00114-006-0093-2

Laube, M., & Leppelsack, H. J. (2007). Individuenspezifisches
Raumnutzungs- und Interaktionsverhalten der  Ostlichen
Smaragdeidechse (Lacerta viridis) in den Passauer Donauleiten.
Zeitschrift Fiir Feldherpetologie, 14, 51-62.

Lesica, P., & Allendorf, F. W. (1995). When are peripheral populations
valuable for conservation? Conservation Biology, 9, 753-760. https://
doi.org/10.1046/j.1523-1739.1995.09040753.x

Lozano-Jaramillo, M., Rico-Guevara, A., & Cadena, C. D. (2014). Genetic
differentiation, niche divergence, and the origin and maintenance of
the disjunct distribution in the Blossomcrown Anthocephala flori-
ceps (Trochilidae). PLoS ONE, 9, e108345.

Mackenzie, D. I., & Royle, J. A. (2005). Designing occupancy studies:
General advice and allocating survey effort. Journal of Applied Ecology,
42,1105-1114. https://doi.org/10.1111/j.1365-2664.2005.01098.x

Molloy, I. A. (2011). Habitat distribution of the amphibians and reptiles in
the city of Plovdiv, Bulgaria. Biharean Biologist, 5, 25-31.

Morales, N. S., Fernandez, I. C., Carrasco, B., & Orchard, C. (2015).
Combining niche modelling, land-use change, and genetic informa-
tion to assess the conservation status of pouteria splendens popula-
tions in Central Chile. International Journal of Ecology, 2015, 12.

Mufoz, M. M,, Stimola, M. A,, Algar, A. C., Conover, A., Rodriguez, A. J.,
Landestoy, M. A, ... Losos, J. B.(2014). Evolutionary stasis and lability
in thermal physiology in a group of tropical lizards. Proceedings of the
Royal Society B: Biological Sciences, 281.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for
obtaining R2 from generalized linear mixed-effects models. Methods
in Ecology and Evolution, 4, 133-142.

Nojarov, P. (2017). Genetic climatic regionalization of the Balkan
Peninsula using cluster analysis. Journal of Geographical Sciences, 27,
43-61. https://doi.org/10.1007/s11442-017-1363-y

Olsson, M. (1988). Ecology of a Swedish population of the sand lizard
(Lacerta agilis)- preliminary report. Mertensiella, 1, 86-91.

Overgaard, J., Kristensen, T. N., Mitchell, K. A., & Hoffmann, A. A. (2011).
Thermal tolerance in widespread and tropical drosophila species:
does phenotypic plasticity increase with latitude? The American
Naturalist, 178, S80-596.

Pafilis, P., & Maragou, P. (2013). One more record of Lacerta viridis
(Laurenti, 1768) from Macedonia. Herpetozoa, 26, 101-102.

Patterson, J. W., & Davies, P. M. C. (1978). Preferred body tem-
perature: Seasonal and sexual differences in the lizard Lacerta
vivipara. Journal of Thermal Biology, 3, 39-41. https://doi.
org/10.1016/0306-4565(78)90034-7

Pearson, R. G., & Dawson, T. P. (2003). Predicting the impacts of climate
change on the distribution of species: Are bioclimate envelope mod-
els useful? Global Ecology and Biogeography, 12, 361-371. https://doi.
org/10.1046/j.1466-822X.2003.00042.x

Peterman, W. E., Feist, S. M., Semlitsch, R. D., & Eggert, L. S. (2013).
Conservation and management of peripheral populations: Spatial
and temporal influences on the genetic structure of wood frog (Rana
sylvatica) populations. Biological Conservation, 158, 351-358. https://
doi.org/10.1016/j.biocon.2012.07.028

Popgeorgiev, G. S., & Molloy, I. A. (2005). A study of the effects of fires
on the populations of the green lizard Lacerta viridis (Laurenti, 1768)
in eastern Rhodopes. Animalia, 41, 95-108.

Poulin, J.-F., Villard, M.-A., Edman, M., Goulet, P. J., & Eriksson, A.-M.
(2008). Thresholds in nesting habitat requirements of an old for-
est specialist, the Brown Creeper (Certhia americana), as conser-
vation targets. Biological Conservation, 141, 1129-1137. https://doi.
org/10.1016/j.biocon.2008.02.012

Price, T. D., & Kirkpatrick, M. (2009). Evolutionarily stable range
limits set by interspecific competition. Proceedings of the Royal
Society B: Biological Sciences, 276, 1429. https://doi.org/10.1098/
rspb.2008.1199

Ripley, B., & Venables, W. (2016). nnet: Feed-Forward Neural Networks
and Multinomial Log-Linear Models. https://cran.r-project.org/web/
packages/nnet/index.html.

Schmidtler, J. F. (1986). Orientalische Smaragdeidechsen: 1. Zur
Systematik und Verbreitung von Lacerta viridis in der Turkei.
Salamandra, 22, 29-46.

Sewell, D., Guillera-Arroita, G., Griffiths, R. A., & Beebee, T. J. C. (2012).
When is a species declining? optimizing survey effort to detect pop-
ulation changes in reptiles. PLOS ONE, 7, e43387.

Sexton, J. P., Mclntyre, P. J., Angert, A. L., & Rice, K. J. (2009). Evolution
and ecology of species range limits. Annual Review of Ecology,
Evolution, and Systematics, 40, 415-436. https://doi.org/10.1146/an-
nurev.ecolsys.110308.120317

Strijbosch, H. (2001). Zur unterschiedlichen Habitatwahl von Lacerta
trilineata und Lacerta viridis in Ostgriechenland. Mertensiella, 13,
159-164.

Strugariu, A. (2009). The herpetofauna of the Jiului Gorge National Park,
Romania. North-Western Journal of Zoology, 5, SO1-S78.

Thomas, J. A., Rose, R. J., Clarke, R. T., Thomas, C. D., & Webb,
N. R. (1999). Intraspecific variation in habitat availability
among ectothermic animals near their climatic limits and their


https://doi.org/10.1098/rspb.2008.1536
https://doi.org/10.1098/rspb.2008.1536
https://doi.org/10.1086/346135
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1111/ele.12082
https://doi.org/10.1111/ele.12082
https://doi.org/10.1086/286054
https://doi.org/10.1111/jbi.12553
https://doi.org/10.1007/s00114-006-0093-2
https://doi.org/10.1007/s00114-006-0093-2
https://doi.org/10.1046/j.1523-1739.1995.09040753.x
https://doi.org/10.1046/j.1523-1739.1995.09040753.x
https://doi.org/10.1111/j.1365-2664.2005.01098.x
https://doi.org/10.1007/s11442-017-1363-y
https://doi.org/10.1016/0306-4565(78)90034-7
https://doi.org/10.1016/0306-4565(78)90034-7
https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1016/j.biocon.2012.07.028
https://doi.org/10.1016/j.biocon.2012.07.028
https://doi.org/10.1016/j.biocon.2008.02.012
https://doi.org/10.1016/j.biocon.2008.02.012
https://doi.org/10.1098/rspb.2008.1199
https://doi.org/10.1098/rspb.2008.1199
https://doi.org/10.1146/annurev.ecolsys.110308.120317
https://doi.org/10.1146/annurev.ecolsys.110308.120317

PRIETO-RAMIREZ €T AL.

centres of range. Functional Ecology, 13, 55-64. https://doi.
org/10.1046/j.1365-2435.1999.00008.x

Uhrin, M., Havas, P., Minarik, M., Kodejs, K., Bugos, I., Danko, S., ...
Jablonski, D. (2016). Distribution updates to amphibian and reptile
fauna for the Republic of Macedonia. Herpetology Notes, 9, 201-220.

Van Damme, R., Bauwens, D., & Verheyen, R. F. (1986). Selected body
temperatures in the lizard Lacerta vivipara: Variation within and be-
tween populations. Journal of Thermal Biology, 11, 219-222. https://
doi.org/10.1016/0306-4565(86)90006-9

Vergara, P. M., & Armesto, J. J. (2009). Responses of Chilean forest birds to
anthropogenic habitat fragmentation across spatial scales. Landscape
Ecology, 24, 25-38. https://doi.org/10.1007/s10980-008-9275-y

Waitzmann, M., & Sandmaier, P. (1990). Zur Verbreitung, Morphologie
und Habitatwahl der Reptilien im Donautal zwischen Passau und Linz
(Niederbayern, Oberésterreich). Herpetozoa, 3, 25-53.

Yurkowski, D. J., Ferguson, S., Choy, E. S., Loseto, L. L., Brown, T. M., Muir,
D. C. G, ... Fisk, A. T. (2016). Latitudinal variation in ecological oppor-
tunity and intraspecific competition indicates differences in niche vari-
ability and diet specialization of Arctic marine predators. Ecology and
Evolution, 6, 1666-1678. https://doi.org/10.1002/ece3.1980

Zavadil, V., & Moravec, J. (2003). Red list of amphibians and reptiles of
the Czech Republic. In V. H. J. Plesnik, & L. Brejskova (Ed.), Red list

Ecology and Evolution 15
=4 e W1 LEY- 2

of threatened species in the Czech Republic vertebrates (pp. 1-183).
Prague, Czech Republic: Priroda.

Zuur,A.F.,leno,E.N.,&Elphick,C.S.(2010). Aprotocol for dataexploration
toavoid commonstatistical problems. Methodsin Ecology and Evolution,
1, 3-14. https://doi.org/10.1111/j.2041-210X.2009.00001.x

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Prieto-Ramirez AM, Pe'er G, Rédder
D, Henle K. Realized niche and microhabitat selection of the

eastern green lizard (Lacerta viridis) at the core and periphery
of its distribution range. Ecol Evol. 2018;00:1-15. https://doi.

org/10.1002/ece3.4612



https://doi.org/10.1046/j.1365-2435.1999.00008.x
https://doi.org/10.1046/j.1365-2435.1999.00008.x
https://doi.org/10.1016/0306-4565(86)90006-9
https://doi.org/10.1016/0306-4565(86)90006-9
https://doi.org/10.1007/s10980-008-9275-y
https://doi.org/10.1002/ece3.1980
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1002/ece3.4612
https://doi.org/10.1002/ece3.4612

