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Abstract

Habitat loss is the main threat to biodiversity. Modified landscapes resulting from habitat loss are
characterized by a reduced amount and patchy distribution of habitat, and by changes in
landscape composition and landscape configuration (spatial relations between landscape
elements). Populations inhabiting such landscapes face reduced connectivity and gene flow,
population decline, higher vulnerability to stochastic processes, and eventually, extinction.
Ecological specialization is one of the main traits predicting vulnerability of species to habitat loss.
It has been mainly studied at the species level, with insights at the intraspecific level being barely
addressed in the habitat loss literature. The Kiihnelt principle of regional stenoecy states that the
range of colonizable habitats and suitable conditions is wider at the core of the distribution range
of species compared to the periphery. Then, populations living at the core are habitat generalist,
and those in the periphery habitat specialist. This implies that peripheral populations would have
a higher sensibility to habitat loss compared to populations at the core, and also that different
conservation measures are necessary to protect the species in each region. The study of occupancy
patterns of habitat patches across modified landscapes is one of the most useful tools to study
effects of habitat loss on the persistence of populations, and can be applied to test differential
sensitivity to habitat loss among populations of the same species in different regions. On the other
hand, because this approach depends on the extinction of populations to find patterns and effects,
in order to identify vulnerable population before they irreversibly decline, morphological and
physiological parameters representative of the status of individuals have also been proposed to
be used as early warning indicators of populations’ stress. In this project I combined extensive
fieldwork with advanced methods in landscape ecology and statistics to study populations of the
eastern green lizard Lacerta viridis located at the core (Bulgaria) and at the northern periphery of
its distribution range (Germany, Czech Republic). L. viridis is protected under the EU Habitats
Directive and is threatened to extinction in Germany and Czech Republic. The objectives of this
research are to test the Kiihnelt principle, evaluate if predictions of specialization at the species
level regarding effects of habitat loss on occupancy patterns are also met at the intraspecific level,
and evaluate the suitability of morphological and physiological parameters as early indicators of
populations stress. My results show that peripheral populations of L. viridis are specialist in
comparison to core ones, have a smaller niche size and select microhabitats based on different
environmental parameters regions (Chapter 3). Specialization predictions of vulnerability to
habitat loss were also met at the intraspecific level. In the periphery, in comparison to the core,
populations depended more on habitat quality, the effects of individual landscape composition
predictors were stronger and overall habitat loss had an impact at smaller scales. Moreover,
regions differed in the parameters of landscape structure that affected occupancy patterns the
most (Chapter 4). Finally, | identified two parameters of individual status -body condition and
fluctuating asymmetry- that are suitable to be used as early indicators of stress for populations of
L. viridis inhabiting modified landscapes (Chapter 5). This dissertation is a contribution to the
knowledge of the ecology of L. viridis and to the improvement of conservation measures to protect
the species across its range. This work also broadens the knowledge about intraspecific regional
differences in ecological traits of species and the application of traits at the intraspecific level to
predict geographically-dependent populations’ sensibility to habitat loss.
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1. General Introduction
1.1.  Habitat loss as main threat to biodiversity

The Anthropocene has imposed unprecedented negative pressures on global biodiversity
during the last two centuries (Ceballos et al. 2015), and these pressures have become
stronger during the last decades with rates of biodiversity loss expected to continue
increasingly during the 21th century (Pereira et al. 2010). Among the overall effects of
anthropogenic pressures on biodiversity are the expected increment in species extinction
rates (Novacek and Cleland 2001; Brook et al. 2008), changes in species distribution and
abundance (Gaston and Fuller 2008; Dirzo et al. 2014; Palmer et al. 2015) and changes in
communities structure (De Coster et al. 2015; Hamer 2016).

Habitat destruction due to land cover and land use changes is currently the most intense
pressure threatening global biodiversity, followed by overexploitation and climate
change (Maxwell 2016). More than 75 % of the global terrestrial environment has been
altered by humans (Watson et al. 2016), principally due to the expansion and
intensification of agriculture (Ellis et al. 2010), and 86% of extant terrestrial vertebrate
species evaluated and classified as vulnerable, endangered or critically endangered by the
IUCN are affected by habitat destruction (IUCN 2020). The rate of habitat loss has rapidly
increased since the 1990’s (Watson et al. 2016) and future scenarios of habitat
destruction predict habitat conversion to keep increasing (Oakleaf et al. 2015), even
under the most optimistic socio-economic scenario directed to reduce CO2 emissions
(Chaudhary and Mooers 2018). Thus, changes in land cover and land use are expected to
keep being the strongest driver of biodiversity loss by 2100 (Sala et al. 2000, Ellis et al.
2010), causing an increment in the number of endangered species and in the extinction
risk of already threatened ones (Powers and Jetz 2019 Gongalves-Souza et al. 2020),
reducing phylogenetic diversity (Chaudhary and Mooers 2018), and intensifying
abundance decline of local populations and changes in community structure (Newbold
2015; Wilson et al. 2016).

Moreover, habitat loss acts in synergy with other drivers (Brook et al. 2008) and its
interaction with climate change is of especial concern due to the strong projected
intensifying effects among both drivers, which can put at risk species adaptive capacity to
climate change (Segan et al. 2016; Mantyka-Pringle et al. 2012). Habitat loss can cause the
destruction of habitat refugia in localized suitable climatic areas (Dobrowski 2011) or
imperil species’ dispersal capacity to reach them, blocking one of the most important
adaptive responses of species to climate change, that is the expansion or shift of the
distribution range (Opdam and Wascher 2004). Additionally, habitat loss can block other
in-situ adaptive responses to climate change like phenotypic plasticity (Urban et al. 2014)
and microevolutionary processes (Karell et al. 2011) due to its negative effects on genetic
and phenotypic diversity as a result of population decline. Effects of habitat loss are also
expected to be increased by climate change either because suitable environmental
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conditions are not met anymore in the vegetation covers that represented habitat, thus
increasing the distances individuals have to traverse before finding a suitable habitat area
(Williams et al. 2007; Mantyka-Pringle et al. 2012), or because adverse environmental
conditions can reduce individual fitness (Kingsolver et al. 2013) and cause stochasticity
in population dynamics increasing population extinction risks (Verboom et al. 2010).

Thus, the existent and projected enormous negative effects of habitat loss, alone or in
synergy with other drivers, demands the understanding of all the spectrum of
mechanisms through which this driver affects ecological processes at different levels of
biological organization.

1.2. Habitat loss as an ecological process

Habitat loss is a type of landscape modification occurring across spatial and temporal
scales, through which areas that represent habitat are transformed and converted into
other land covers usually associated with an anthropogenic use, like croplands or urban
areas. The loss of native vegetation around the world is certainly a problem with
catastrophic consequences for biodiversity (Watson et al. 2016), and it is for this reason
that several authors equate ‘habitat’ to ‘native vegetation’ (Andrén 1994). Also, binary
conceptual models based on Island biogeography theory (IBT, MacArthur and Wilson
1967), which make a distinction between habitat and non-habitat land covers, assume
that a specific terrestrial biotope or vegetation cover type represents habitat for all native
species. Although this classification can be correctly applied in some cases (Santos et al.
2008; Holland and Bennet 2010), in other cases this binary approach is incorrect. In the
strict sense, habitat refers to the resources and conditions that allow the survival and
reproduction of a given species (Hall et al. 1997). As habitat is a species-specific concept,
it is important to acknowledge habitat loss as a species dependent process (Fischer and
Lindenmayer 2007; Betts et al. 2014), in which specific land covers might represent
habitat for some species but not for others.

As habitat loss is a landscape modification type, this means that as an ecological process
it occurs at the landscape level, with ‘landscape’ understood as a spatially explicit
heterogeneous mosaic composed of different ecosystems and land cover types (Wiens et
al. 1993; Turner et al. 2001). Thus, although habitat loss is a global phenomenon and its
effects on biodiversity can be measured at regional and global levels, calculations at these
levels are done through landscapes and networks of landscapes that constitute regions,
because the ecological processes that govern the early patterns of species decline, which
in a later stage define species extinction risks at regional and global scales, occur at the
landscape level (Opdam and Washer 2004; Newbold et al. 2015). The extent of the
landscape, however, varies depending on the ecological process and/or species under
study.



The extirpation of habitat leads to two interrelated spatially explicit patterns: the
emergence of portions of habitat patches and the transformation of the landscape
structure. In a landscape with disconnected portions of habitat, patches are isolated from
each other and have individual characteristics in terms of size, shape and habitat quality.
By its side, changes in landscape structure are represented by changes in composition and
configuration of the elements in the landscape. Landscape composition refers to the
diversity and relative amount of each element in the landscape -land cover/use classes-,
and landscape configuration to the spatial arrangement of these elements (With 2019).
Thus, after the destruction of part of the habitat in the landscape, the configuration of the
habitat is transformed resulting in patches embedded into a matrix of land covers that do
not represent habitat.

The high interdependency of variables describing landscape spatial patterns and local
patch conditions resulting from habitat loss, makes this ecological process a very complex
one. A local patch characteristic like patch size is related to overall habitat amount in the
landscape, because as habitat loss progresses, patches become smaller (Fahrig 2003).
Reduced patch quality is influenced by the surrounding conditions defined by the
composition of the landscape directly adjacent to patches, which can lead to changes in
local environmental conditions, promote biological interactions that reduce resources
within the patch (Pafilis et al. 2013) and cause edge effects due to the contrast between
habitat and non-habitat land covers (Hatfield et al. 2020). Also isolation, which is a
characteristic of each individual patch, is defined by the configuration of habitat in the
landscape and can correlate with overall amount of habitat, as reduced habitat in the
landscape increases distances among patches (Fahrig 2003). To capture this complexity,
the study of effects of habitat loss requires a holistic approach that covers the local and
landscape parameters that can affect a specific ecological process, in order to be able to
test for interdependencies among variables and identify those that account for a specified
effect.

Furthermore, habitat loss can occur parallel to other habitat modification types, like
habitat fragmentation, but not necessarily (Villard and Metzger 2014). Habitat
fragmentation per sé is the subdivision of habitat into fragments (patches) and increases
with increasing number of patches in the landscape (Fahrig 2003), and as such is a
characteristic of the landscape. Processes of habitat fragmentation take always place in
parallel to habitat loss, and evidence has shown this occurs at high and medium levels of
habitat amount in the landscape (Villard and Metzger 2014; Melo et al. 2017). However,
habitat loss does not always result in an increased number of patches in the landscape,
because as habitat destruction progresses, the number of patches is reduced.

Changes in landscape structure, the resulting habitat configuration and the individual
characteristics of patches lead to several detrimental processes for populations. To study
and understand these processes, several theoretical approaches have been proposed.
Among them are the two key foundational theoretical frameworks of landscape ecology,
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the Island Biogeography Theory (IBT, MacArthur and Wilson 1967) and the
Metapopulation Dynamics Model (MDM, Hanski et al. 1998), which assume binary
landscapes where patches are surrounded by an inhospitable homogeneous matrix, and
in the case of the MDM connected through corridors. These two models predict that small
patches will maintain smaller populations and isolation will decrease migration rates
among them, resulting in increasing extinction probability with decreasing patch size and
increasing isolation. Small population size, reduced migration rates and, in consequence,
lower gene flow among populations can cause loss of genetic variability (Haila 2002;
Tallmon et al. 2002) and promote mating among close relatives (Charlesworth and Willis
2009), which increases the risk of inbreeding depression and extinction (Henle et al.
2004a).

Although the IBT and the MDM have been very useful to understand some ecological
processes that lead to the extirpation of single populations within patches or of
metapopulations in the landscape (Opdam 1991; Hanski and Ovaskainen 2000; Laurance
2008), the assumption that the matrix is homogeneous hinders its applicability to most
landscapes. The patch-mosaic model (Forman et al. 1995) goes beyond the patch size and
isolation perspective, and states that patches are embedded in a heterogeneous matrix,
thus accounting for the characteristics of the landscape structure as defined by land
covers other than habitat. Through the application of this conceptual approach it has been
possible to test effects of the matrix composition and of the spatial relations between non-
habitat land covers and patches (configuration), and to better identify important
ecological functions of landscapes that further determine the abundance and persistence
of populations. For instance, landscape permeability to dispersal is a (species specific)
function of the landscape defined by the land covers that compose the matrix and their
spatial relations. It influences the levels of isolation, given patches might not only be
distant from each other but also separated by land covers that individuals cannot cross
and far from structures that could serve as corridors or stepping stones (Evans et al.
2017). Also, the overall habitat amount in the landscape determines resources availability
in the landscape, which has direct effects on local populations and on patterns of
distribution and abundance of populations, independently of habitat configuration (Melo
et al 2017; Gardiner et al. 2018; Watling et al. 2020). Moreover, the amount of other land
covers in the landscape can also have direct effects in the persistence of local populations
irrespective of the configuration of the habitat (Ryberg and Fitzgerald 2016), and their
spatial relations with habitat patches can influence the levels of edge effect that
populations within patches experience (Prevedello and Vieira 2009; Hatfield et al. 2020).

The link between habitat loss and spatial patterns of species distribution resulting from
the persistence and/or extinction of local populations is a key issue in conservation
biology. Therefore, it is very important to identify the characteristics of the landscape
structure and/or patches that increase the extinction probability of local populations, and
to prevent extant populations from disappearing (Gu and Verboom 2003). However,
effects at the individual level are also of special importance to track and identify negative
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effects of habitat loss that are not yet apparent at the population level. For instance,
modified landscape structure and patch conditions may have impacts on morphological
and physiological traits of individuals that can be used as early warning indicators to
identify those populations that might be at risk of severe decline. Among the main traits
used as indicators are fluctuating asymmetry, which are random deviations from perfect
symmetry in symmetrical morphological traits (Palmer and Strobeck 1986) and body
condition, both of which have been extensively linked to effects of habitat loss (Marchand
et al. 2003; Amo et al. 2007a,b; Janin et al. 2011; Benitez et al. 2018). These indicators
inform about the health and fitness state of single individuals, and can be associated with
specific ecological mechanisms, like competition, shortage of resources or inbreeding
(Leamy and Klingenberg 2005; Bucher etal. 2011; Beasley et al. 2013), taking place before
populations actually decline.

1.3.  Sensitivity of species to habitat loss

In the efforts for understanding the complexity and the effects of habitat loss, one of the
main goals of conservation biology is to identify the species that might be more vulnerable
to the destruction of their habitats. For this, several morphological, life-history and
ecological traits of species have been proposed as predictors of species sensitivity to
habitat loss and fragmentation. Among the traits with more empirical support are
population size, population variability, rarity and habitat specialization (Henle et al.
2004b; Keinath et al. 2017). Species with small population size, with lower capacity to
maintain stable populations after disturbance, with narrow distribution range and/or
specialists have a higher risk to become extinct due to habitat loss. Other traits that have
been evaluated include dispersal ability, area requirements, reproductive potential,
trophic position, body size, sociality and relative position in the geographic range (Henle
et al. 2004b; Quesnelle et al. 2014; Chichorro et al. 2019). Species with lower dispersal
abilities, high area requirements, low reproductive potential, high trophic position, large
body size, complex social or gregarious behaviors and/or located at the edges of their
geographic range are expected to have a higher sensitivity to habitat loss.

However, evidence for most traits is mixed mainly due to indirect relations with
extinction proneness and interactions among traits. For instance large species might be
more sensitive due to small population sizes, lower abundances and higher area
requirements, but less sensitive due to expected lower population size fluctuations,
higher longevity - which would mean better recover chances in the long term (storage
effect), and because of expected higher mobility (Quesnelle et al. 2014). Dispersal ability
predicts lower risk, but if it is due to large home range it means that area requirements
are higher, and then fewer individuals can be supported after habitat destruction, leading
to small population size and increasing extinction risk. Also, species with high dispersal
power would be more exposed to mortality risks while moving through a hostile matrix
(Fahrig 2007). Social or gregarious species are predicted to have higher area
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requirements and therefore a higher risk, but if it is linked with high mobility, then social
species are less sensitive than solitary ones (Jauker et al. 2013).

Although all these interactions make it very difficult to identify appropriate traits that
better indicate sensitivity of species to habitat loss, specialization is still one of the traits
most directly linked to extinction proneness (Ewers and Didham 2006; Fisher and
Lindenmayer 2007; Keinath et al. 2017). Even after accounting for the fact that traits have
synergistic effects, which is species and landscape dependent, habitat specialization
appears to be one of the high ranked indicators of sensitivity (Hatfield et al. 2018).
Evidence of higher sensibility of specialist species to threatening processes of habitat loss
has been reported for insects (Krauss et al. 2003; Koh et al. 2004; Powney et al. 2015),
birds (Devictor et al. 2008; Gillies and St. Clair 2008), mammals (Piittker et al. 2013;
Pardini et al. 2017), amphibians (Almeida-Gomes et al. 2016) and reptiles (Walkup et al.
2017).

Specialist species are characterized by having narrow niche breadths, which predict that
they are able to survive only in a limited range of habitats and conditions (Devictor et al.
2010). When their habitat is destroyed, specialist species are unable or comparatively less
capable of using land covers in the matrix to exploit resources and to move through
(Komonen et al. 2004), which makes them more sensitive to the loss of their habitat at the
landscape scale compared to generalist species (Swihart et al. 2006). With lower chances
to move through the landscape, immigration rates among populations decrease (Piittker
et al. 2013), and without the rescue effect of immigration, local populations become more
dependent on local patch size, which increases the risk to suffer severe population decline
as patches are cut off (Krauss et al. 2003; Pardini et al. 2017). Further, the degradation of
habitat conditions within patches can reduce the quality of the resources individuals can
utilize, sharpening the risk of population decline (Ye et al. 2013). Hence, the sensibility of
specialist species can be characterized by their higher vulnerability across spatial scales
(Vergara and Armest, 2009) and by the combined effects with two other traits, lower
mobility capacity and small population size. These two traits might not be characteristics
of the species when inhabiting non-modified landscapes, but can be emergent properties
derived from species intrinsic lower capacity to respond to habitat loss (Miguet et al.
2016).

1.3.1 Intraspecific differences in sensitivity to habitat loss

Although species traits are important to predict effects of habitat loss and identify more
sensitive species, more concern has been raised about the fact that traits cannot always
be extrapolated across distribution ranges of species and the importance to consider site
specific responses (Thornton et al. 2010; Hatfield et al. 2018). Ecological traits of species
like population abundance have been shown to change across the distribution range of
species, with populations often being less abundant towards range edges (Brown 1996).
In a similar way, the degree of ecological specialization can change across the distribution
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range of species. The Kiihnelt principle of regional stenoecy (Kiihnelt 1965) states that in
the case of species with broad distribution ranges, due to a narrower range of available
suitable habitats and conditions in the periphery compared to the core, populations living
at the periphery are comparably more stenoecious or specialized than populations at the
core. This suggests that at a local scale, the characteristics of the species at their range
edge might fit those of specialist species, exploiting narrow ecological niches, and having
restricted and more discontinuous distributions (Brown 1996).

In some species, niche breadth has been shown to be narrower towards the periphery of
the distribution range (Thomas et al. 1999; Lappalainen and Soininen 2006), creating a
pattern at the intraspecific level that is not evident at the species level, and that consists
of the interaction of two traits known to predict vulnerability to habitat loss:
specialization and position within the distribution range. Intraspecific differences in the
interaction among traits imply that there are also differences in the sensitivity to habitat
loss among populations of the same species. The link between species traits and
differential response and sensitivity to habitat loss has been partially demonstrated in
other studies performed at the regional level across species. Komonen et al. (2004)
showed that among butterfly species in Finland, those for which the study region
represented the northern edge of their distribution ranges, had narrower niche breadths
and lower mobility capacity compared to species that were further from their range edge.
Also, in an agricultural landscape in Indiana, USA, Swihart et al. (2003, 2006) found that
mammals, amphibian and turtle species that were located at their northern range edge
had not only a narrower niche breadth, but also higher sensitivity to reduced habitat
amount and landscape diversity, resulting in lower occupancy rates compared with
species that were further from their range edge.

Accounting for differential sensitivity to habitat loss of peripheral populations, should
necessarily lead to the application of different conservation measures for populations at
the edge of the range compared with those applied at the core. Peripheral populations are
usually genetically and morphologically divergent from core population, and therefore
are of important value for the genetic diversity of species, as well as for the potential
evolutionary processes that define species range limits or speciation (Lesica and
Allendorf 1995; Sexton et al. 2009). Moreover, in the regions where peripheral
populations occur, the species might be of conservation priority because it is rare relative
to other species in the region (Thakur et al. 2018).

1.3.2. Sensitivity of reptile species

Reptiles are rapidly declining at global (Gibbons et al. 2000) and local scales (Sinervo
2010), and as for most vertebrate taxa, habitat loss represents their main threat (Gibbons
etal. 2000; Bohm et al. 2013). As ectotherms, reptiles rely on abiotic conditions, especially
temperature, to maintain optimal physiological performance (Meek 1995). Thus, given
landscape modification has an impact not only on the structural landscape but also on
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abiotic conditions (Saunders et al. 1991), reptiles might be more vulnerable than other
taxa to habitat loss. Besides their sensitivity to changes in environmental condition,
reptiles’ sensitivity is in general higher due to their comparatively lower dispersal ability
and relative small home ranges (Kearney et al. 2009). Empiric evidence has shown that
reptiles are more sensitive than other taxa to reduced patch size (Keinath et al. 2017) and
among vertebrate ectotherms, reptiles can be more sensitive to changes in local
conditions within patches than amphibians (Larson 2014).

The sensitivity of reptiles to temperature is a key characteristic shaping many ecological
processes and also responses to anthropogenic impacts. For instance, thermal niche alone
has been found to predict sensitivity of reptiles to deforestation (Frishkoff et al. 2015)
and heat tolerance was found to explain sensitivity to habitat modification (Nowakowski
et al. 2018). Also, thermoregulatory behavior, which is one of the main strategies of
reptiles to disconnect body temperature from environmental temperature by basking or
staying in cool spots, and which involves daily and seasonal activity patters of individuals
(Meek 1995), is highly dependent on vegetation structure present in the habitat, which
increases sensitivity of reptiles to habitat degradation within remnant patches (Kearney
et al. 2009). Moreover, it is well known that reptiles are highly threatened by climate
change (Le Galliard et al. 2012; Winter et al. 2016), and that the synergistic effects
between climate change and habitat loss makes their sensitivity more acute (Foufopoulos
etal. 2011, Gadsden et al. 2012). Reptiles are predicted to survive climate change trough
three main mechanisms, development of thermal tolerance, change in thermoregulatory
behavior and range shifts (Sinervo et al. 2010). The first option implies changes in
physiological thermoregulatory mechanisms, either through plasticity or genetic
adaptation (Urban et al. 2014; Caldwell et al. 2015). As for the other two options, these
strongly rely on habitat availability and quality. With increasing temperatures reptiles
will depend on shaded spots provided by vegetation to thermoregulate (Kearney et al.
2009; Grimm-Seyfarth et al. 2017), and on habitat availability across regions to
successfully shift their distribution ranges following their climatic niches (Ballesteros-
Barrera et al. 2007; Gadsden et al. 2012; Mizsei et al. 2020).

In spite of higher sensitivity to both, habitat loss and climate change, reptiles are not as
protected as other vertebrate taxa (Roll et al. 2017), and are much less studied (B6hm et
al. 2013), which, together with the ecological context that makes them highly vulnerable
to landscape modification, forces to invest resources and research to understand the
ecological effects of habitat loss on reptile species. This is especially necessary for lizards,
which are the only reptile taxa for which habitat loss is the main threat besides climate
change (Fitzgerald et al. 2018).



2. Aims and Scope

The main aim of this thesis is to investigate effects of habitat loss on the eastern green
lizard Lacerta viridis by performing in depth insights in two directions (Figure 2.1). First,
in the possible differential sensitivity to habitat loss between populations located at the
core and at the periphery of the distribution range of species due to possible intraspecific
differences in the degree of habitat specialization; and second, in the effects of habitat loss
on ecological processes occurring at different stages of the population decline process.
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Figure 2.1. Thematic scheme of this dissertation.

To achieve this aim I studied populations of L. viridis (Figure 2.2) located at the core of its
distribution range, in Bulgaria, and at the northern periphery of its range in Passau,
Germany and Prague, Czech Republic. In each region I evaluated ecological processes and
patterns occurring at different spatial and biological levels (Figure 2.1.) L. viridis is a
species with a broad distribution range covering Asia Minor, Eastern Europe and the
Balkan Peninsula (Nettmann and Rykena 1984; Kwet 2005). It is regarded as a generalist
species, using a wide range of suitable habitats. However, there is enough qualitative
information available (eg. Nettmann and Rykena 1984; Strédicke 1995; Laube and
Leppelsack 2007; Mollov, 2011) showing a narrower range of habitats used by the species
in the northern periphery compared to regions located in the core, thus indicating
possible intraspecific differences in specialization degree among regions.



Figure 2.2. Pair of Lacerta viridis during the mating season in the surroundings of Plovdiv,
Bulgaria.

The habitat of L. viridis is known to be fragmented across the distribution range of the
species (Elbing et al. 1997) and it is protected by the European Habitats Directive (2007)
under Annex IV. In the northern part of its range, the species is at high risk of extinction
and therefore included in the red lists of Germany and Czech Republic (Beutler and
Rudolph 2003; Zavadil and Moravec 2003). L. viridis is a species with a low tendency to
disperse, mainly during natal dispersal and for shorter distances compared to other green
lizards (Elbing 2000; Schneeweiss 2001). As low dispersal has been linked with high
sensitivity of species to habitat loss (Henle et al. 2004b; Chichorro et al. 2019), this
characteristic of the species highlights the importance of studying the conditions under
which local populations are threatened, as well as the possible indicators that can be used
in order to identify vulnerable populations on time before local extinctions occur.

Given the different climatological conditions in different parts of the distribution range of
L. viridis, there is a high geographical variability in the phenology of the species (Figure
2.3), with annual activity patterns differing among regions (Nettmann and Rykena 1984;
Fischer and Rehak 2010). This variability allows for a study design in which different
regions in the distribution range of the species can be visited in the same year. Hence, I
was able to carry out field seasons that included data gathering in the core as well as in
the northern peripheral regions, at the time of the year when activity is higher in each
region, which is around the mating season (Nettmann and Rykena 1984).
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Figure 2.3. Some aspects of the phenology of Lacerta viridis at the core and at the northern periphery of its
distribution range.

The specific objectives of my work are defined under three hypotheses.
Hypothesis I: Geographical differences in degree of specialization (Chapter 3)

The first objective of this thesis is to quantify differences in niche size and microhabitat
use and selection among regions. Following the Kiihnelt’s principle of regional stenoecy
(Kiihnelt 1965), I hypothesize that populations in the northern periphery will have a
higher specialization degree relative to populations in the core, reflected by a smaller
realized niche and by the stringent selection of fewer microhabitat types.

Hypothesis II: Differential sensitivity to habitat loss (Chapter 4)

The second objective is to test effects of habitat loss on the distribution of populations in
landscapes located at the core and at northern periphery of the distribution range. For
this, I evaluate effects of patch characteristics and landscape structure parameters at
different spatial scales on the occupancy probability of populations in each region to find
out which are the most important parameters affecting occupancy patterns and at which
scale(s) in each region. In this intraspecific comparison, I expect to find the same patterns
of the effects of habitat loss reported at the species level in relation to specialization. Thus,
[ hypothesize that northern, more specialized, peripheral populations are affected by
habitat loss at smaller spatial scales and are more sensitive to isolation, patch area and
habitat quality, in comparison to core populations.

Hypothesis III: Early warning indicators (Chapter 5)

The third objective of this dissertation is to evaluate the suitability of individuals’
morphological and physiological parameters to be used as warning indicators of negative
effects of habitat loss before persistence of populations be threatened. To do this, I test
effects of habitat loss on the body condition, fluctuating asymmetry (FA) and ectoparasite
load of individuals of L. viridis inhabiting core populations. I linked population-level
response of these three possible indicators with patch and landscape structure
characteristics. [ hypothesize that these morphological and physiological parameters are
sensible to effects of habitat loss, and therefore, suitable as early warning indicators of
population vulnerability. Also, [ predict that isolation, reduced patch area, reduced habitat
amount in the landscape and decreased habitat quality will have negative effects on body
condition and positive effects on FA and ectoparasite load.
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Figure 2.4. Personal observation of the habitat types used by L. viridis in the core (a - €) and in two northern
peripheral regions, Passau, Germany (f - g) and Prague, Czech Republic (h - i). Photo credits: a-e and g-i by
AMPR; f by Ulrich Schulte.
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3. Realized niche and microhabitat selection of Lacerta viridis
at the core and northern periphery of its distribution range

Adult male of the eastern green lizard Lacerta viridis in Passau, Germany. Photo credits: AMPR
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3.1. 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 species.
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 generalized linear mixed models and
model averaging, accounting for spatial autocorrelation when necessary, to analyze
microhabitat differences among regions and microhabitat 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 compensate for overall harsher climatic conditions
by responding to different parameters the microhabitat compared to core populations.
We suggest specific conservation measures for L. viridis 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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3.2. Introduction

Availability of resources and environmental conditions change along the distribution
range of species, with especially marked differences along the gradients of broadly
distributed species (Gaston 2009; Kirkpatrick and Barton 1997). These patterns can lead
to ecological differences between populations of the same species living either at the core
or at the periphery of its distribution range (Brown et al. 1996). The Kiihnelt principle
(Kiihnelt 1965) states that the range of colonizable habitats is wider at the core where
environmental conditions are optimal, whereas at the periphery 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 (“stenoecious”)
(Bohme and Roédder 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 populations. 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 et al. 1999). In vertebrate species, Lappalainen
and Soininen (2006) found that the niche breadth of fresh water percid 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 latitude in ringed seals (Pusa hispida) and beluga whales (Delphinapterus
leucas).

Additional to differences in niche breadth, niche differentiation can also be found when
comparing core and peripheral populations. 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 and Loiselle 2007), with
the niche of relict populations being usually found to be differentiated from that of more
central populations (Lozano-Jaramillo et al. 2014). Many approaches exist for such
studies, such as occupancy models with climatic, land cover, or other environmental
variables as covariates (Aradjo and Peterson 2012; Chefaoui et al. 2005; Hirzel and Le Lay
2008), and models that use presence/pseudoabsence data (Morales et al. 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 resolution of 1 km? or more (Pearson
and Dawson 2003). Such studies are unable 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 microhabitat selection patterns shaping these differences.
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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 and Allendorf 1995;
Peterman et al. 2013).

Given their sensitivity to environmental changes and thermal dependency, reptiles are of
particular interest to study niche and microhabitat selection in regions with different
ranges of available habitats and climatological regimes (Buckley 2010; Cunningham et al.
2016). Moreover, for some taxa like lacertid lizards, there is enough qualitative
information about niche differences between 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 Peninsula in 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 et al. 2015;
Covaciu- Marcov et al. 2009; Popgeorgiev and Mollov 2005). In Germany and Czech
Republic, where thermal conditions and other limiting factors like daily hours of sunshine
(Fror 1986; Laube and Leppelsack 2007) do not provide many suitable habitats for the
species, it is scarce and mostly found in open areas and river valleys (Bohme and Moravec
2011; Bohme et al. 2007a). However, despite substantial descriptive evidence suggesting
a narrower 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 comparing 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 living either at the core (Bulgaria)
or at the northern periphery (Germany and Czech Republic) of the species’ distribution
range (Figure 3.1). 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 and Rudolph 2003; Zavadil
and Moravec 2003). We expected to find (a) smaller realized niches in northern edge
populations compared to the core, with a niche differentiation present 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) higher influence of
vegetation structure in the microhabitat selection in the northern periphery, where the
availability of suitable habitats for the species is a limiting factor, while in the core, where
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the available range of habitats is broader, abiotic parameters will have a higher influence
in the microhabitat selection.

3.3 Materials and Methods
3.3.1. 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 3.1a). Bulgaria is the historical and
current range core of the species (Popgeorgiev and Mollov 2005),and in the Thracian
Plain are represented most of the habitats in which L. viridis is present in central 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 northern periphery. In Passau
(Figure 3.1b), 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 3.1c) are relict populations located in open stony areas of the oak forest
and on the slopes of the Vltava valley, as well as those of other valleys perpendicular to
the Vltava River. The extent of the areas where the study was carried out in each region
was 325 km2, 288 km2, and 522 km?2 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 represented a portion of
habitat potentially holding a population and separated from other sites/populations by
structures in the landscape (e.g., agriculture, highways) that do not represent habitat. In
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 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.

3.3.2. 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
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June and July in Passau and Prague. This shift in sampling made average maximum air
temperatures per sampling month similar among sites: 18.5 and 23.4°C in Plovdiv, 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 periphery-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 Vitava 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 and Zuiderwijk 2006; Sewell et al.
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
pattern (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 systematically 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 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 30cm (Herbs 1), between 40 and 80cm (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 parameters included air temperature at 1.5 m height, 10 cm height and ground
surface, soil compaction, soil composition, slope, and aspect. Temperature and soil
compaction were measured at
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Figure 3.1. Distribution range of Lacerta viridis (IUCN, 2009) and study sites in the core located in Plovdiv,

Bulgaria (a), and in two peripheral regions corresponding to Passau, Germany (b) and Prague, Czech
Republic (¢).
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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 classified 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 625) 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 survey. 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 lizards represented 2-4 hr of
data sampling. Therefore, due to time constrains, data were gathered around a maximum
of three “presence” 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.

3.3.3. 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 et al. 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 microhabitat
selection (see analysis description below). In the other two regions, neither correlation
nor collinearity was found (Supporting Information Appendix S1, Table S1.2-S1.4).
Therefore, all variables were retained. Continuous abiotic variables were log-transformed
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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 regions; 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 correlation or collinearity was found in other variables
(Supporting Information Appendix S1, Table S1.1-S1.4). 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
analysis. In Passau and Prague, soil composition was correlated with soil compaction
(F2,98 = 3.14,p = 0.047; F3,73 = 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 et
al. 2008). In all regions, soil composition was least correlated with presence/absence of
L. viridis, and therefore, for further analysis this variable was removed.

3.3.4. Statistical analysis

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 separately 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 et al. 2015) was applied to the whole dataset including
all points of all regions. This reduction in dimensionality was necessary as the niche
hypervolume analysis requires orthogonal axes. Principal components with eigenvalues
> 1 were used to construct the hypervolumes of the realized niches in each study region
(see Table 3.1 for variable loadings). Six principal components were selected for
vegetation structure (77.05% of total variance) and three for abiotic parameters (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 measures the similarity among two samples with values varying from
0 for low overlap to 1 for complete overlap (Blonder et al. 2014).
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Table 3.1. Loadings of each variable in the principal components with eigenvalues > 1 selected to build the
niche hypervolumes for vegetation structure and abiotic parameters.

Principal Components

PC1 PC2 PC3 PC4 PC5 PC6
Vegetation structure
Herbs < 30cm 0.19 0.73 -0.37 -0.08 0.09 0.12
Herbs 40-80 cm -0.43 -0.32 0.16 -0.24 0.48 0.06
Herbs > 90cm -0.38 -0.07 -0.28 0.16 -0.38 -0.49
Woody plants < 2m 0.10 0.17 0.64 0.30 -0.14 0.38
Woody plants > 2m 0.20 0.01 0.17 -0.51 0.26 -0.15
Dry leaves 0.50 -0.46 -0.11 0.05 -0.14 0.07
Rocks_trunks -0.08 -0.25 -0.35 0.46 0.12 0.43
Bare soil 0.17 0.07 0.37 0.41 0.09 -0.58
Way -0.11 -0.06 0.15 -0.40 -0.70 0.17
Branches 0.53 -0.24 -0.17 -0.12 -0.01 -0.13
Abiotic parameters
Temperature -0.34 -0.09 0.72
Soil compaction 0.37 0.35 0.53
N-S exposition 0.05 -0.81 0.13
W-E exposition -0.25 0.06 -0.43
Slope -0.56 0.41 0.06
Radiation 0.60 0.20 -0.06

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 and Venables 2016), with
“region” as response variable. Analysis was first done separately for vegetation structure
and abiotic parameters. After fitting a global model with all variables of either vegetation
structure or abiotic parameters, all possible models with a reduced number of parameters
were generated with the “dredge” function of the “MuMIn” R package (Barton 2015).
Model comparison was based on Akaike’s information criterion corrected for small
sample size (AICc) (Burnham and 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 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 averaged. We selected the approach of analyzing
vegetation structure and abiotic parameters separately, and then combine most
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important 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 et al. 2011)

Microhabitat selection in each region

We applied generalized linear mixed models GLMM, with plot presence/absence as
response variable, site occupancy (i.e., the presence 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 structure 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, et al. 2016) with a logit link function and binomial error distribution. We
tested for spatial autocorrelation of residuals (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, averaged through those with AAICc < 2
and combine the most important variables of both the vegetation structure and abiotic
parameters 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
conditional R2 corresponding to the variance explained by fixed factors and random term
together, and marginal R2 representing the variance explained by fixed factors only
(Nakagawa and Schielzeth 2013).

Detection and correction of spatial autocorrelation

All global models (vegetation structure, abiotic parameters, or combinations thereof) of
microhabitat selection in each region were tested for spatial autocorrelation of model
residuals (SACR) by estimating Moran’s Il 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 and Legendre 2002) (Supporting Information
Appendix S2).
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3.4. Results

3.4.1. 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 3.2, Figure 3.3a). 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).

Table 3.2. Comparison among realized niche size in Plovdiv (P1), Passau (Pa) and Prague (Pr).

Comparison Volumel  Volume2 Intersection Union Sgrensen overlap

Vegetation structure

Pl - Pa 90.89 28.85 6.69 113.05 0.11
Pl - 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
Pl - Pr 32.89 23.24 4.29 51.84 0.15
Pa-Pr 20.97 23.24 6.32 37.89 0.28

The realized niche based on abiotic parameters was also largest in the core, but in this
case, it was followed by that in the periphery-Pr and the smallest abiotic niche was in the
periphery- Pa (Table 3.2, Figure 3.3b). 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.
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Figure 3.3. 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.

3.4.2. Comparison of microhabitats among regions

With the multinomial logistic regression (Table 3.3), 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 compaction 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.
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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 selection and model averaging separately
for vegetation structure and abiotic parameters).

3.4.3. 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 3.4. Microhabitat selection in the core region was
affected only by abiotic parameters. The most important variables found were radiation,
slope, soil compaction (RVI = 1), and S-N aspect (RVI = 0.74), with radiation 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 R2 =
0.93; marginal R2 = 0.20). The inclusion of random intercepts can enormously improve
the explanatory capacity of models, and a high conditional R2 value is a very common
outputin GLMM that intend to find the best set of variables to explain the data (Nakagawa
and 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 aspect, and temperature (RVI = 1). Lacerta viridis in the periphery-Pa avoided
locations 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 R2 = 0.99; marginal
R2-marginal = 0.43) (Supporting Information Appendix S4, Table S4.2 for model selection
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 selected places with low structure principally
composed by low vegetation (RVI Herbs2, Herbs1 = 1). Most of the variance in the model
was explained by fixed factors (conditional R2 = 0.61; marginal R2- marginal = 0.60) with
avery small proportion being explained by the random intercept (Supporting Information
Appendix S4, Table S4.3 for model selection and model averaging separately for
vegetation structure and abiotic parameters).
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Table 3.3. 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 (P1), Passau (Pa), and Prague (Pr).

Pl vs Pa Plvs Pr Pavs Pr

RVI Estimate (SE) LCL UCL Estimate(SE) LCL UCL  Estimate (SE) LCL UCL
Intercept 14.15 (4.24) -12.90 26.80 16.56 (4.59) -23.26 31.80 2.4 (2.60) -18.15 12.74
Radiation 1 -0.61 (0.14) -0.96 -0.33 -0.66 (0.15) -1.01 -0.35 -0.04 (0.09) -0.21 0.14
Soil compaction 1 -5.57 (1.77) -10.20 -2.01 -5.40(1.85) -10.45 -1.85 0.16 (1.17) -2.42 2.33
Way 1 -16.09 (5.79) -28.07 -5.05 -15.28 (6.54) -27.95 -3.09 0.81(5.05) -8.57 10.65
Woody plants<2m 1 -38.38(12.93) -67.98 -12.76  -26.11(11.94) -51.32 0.34 12.35(9.47) -4.68 34.45
Woody plants>2m 1 -13.81 (6.65) -28.48 -0.88 -27.78 (9.43) -46.30 -8.34  -13.96(7.75) -27.73 241
Herbs 1 1 -7.71 (2.52) -13.43 -2.13 -8.46 (2.48) -14.42 -2.75 -0.74 (1.85) -4.54 293
Herbs 3 1 -0.22 (2.36)  -5.27 4592 -9.90 (4.29) -1794 -1.11 -9.68 (4.11) -17.23 -1.15
Herbs 2 1 -6.38(2.91) -12.90 -0.67 -12.83 (3.28) -20.00 -6.30 -6.44 (2.14) -10.64 -2.08
Temperature 0.51 5.77 (7.85) -3.44 26.28 9.21 (10.86) 191 34.53 3.45(5.22) -4.07 17.73
Slope 0.47 0.36(0.58) -0.51 2.04 0.78 (0.99) 0.10 3.21 042 (0.6) -0.25 2.03

Note: Estimates and confidence intervals correspond to Pa and Pr in comparison to Pl, and to Pr in comparison with Pa. Most important variables are those with
relative variable importance RVI > 0.6.

27



Table 3.4. 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
pcnm1 4.48e02 6.02e-03 1
pcnm44 -2.13e+02 4.14e02 1
W-E aspect 497e01 6.02e-03 1
Temperature 6.54e02 6.02e-03 1
pcnmé6 -4.91e02 6.02e-03 0.9
pcnm9 -60.13 395.32 0.21
pcnm22 -22.36 1341.55 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 27.15 364.24 0.57
Way 72.81 1027.02 0.57
Herbs 3 -792.12 14232.53 0.43
Branches 12.87 378.09 0.22
Bare soil 55.08 1421.35 0.22

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

We hypothesized that the microhabitat niche is smaller at the periphery 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 Kiithnelt’s principle (Kithnelt 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 suboptimal and fewer
microhabitats are suitable for the species. The 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 determined microhabitat selection at the core, whereas at the periphery in
Prague, only variables of the vegetation structure influenced microhabitat selection.
However, in the periphery in Passau, a combination 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, phenotypic plasticity or local adaptation (genotypic
changes) to conditions that lay near the limits of suitability. On the one hand,
thermoregulatory behavior can allow individuals at the northern (and upper altitudinal)
periphery to meet their thermal requirements by stringent selection of optimal habitats,
which therefore often determines the peripheral limits of the distribution of ectotherms
(Henle et al. 2010; Huang et al. 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 (Kiihnelt 1965) and has been shown qualitatively in various lizard species
(Bohme and Rodder 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
realized niche (Araujo etal. 2013; Bogert 1949; Grigg and Buckley 2013; Huey et al. 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 (Mufioz 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 populations 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
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niche size and niche differentiation (Blanquart et al. 2013; Chevin et al. 2010; Garcia-
Ramos and Kirkpatrick 1997). Under this scenario, the selective 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 et al. 1999; Henle et al. 2010; Huey 1982). For
instance, the STB of the common lizard Lacerta vivipara differs between locations, with
populations in southern latitudes having a higher STB compared with those located at
higher latitudes (Patterson and Davies 1978; Van Damme et al. 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 (B6hme and
Moravec 2011). Additionally, there is evidence 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 latitudes (Chown
and Terblanche 2006; Overgaard et al. 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 comparison with the core. Most importantly, the
niches of L. viridis in peripheral 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 and 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 topography. 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 conditions 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 southeastern aspect, with higher temperatures and suitable microclimate for
L. viridis (Nettmann and Rykena 1984). Then, in Passau, it can be more difficult for L.
viridis to compensate for overall climatic conditions (e.g., lower radiation) by just
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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 present, 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) latitudes individuals are more limited by climatic conditions, while biotic
interactions like predation and competition are more important at low latitudinal
peripheries (Cahill et al. 2014; Holt and Barfield 2009; Price and Kirkpatrick 2009). In
Passau and Prague, Lacerta agilis 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 and
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 (Korsds 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. viridis
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 segregation (Babocsay 1997). Moreover,
the differentiation of habitats between L. trilineata and P. tauricus, and L. viridis becomes
stronger toward the southern parts of the distribution range of L. viridis, like in Greece,
where L. viridis occupies even more covered habitats (Strijbosch 2001).

3.5.1. 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 populations 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 species already occurs is important for the species’
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viability, as it will allow individuals to compensate for low radiation. In Passau,
management measures are already installed in the lower parts of the valley (below the
cliff; 0. Assmann, 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 species. 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 most for the species. In the core, abiotic
conditions suitable for L. viridis 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-environmental 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, besides protection of high quality habitats, reestablishing connectivity is an
important complementary conservation need.

3.5.2. Limitations and outlook

As in many ecological studies dealing with the quantification of spatial 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 importantly, we defined the spatial scale to which the patterns of niche
size are related (Chase and 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
distribution 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
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present, but their effects might probably be more related with mechanisms (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 availability 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 locations 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 affecting species at the core versus
periphery (Sexton et al. 2009). As a next step, it is important to investigate whether
limitations in other regions also lead to changes 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 immigration than on adaptation to specific conditions.
Hence, niche would still be smaller compared to the core but probably less differentiated.
On the other hand, in low latitudinal regions, interactions 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 microhabitat 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 represent 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 and Maragou 2013; Schmidtler 1986; Uhrin et al.
2016). Although these regions are characterized either as subtropical or transitional
subtropical-temperate climatic zones (Nojarov 2017), it is possible that climatic
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 especially 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 regions 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 differentiation might be lower.

Finally, a higher specialization degree is already known to be linked with a higher
sensitivity to habitat fragmentation and climate change at the species level (Henle et al.
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2004b; Lancaster2015; Vergara and Armesto, 2009). In the same way, peripheral
populations may be more specialized than core populations and be stronger affected by
these two processes (Cahill et al. 2014; Hampe and 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 fragmentation. This would be enormously valuable to
prioritize the application of conservation measures at the population level and at regional
and local scales.
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4. Differential effects of habitat loss between core and
northern peripheral populations of Lacerta viridis
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Adult female of the eastern green lizard Lacerta viridis in Prague, Czech Republic. Photo credits: AMPR
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4.1. Abstract

The effects of habitat loss on the distribution of populations are often linked with species
specialization degree. Specialist species can be more affected by changes in landscape
structure and local patch characteristics compared to generalist species. Moreover, the
spatial scale at which different land covers (eg. habitat, cropland, urban areas) affect
specialist species can be smaller. Specialization is usually assumed as a constant trait
along the distribution range of species. However, for several taxa, there is evidence of
higher specialization degree in peripheral populations compared with populations in the
core. Hence, peripheral populations should have a higher sensitivity to habitat loss, and
strongest effects should be found at a smaller spatial scale. To test these expectations, we
implemented a patch-landscape approach at different spatial scales, and compared effects
of landscape structure and patch characteristics on occupancy probability among
northern peripheral, more specialized populations (Czech Republic) and core populations
(Bulgaria) of the eastern green lizard Lacerta viridis. We found that landscape structure
and patch characteristics affect differently the occupancy probability of L. viridis in each
region. Strongest effects of habitat loss were found at a spatial scale of 150m around
patches in the periphery, but at a scale of 500m in the core. In the periphery occupancy
probability of populations was principally affected by landscape composition, and the
effect of habitat quality was stronger compared to core populations. In the core,
persistence of populations was mainly explained by characteristics of the spatial
configuration of habitat patches. We discuss possible ecological mechanisms behind the
relationship between sensitivity to habitat loss, populations’ specialization degree and
position in the distribution range, and suggest conservation measures for L. viridis.
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4.2 Introduction

Anthropogenic land-use changes lead to the loss of natural and semi-natural habitats,
resulting in reduced overall amount of habitat available, fragmentation into smaller
patches and increasing isolation among these patches due to land-use intensification
forming a matrix of inhospitable land. These processes alter landscape composition and
configuration: as patch area decreases, patch isolation increases, and spatial relations
between landscape elements (e.g. habitat, non-habitat areas, and topographic features
like rivers) are altered. The ecological consequences for species, at the landscape scale,
include reduced functional connectivity and reduced viability (Fahrig 2003), leading to
declining trends in abundance and distribution.

The effects of modified landscape structure on the distribution of natural populations
have been widely studied and linked with species-specific traits (Blanchet et al. 2010;
Jauker et al. 2013; Swihart et al. 2003). In particular, habitat specialization is one of the
main traits shaping species’ response to habitat loss (Davies et al. 2004; Henle et al,,
2004b). Specialist species are known to be more sensitive to changes in patch size
(Keinath et al. 2017; Krauss et al. 2003), isolation (Devictor et al. 2008; Hoehn et al 2007;
Soga and Koike 2013), habitat quality (Ye et al. 2013), and overall amount of habitat in
the landscape (Carrara et al. 2015; Piittker et al. 2013), whereas generalist species can
typically better cope with reduced patch size and overall reduce in the amount of habitat
(Vergara and Armesto 2009).

Differential responses to habitat loss between generalist and specialist species have also
been linked to the ‘scale of effect’ of different parameters. We define the ‘scale of effect’ as
the extent of area at which the strongest effect of a given factor on an ecological response
is found (Jackson and Fahrig 2012). It has become a central topic in ecology in the past
years, with particular focus onto the question how landscape composition influences
species’ distribution. The scale of effect of habitat amount on species’ distribution has
been shown to be smaller for specialist than for generalist species across different taxa
such as butterflies (Cozzi et al. 2008), birds (Carrara et al. 2015; Vergara and Armesto
2009) and rodents (Morris 1996). Similarly, the scale of effect of other landscape
composition variables is usually expected to be smaller for specialist species (Miguet et
al. 2016).

Studies on the effects of habitat loss that consider species’ specialization usually assume
species to be characterized by the same trait along their distribution range. However, the
degree of specialization can change across the distribution range of a given species,
resulting in intraspecific differences among populations. The Kiihnelt principle (Kiihnelt
1965) states that the range of colonizable habitats is wider at the core of the distribution
range where environmental conditions are optimal, whereas at the periphery conditions
are suboptimal and fewer microhabitats are suitable for the species. Therefore,
populations at the core should be habitat generalists (“euryoecious”), while populations
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at the periphery of the species’ range can be, in comparison, more specialized
(“stenoecious”) (Bohme and Rodder 2014). Accordingly, it has been found in lizards
(Olsson 1988; Prieto-Ramirez et al. 2018), birds (Blanco-Fontao et al. 20105) and insects
(Svensson 1992) that individuals in peripheral populations have narrower realized
niches than those living in the core of the distribution range. However, in spite of existing
evidence, most studies on habitat loss carried out at broad scales, involving the total or
partial extent of the distribution range of a species, have overlooked this variability, and
therefore, the possible differential effects on distribution patterns. Consequently,
conservation measures applied at local scales - especially in the periphery - might not be
adequate enough to protect threatened populations if the measures were derived from
analyses of habitat loss effects in other parts of the distribution range.

Here we investigated the effects of habitat loss and fragmentation on the occupancy
patterns of core and northern peripheral populations of the eastern green lizard Lacerta
viridis. Recently, it has been found that northern peripheral populations of L. viridis
(Germany, Czech Republic) have a higher specialization degree compared to core
populations (Bulgaria) (Prieto-Ramirez et al. 2018). In the periphery, populations have
narrower niches and can only persist in habitats with comparably lower vegetation
structure that allow them to compensate for suboptimal overall climatic conditions (e.g.
lower radiation). In the core, populations have a broader range of available habitats and
use microhabitats with higher vegetation structure. The higher specialization degree of L.
viridis populations in the northern periphery suggests that these populations might also
have a higher sensitivity to habitat loss and fragmentation compared to generalist
populations living in the core of the distribution range.

In this study, we implemented a patch-landscape approach to evaluate the occupancy
patterns of populations of L. viridis in Bulgaria (core) and in the Czech Republic
(periphery). Our main objectives were to find out which are the most relevant spatial
scales affecting patch occupancy in each region and which parameters of the landscape
structure and patch characteristics have the strongest effect. We expected to find at the
intraspecific level the same patterns of the effects of habitat loss reported at the species
level. We hypothesized that: 1) the relevant scale(s) at which occupancy is best explained
should be smaller at the periphery compared to the core; 2) the proportion of different
land-cover types has a smaller scale of effect at the periphery compared to the core; and
3) peripheral populations are more sensitive to isolation, area and reduced habitat quality
compared to core generalist population.
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4.3 Materials and Methods

4.3.1. Study areas

The study regions were located in the northern periphery and in the core of the
distribution range of L. viridis (Figure 4.1). The study region at the species’ periphery was
located in the surroundings of Prague (Bohemia, Czech Republic), where populations are
located in open stony areas within open oak forest and along the cliffs of the Vltava valley,
as well as those of other valleys perpendicular to the Vltava river valley (Pr; Figure 4.1b).
The core region was located in the Thracian Plain of Bulgaria, in the surroundings of
Plovdiv (Core; Figure 4.1c). The region is an alluvial plain dominated by the banks of the
Maritsa River and its tributary rivers. Here L. viridis inhabits diverse natural and semi-
natural habitats, from road edges and open shrubland to mesophilic forest (Mollov 2011).
In both study regions habitat of L. viridis has been lost due to agricultural expansion and
intensification, as well as by (semi)urban development. We selected landscapes in both
regions with similar configuration and composition characteristics that could ensure
enough levels of comparability. Both landscapes had low percentages of habitat (11.2%
in the core and 13.1% in the periphery) and similar habitat configuration in terms of
ranges of patch area and isolation (Appendix S1).

4.3.2. Field survey

Field surveys were carried out in Plovdiv in 2014 and in Prague in 2015. L. viridis is active
from beginning of April to beginning of October in Bulgaria, and from mid-May to
beginning of September in the Czech Republic. Therefore, in order to make surveys
comparable, data collection was carried out earlier in the core than in the periphery: From
beginning of April to late May in the core, and from mid-May to late July in the periphery.
The difference in sampling times made average maximum air temperatures per sampling
month relatively similar among regions (Core: 18.5-23.4°C ; periphery: 22.5-24.6°C).

Based on literature about the habitat requirements of L. viridis, and available information
about places where the species has been found in each region (pers.com: Plovdiv:
Tzankov, N; Prague: Moravic, ]J; Chamlar, ].), we identified patches of habitat to be
surveyed in each region using satellite maps available in Google earth. We visited 42
patches in the core and 33 in the periphery (see Appendix S2 for locations). All polygons
corresponding to the edges of the surveyed patches in both regions were manually
digitalized using ArcMap (ESRI 2015).

Occupancy surveys and analysis were designed following the protocol proposed by
Mackenzie and Royle (2005), prescribing a specific number of visits depending on the
probability of detection of the species. Based on estimates of detection probability
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Fig 4.1. Distribution range of Lacerta viridis (a; IUCN,
2009) and location of the study sites. In the periphery
(b) the study site is located in the surroundings of
Prague and has an extent of 522 km? (location: top-left
50.17°N, 14.29; top-right 50.16°N, 14.46°E; bottom-left
49.92°N, 14.27°E; bottom-right 49.92°N, 14.45°E). The
study site in the core region (c) corresponds to the
surroundings of Plovdiv and has an extent of 325 km?
(location: top-left 42.26°N, 24.68°E; top-right 42.24°N,
24.93°E; bottom-left 42.12°N, 24.66°E; bottom-right
42.10°N, 24.91°E).
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for similar species (Janssen and Zuiderwijk 2006; Sewell 2012), the number of surveys
per patch 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.) of the same day or one day later, in accordance with the species’ daily
activity pattern (Korsos 1983).

Surveys lasted one hour each, walking along predetermined line transects. With a
standard walking speed of 20 m/min, which is slow enough to search and detect lizards.
A one hour survey corresponds to a total length of 1200m, which were subsequently
divided into transects. As most patches had a heterogeneous composition, the number
and length of transects varied depending on the number of different habitat types into
each patch and the proportion of area of the patch covered by each habitat type.
Nevertheless, all transects in a patch always summed up 1200 m to assure one hour visit.
Satellite imagery was used to define the relative coverage of each habitat type within each
patch. Transect lengths varied between 50-400 m. Transects were located at least 100 m
of each other, and the total length of each transect was placed in only one habitat type.
The number of transects surveyed per patch ranged from three to 12. During transect
walking, a width of 2.5 m was scanned at each side of the transect to visually search for L.
viridis. As surveys were based on visual identification of lizards, and no collection of
biological material or handling of animals was required, no permits were necessary for
carrying out this study.

4.3.3. Land cover classification

To calculate landscape composition variables around each patch (see section “Calculating
patch variables and landscape structures” below), we generated land-cover maps for the
two study sites. Land cover classes in each region are described in Table 4.1. Based on
reported literature, we define habitat types as the different vegetation structures used by
L. viridis in each region. Relevant habitat types in the core were: woodland, shrubland,
rocky outcrop vegetation (rocky_veg), grassland, transitional vegetation (trans_veg) and
open ground and river beds (bare soil). Habitat types in the periphery were: open
woodland (openwood), shrubland, rocky outcrop vegetation, dry grassland (dry_grass)
and transitional vegetation. Natural or semi-natural areas that are non-habitat in the
periphery were dense woodland (densewood) and humid grassland (humid_grass). In
both regions, urban areas (urban), and crops and pastures (crop_pas) were defined as
other non-habitat land-cover classes (Appendix S3).

To obtain the land cover classified map in the core, a supervised Mahalanobis Distance
classification of cloud free, atmospherically and topographically corrected Rapid Eye
satellite imagery (acquired on May 8th, 2014; 5m resolution), in combination with
information derived from the Copernicus Land Monitoring Service (incl. Urban Atlas
2012, Imperviousness Degree — IMD 2012 and Tree Cover Density - TCD 2012; 20m
resolution) was performed. Training (polygon) data for the target classes were generated
based on land cover information collected during the field survey and complemented by
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data digitized based on the RapidEye imagery. Post-processing included a majority
analysis (except for the class urban) with a kernel size of 3x3 to remove isolated cropland
pixels mapped within (semi-)natural vegetation cover. The final map had an overall
accuracy of 91.1%. All processing and analyses were performed in ArcGIS 10.6 (ESRI
2018) and ENVI 5.0 (EVI 2012).

Table 4.1. Land cover classes conforming the classified maps of both core and periphery regions.

Land cover Variable Description Region Habitat
class name
Bare soil Bare_soil Open ground corresponding to not paved Core, Yes
ways in the interior of patches and sandy, Periphery

not vegetated river beds

Rocky outcrop | Rocky_veg | Rock outcrops and its associated grasses Periphery Yes
vegetation and herbs
Grassland Grass Dry and mesic grasslands Core Yes
Dry Dry_grass | Broad leaved dry grassland, termophilus Periphery Yes
grassland herbs, ecotones at the edge of forest and

shrubs
Humid Humid_gras | Perennial grasses in wetlands, wet Periphery No
grassland s meadows, moor grasses and river bed

grasslands and herbs

Shrubland Shrubland | Shrubs and scrubs areas Core, Yes
Periphery

Transitional Trans_veg | Transitional woodlands with cover density Core, Yes

vegetation <30% Periphery

Woodland Woodland | Woodland with crown cover density >30% Core Yes

Open Openwood | Woodland with crown cover density Periphery Yes

woodland between 30% - 75%

Dense Densewood | Woodland with crown cover density Periphery No

woodland between 75% and 100%

Crops and Crop_pas Areas used for agricultural activities, either Core, No

Pastures cultivation or pasture purposes Periphery

Urban areas Urban Continuous and discontinuous urban fabric, Core, No
road networks Periphery

Classification of land cover classes in the periphery was achieved by reclassifying the most
recent vegetation community and land-use map (IPR 2010) available from the Prague
Institute for Planning and Development (Institut planovani a rozvoje hl. m. Prahy, IPR).
This is a vector map with 5m resolution with 66 classes: 10 corresponding to different
urban land uses, two to agriculture and pastures, and 52 representing different vegetation
communities. In a first step we reclassified the vegetation communities that correspond
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to dry_grass, humid_grass, shrubland, rocky veg and woodland. In a second step,
woodland was reclassified as openwood, densewood and trans_veg based on tree cover
density (TCD) data available from CORINE. Areas in the northern and southern edges of
the study site were unfortunately not covered by the IPR maps. Therefore, for these areas
we produced a land cover map based on the Urban Atlas 2012 and TCD information, and
when necessary, manually digitalized the different classes by using orthophotos available
from the IPR webpage.

4.3.4. Calculating patch variables and landscape structure

To evaluate the possible differential effects of habitat loss in the core and periphery, we
applied a patch-landscape approach and analyzed the influence of variables
representative of landscape structure and patch characteristics on patch occupancy. We
differentiated between four types of variables: landscape configuration, landscape
composition, patch geometry and patch habitat quality. Variables defining the landscape
configuration around each patch included distance to river (dist_river), distance to urban
areas (dist_urban) and distance to crops and pastures (dist_crop), and two measures of
isolation, the edge-to-edge Euclidean distance to the nearest patch (np_dist) and
proximity index (prox).The proximity index (Gustafson and Parker 1994) is a scale
dependent measure of isolation and is calculated as the sum of the ratios patch area /
distance to the focal patch for all patches that fall, at least partially, into the buffer of a
given distance around the focal patch.

Variables related to landscape composition were calculated at different buffer-distances
(hereafter, “scales”) around each patch in each region. The different scales were selected
based on reported dispersal distances for L. viridis (Elbing 2001; Grimm et al. 2014;
Mangiacotti et al. 2013). Scales selected were: 50m, 150m, 250m, 500m, 750m, 1km,
1.5km, 2km, 2.5km and 3km. At each scale, we calculated the proportion of urban,
crop_pas and habitat (the sum of all habitat types).

Patch geometry variables included area, perimeter, perimeter to area ratio (Per_area) and
shape index (Shape_index). Patch habitat quality was defined based on the most
important parameters found for this species (Moser 1998; Prieto-Ramirez et al. 2018;
Waitzmann and Sandmaier 1990): vegetation structure, radiation and slope. Vegetation
structure was calculated based on available information at the microhabitat scale. At each
single transect in each patch, percentage of vegetation coverage was taken in at least one
plot of 25 m?. Vegetation coverage classes included herbs < 30 cm, herbs between 40 and
80 cm, herbs > 90 cm, woody plants < 2 m, woody plants > 2 m, dry leaves, rocks and
fallen trunks, bare soil, and branches coverage. Plots correspond either to the area around
the specific point where a lizard was detected or to the area around random points blindly
selected in the GPS along each transect. For each plot we calculated the foliage height
diversity’ index (FHD; MacArthur and MacArthur 1961), which is a modification of the
Shannon index applied to vegetation structure. Because most of the patches had a
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heterogeneous habitat composition, the plots of a single patch might belong to different
habitat types. Therefore, we averaged the FHD values of the plots belonging to the same
habitat type across patches to obtain the averaged FHD of each habitat type. Vegetation
structure (Veg_str) of each patch was then calculated as the sum of the FDH of each habitat
type weighted by the area that each specific habitat type occupied within the patch. To
calculate the topographic slope we used software SAGA (Conrad et al. 2015) to derive
slope maps from digital elevation models (DEMs) with 30 m resolution available from the
U.S Geological Survey. We averaged pixel values corresponding to each patch. We
calculated radiation from the DEMs with the ‘Potential incoming solar radiation’ module
of SAGA (Conrad et al. 2015). Radiation value of each patch hence corresponded to the
average annual radiation during the 5 years preceding the field work in each region,
calculated from April to September, from 8am to 6pm and with a temporal resolution of
10 days and two hours. All other calculation procedures were carried out with ArcMap
version 10.3.1 (ESRI 2015), except for shape_index and prox which were calculated with
FRAGSTATS version 4 (McGarigal et al. 2012.

4.3.5. Statistical analysis

To evaluate the occupancy patterns of populations of L. viridis, we applied the occupancy
model proposed by MacKenzie et al. (2002) as implemented in the package ‘Unmarked’
(Fiske and Chandler 2011) in the software R (R Core Team 2018). This model calculates
the probability of occupancy (p) by correcting for the probability that an individual will
actually be detected (psi). The first step was to fit a detection probability model to be used
in all subsequent steps. For this, we tested the effect of vegetation structure, day of survey
and patch area on detection probability. As previously shown, vegetation structure can
affect the detectability by reducing the visibility for the observer. Day influences lizards’
activity, given it is determined by annual seasonality, increasing with the advance of the
spring and starting to decrease at the beginning of the summer in the core, and at mid-
summer in the periphery. Higher activity can increase the encounter rate and, therefore,
the probability of detection. Finally, big patches can be expected to hold larger
populations, which might increase the probability of detecting a lizard. Thus, to find out
the model that better explained detection probability, we built models with constant p
and with all possible variable combinations among vegetation structure, day of survey
and patch area as predictors of detection . Then, we compared models based on AIC and
selected those with AAICc < 2 (Burnham and Anderson 2002). The model including the
three variables was the best in the core, and the second best model in the periphery
(AAIC=0.38) (Appendix S4). Consequently, all three variables were used as predictors of
detection probability in all subsequent analysis in both regions.

In order to find out which were the relevant scales at which occupancy is explained in
each region we tested whether occupancy patterns are explained at single scale(s) or
simultaneously at multiple scales. Single-scale models included all composition variables
measured at the same scale, plus configuration and patch variables, and multi-scale
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models included each composition variable at its scale of effect, together with
configuration and patch variables. Therefore, before building multi-scale models we
needed to find out which was the scale of effect of each composition variable -percentage
of habitat, crops_pastures and urban- in each region. For this purpose, we fitted univariate
models with each of these variables at each scale as predictor of occupancy (p) and
selected the scale with the highest Nagelkerke R? (RN?) as the scale of effect. In cases when
the highest RN? value was present in several scales, the smallest scale was selected. For
proximity index (prox), which is a scale-dependent configuration variable, the same
procedure was applied to find its scale of effect in each region.

Then, to avoid collinearity among variables included in the same model, we applied a
Spearman rank correlation test (Appendix S5) to each single-scale and multi-scale
dataset. Among correlated variables (rs> 0.60) we selected the one with the strongest
effect on occupancy probability. Additionally, we calculated the variance inflation factor
(vif) of selected covariates, and retained those with vif<10 (Martin and Fahrig 2012). In
both regions we found strong collinearity among some variables that might have an
important ecological role on occupancy. Therefore, in order to avoid skipping relevant
variables from the analysis due to collinearity, we run several sets of single-scale and
multi-scale models in each region (Appendix S6). Each set included all non-correlated
variables, and only one from the pair of correlated variables. In the core, Np_dist was
correlated with prox at all scales, as well as crop_pas with urban. Both, Crop_pas and
urban, might exert strong pressure on the occupancy, and proxy is a scale dependent
measure of isolation that might have different explanatory power compared to Np_dist.
Therefore, we run four sets of single-scale models for this region: Np_dist and crop_pas,
Np_dist and urban, prox and crop_pas, or prox and urban. For the multi-scale model in the
core, crop_pas was not correlated with urban; thus, both variables could be
simultaneously included and only two multi-scale models were fitted, one with np_dist
and one with prox. In the periphery, habitat was negatively correlated with urban at all
scales, as well as in the multi-scale dataset. Therefore, for this region we fitted two single-
scale models at each scale and two multi-scale models, one with habitat and the other with
urban.

After having found the best model for detection probability, the scale of effect of
composition based variables and prox to be used in multi-scale models, and having tested
for collinearity among variables, we could then proceed with building single-scale and
multi-scale global models. All global models were tested for Spatial Autocorrelation of
Residuals (SAC) to avoid underlying spatial processes to affect our results. For this, we
calculated Global Moran’s I and when significant SAC was found, an autocovariate
parameter was calculated by means of principal components of neighbor matrices
(PCNM) and added to the global model (Augustin et al. 1996). Goodness-of-fit test and
overdispersion parameter (c-hat) were estimated by applying the parametric bootstrap
procedure proposed by MacKenzie and Bailey (2004) and implemented in the
‘AlCcModavg’ package of R (Mazerolle 2019).
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Finally, to find out the best model(s) explaining occupancy patterns in each region, we
generated all possible models starting from each single-scale and multi-scale global
model, with the function dredge of MuMiN package in R (Barton 2015). Then, we selected
the models with AAIC < 2 (Burnham and Anderson 2002). Selected models were evaluated
based on indicators that can be derived from a confusion matrix, which contains observed
and predicted presence/absence (1/0) values of a given model (Fielding and Bell 1997).
We calculated the percent correctly classified (PCC), the area under the receiver operator
characteristic curve (AUC) and Kappa statistics. All indicators have values ranging from 0
to 1. Kappa measures the agreement between the observed presence/absence values and
those expected by chance, and can be calculated at different thresholds used to translate
predicted probabilities into 0/1 values. We calculated two Kappa measures, one at
threshold of 0.5 (Kappao0.5) and another one at the optimized threshold (Kappaopt), where
the optimized threshold was determined by calculating Kappa at each threshold from 0
to 1 atintervals of 0.01. All indicators were calculated with the ‘PresenceAbsence’ package
of R (Freeman and Moisen 2008). Additionally, we also calculated the RN? of each selected
model. We then selected the models with the highest value for most of the model
indicators, and compared among all the single-scale models, and with the multi-scale
models. Lastly, we determined which variables influenced the most occupancy patterns
in each region, and whether the multi-scale models outperformed the single-scale models.

4.4. Results

A total of 172 lizards were detected in both regions, 135 in the core and 37 in the
Periphery. From 42 patches visited in the core, lizards were detected in 17 patches in both
surveys and in 7 patches in one survey, for a total of 24 patches occupied. In the periphery,
7 out of 33 patches were occupied, and lizards were detected in 5 patches in both surveys
and in 2 patches in one survey.

4.4.1. Scales at which occupancy is explained in each region

The effect of composition-based variables (urban, crop_pas, habitat) and the proximity
index (prox) on occupancy probability as single variables is shown in Figure 4.2. At all
scales, the effect of urban, crop_pas and prox was higher in the periphery (Figure 4.2a)
compared to the core (Figure 4.2b). At the core, crop_pas and prox showed a low, almost
constant effect across scales, and the effect of urban at its scale of effect (50m) was just
slightly higher compared to the other scales. By contrast, in the periphery the difference
among scales was much more marked for these variables. Here, the scale of effect of urban
was found at 500m, and the effects of crop_pas and prox at 1000m and 2000m,
respectively, but their effects did not change considerably across scales. The effect of
habitat at small scales (<500m) was similar between regions, but increased with scale in
the periphery, reaching its maximum at 2000m, and decreased with scale in the core. The
effect of natural covers that do not represent habitat in the periphery was strongest at
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large scales (Figure 4.2c). The effect of densewood showed a tendency to increase with
scale up to 2000m, after which a slight decrease in the effect is found. A tendency to

increase with scale was observed for humid_grass after 250m, reaching its peak at the
scale of 3000m.
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4.4.2. Most important variables at single scales

We found differences between regions regarding the variables that consistently had an
effect on the occupancy probability across scales in SS models. In the core, most important
variables were those defining landscape configuration and patch geometric
characteristics (Table 4.2). Dist_river appeared consistently in all SS models, as well as a
measure of isolation, either np_dist or prox. Perimeter and shape_index were also
included in most models across scales. Area was not as commonly included as the
variables mentioned above but was present in half of the SS models (15 out of 31),
principally in models from 500m to 2000m. In the core, occupancy probability across
single scales increased with isolation and perimeter and decreased with distance to the
river, patch area and shape index. Although all indices across single scales had very close
values, the best model was found at 750 m, which additionally included habitat, a variable
that appeared only in few SS models. Prediction curves of the best model in the core
showed that occupancy probability starts to decrease with a distance of 150m from the
river, and reaches a value of 1 already with 10m distance from nearest patch and 20% of
habitat coverage (Figure 4. 3).

Comparably, in the periphery, a combination of variables related to landscape
composition, patch geometry and habitat quality defined the occupancy probability
across single scales (Table 4.3). Densewood and crop_pas had a positive effect on
occupancy and were present in the majority of SS models, as well as perimeter and slope.
As in the core, area appeared in half of the SS models (13 out of 25), and was concentrated
in scales above 500m, having a negative effect on occupancy probability. In the periphery,
almost all indices had the same value across SS models. Based on the prediction curves,
occupancy was above 0.5 when the proportion of densewood was between 0.4 and 0.6
and the proportion of crop_pas between 0.3 and 0.7 (Figure 4.4).

Other variables had a lower representativeness across single scales in each region. In the
core, the effects of composition-focused variables were mostly concentrated at larger
scales. Urban was present in most of the models at 1000m and 3000m and crop_pas
appeared in very few models, from which the majority belonged to the 2500m scale.
Habitat also had a low representativeness in SS models in the core with most of them
being at the 2000m and 2500m scales. Thus, habitat was not very consistent in explaining
occupancy probability across scales in this region, despite being present in the best model
at 750m. In the periphery, variables that appeared in much fewer models were np_dist,
prox and veg_str. Isolation effects, either as np_dist or prox, were concentrated at large
scales and appeared in all models above >1000m having a positive effect on occupancy.
Veg_str was common in models at small scales (50-250m) and its effect on occupancy was
negative.
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Table 4.2. Multiscale (ms) and single scale selected models at the core region. Only variables explaining occupancy probability are presented, and the direction of their
effects is shown as positive (+) or negative (-). In bold is signalized the model with the highest values for most of the model performance indicators.

Scale RNz2 PCC AUC | Kappaos | Kappaopt | Dist_river | Np_dist | Prox | Habitat | Crop_pas | Urban | Area | Perimeter |Shape_index | Veg_str | Radiation
ms 0.4 0.761 0.824 0.513 0.559 +
043 | 0.761 | 0.821 0.513 0.559 +
0.33 | 0.761 | 0.821 0.513 0.513 +
0.37 | 0.761 0.824 0.513 0.513 +
500 0.7 | 0.928 | 0.902 0.851 0.851 - - - + - + -
0.7 | 0.928 | 0.902 0.851 0.851 - - + - + - +
750 0.68 | 0.952 | 0.918 0.901 0.901 - + + +
0.62 | 0.928 | 0.878 0.851 0.851 - + + + +
1000 0.69 | 0.928 | 0.871 0.851 0.851 - + - - + -
0.69 | 0.928 | 0.8855 0.851 0.851 - + - - + -
0.7 0.928 0.902 0.851 - + - + - -
1500 0.69 0.92 0.895 0.851 0.851 - + + + -
0.68 | 0.928 | 0.868 0.851 0.851 - + - - + -
0.7 0.928 0.902 0.851 0.851 - + - + - -
0.66 | 0.928 | 0.895 0.851 0.851 - + + + -
2000 0.69 0.92 0.895 0.851 0.851 - + - + -
0.67 | 0.928 | 0.895 0.851 0.851 - + - - + -
0.7 0.928 0.902 0.851 - + - + - -
0.7 | 0.928 | 0.902 0.851 0.851 - + + + - -
0.67 | 0.928 | 0.895 0.851 0.851 - + + + -
0.67 | 0.928 | 0.902 0.851 0.851 - - + + + -
2500 0.69 | 0.928 | 0.891 0.851 0.851 - + +
0.69 | 0.928 | 0.898 0.851 0.851 - + -
0.67 | 0.928 | 0.895 0.851 0.851 - - - + -
0.7 | 0.928 | 0.895 0.851 0.851 - - - - + - +
0.69 | 0.928 | 0.895 0.851 0.851 - - + + -
0.64 | 0.928 | 0.895 0.851 0.851 - - + + -
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0.63 | 0.928 | 0.895 0.851 0.851 - - + + -
0.66 | 0.928 | 0.855 0.851 0.851 - - + - + -
3000 0.7 0.92 0.899 0.851 0.851 - + - - + -
0.69 | 0.928 | 0.902 0.851 0.851 - + - + -
0.69 | 0.928 | 0.895 0.851 0.851 - + - + -
0.69 | 0.928 | 0.895 0.851 0.851 - - - + -
0.68 | 0.928 | 0.895 0.851 0.851 - - - + -
0.68 | 0.928 | 0.895 0.851 0.851 - - + + + -

Note: Models with the same set of variables represent models with different combinations of the three variables explaining detection probability.
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Table 4.3. Multiscale (ms) and single scale selected models in the periphery region. Only variables explaining occupancy probability are shown and the direction of
variables’ effect is marked as positive (+) or negative (-).

Scale | Rn2 | PCC | AUC | Kappao,s | Kappaopt | Dist_river | Np_dist | Prox | Habitat |[Densewood |Humid_grass| Crop_pas | Urban | Area | Perimeter |Shape_index | Veg_str | Slope
ms 086 | 1 1 1 1 + - + } + N
0.83 1 1 1 1 + + - - + -

0.79 1 1 1 1 + + - + -

50 0.83 | 0.939 | 0.928 0.835 0.835 + - + + -
150 0.85 1 1 1 1 + + + - +
0.88 1 1 1 + + + - +
082 1 1 1 - + N _ +
250 0.86 1 1 1 - + + - + +
085 | 1 1 1 1 + + + ¥ ] ¥
0.85 1 1 1 1 - + + + - +
0.84 1 1 1 1 + - + + - +
084 | 1 1 1 1 - + + + - +
083 | 1 1 1 1 - + + 8 ¥ +
0.85 1 1 1 1 + + + + - +
0.84 1 1 1 1 + + + + - +
0.83 1 1 1 1 + + + - + +
500 0.85 1 1 1 - + + - + +
750 0.86 1 1 1 1 - + + - + +
079 | 1 1 1 1 . + - ¥ +
083 1 1 1 1 - + - ¥ } ¥
1000 0.83 1 1 1 1 + - + - + +
0.8 1 1 1 1 + - + ¥ . N
1500 | 0.85| 1 1 1 1 + - + } ¥ +
2000 0.86 1 1 1 1 + - + - + +
2500 0.86 1 1 1 1 + - + - + +
3000 0.86 1 1 1 1 + - + - + +
083 | 1 1 1 1 + + - ¥ X +
0.84 1 1 1 1 + - - - + -

Note: Models with the same set of variables represent models with different combinations of the three variables explaining detection probability.
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4.4.3. Multi-scale versus single-scale models

In the core region, when including composition-focused variables at its individual scale of
effect in MS models, those with only habitat as predictor of occupancy probability
performed better than models with any other combination of variables. However, in this
region the best MS models did not outperform the best SS models at all scales for any of
the model indicators (Table 4.2).

At the periphery, the performance of the MS models was equal to that of all SS models
(Table 4.3). MS models in the periphery were partially similar to those in SS models, with
dense-wood and perimeter still being very important and present in all MS models.
Additionally, veg_str, np_dist and humid_grass were found to gain importance and were
present in most of the MS models in the periphery. Humid_grass had a strong effect on
occupancy probability, which dropped to zero at a very low coverage of this land cover
class (Figure 4.4).

4.5. Discussion

This study supports the hypothesis that the landscape structure and patch characteristics
resulting from habitat loss affect differently the occupancy probability of Lacerta viridis
in core versus peripheral populations. When comparing study areas with nearly similar
landscape structure, we found that landscape composition had an overall stronger effect
in the periphery compared to the core when land-cover classes were analyzed
individually. In spite of the fact that the scale of effect of urban areas and crops and
pastures was smaller in the core compared to the periphery, the effect of these variables
was higher in the periphery at all scales (Figure 4.2). Similarly, the amount of habitat
around patches had a stronger individual effect across all scales above 500m in the
periphery compared to the core, while at smaller scales the strength of the effect was
similar between regions. Therefore, our evaluation of the individual effects of landscape
composition variables confirms the hypothesis of peripheral populations being more
sensitive to habitat loss, not due to stronger effects appearing at smaller scales compared
to the core, but because effects are stronger across all single scales.

Lower effects of individual landscape composition variables in the core compared to the
periphery reflect what we found later in multivariate models: occupancy probability in
the core was influenced by landscape configuration across single scales, whereas in the
periphery occupancy was much more determined by landscape composition (Tables 4.2
and 4.3). The characteristics of the landscape surrounding a patch (patch context) affect
occupancy probabilities mainly through their influence on the dispersal of individuals
among patches (Fahrig 2001; Cushman et al. 2013), an essential component for
population persistence in structured landscapes (Brachet et al. 1999). Therefore, based
on our study, it can be inferred that the most relevant parameter that might affect
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dispersal in the core is the spatial relation between patches and the river, while in the
periphery our findings indicate a key parameter to be the proportion of different land
covers in the matrix across scales. Thus, in the core, dispersal would be facilitated through
connectivity defined by spatial configuration, while in the periphery itis overall landscape
permeability that affects occupancy.

This sensitivity to matrix permeability in the periphery might be principally associated to
the positive effect of crops and pastures on occupancy probability up to the 750 m scale
(Table 4.3, Figure 4.4), suggesting that up to medium dispersal distances lizards in the
periphery can cope with these land covers. Interestingly, although the variable crops and
pastures was not ranked as important parameter in the core, when present in any model,
its effect was positive as well (Table 4.2). The positive effect of crops and pastures on
occupancy might be related with their effect on ecological processes that can occur during
dispersal, like feeding, thermoregulation and predators’ avoidance (Baguette et al. 2014;
Vasudev et al. 2015). Despite higher exposure to predators, crops and pastures might
offer food resources, as well as thermoregulation possibilities in the peripheral region,
given a need for microhabitats with lower vegetation structure in this region. Open land
covers might also be suitable for juvenile dispersal, as they are less conspicuous for
predators than adults; and seasonal changes of crops might allow lizards to use different
vegetation structures throughout the year. Moreover, age of individuals and vegetation
structure of crops can have a positive interactive effect on the movement of some species.
For example, in the case of the Franklin’s ground squirrel (Poliocitellus franklinii), crops
have been shown to have low resistance to movement, especially for juveniles in late
summer and autumn, when vegetation is higher and can hide them from predators
(Martin and Heske 2005; Duggan et al. 2011). This might be especially important for the
persistence of populations of Lacertid species, in which juvenile dispersal is one of the
most important dispersal events in life (Ronce et al 1998; Cote and Clobert 2007),
occurring precisely in late summer and autumn.

Tolerance to agricultural land cover might also be related with the maintenance of specific
structures in the landscape that can increase the connectivity among populations, like
vegetation in riparian zones, which are often inhabited by Lacertid species. For instance,
the distribution of Lacerta schreiberi in Portugal was found not to be negatively affected
by agriculture as long as vegetation along watercourses is maintained (Brito et al. 1998).
Our results suggest a similar finding in the core, with crops and pastures not having a
negative effect and distance to river being one of the most important factors explaining
population persistence (Table 4.2, Figure 4.3). Indeed, the vegetation at the banks of the
Maritsa River, as well as those of tributary rivers like the Tshaja River, is continuous along
most of the river, thus potentially serving as an important corridor among patches.
Hedges between fields are another landscape feature that might reduce the resistance of
crops and pastures to the movement of lizards. Hedges were already found to play an
important role for lizards at the community level, with cultivation patterns that include
hedgerows sustaining higher species richness in a natural reserve in Cyprus (Michaelides
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and Kati 2009). Hence, in this region, the restoration of hedges around fields may improve
connectivity and, with it, potentially occupancy probabilities. Regarding dense woodland
in the periphery, which was present in all models in the periphery, its consistent positive
effect (Table 4.3, Fig 4) might be due to the high correlation with prevalence of open
woodland at all scales, which is one of the habitat types that L. viridis occupies in the
periphery, rather than with permeability to dispersal.

In both regions, isolation had a positive effect on occupancy probability of habitat patches
when combined with other variables. It was present across most single scales in the core
but only above 1000 m in the periphery (Tables 4.2 and 4.3). Although the Island
Biogeography Theory (IBT; MacArthur and Wilson 1967) and the meta-populations
dynamics model (Hanski 1998) predict a negative effect of isolation, other conceptual
models propose that the sensitivity to habitat configuration -isolation and patch area-
vary depending on the overall amount of habitat in the landscape. The ‘fragmentation
threshold’ hypothesis (Andrén 1994), for instance, states that habitat configuration is
important when habitat amount is below ~30%; and the habitat amount hypothesis
(HAH; Fahrig 2013) postulates that due to a sample area effect, habitat configuration can
perfectly be replaced by habitat amount surrounding the sampled site, with isolation
having either any or positive effect (eg. Melo et al. 2017). However, in our study, habitat
amount did not have a paramount effect on occupancy probability across single scales in
any region, and therefore, the HAH does not apply to our case.

A conceptual model that could explain our results, is the one proposed by Villard and
Metzger (2014). They propose that habitat configuration is important for the persistence
of populations at intermediate levels of habitat amount. At low levels of habitat
destruction the species’ density is high irrespective of isolation; as habitat reduction
proceeds, populations become dependent on configuration and dispersal among patches;
finally at high levels of habitat loss -and subsequent increase in isolation- the species pool
in the landscape has considerably decreased and populations’ rescue is not possible
anymore, even if connectivity is improved. The breadth and position of the range of
intermediate values of habitat amount at which habitat configuration is important
depends on the species sensitivity to both, habitat loss and habitat configuration. In our
study, habitat amount was not important across models and isolation did not have a
negative effect. Hence, following the model of Villard and Metzger (2014; see Appendix
S8), populations of L. viridis in the core and the periphery seem to have low sensitivity to
both, habitat reduction and isolation, which predicts a broad intermediate level that starts
after considerable habitat loss. In other words, lizards’ populations seem to be able to
cope with habitat loss independently of habitat configuration up to high levels of habitat
reduction. With further habitat loss populations depend on configuration, but due to low
sensitivity to it, they persist until considerable levels of isolation resulting from further
reduction of habitat amount.
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In terms of patch characteristics, the most important variable was perimeter, which was
present in all models in both regions and had a positive effect on occupancy probability
(Tables 4.2 and 4.3). Also, patch area was found in half of the models in each region, having
in all but two cases a negative effect on occupancy probability. Positive perimeter effects
coupled with negative effects of area are closely related to positive edge effects, (Fletcher
et al 2007), due to perimeter-to-area ratio increasing with decreasing area. In the core,
additionally, shape index, which in our study increases with patch irregularity, had a
negative effect on occupancy probability. Negative effects of shape index are related to
decreasing core patch area (Helzer and Jelinski 1999; Ries et al. 2004 ). Thus, our results
suggest that in the core occupancy probability might be influenced by positive edge effects
together with sensitivity to core area, a pattern that has been found in species that use
both, interior and patch edges (Bender et al. 1998). Comparably, in the periphery, where
shape index did not affected occupancy across scales, lizards might have preference for
edges.

Differential preference in the use of patch edges between peripheral and core populations
of L. viridis might result from differences in microhabitat selection between regions
(Prieto-Ramirez et al. 2018). In the periphery, overall radiation is lower compared to the
core, and lizards compensate by selecting open microhabitats with low vegetation
structure in order to maximize the exposure to radiation. In the core, where radiation and
temperatures are higher, lizards use microhabitats with higher vegetation structure that
provide shadow and allow lizards to cool after basking hours. Thus, lizards in the
periphery might use edge more often along the day and throughout the year, while in the
core the preference of lizards for edges may correspond to basking hours in the early
morning and late afternoon, and more often in early spring compared to late spring and
summer. The relation between the effect of patch characteristics on occupancy
probability and microhabitat selection and thermoregulatory behavior of lizards was also
indicated by vegetation structure, which had a positive effect on occupancy probability in
the core but a negative effect in the periphery. These results suggest that ecological
processes at the individual level, like microhabitat selection and thermoregulation, might
affect population persistence in the patch and generate occupancy patterns at the
landscape scale.

Although vegetation structure was important for the occupancy probability in both
regions in models at small scales (<500 m; Tables 4.2 and 4.3), it was only in the periphery
where another variable defining habitat quality, which is slope, was important across all
single scales and retained in multi-scale models, suggesting a stronger dependency of
peripheral populations of L. viridis on habitat quality when interacting with other
parameters at multiple scales. Northern peripheral populations of L. viridis have a smaller
niche size compared to core ones, which makes them more stenoecious or habitat
specialist than core populations (Prieto-Ramirez et al. 2018), a pattern also found in
insects (Svensson 1992; Thomas et al. 1999), fishes (Lappalainen and Soininen 2006) and
other lizards (Thomas et al. 1999). Furthermore, habitat specialization is closely related
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with higher dependency on habitat quality (Ye et al. 2013), and occupancy probabilities
have been found to be strongly influenced by habitat quality in specialist species of insects
(Biedermann 2004; Miinsch et al. 2019, small mammals (Gardiner et al. 2018; Gomez et
al. 2018) and lizards (Thompson et al. 2018) inhabiting modified landscapes, in
comparison with generalist species. In this regard, our study supports the existence of
this pattern, but this time at the intraspecific level, with populations differing in their
degree of habitat specialization depending on their geographic position in the distribution
range of the species.

Several studies have linked the position in the distribution range with vulnerability to
extinction, and pointed out, that peripheral populations might be at higher risk of local
extinction (Donald and Greenwood 2001; Yackulic et al. 2011). Moreover, specific traits
of peripheral populations, like lower abundance (Brown 1984), lower genetic variability
(Hampe and Petit 2005; Peterman et al. 2013) and smaller niche (Lappalainen and
Soininen 2006; Yurkowski et al. 2016), have been proposed to explain its higher
vulnerability. Position in the range and vulnerability of extinction have also been linked
with sensitivity to human modified landscapes (e.g. Lucas et al. 2016), and extensive
multispecies approaches have demonstrated higher sensitivity to habitat loss of
peripheral populations in the Palearctic region (Boakes et al. 2018). However, only very
few studies have made the complete link between position in the range, species traits and
vulnerability of extinction in modified landscapes. For instance, (Henle et al. 2016) found
that peripheral populations of the lizard Lacerta agilis had a lower genetic variability and
also a higher sensitivity to patch size, compared to core populations. In this context, our
work also throws some light upon the possible ecological mechanisms behind the
relationship between position in the range, sensitivity to habitat loss and populations’
traits, by identifying the parameters of landscape structure and patch characteristics to
which northern peripheral and more specialized populations of a broad ranging species
are more sensitive compared to core populations.

With respect to the analysis performed and the model selection procedures, it is
important to note that the high values obtained for model evaluation indices in all of our
models, can be strongly related to the fact that we tried as much as possible to cover the
range and type of variables that might influence occupancy. Also, it might be strongly
related to the model selection procedure that we applied, in which models were first
selected based on AAIC < 2 and then, from this group of best models, we selected those
with the highest values for the indices evaluated. High indices values indicate that the
models can discriminate very well between patches where the lizard is present and those
where it isn’t, which in a binary classification scheme can be expected for models that
explain also high levels of variance (> 63% in the single scale models in the core, and
>79% in all models in the periphery), and thus, our results highlight even more the fact
that the inclusion of specific variables (the most common ones found in the models) might
be important for model accuracy. In the periphery very high indices values of selected
models (=1) might also be due to the fact that the majority of the patches in the sample
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were not occupied, and then, the classification ability is higher. However, given models
presented in the results represent an extremely reduced group among all the models
initially run, we still consider that the predictive and classification abilities of selected
models, by themselves and not due to sample distribution, is very high.

An additional important remark regarding models’ output, is that in multivariate models
the direction of the effect of each variable can change depending on other variables
present in the model (Banner and Higgs 2017). For some of the variables that we
considered, like isolation in the core and crops and pasture in both regions, the individual
effect was negative (Appendix S9), but in combination with other variables the effect was
positive. Positive effects of these variables were systematic in all multivariate selected
models where these variables were present, and therefore, we rely on our results, and
highlight the importance of testing coefficients direction when variables are alone or in
combination with other variables.

Regarding the land cover classification approach that we apply, it is important to consider
that although the ideal methodological approach to compare among landscapes is to
produce classified maps with data obtained from the same source, our approach was
perfectly sufficient to perform the ecological analysis that we carried out. As stated by
Fynn and Campbell (2019), possible shortcomings of landscape ecology studies using
imagery from different sources might come out in cases when images with coarse
resolution are compared with finer resolution imagery. However, in our study the
resolution of both, the IPR map used for the periphery and the rapid eye satellite imagery
used for the core, was the same (5m), and additional information used for the
classification in both regions had the same source (Urban atlas, TCD and imperviousness
layers of CORINE) and resolution; orthophotos used for some parts of the map in the
periphery were rectified by IPR and had also a very high accuracy. Dissimilar sources of
information might as well represent a disadvantage due to the different methods used for
the classification process in the IPR map of the periphery compared to those we applied
to the Rapid Eye satellite imagery in the core region. However, given the high specificity
of the original classification of the IPR map (> 60 classes), which we afterwards
reclassified in broader classes, we consider that the output of both maps had similar
accuracy (>90%), and therefore, perfectly allowed to compare between landscapes and
precisely calculate percentages of land cover classes. Comparability was also achieved
through careful examination of maps by the first coauthor who knows both study sites
extremely well after having spent several months in both regions, and therefore had
trustable on-the-ground information, and by means of thorough and systematic
application of specific criteria to classify each land cover in both regions (Table 4.1).
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4.5.1. Implications for conservation measures

In the periphery, the most important was the landscape composition and the permeability
represented mostly by the presence of crops and pastures. Our results show that these
effects are present already at very low scales, and that in scales between 50 to 500m
occupancy probability increases already over 0.8 with percentages of crops and pastures
between 30 to 40%. On the other side this permeability decreases very fast with already
a low percentage of humid grasses. Therefore, we strongly recommend increasing matrix
permeability by applying a more heterogeneous cultivation pattern that includes hedges
and line structures with vegetation corresponding to the habitat of the species, as well as
the inclusion of such structures through areas with humid grassland.

With respect to patch characteristics, it is very important to increase the availability of
edge in the patches. This can be achieved by increasing patch size with linear structures
to maintain a high perimeter to area ratio. In parallel, these linear structures can also
serve to connect through the agricultural landscape. Finally, maintaining high levels of
habitat quality is also very important in this region, and can be achieved by keeping low
levels of vegetation structure, and specially by protecting valley’s slopes from overgrown
vegetation. Similarly, overgrown vegetation should be avoided in open woodlands, which
are usually located in slopes and at the borders of dense woodland areas.

In the core, regarding configuration of the landscape, the most important management
measures are, first to protect the patches that are close to the river, or at the riverside,
and second to structurally connect with the river those patches that are further. Based on
our analysis, patches with a distance to the river lower than 320m have an occupancy
probabilities over 0.8, and patches with distances longer than ~650 m have probabilities
lower than 0.5. Then, we recommend to protect -and restore where necessary- the river
bank vegetation along the Maritsa River and its tributary rivers, as this areas might act as
important corridors for the species, and to connect further habitat remnants with this
large riverside corridor, through additional structures with habitat vegetation. As in the
periphery, hedges and habitat lines surrounding crops could improve connectivity
through the landscape.

Regarding composition, it is very important to protect the habitat surrounding patches,
principally at a scale of 250m, which is the scale of effect of this land cover and at which
the variable was included in multi-scale models, being the only variable present in these
models. Habitat was also present in the best model at the scale of 750m, and our results
show that with only a small increment in the percentage of habitat at this scale (~ 10%)
the probability of occupancy substantially increases (Figure 4.3).

With respect to patch characteristics, we found that the shape of the patches is very
important for both, maintaining a large perimeter and also sufficient core area. Therefore,
we strongly recommend to not alter the shape of remnant patches that already have a
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regular shape, and to restore habitat at the direct borders of patches with irregular
shapes, in order to increase perimeter and core area by ‘softing’ angular and irregular
shapes. Regarding habitat quality, we suggest to protect the vegetation structure in
remnant patches, avoiding practices that can diminish it. This means, maintaining
different vegetation levels that include grasses, shrubs, rocks, fallen trunks, trees, etc.
Grazing, for instance, can have a very rapid negative effect in the quality of the patches by
substantially reducing vegetation structure (pers. observation), given cows and goats feed
on the low and medium strata, and goats also on lower branches of woody plants. As a
consequence lizards lose refuge and structures to bask. Also, as vegetation structure
decreases radiation incidence increases, consequently augmenting temperatures and
diminishing humidity, with the habitat becoming drier and less suitable for the species.

In both regions we recommend to monitor the populations. Further insights in the
abundance and condition status of individuals would be very useful to more deeply asses
the status of populations.

4.6. Conclusions

Our study shows that northern peripheral, more specialized populations of L. viridis are
also more sensible to the effects that habitat loss has on the landscape structure and on
the characteristics of remnant habitat patches. In comparison with populations in the
core, the occupancy probability of populations in the periphery was found to be more
affected by landscape composition, which suggests substantial dependency on matrix
permeability; also, habitat quality had a stronger influence on populations in the
periphery and our results regarding patch geometric characteristics in this region suggest
a preference of the species for patches with more edge in relation to patch core area.
Comparably, in the core, we found that persistence of populations is mainly affected by
the possible connectivity that the river bank vegetation offers through the landscape. Also,
the species in this region seems to be an omnipresent species regarding its use of the
patch, requiring both long edges and also enough core area in the interior of the patch.
Finally, in both regions the species had low sensitivity to habitat amount and to habitat
configuration, an outcome that strongly differs from the expectations of the IBT, the meta-
populations dynamic models and also from the HAH, but one that fits conceptual - and
empirically tested — models that describe a more gradual relationship between habitat
amount and isolation.
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5. Possible early warning indicators of negative effects of
habitat loss on core populations of Lacerta viridis

s, o
B

Subadult eastern green lizard Lacerta viridis in Plovdiv, Bulgaria. Photo credits: AMPR

This chapter has been submitted to Nature Conservation as: Prieto-Ramirez, A.M., Rodder,
D. and Henle, K. Effects of habitat loss on body condition, tick load and fluctuating
asymmetry in central populations of the eastern green lizard Lacerta viridis.
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5.1. Abstract

Habitat loss increases the stress that individuals of species inhabiting fragmented
landscapes experience. Morphological and physiological parameters can serve as early
warning indicators of stress before persistence of populations be threaten. In this study
we tested effects of patch characteristics, isolation and landscape composition resulting
from habitat loss on body condition (BC), fluctuating asymmetry (FA) of metric and
meristic traits, and tick load of individuals from central populations of the eastern green
lizard L. viridis. We evaluated the effects of each landscape composition parameter at its
scale of effect for each indicator. BC was negatively affected by habitat loss and conversion
into cropland. FA of different traits was affected by interactions among patch and
landscape parameters and increased with loss and conversion of habitat, reduction of
patch size and isolation, with responses being highly sex and age dependent. Tick load
increased with habitat availability and decreased with habitat conversion and isolation.
No correlations were found among evaluated indicators. BC and FA can be used as suitable
early indicators of stress for populations of L. viridis and tick load may be a suitable
indicator for the isolation of host populations in fragmented landscapes. At the landscape
scale, conservation measures should focus on the protection of habitat at broader scales
to compensate negative effects of cropland and urban areas occurring at small scales.
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5.2. Introduction

Habitat loss imperils species’ persistence due to reduction of area providing suitable
habitat, isolation of remnant habitat patches and changes in landscape structure,
including habitat configuration (Fahrig 2003). These effects are accompanied by changes
in environmental conditions, through the modification of fluxes of wind, water and solar
radiation (Saunders et al. 1991), which therefore affect vegetation structure (Laurance et
al. 1998), microclimate (Kapos et al. 1997) and ground cover (Didham et al. 1998). As a
result, populations embedded in patchy fragmented landscapes are expected to suffer
from enhanced environmental stress, facing the transformation of parts of their habitat
into a hostile environment where their ecological requirements are not met anymore
(Hanski and Ovaskainen 2000). Also, populations exposed to reduced patch area and
increased isolation decline in size and gene flow among them is reduced, leading to a loss
of genetic variability (Frankham 2009; Hitchings and Beebee 1998; Tallmon et al. 2002).
Additionally, these conditions can promote mating among close relatives (Charlesworth
and Willis 2009), increasing the risk of inbreeding depression (Saccheri et al. 1998) and
extinctions (Henle et al. 2004a).

Both, environmental and genetic stress resulting from habitat loss can affect morphology
and physiology of individuals before populations irreversibly decline (Ellis et al. 2012),
and therefore, parameters related to these characteristics can be used as early warning
indicators of population status (Leary and Allendorf 1989; Seebacher and Franklin 2012).
For instance, environmental stress due to changes in microclimatic conditions in
fragmented landscapes can affect developmental stability of individuals (Beasley et al.
2013; Brafia and Ji 2000; Lazi¢ et al. 2013). In bilateral symmetrical traits, small random
deviations from perfect symmetry called fluctuating asymmetry (FA) are used as a
measure of developmental instability (Beasley et al. 2013; Van Dongen 2006). Increase
FA has been found to be related to environmental stress resulting from habitat loss and
fragmentation, and therefore, is extensively applied as an early indicator of stress in
fragmented populations (Crnobrnja-Isailovic et al. 2005; Helle et al. 2011; Lens and
Eggermont 2008). In the long term, loss of genetic variability and inbreeding resulting
from small population size can also generate developmental instability, and then FA is
also used as warning signal about long term effects of habitat loss related to genetic stress
(Leary and Allendorf 1989; Pertoldi et al. 2006).

Body condition is a physiological parameter also frequently used as indicator of the status
of populations in fragmented landscapes (Delciellos et al. 2018; Janin et al. 2011). Body
condition can decrease short after fragmentation, due to increased competition resulting
from a transient initial increase in population density (Krasnov et al. 2007), known as
crowding effect (Debinski and Holt 2000; Tischendorf et al. 2005). This phenomenon has
been observed in several taxa, including snakes and lizards (Mitrovich et al. 2009; Stow
et al. 2001), and is known to last up to two years in birds and seven years in invertebrate
species (Debinski and Holt 2000). On the other hand, independent of crowding effects,
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shortage of resources due to loss of area with available food, refuge and space can also
generate reduction in body condition (Battles et al. 2013; Bucher and Entling 2011;
Zanette et al. 2000). Lower body condition, in turn, makes individuals more susceptible
to parasitic infections due to immunosuppression (Sanchez et al. 2018). This leads to a
higher investment of energy in immune defense, which consequently reduces mass or fat
depositions, reducing body condition even more, and increasing susceptibility to parasitic
infections (Bower et al. 2019). Therefore, additional to FA and body condition, parasite
load and/or prevalence are also used as an early indicator of population stress in
fragmented landscapes (Gillespie et al. 2005; Santos et al. 2018). In the long term, low
physiological status related to limited resources can have negative effects on the survival
of individuals and, consequently, on the persistence of the populations, increasing the risk
of extinction (Collinge and Forman 1998, Henle et al. 2004b).

These possible indicators of population status have been shown to be sensitive to
different parameters that characterize habitat patches. In lizard populations, FA has been
found to be negatively affected by habitat quality (Lazi¢ et al. 2013), and to increase with
fragmentation and, specifically, with isolation (Ljubisavljevi¢ et al. 2005; Sarre 1996). By
its side, body condition of lizards has been reported to increase with habitat quality (Amo
etal 2007a,b; Gallego-Carmona and Bernal 2016; Stellatelli et al. 2015). On this parameter
effects of patch area or isolation have not been tested on lizards, but in spiders Bucher
and Entling (2011) found body condition to decrease with increased isolation. Finally,
parasite load in lizards has been shown to increase with decreasing habitat quality (Amo
et al. 2007a; Gwiazdowicz et al. 2020), and in small and mid-size mammals parasite
prevalence and intensity was found to increase with fragmentation (Raharivololona and
Ganzhorn 2009; van der Mescht 2011).

Furthermore, although rarely tested, the impact of landscape composition, in terms of the
amount of different land cover types (habitat, urban and cropland) in the landscape, has
also been linked to these indicators. Reduced habitat amount in the landscape has been
found to have negative impacts on body condition of toads and small mammals (Janin et
al. 2011; Piittker et al. 2008), positive effects on fluctuating asymmetry of birds and
marsupials (Helle et al. 2011; Teixeira et al. 2006) and on parasite load and prevalence
in small mammals (Piittker et al. 2008; Santos et al. 2018; Thamm et al. 2009). However,
the effects of landscape composition have never been tested on lizards. Moreover, with
very few exceptions (Janin et al. 2011; Kusack et al. 2020; Thamm et al. 2009), most
studies evaluating effects of landscape composition on these parameters set a specific
buffer zone surrounding the area of interest (e.g. patch) in which the percentages of the
cover types of interest are calculated. However, not all land cover types have the strongest
ecological effect at the same spatial scale. The scale of effect is the extent of area at which
the strongest effect of a variable is found (Jackson and Fahrig 2012). This is a concept
developed in the arena of landscape ecology and is extensively used in studies evaluating
the effect of landscape composition on other ecological parameters like occupancy and
abundance (Garmendia et al. 2013; Prieto-Ramirez et al. 2020; Remm et al. 2017). The

66



application of this approach to evaluate effects of modified landscape composition,
resulting from habitat loss, on morphological and parasite-related parameters could
increase the precision of the analysis and give more insights into the relation between
processes occurring at the landscape scale and at the individual level of biological
organization (Ellis et al. 2012)

Lacerta viridis is a generalist species with a distribution range extending from northern
Turkey to central Czech Republic, with the historical core of its distribution range being
located in Bulgaria (Marzahn et al. 2016). L. viridis is listed in the European Habitats
Directive (2007) under Annex IV, which requires strict protection of the species. Although
at the national level it is the most abundant lizard species in Bulgaria (Popgeorgiev and
Mollov 2005), it does face reduction of habitat due to agriculture and urban expansion in
the central part of the country - the Thracian plateau (Mollov and Georgiev 2015).

In this study we evaluated the effects of patch characteristic variables, isolation, and
landscape composition on the body condition, FA of metric and meristic traits, and tick
load (Ixodes ricinus) of individuals of L. viridis inhabiting a fragmented landscape in
central Bulgaria. The present study was carried out in the context of a broader
investigation regarding microhabitat selection and effects of habitat loss. So far, findings
have shown that the studied populations are not genetically differentiated and have high
genetic variability (Nemitz- Kliemhen et al. 2020). However, the occupancy patterns of
populations in the area has already been affected by habitat loss, and extant populations
depend on specific landscape structures and patch parameters to persist (Prieto-Ramirez
et al. 2018; Prieto-Ramirez et al. 2020), and this implies that populations are already
being subject to environmental stress. Thus, this system offers an excellent opportunity
for understanding early effects of habitat loss on persisting populations and to investigate
the suitability of morphological and physiological parameters as early warning indicators
of effects of habitat loss.

We predict parameters that increase resources at patch and landscape levels, regulate
environmental conditions into the patch and ensure connectivity (patch area, habitat
quality and habitat amount in the landscape) to have positive effects on body condition
and negative effects on tick load and fluctuating asymmetry on individuals of L. viridis. On
the contrary parameters that can negatively affect environmental conditions into the
patch, reduce resources availability and connectivity (isolation, patch edge, and cropland
and urban areas in the landscape) are expected to have the opposite effects Fisher and
Lindenmayer 2007; Hatfield et al. 2020; Pardini et al. 2017). Additionally, we expect
habitat amount in the landscape, patch area and habitat quality to reduce effects of
isolation and cropland and urban areas in the landscape, and edge effects to be intensified
by non-habitat land covers surrounding patches (Hatfield et al. 2020). The results of this
study will contribute relevant information about the ecology of the species, and allow to
recommend conservation measures for the species in this region, especially regarding
monitoring programs, and to make inferences about possible early warning indicators
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that could be used in other regions where the species is more vulnerable to habitat loss,
like northern peripheral regions (Prieto-Ramirez et al. 2020).

5. 3 Materials and methods
5.3.1. Study area

The study was conducted in the surrounding of Plovdiv, Bulgaria, in the Thracian plateau.
It is an alluvial plain dominated by the banks of the Maritza River and of tributary rivers.
In this region, which corresponds to part of the current and historical core of the
distribution range of the species (Marzahn et al. 2016), L. viridis inhabits a broad range of
natural and semi-natural habitat types with high vegetation structure, including river
banks, shrublands and mesophilic mixed forest (Mollov 2011). Due to urban and
agricultural expansion the species faces severe habitat loss in this region (Kambourova-
Ivanova et al. 2012; Mollov and Georgiev 2015). Most of the habitat is configurated in
fragments of variable size separated one from another by a matrix of unsuitable land
covers. Based on other studies in the same area, the process of conversion and
fragmentation of habitat started early in the 30’s, intensifying during the 90’s (Mollov and
Georgiev 2015), and current landscape structure might have change very little, if at all,
during the last decade (Mollov 2011; Mollov and Velcheva 2010).

5.3.2. Study design and data collection

In the context of a broader study we visited 42 habitat patches (Prieto-Ramirez et al.
2018) and based on observations in these patches, six patches were selected to develop
the present study; an additional patch was selected in a later visit (Figure 5.1; see
Appendix S1 for patches’ coordinates). The main criteria for this selection were: 1. patches
with an encounter rate during the occupancy survey = 2 individuals per hour to ensure
catching individuals for the present study in a reasonable period of time; 2. selected
patches should cover the ranges of patch area and isolation in the study region; and 3.
selected patches should be broadly distributed throughout the landscape such that they
are surrounded by different land cover types. All selected patches are separated from each
other by agricultural landscape, urban areas and/or highways.

Field work was performed from beginning of April to mid-May in 2015 and from mid-June
to beginning of July in 2017. In this region males become active after the winter pause in
mid-March and females start to become active at the beginning of April. The reproduction
season lasts until mid or late May, and during this time both sexes are active and have a
unimodal activity pattern (Grimm et al. 2014). As temperature increases with the advance
of spring and the beginning of summer, both sexes stay active but the daily activity pattern
shifts to bimodal with a pause during midday. Thus, survey was adjusted depending on
the season in which the region was visited: in the spring of 2015 surveys were performed
from 9:00 until 19:00, and in the summer of 2017 surveys started very early in the
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morning at 7 a.m., when temperatures were already suitable for activity (~27°C) and
extended until 8 p.m. with a pause of two or three hours during midday depending on
temperature.

Figure 5.1. Patches where surveys were carried out in the surroundings of Plovdiv, Bulgaria. Map source:
Base map ArcGIS desktop (ESRI 2015).

Each population was visited multiple days until 20 individuals were caught. Populations
1, 2,3, and 4 were sampled only in 2015, populations 5 and 6 in both years and population
7 was only visited in 2017. For each captured individual sex, age (adult or subadult) and
number of ticks (Ixodes ricinus) were recorded. Individuals were weighted with a digital
balance to the nearest 0.01 g and snout-vent length (SVL) measured to the nearest 1 mm.
Individuals were classified by sex and age based on visual inspection of size, color pattern
and reproductive organs in the field. Then, we checked for SVL distribution and our
classification in the field matched the information provided by Sagonas et al. (2018) for
Greek populations of L. viridis about minimum size of sexually mature individuals (adult
males >80 mm; adult females> 76 mm). For analysis of fluctuating asymmetry data on two
metric characters -length of front and hind legs- and five meristic traits -femoral pores
and infralabial, supralabial, supraciliary and supraocular scales- was gathered. Length of
front and hind legs was measured with a caliper to the nearest 0.02 mm.
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5.3.3. Calculating Body Condition and Fluctuating Asymmetry
Body Condition Index (BCI) and Scaled Mass Index (SMI) calculations

As body condition index (BCI) we calculated the scaled mass index proposed by Peig and
Green (2009). The main advantage is that it takes into account the scaling relationship
between mass and a selected measure of linear size. This is achieved by calculating the
scale parameter via standardized major axis regression (SMA), which afterwards can be
implemented to calculate the BCI of any individual. The scaled mass index is calculated as
follows:

{:‘1 M L[] b
e
where M; and Li are the body mass and linear measurement of size of individual i; Lo is
any value of L in the range of values measured, and is suggested to be the mean or median;
and bsma is the scaling exponent. The question that is answered by calculating the SMI is
which would be the BCI of any given individual if it had a certain linear size (Lo) by
applying the scaling exponent. For our calculation of BCI we selected SVL as linear
measure of size. Following Peig and Green (2009), we performed a first SMA to check for
outliers and remove them with the purpose of getting the best possible fit of the line in
the definitive SMA regression and calculate the scale parameter. Based on Cook’s
distances we removed five individuals (Appendix S2, Figure S2.1) and refitted the SMA
(Appendix S2, Figure S2.2) obtaining a scale parameter of 3.285. Then, we calculated the
SMI for all individuals using the mean of SVL (87 mm) as LO. Finally, BCI was log
transformed for further analysis.

Test of fluctuating asymmetry

Two out of five recorded meristic symmetrical traits had enough individuals with
asymmetric counts to perform the analysis - femoral pores and supraciliary scales. For
infralabial and supralabial scales only 23 and 24 individuals out of 166 from the
total sample including all populations presented asymmetry and the number of
individuals with asymmetry in supraocular scales was only ten. Such low proportion of
individuals with FA of these traits led to very low sample heterogeneity, which is
indispensable to test population level FA against anti-symmetry (Van Dongen 2000), and
hence, these three meristic traits were omitted from the analysis of fluctuating
asymmetry. The correlation between FA of front and hind leg length was low (p=0.116),
and therefore, both traits were analyzed separately.

Deviation from symmetry does not necessarily correspond to fluctuating asymmetry, and
can also be present in the population due to directional asymmetry or antisymmetry
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(Palmer and Strobeck 1986; Tomkins and Kotiaho 2001). Directional asymmetry is the
case when the average tendency of the asymmetry in the population is to the same
direction and has a frequency distribution of the signed right-left (R-L) values skewed
towards one direction (Palmer and Strobeck 1986). Antisymmetry is present when about
half of the population has asymmetry in one direction and the other half in the other
direction, and is seen as a platikurtic frequency distribution of the signed R-L difference
(Palmer and Strobeck 1986). We applied the D’Agostino skewness test to test for
directional asymmetry and the Anscombe-Glynn kurtosis test to test for antisymmetry in
front and hind leg length (Komsta and Novomestky 2015). For count data, like in the case
of femoral pores and supraciliary scales, we visually inspected the frequency distribution
of the data (Palmer and Strobeck 1986). As shown by the tests and by the frequency plots
(Appendix S3 - S5) the deviations from asymmetry that we found in our data correspond
to fluctuation asymmetry. We tested for body size (SVL) dependency of FA for all traits.
For FA in front legs, hind legs and femoral pores we additionally tested for trait size
dependency, calculated as the average of leg length. No body size or trait size dependency
was found for any trait.

5.3.4. Environmental Variables

To assess the impact of habitat loss on developmental stability, body condition and
parasite load we evaluated the effect of variables characterizing patches, habitat
configuration and landscape composition. For populations 1-6, values of all variables
included in the present study were extracted from a previous study (Prieto-Ramirez et al.
2020) for which patch digitalization was done with ArcMap version 10.3.1 (ESRI 2015) to
calculate patch characteristics and habitat configuration variables, and land cover
classification was performed in order to calculate landscape composition variables. For
population seven digitalization of the patch was done in this study in the same way in
order to calculate patch characteristics and habitat configuration, but neither habitat
quality nor landscape composition variables were available for this patch. Geometric
characteristics of each patch include area, perimeter and perimeter/area ratio.
Perimeter/area ratio is one of the most common metric to study edge effects in habitat
loss and fragmentation (Fletcher et al. 2007), and therefore hypothesis regarding edge
effects were tested by evaluating effects of this variable. To evaluate the influence of
habitat quality, we tested the effects of vegetation structure. L. viridis is a
mesothermophile and mesophile species, and in the study region is highly dependent on
enough vegetation cover that offers shadow and humidity, as well as refuge and open spots
to bask (Mollov and Velcheva 2015; Vacheva et al. 2020). Thus, it uses habitats with
comparatively higher vegetation structure than those used by other lizard species in the
region (Petrov 2007; Vacheva et al. 2020). Vegetation structure was calculated as a foliage
height diversity’ index (MacArthur and MacArthur 1961) based on information gathered
at the microhabitat scale in several plots in each patch (Prieto-Ramirez et al. 2018).
Habitat configuration was characterized by patch isolation, calculated as the edge-to-edge
Euclidean distance to the nearest patch (isolation). For each patch, the isolation values
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were calculated with respect to the real nearest neighboring patch. Neighboring patches
are not necessarily included in the present study, but were part of an occupancy study
performed earlier in the same region (Prieto-Ramirez et al. 2020). Landscape composition
variables included proportion of crops and pastures (cropland), proportion of urban areas
and proportion of habitat surrounding patches. These predictors were calculated at
different buffer distances around patches (scales) selected based on dispersal distances
reported for L. viridis (Grimm et al. 2014; Mangiacotti et al. 2013; Elbing 2001). Selected
scales were: 50 m, 150 m, 250 m, 500 m, 750 m, 1 km, 1.5 km, 2 km, 2.5 km and 3 km
(Prieto-Ramirez et al. 2020). The values of variables corresponding to each patch are
summarized in Appendix Sé6.

5.3.5. Statistical analyses

All statistical analyses were performed with R (R Core Team 2018) using the relevant
functions (see below). In the second year, only very few juveniles that were born in that
year were caught, and therefore, for all subsequent analyses, we classified individuals into
two age classes: adults and subadults (including juveniles).

Mixed models with patch identity as random effect were applied to analyze the data of all
traits. Data of BCI was normally distributed (Shapiro - Wilkonson normality test:
W=0.985, p-value=0.103) and was analyzed with linear mixed models (LMM). Data of FA
of front and hind legs was not transformed (Palmer and Strobeck 1986) and was analyzed
with generalized linear mixed models (GLMM) with gamma distribution. For the two
meristic traits - femoral pores and supraciliary scales - we tested for differences between
Poisson and negative binomial distribution of the count data, and found no differences
(femoral pores: 2=0, p-value=1; supraciliary: =0, p-value=1). Additionally, we tested
for zero inflation in supraciliary data, given we had only 45 individuals with FA; no zero
inflation was found (ratio observed to simulated: 0.988, p=0.878). Thus, the data of
femoral pores and supraciliary scales were analyzed with GLMM with Poisson
distribution. Finally, count data of tick load was also analyzed with GLMM with Poisson
distribution.

For each trait we tested the effect of sex and age applying mixed models. Then, the scale
of effect of each landscape composition variable - cropland, urban and habitat - on each
trait was assessed by fitting univariate mixed models with each of these variables at each
scale. The scale with the highest Nagelkerke R* (RN?) value was selected as scale of effect
(Martin and Fahrig 2012) and used in subsequent analysis.

We evaluated the individual effects of each patch and landscape parameter on BC, tick
load and FA. Also, the effects of the interaction between each parameter and sex and age,
separately, were evaluated. To test hypothesis regarding effects of interactions among
parameters, we constructed models with first order interactions among patch area,
perimeter/area, vegetation structure, isolation, proportion of habitat, proportion of
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cropland and proportion of urban areas. Additionally, the effects of interaction terms
were evaluated in combination with sex or age (second order interaction terms). To avoid
collinearity, we tested correlations among variables using a Spearman rank test. Only
models including non-correlated variables (r<0.60) were tested.

As we performed a large number of multiple comparisons, our analysis had a risk of error
Type I, and therefore, a family-wise error rate (FWER) correction, like the Bonferroni
alpha adjustment, has to be done (Pedhazur and Schmelkin 1991). However, the
application of Bonferroni corrections has two main shortcomings: first, it increases Type
Il error rate, and second, the significance of a single test depends not solely on the strength
of the effect itself, but on the number of subsequent tests (Perneger 1998; White et al.
2019). Therefore, in order to reduce these risks while avoiding also high type I error rates,
we followed the common null hypothesis principle (Miller 1981; Rice 1989), and defined
‘family’ as the subgroup of models corresponding to a single prediction (Bender and
Lange 2001). Hence, a family of models includes the model testing the effect of a single
patch or landscape parameter or of an interaction among parameters, and two models
testing the difference of that effect among sex or age classes. Thus, we applied an alpha
threshold of 0.016 to all models tested. Additionally, to identify the stronger effects, we
applied a Cohen’s f* test to evaluate effect sizes of significant variables or interaction
terms (Selya et al. 2012). Results are focused on those variables (or interaction terms)
that had mid to high effect sizes (>0.1) (Cohen 1988).

5.4. Results

A total of 166 lizards were caught in all populations, 119 adults and 47 subadults. Sex
identification was possible in 151 lizards, of which 71 were females and 80 were males.
No significant differences were found among years for any response variable analyzed
(Appendix S7) except for FA of supraciliary scales. Hence data was combined for all
subsequent analyses.

The scales of effect of the three land cover types evaluated - habitat, cropland and urban-
were in most cases below 500 m (Figure 5.2). The exceptions were habitat, with a scale of
effect of 3000 m on BCI, hind legs and supracialiary scales, and cropland with a scale of
effect of 3000 m on tick load. Urban presented scales of effect below 250 m for all response
variables.

5.4.1. Body condition

Males had significantly higher body condition than females (t=1.979, p=0.049). Body
condition increased with proportion of habitat (t=2.428, p=0.016) and decreased with
proportion of cropland (t=-2.554, p=0.011) (Figure 5.3). Both variables had medium-high
effect size (habitat: Cohen’s f*=0.204; cropland: Cohen’s f2=0.214) and did not show
significant differences among sexes or age classes (habitat*sex: t=-1.307, p=0.193;
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habitat*age: t=1.041; p=0.300; cropland*sex: t=0.071, p=0.943; cropland*age: t=-0.155,
p=0.876).

Figure 5.2. Scale of effect of each land cover type on body condition (BCI), fluctuating asymmetry (FA) and
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Figure 5.3. Effect of percentage of habitat and percentage of crops and pastures surrounding patches on the
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74



5.4.2. Tick load

Tick load were higher in males compared to females (t=6.178, p= 6.5e-19) and in adults
compared to subadults (t=-13.784, p<2e'16). Tick load increased with proportion of
habitat, proportion of cropland and patch area (Figure 5.4a-c; % of habitat: t=4.891, p=1e-
06, Cohen’s f2=0.208; % of cropland: t=3.692, p=0.0002, Cohen’s f?=0.138; patch area:
t=3.328, p=0.0008, Cohen’s f*=0.104).

In contrast, tick load decreased with proportion of urban areas (t=4.275, p=1.91e5,
Cohen'’s f2=0.154), isolation and the perimeter/area ratio (Figure 5.4d-f). In the case of
isolation, tick load decreased at different rates for each sex (t=-5.681, p=1.34e98, Cohen’s
f*=0.191) and age class (t=5.313, p=1.08e7, Cohen’s f?=0.194). The decreasing rate of tick
load in response to the perimeter/area ratio was significantly different between adults
and subadults (t=4.553, p=5.29e-%, Cohen’s f*=0.164). Both, the effects of isolation and
the perimeter/area ratio, were found to be much stronger in adults compared to
subadults.

Tick load also increased with vegetation structure at low levels of isolation, but its effect
decreased with increasing isolation (Figure 5.5a; t=-3.674, p=0.0002, Cohen’s 2=0.159).
Similarly, the effect of vegetation structure decreased with increasing perimeter/area
ratio (Figure 5.5b; t=-2.944, p=0.003, Cohen’s f2=0.117). The effect of urban areas was
influenced by patch area (t=3.238, p=0.001, Cohen’s f=0.143), with tick load increasing
with patch area at any proportion of urban areas, but at a lower rate at high proportion of
this land cover for both sex, with this difference being more marked for males (Figure
5.5c). The effect of perimeter/area ratio was influenced by proportion of urban areas
(Figure 5.5c), with the interaction having a negative effect on tick load of both, males and
females, with tick load being much higher for males at low but not at high levels of
proportion of urban areas (t=-3.613, p=0.0003, Cohen’s f?=0.143).

5.4.3. Fluctuating asymmetry

No significant differences in FA were found between males and females for any of the
evaluated traits. Subadults were found to have significantly higher FA compared to adults
in the two linear traits, front and hind legs (t=2.009, p=0.044; t=2.824, p=0.004,
respectively). Regarding effects of patch and landscape variables, no single predictor had
alone a significant effect on the FA of any trait, but interactions among variables did. Most
interaction effects had significantly different effects between sex or age classes.

An interaction between proportion of habitat and vegetation structure was present in
several traits evaluated for FA (Figure 5.6a, b). In the case of front legs (t=3.025, p=0.002,
Cohen’s f#=0.119) FA decreased with increasing proportion of habitat independent of
vegetation structure for adults (Figure. 6a) and in subadults this was
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Figure 5.4. Effects of patch characteristics, isolation and landscape composition variables on tick load of
individuals of Lacerta viridis. Colored dots in a, b and c represent mean values. Units of untransformed
values: patch area in Km? and isolation in m.

the case only at the highest level of vegetation structure; for lower levels of vegetation
structure the reverse was true. Similar results was found for hind legs, with FA decreasing
with increasing vegetation structure and proportion of habitat for both age classes, but
this interaction had a smaller effect size (Cohen’s f>= 0.097; see Appendix S8 for graphic).
For femoral pores, FA decreased with increasing proportion of habitat at median and high
levels of vegetation structure for females and at low and median levels of vegetation
structure for males (Figure 5.6b; t=4.209, p=2.5e-05, Cohen’s f2:0.192). The effect of
isolation was affected by proportion of habitat and patch area in some traits (Figure 5.6¢c,
d). FAin front legs increased with isolation in adults at low proportion of habitat (t=2.444,
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p=0.014, Cohen’s f*= 0.195), and decreased with isolation at medium and high proportion
of habitat; in the case of subadults the response to the interaction was the opposite
(Figure 5.6¢). For supraciliary scales the effect of isolation on FA was influenced by patch
area (t=-3.636, p=0.0002, Cohen’s f2=0.337). In this trait, isolation had a positive effect on
FA but only when patch area was small; when patch area was large FA decreased strongly
with isolation (Figure 5.6d).
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Figure 5.5. Effect of interaction terms on tick loads in individuals of Lacerta viridis. The values of vegetation
structure (veg_str), % urban areas in ¢ and perimeter/area ratio in d and are the first quantile, mean and
third quantile of the data. Units of untransformed values: patch area in Km? and isolation in m.

The effects of proportion of urban areas and proportion of cropland on FA were
influenced by patch area, vegetation structure and proportion of habitat (Figures 5.7 and
5.8). FA of front legs of adults increased with urban only in small or medium values of
patches area, but decreased with increasing patch area (t=-2.646, p=0.008, Cohen’s
2=0.211), with no clear pattern being found for subadults (Figure 5.7a). Similarly, FA of
front legs increased with cropland in subadults only when patch was small or mid-size,
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and decreased at large patch area (t=2.711, p=0.006, Cohen’s f?=0.216) in comparison to
adults were the pattern was the opposite (Figure 5.7b). The effect of urban on FA of
supraciliary scales was influenced by vegetation structure (t=-2.779, p=0.005, Cohen’s
f2=0.114). In males, compared to females, proportion of urban areas had a positive effect
on FA at low and medium levels of vegetation structure and the effect was reversed at

high levels of vegetation structure (Figure 5.7c).
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on fluctuating asymmetry (FA) of L. viridis. Values of vegetation structure (veg_str) in a and b, and of
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The effect of proportion of urban areas on FA of supraciliary scales was affected by
proportion of habitat (t=12.779, p<2e-16, Cohen’s f?=0.176), with an strong influence of
sex class, with FA decreasing with proportion of urban areas at any proportion of habitat
in males whereas it increased in females especially at low proportion of habitat (Figure
5.8a). FA of hind legs increased with proportion of urban areas at any proportion of
habitat for females, but at high proportion of habitat the rate of increment was smaller
(t=-9.647, p=2e-16, Cohen'’s f=0.142); for males no clear pattern was found (Figure 5.8b).
The effect of proportion of cropland on FA of hind legs (Figure 5.8c) was negative at any
proportion of habitat for females, and only when proportion of habitat was medium or
high in the case of males, with the effect also being smaller than for females (t=2.591,

p=0.009, Cohen’s f2=0.16).
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5.5. Discussion

The effects of patch characteristics, isolation and landscape composition resulting from
habitat loss on three morphological and physiological parameters - body condition, tick
load and fluctuating asymmetry of metric and meristic traits - were evaluated, in order to
assess the possible suitability of these parameters as early warning indicators of negative
effects of habitat loss on central populations of Lacerta viridis. Our main results showed
that BC and tick load have a direct link with some of the predictor variables analyzed. In
contrast, FA of all traits was either sex or age dependent and was affected by interactions
of predictor variables rather than by single variables alone, making it challenging to use
FA as indicator of the effects of a particular predictor variable.
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5.5.1. Body condition

In agreement with our predictions regarding landscape composition parameters, body
condition (BC) increased with the proportion of habitat in the landscape and decreased
with the proportion of cropland. Effects of landscape composition on morphology or
physiological state of individuals are rarely found in the literature (Ellis et al. 2012) and
no studies have analyzed before these effects on lizards.

Shortage of resources has been directly linked with reduced BC in Lacerta viridis (Bajer et
al. 2012). In several lizard species, intraspecific competition is positively correlated with
density (Donihue et al. 2016; Pafilis et al. 2009; Savvides et al. 2019) and higher
competition leads to lower BC (Mugabo et al. 2011). Shortage of resources can also result
from direct detrimental effects of habitat loss on food availability for lizards (Battles et al.
2013). Arthropods are the main source of food for lacertid lizards (Arnold 1987), and
habitat loss can have negative impacts on their community structure and density (Bucher
and Entling 2011; Dormann et al. 2007), thus reducing prey availability for lizards.

Besides the effects of the conversion of habitat into cropland, a possible cause for the
negative effect of cropland on BC might be the exposure to pesticides. Studies with other
two lacertid lizards, Podarcis bocagei (Amaral et al. 2012) and Podarcis muralis (Mingo et
al. 2017) demonstrated that dermal and/or oral contact of lizards with pesticides have
direct negative effects on their physiological performance and BC. A higher proportion of
cropland can also increase the exposure to predators, and this might elevate the risk
perception of lizards, forcing them to change their movement patterns and reducing their
BC, as found in Iberolacerta cyreni (Amo et al. 2007b).

The scale of effect of cropland on BC was much smaller (50 m) than that of habitat (3000
m), which would suggest, that the presence of enough habitat at a much broader scale, is
necessary to counteract the negative effects of cropland on BC, occurring at a much
smaller scale. Furthermore, the lack of significant effects of local patch predictors
indicates that body condition in the study system is affected by processes occurring at the
landscape scale rather than at the local scale. This highlights the importance of assessing
the impact of landscape predictors when studying effects of habitat loss on physiological
parameters (Janin et al. 2011; Ellis et al, 2012). Also, although we did not find a negative
effect of isolation, measured as Euclidean distance, proportion of cropland is a
composition-based measure of isolation (Fahrig 2013; Martin and Fahrig 2012), which
could better reflect impacts of shortage of resources at the landscape scale than distance-
based measures.

Finally, females had lower BC than males, a pattern also found in other lizard populations
living in modified landscapes (Lazi¢ et al. 2013; Stellatelli et al. 2015). Males are bigger
and their dominance over females is found in many lizard species (Alberts 1994; Mugabo
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et al. 2011), which increases the competitive pressure for limited resources on females
(Lecomte et al. 1994).

5.5.2. Tick load

Parasite load on a given host mostly depends on the abundances of parasites in the
landscape, which in turn depends on hosts’ diversity and abundance (Krasnov et al. 2007;
Fenner and Bull 2008). Contrary to our predictions, tick load on L. viridis was positively
affected by proportion of habitat and patch area, but in agreement to our expectation, also
by proportion of cropland. Thus, tick load was positively affected by predictors that can
increase the burden of ticks in the landscape, either directly affecting ticks’ populations
or through effects on its host species.

Proportion of habitat in the landscape and the size of patches can positively affect the
occupancy and abundance of both, ticks (Allan et al. 2003; Lawrence et al. 2018; Ledger
et al. 2019; Simpson et al. 2019) and lizards (Diaz et al. 2000; Hokit and Branch 2003;
Sumner et al. 1999). Additionally, these predictors can also increase immigration and
emigration rates in lizards’ populations (Doherty et al. 2019; Stow et al. 2001), resulting
in spreading of ticks through the landscape (Taggart et al. 2018). Similar results were
found by Carbayo et al. (2019), who reported a higher prevalence and intensity of tick
(Ixodes sp) infection in Psammodromus algirus lizards in areas with better habitat
conditions for the lizards, compared to highly disturbed areas, explaining that possible
better microhabitats for ticks in better conserved areas would be the most plausible factor
influencing their results.

Effects on other hosts species like rodents can also influence the burden of ticks in the
landscape. Cropland is known to enhance presence and abundance of rodents (Benedek
and Sirbu 2018; Fras et al. 2014; Mendoza et al. 2019), thus could increase density of ticks
in the landscape. Moreover, rodents are known to be ‘bridge hosts’ - host species that
cross ecosystem boundaries (Borremans et al. 2019; Renwick and Lambin 2013) and are
among the most possible reservoirs transferring Ixodes ricinus ticks from ecosystems like
pastures and hedgerows around crops into woodlands (Boyard et al. 2008), hence
influencing parasite load in other species (Bolafios-Garcia et al. 2018). Additionally, some
of the forested patches visited in this study hold populations of deer, a tick host whose
presence is a key determinant of ticks’ burden in the habitat (Gilbert et al. 2012;
Hofmeester et al. 2017).

Predictors negatively affecting tick load in lizards are also related to negative effects on
tick abundance and lizard population density. Opposite to our predictions, tick load was
reduced by proportion of urban areas, isolation and perimeter/area ratio. Ticks may be
less prevalent among urban wildlife due to lack of habitat for them (Murray et al. 2019)
even if host abundances are high (DeVore et al. 2020), and might be affected by the lack
of habitat connectivity that reduces hosts’ movement in the landscape (Piittker et al.
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2008). Moreover, in the long term, small patches with a high perimeter/area ratio could
hold smaller lizard populations and cause negative edge effects on ticks’ populations
related with higher turnover and extinction events (Simpson et al. 2019)

The scale of effect of proportion of urban areas and proportion of habitat on tick load was
smaller (150 m and 250 m, respectively) than that of proportion of cropland (3000 m).
This might reflect differences on how direct are the effects of these land covers on tick
abundance, and in turn, on lizards’ tick load. While habitat and urban areas can directly
affect ticks’ distribution in the landscape, cropland effects would be mediated by its
influence on other host species. Landscape predictors reflecting complex species
interactions have scales of effect that reflect the mobility of all the species involved, which
is expected to be detected at large rather than localized scales (Martin and Fahrig 2012).
In this case, the high mobility of other hosts like small mammals through cropland areas
might be possible to be captured only at broader scales.

5.5.3. Fluctuating asymmetry (FA)

FA was affected only by interactions among predictors and in several cases effects were
sex or age dependent. As expected, proportion of habitat and vegetation structure
reduced FA in some traits, but only when interacting with each other. This was the case
for FA of front legs and femoral pores (Figure 5.6a,b). Vegetation structure is among the
most important local factors regulating temperature and humidity and buffering the
influence of the surrounding landscape (Suggitt et al. 2011). Furthermore, the comparably
higher vegetation structure of habitats of L. viridis in the Thracian plains in relation to the
habitats used in the northern periphery (Prieto-Ramirez et al. 2018), and to habitats
occupied by L. trilineata in the same area, which are drier and opener (Strijbosch 2001),
indicate that it might be an important regulator of environmental conditions necessary
for the species in the region, thus reducing the environmental stress that could cause
developmental instability. By its side, habitat amount is related to the regulation of
environmental conditions at the landscape scale, avoiding increases in the temperature
and reduction of humidity levels (Arroyo-Rodriguez et al. 2017). Moreover, both of these
parameters are related with availability of food resources for lizards (Amo et al. 2007a,b;
Bucher and Entling 2011; Dormann et al. 2007), which could be an important ecological
parameter influencing physiological mechanisms that reduce FA. For instance, there is
evidence that developmental stability in early life stages can be compensated in
subsequent development (Moéller and Thornhill 1998) through compensatory growth by
allocating energy in the development of symmetrical parts of the body allowing for a
controlled homeostatic development (Boersma and Wit 1997; Eyck et al. 2019). Then,
enough availability of resources would improve the chances of a successful reduction of
FA through compensatory growth.

In agreement with our prediction, effects of isolation were reduced by proportion of
habitat and patch size, but only in some traits. In front legs the effect of isolation on FA of
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adults was positive only at low proportion of habitat, while at high proportion the effect
was reversed (Figure 5.6¢). Also, isolation had a positive effect on FA of supraciliary scales
in small patches (Figure 5.6d), and this effect was reversed with increasing patch size. In
lizards, positive relationship between isolation and FA has only been reported in studies
comparing populations in islands with those in the mainland (Crnobrnja-Isailovic et al.
2005; Bancila et al. 2010), but not in fragmented landscapes. Genetic stress in isolated
populations resulting from loss of genetic variability and inbreeding depression due to
reduced population size can lead to developmental instability and increased FA (Leary
and Allendorf 1989; Pertoldi et al. 2006). However, Nemitz-Kliemchen et al. (2020) found
high genetic variability and low genetic differentiation among populations for all
population surveyed in the present study. Thus, environmental stress might be a more
plausible explanation for the FA that we found. Isolated patches are expected to be
surrounded by a higher proportion of non-habitat land covers (Fahrig 2003) that can
affect abiotic environmental conditions within patches and availability of resources
(Fischer and Lindenmayer 2007; Hatfield et al. 2020), which could be compensated in
large patches by a higher availability of resources and a lower edge effect, and therefore
lower exposure to external non-suitable environmental conditions (Ewers and Banks-
Leite 2013; Fletcher et al. 2007).

In our results we found that the effects of proportion of urban areas and proportion of
cropland were influenced by patch size, vegetation structure and proportion of habitat.
This was the case for FA of front legs (Figure 5.7a,b), supraciliary scales (Figure 5.7c,
Figure 5.8a) and hind legs (Figure 5.8b,c). Our results show negative effects of proportion
of urban areas and cropland on FA occurring already at a small scale (<250m), which can
be compensated by proportion of habitat in the landscape, patch area or vegetation
structure. Depending on the trait, a specific age or sex class is more strongly affected by
cropland or urban areas, and benefited by a reduction of their negative effects due to an
increase in the percentage of habitat, patch area or vegetation structure. However,
although highly trait- and sex or age class-dependent, negative effects of proportion of
cropland and/or urban areas were reduced for every single class in at least one trait.

Urban areas have higher temperatures in comparison with natural or semi-natural areas
(Arnfield 2003), and agricultural landscape might increase the exposure of patches to
wind and water fluxes, causing strong daily temperature shifts. In Podarcis muralis, for
instance, urban populations have higher FA of metric and meristic traits compared to
rural ones (Lazic et al. 2013; 2015; Mirc et al. 2019), and for Podarcis muralis (Brafia and
Ji 2000) and Lacerta agilis (Zhdanova and Zakharov 2006) high temperatures have been
correlated with higher FA in several traits. Moreover, very low or high incubation
temperatures are known to negatively affect developmental stability during lizards’
embryogenesis (Hare et al. 2002; Shine and Harlow 1996). Compensatory mechanisms of
increased habitat amount, patch area and vegetation structure might act through the
effects on population size (larger patches, enhanced dispersal through the landscape and
increased availability of resources) and regulation of abiotic conditions discussed above.
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Moreover, the scale at which proportion of habitat in the landscape would compensate for
these effects could differ among traits. Differences in the scale of effect of proportion of
habitat among traits (Front legs and femoral pores <500 m; hind legs and supraciliary
scales = 3000 m) would reflect the variable sensitivity of traits to possible environmental
stress, and therefore, its responsiveness to positive effects of habitat.

Finally, our results reflect strong differences in sensitivity to possible environmental
stress among sex and age classes. In most models with differences among sex or age
classes, females are more sensitive to stress compared to males, and subadults compared
to adults. For instance, in FA of supraciliary scales the effect of proportion of urban areas
seems to be stronger for females than for males (Figure 5.7c, Figure 5.8a) and in FA of
front legs the effect of isolation appears to affect more subadults than adults (Figure 5.6c¢).
If developmental stability in early life stages is reduced through compensatory growth,
then adults would have a lower FA as response to environmental stressors compared to
juveniles, a pattern also found in other species (Eyck et al. 2019). Furthermore, the
negative correlation between fluctuating asymmetry and sexual selection has been found
to be weaker in females compared to males for traits not involved in mobility in various
species (Moller and Thornhill 1998), and investment of energy in development can be an
energetic trade-off with important life-history traits (Lopez and Martin 2002). Thus,
males might have a higher pressure for investing energy on stable development, while
females not having this pressure would trade-off stable development for energy available
for reproduction.

5.5.4. Correlations between BC, FA and tick load

We did not find correlations among the studied traits, FA, BC and parasite load. In the case
parasite load, other studies in lizards testing its correlation with FA did not find any
(Garrido and Pérez-Mellado 2013). Regarding the correlation between parasitism and BC,
evidence available is disparate. For Lacerta agilis a correlation between resistance to
parasitism and body condition was found (Olsson et al. 2005); for Lacerta monticola the
correlation between parasites prevalence and intensity and body condition was negative
only during the reproductive season, and for Lacerta lepida no correlation was found
(Amo et al. 2005; Amo et al. 2004); finally, for Podarcis melisellensis immune response to
parasites was not correlated to body condition (Huyghe et al. 2010). Possible reasons for
the lack of correlation between BC and FA with tick load are hosts’ compensation of
infection with more food intake (Tripet and Richner 1997), preference of ticks for
individuals in better shape to increase their own fitness (Chapman et al. 2005; Dudek et
al. 2016), and positive effects of the vegetation at local and landscape scale on both, lizards
and ticks (Amo et al. 2007a; Ledger et al. 2019).

The relationship between FA and BC also varies among studies (Shamiminoori and Bull
2016; Winchell et al. 2019), probably because under limited levels of stress, the
relationship between developmental stability and fitness can be more difficult to detect
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(Van Dongen and Lens 2000). Given no single local or landscape predictor was stressful
enough to alone affect FA, the level of stress the populations are experiencing might not
be sufficient to find correlations between BC and FA, although it is so, to find single or
interactive effects on each of these traits separately.

5.6. Conclusions

We found evidence of patch and landscape parameters affecting morphological and
physiological parameters in L. viridis populations. Body condition was directly affected by
reduction of habitat amount in the landscape and conversion into cropland. FA of different
traits was found to be especially affected by synergies among patch and landscape
parameters representative of habitat amount at local and landscape scale; in general FA
increased with loss and conversion of habitat, reduction of patch size and increased
isolation, and responses were sex and age dependent for some traits. Finally, mechanisms
behind the effect of habitat loss on tick load seem to be related with how ticks experience
the landscape, and how they are affected by the density of both, lizards and other hosts,
with predictors that are expected to positively influence lizards’ populations also having
a positive effect on tick load and vice versa.

Body condition and tick load were directly affected by single parameters of habitat loss
whereas FA was impacted only when interactions among parameters were accounted for.
These might reflect differences in sensitivity to habitat loss, but also differences in the
time lag at which each trait is affected. In the case of FA, possible genetic stress generated
by habitat loss might take longer time, probably corresponding to several generations,
until a single predictor has a direct effect (Holzhauer et al. 2006; Spear and Storfer 2008).

We strongly suggest the analysis of patch and landscape parameters when evaluating
effects of habitat loss on possible individual-based indicators of stress. We conclude that
BC and FA are suitable early indicators of stress for populations of L. viridis facing habitat
loss. For rapid assessment studies, the suitability of tick load would depend on its
correlation with physiological parameters which can go beyond BC, and in the long term,
this trait would be definitely necessary for the monitoring and unraveling of complex
ecological interactions among ticks and hosts populations in fragmented landscapes
affecting the tick load of lizards. Finally, based on the scales of effect obtained for each
landscape composition parameter, we suggest conservation measures to focus on the
compensation of negative effects of habitat loss and conversion occurring already at a
small scale by protecting and increasing habitat at a much broader scale.
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6. Synthesis

6.1. From the niche to the impact of habitat loss

The theoretical context of many ecological studies is markedly divided between two
different approaches: neutral and deterministic models. Studies about effects of habitat
loss, land use change and landscape modification are no exception.

Neutral theoretical models are based on the ecological equivalence of species and predict
species distribution and abundance based on spatial characteristics of the landscape and
stochastic processes like ecological drift and genetic and demographic stochasticity (Bell
2000; Hubbell 2001). On the contrary, deterministic approaches account for the
uniqueness of species, their relations with the environment and the interactions with
other species to predict distribution and abundance of species. One of the most important
and influential deterministic ecological theories is the Niche theory, which states that
distribution and abundance of a species are determined by the set of biotic and abiotic
conditions that allow populations to grow or persist, having birth rates equal or greater
than death rates. Thus, the N-dimensional hypervolume of species’ requirements, known
as the niche, will define all factors (e.g. competition, enemy avoidance, resource
gathering) that have an influence on species’ birth and death rates (Hutchinson 1957).

Habitat loss has been mainly studied in the context of neutral theoretical approaches
(Puttker et al. 2015). The two main theories influencing studies of habitat loss and
fragmentation, Island Biogeography Theory (IBT, MacArthur, 1965) and Metapopulation
Dynamics Models (MDM, Hanski, 1998; Hanski and Ovaskainen, 2000), are neutral
theories. IBT assumes ecological equivalence among species and predicts species
abundance and persistence based solely on patch size and patch isolation, without any
regards for species specific requirements or dispersal abilities. In the dynamics of local
extinctions and recolonizations of MDMs, extinction rate is a function of patch size and
colonization rate depends on patch isolation and size of occupied patches. With increased
isolation and reduced patch size local populations become small and eventually extinct
due to demographic and genetic stochasticity and/or ecological drift. Although some
studies applying principles of IBT or MDM include parameters that account to some extent
for the ecological and environmental requirements of species, like habitat quality
(Baguette et al. 2011; Moilanen and Hanski 1998) or presence of competitors (Lobelle et
al. 2013), or isolation measures that account for the dispersal ability of the species and its
relation with the land covers of the modified landscape, like least-cost path distance
(Creech et al. 2014), the principles of these two theoretical approaches, on which most
frameworks to study habitat loss and fragmentation are based, is neutral. However,
habitat loss is a species specific process, in which most factors affecting species sensitivity,
like ecological, life history and biological traits, are species specific (Fischer and
Lindenmayer 2007). As such, habitat loss generates both, spatial and environmental
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effects, whose impact will depend on species-specific environmental requirements and
dispersal capacity (Betts et al. 2014).

Thus, apart from species distribution models (SDM), whose theoretical basis is the Niche
theory, and which have been widely applied to predict species distributions in fragmented
landscapes, the application of Niche theory to study effects of habitat loss has been very
limited and mostly limited to the use of binary specialization traits for the identification
of most vulnerable species. However, in spite of the key contributions of the
specialist/generalist classification to the understanding of effects of habitat loss and the
vast evidence supporting higher sensitivity of specialist species(Henle et al. 2004b), it is
now increasingly acknowledged that the study of habitat loss would better benefit from
mechanistic niche-based approaches that, in comparison with specialization-trait based
approaches, not only describe a static characteristic of a species, but the range of
environmental conditions necessary for an organism to have a positive population growth
(Frishkoff et al. 2015). This is especially important in the face of landscape modification,
because the response of species to habitat loss is landscape dependent, and the range of
possible responses will be then better captured by a species characterization that is not
simply a binary trait but an ecological continuum representing the degree of
specialization. Furthermore, this approach allows for the inclusion of differential
sensitivity among populations of the same species related to their location in the
distribution range of the species (Prieto-Ramirez et al. 2020) and to the portion of the
environmental gradient that occurs in each location (Prieto-Ramirez et al. 2018)

The works of Swihart et al. (2003, 2006) and of Kellner et al. (2019) conducted in the
fragmented landscape of the Middle Wabash-Little Vermillion watershed of Indiana, USA,
are among the few approximations to the link between niche breadth, position in the
distribution range and species sensitivity to habitat loss and fragmentation. For a broad
range of taxa, including mammalian predators, rodents, bats, amphibians and aquatic
turtles, they found that occupancy rates were lower for species with comparably
narrower niche breadths and for which the study region represented the edge of the
distribution range compared to those that were at their distribution centers. In all these
studies the estimation of habitat niche was based on the range of habitat types used at the
species level reported in the literature, thus disregarding intraspecific differences in niche
breadth in their hypothesis and in the interpretation of results. For instance, Swihart et
al. (2003) hypothesized that the role niche breadth plays in the effect of position of
populations within their range on occupancy probability will be stronger when range is
formed by biotic factors (southern border) rather than by abiotic (northern border),
because in a range boundary formed by intraspecific interaction the specialist species
would be left with less habitat to maintain its competitive superiority; while, in a
boundary formed by abiotic factors it would be physiological tolerance to abiotic
conditions that would be more important than niche breadth. However, in their
hypothesis they did not only fail to explain the scenario in which a specialist species is
present near a border formed by abiotic stressors, but also to directly link niche breadth
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with position in the range. Therefore, they explain their finding of a stronger decline in
occupancy due to proximity to a range boundary formed by abiotic stressor compared to
biotic ones, based on physiological tolerance. However, this result can also be due to a
narrower niche breadth of populations located in the northern border of the distribution
range (Lappalainen and Soininen 2006; Prieto-Ramirez et al. 2018; Yurkowski et al.
2016), with more specialized peripheral populations being more vulnerable because the
alteration of preferred habitat would leave them comparably less area to inhabit (Henle
et al. 2004b; Keinath et al. 2017). Later, Swihart et al. (2006) found that none of the mean
occupancy rates of species located near their range boundary was predicted by niche
breadth, supporting again the hypothesis that niche breadth has no important role in the
link between position in the range and sensitivity to habitat loss and fragmentation. |
argue below that this statement cannot be supported without a measurement of niche
breadth that accounts for intraspecific differences precisely related to position in the
range (Prieto-Ramirez et al. 2018). Thus, the approach would not be to test for the
influence of niche breadth in the effect of position in the range on occupancy rates, but, on
the contrary, for the effect of niche breadth as a trait that depends on the position in the
range on occupancy rates.

In the specific case of ectotherms some progress has also been done to link niche breadth
with sensitivity to habitat destruction, with a focus on thermal biology. Frishkoff et al.
(2015) studied the effects of forest clearing on community composition of herpetofauna
in tropical forests in Costa Rica, by linking increased local temperature after forest
clearing with thermal niche centers of species and testing response differences along
altitudinal thermal gradients. They found that species track their thermal niche along the
altitudinal gradient by shifting habitat use from forested areas at low elevations to
deforested warmer pastures at high elevations, and that in general species with warmer
thermal niche centers had higher tolerance to deforestation. Although in agreement with
my findings they conclude that tolerance to deforestation is not a species-level trait and
is dependent on the geographical position of species, Frishkoff et al. (2015) interpret
changes in species’ tolerance to habitat loss as a response to an extrinsic factor, the
elevation-dependent shift in the temperature after deforestation, assuming niche centers
as a static characteristic of species along the altitudinal distribution range. However, the
generalization they made might not apply, because as I showed (Prieto-Ramirez et al.
2018), in the border of the environmental gradient, niche might not only be smaller but
also shifted, meaning that the niche centers in different locations of the distribution range
of species might not overlap each other.

Then, as explained above, the inclusion of intraspecific niche differences improves the
possibilities of the application of a mechanistic niche approach for the study of effects of
habitat loss, and has the capacity to increase our understanding of the ecological
processes taking place at the borders of species’ distribution ranges. Furthermore, the
advantages of this niche-based, intraspecific-centered approach can be extended to the
effects of habitat loss at higher levels of biological organization. For instance, our
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understanding of biotic homogenization - the replacement of more vulnerable specialized
species by more tolerant ones after habitat loss occurs, that leads to changes in
community composition and reduces f3-diversity (Devictor et al. 2008) - could also
greatly benefit from accounting for intraspecific differences in specialization degree. It
has been argued that common measures of species richness could mask biotic
homogenization by overlooking effects of habitat loss on community composition, which
are based on effects on single species (Filippi-Codaccioni et al. 2010). Thus, if intraspecific
differences in specialization degree are ignored, processes occurring in regions
corresponding to the periphery of the distribution range of species might be identified
solely as species richness loss, and not as both species richness loss and biotic
homogenization due to the loss of species that are specialist only in the periphery.

6.2. Linking microhabitat selection to occupancy patterns

I showed that specialization degree in peripheral populations can differ from that in the
core, and that this difference can lead to variable sensitivity to habitat loss among regions.
Realized habitat and abiotic factors niches of northern peripheral populations of L. viridis
located in Germany and Czech Republic were smaller than and shifted from those of core
populations in Bulgaria (Prieto-Ramirez et al. 2018). I also found that microhabitat
selection in peripheral populations of L. viridis reflects a compensation for suboptimal
biophysical conditions and a narrower range of available habitats with respect to the core
(Prieto-Ramirez et al. 2018). Then, in Prieto-Ramirez et al. (2020), I linked these
differences in specialization degree and microhabitat selection with occupancy patterns
resulting from habitat loss in each region. By applying a patch-landscape approach I found
differences in the characteristics of habitat remnant patches and of the landscape
structure surrounding patches that affected patch occupancy probability the most in the
periphery compared to the core. Moreover, I also found that the spatial scale from which
those effects are stronger was smaller in the periphery compared to the core (Prieto-
Ramirez et al. 2020).

In the following paragraphs I discuss my results of niche size and microhabitat selection
in the context of thermal ecology in reptiles, the interlinked relation between the
parameters governing processes occurring at the microhabitat scale and those affecting
patch occupancy patterns in the landscape, and the connection between intraspecific
differences in specialization degree and persistence of populations in modified
landscapes.

The fact that the realized niche in the northern periphery was shifted from the niche in
the core suggests that there might be some degree of physiological phenotypical
adaptation in peripheral populations (Castilla et al. 1999; Chevin and Lande 2011; Van
Damme et al. 1986), which follows the pattern of a higher, latitudinal-related, intraspecific
variability in low thermal limits compared to upper thermal limits found in several
ectotherm species including lizards (Addo-Bediako et al. 2000; Aradjo et al. 2013; Sunday
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etal. 2010). Moreover, in the case of relict peripheral populations located in Prague, which
are genetically differentiated from other peripheral populations connected to the
continuous range of the species (Bbhme and Moravec 2011), local genetic adaptation
might also explain the shifted realized niche in this region relative to the core (Kawecki
2008). However, realized niche shifts can also be the result of differences in the
environmental space that the species experience in different regions (Soberén and
Peterson 2011). My results regarding strong differences in microhabitat use and factors
affecting microhabitat selection in each region indicate that a great part of the differential
response of the species to different climatic and habitat constrains in each region
corresponds to behavioral thermoregulatory mechanisms. This was most clearly showed
by the relation between radiation and vegetation structure in each region. Radiation was
consistently lower in both peripheral regions compared to the core, and thus
microclimatic conditions in comparable habitat types regarding vegetation structure, like
mixed forest, were suitable in the core but not in the periphery (Prieto-Ramirez et al.
2018). Therefore, microhabitats used in the core had higher vegetation structure than
those in the periphery. On the contrary, in the periphery where radiation was lower,
lizards seemed to maximize thermoregulatory opportunities by selecting places with
lower vegetation structure, less shadow and more exposed to sunlit. This pattern is also
known in other lacertid lizards, like L. agilis, who inhabits heathlands with a high
proportion of bare ground available near the northern margin of its range, while in the
core, where there is a broader range of habitats available, it inhabits heathlands at any
seral stage and with comparably more vegetation structure (House and Spellerberg 1983;
Thomas et al. 1999).

Microhabitat selection is a niche-based process that responds to species requirements,
habitat and resources distributions, and biotic ecological constrains like presence of
competitors and/or predators (Angert et al. 2002; Turlure et al. 2009; Michael et al. 2015).
However, in reptiles as in other ectotherm taxa, microhabitat selection has additionally a
strong direct link to species’ thermal biology and represents a major strategy of
behavioral thermoregulation (Castilla et al. 1999; Huey et al. 2003). Behavioral
thermoregulation is the main mechanism through which reptiles balance heat exchange
with their biophysical environment in order to achieve body temperatures that allow
them to be active (Huey, 1982). Hence, the process of selecting microhabitats in reptiles
involves not only actively tracking for habitat with enough resources and refuges against
predators, but also for habitat that offers suitable microclimatic conditions in order to
fulfill their thermal physiological requirements (Brusch et al. 2015; Grimm-Seyfarth et al.
2017). The range of available habitats that the species can use in order to meet its
ecological and microclimatic requirements is determined by broad climatic conditions,
and defines species’ degree of habitat specialization. Then, as climatic conditions change
along the distribution range of species, it should also be expected that the range of
habitats the species can use and select to fulfill their requirements also change
geographically (Bohme and Roédder 2014; Thomas et al. 1999). Moreover,
thermoregulatory priorities can change between regions, with ‘cooling down’ being more
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important in subtropical and tropical regions, while ‘warming up’ being the priority in
high latitudinal temperate regions (Kearney et al. 2009; Mufioz et al. 2016). This is
especially important for species with broad distribution ranges, because different
priorities at high latitudinal versus low latitudinal regions might exist, as well as different
patterns of (micro) habitat selection. Patterns of variable habitat selection and narrower
niche breadth towards the northern periphery had earlier been found in several
ectotherm taxa, like insects (Oliver et al. 2009; Svensson 1992; Thomas et al. 1999;
Thomas et al. 1998), lizards (Thomas et al. 1999), fishes (Lappalainen and Soininen 2006),
seals and whales (Yurkowski etal. 2016).

The availability of suitable ecological and thermal conditions at fine spatial scales also
determines activity patterns of reptile species, thus influencing vital processes like food
intake and reproduction, and therefore, birth and death rates in the population, and
consequently, its persistence (Huey 1982; Meek 1995). Hence, in the face of habitat loss,
the availability of suitable microsites and microhabitat selection can have impacts in the
response and sensitivity of species to habitat reduction (Huang et al. 2014; Nowakowski
et al. 2018). The importance of microhabitat for the resilience of reptiles to disturbance
has mostly been studied in climate change research, with several studies demonstrating
that fine scale microclimatic conditions can greatly differ from conditions at wider scales
in habitats and ecosystem, and have an enormous impact in the tolerance or vulnerability
of species to extreme climatic events (Kearney et al. 2009; Scheffers et al. 2014).
Moreover, some studies have integrated not only microclimatic data but also microhabitat
information, and have demonstrated that the conservation of vegetation types, whose
structure offers microsites with sunlit and shaded spots, is of enormous importance to
increase tolerance of reptile species to climate change (Grimm-Seyfarth et al. 2017;
Kearney 2013; Suggitt et al. 2011). Habitat loss is known to often have a related increase
in temperature as vegetation cover is modified (Arroyo-Rodriguez et al. 2017; Laurance
2004), and the destruction of habitat directly implies the loss of available microhabitats
(Saunders et al. 1991). However, in spite of the consensus about the direct links between
thermal biology and microhabitat selection (Brusch et al. 2015), and about the
importance of ecological processes at fine scales for the response of species to broader
scale disturbances (Chiacchio et al. 2020), a full link between effects of habitat loss and
species microhabitat selection as a mechanistic response related to thermal biology, is
still missing in reptile species literature.

[ used microhabitat information to define local patch habitat quality by upscaling values
of vegetation structure, slope and radiation. Then, I tested the effects of these parameters
at the patch level on occupancy (Prieto-Ramirez et al. 2020). [ found that in each region
some factors had consistent effects for both individuals’ microhabitat selection and
population persistence, while others differed in their importance among processes, thus
reflecting different challenges at different spatial scales and levels of biological
organization. Vegetation structure, which was higher in microhabitats at the core
compared to the periphery, had a positive effect on occupancy in the core. On the contrary,
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vegetation structure had a negative effect on occupancy in the periphery, where
microhabitats have opener vegetation. By its side, radiation and slope, which were
important for microhabitat selection in the core, were not important for occupancy in this
region. And in the periphery in Prague, slope had a moderate effect for microhabitat
selection but a higher one for occupancy probability.

Regarding vegetation structure, [ found a pattern in which into each separate region, this
parameter had the same effect for both microhabitat selection and population persistence
into patches. Similar results were obtained by Santos et al. (2008), who studied the
microhabitat selection of the lacertid lizard Psammodromus algirus in a fragmented
landscape and upscaled microhabitat features to calculate patch habitat quality and to test
the effect of different habitat types with different vegetation structures on occupancy at
the landscape level. They found that effects of the vegetation structure of different forest
type fragments (deciduous vs. evergreen) on occupancy probabilities of Psammodromus
algirus were consistent between microhabitat and patch levels, with lizards preferring
deciduous over evergreen forest. In an analogous study, Fisher et al. (2004) tested the
multi-level response of several lizard species in a fragmented landscape in Australia to
effects at different spatial levels, with variables collected at the microhabitat level,
including vegetation structure, being up-scaled to define site characteristics. Contrary to
my results and those obtained by Santos et al. (2008), they found that plot (microhabitat)
and site occupancy were affected by different parameters for all species, which they
explained based on the possible differences in habitat perception and response to
disturbance that species might have at different spatial scales. Thus, in the case of L.
viridis, specifically regarding vegetation structure, this implies that its perception of
habitat is consistent across levels and ecological processes.

By its side, the loss of importance of radiation and increased importance of vegetation
structure for occupancy in the core suggests that the vulnerability of L. viridis to habitat
loss in that region follows the same pattern found in other reptile species, in which
sensitivity is related to the local increase in temperature due to loss of vegetation cover
and shaded areas (Kearney, 2013). However, this vulnerability in the core might be
buffered by the broad range of habitats available for the species that provide
microclimatic conditions necessary for thermoregulation. On the contrary, based on my
results, the vulnerability of L. viridis to habitat loss in the periphery might not be related
with negative effects of increased temperature due to loss of vegetation cover. In fact, my
results show that in the periphery suitable microclimatic conditions are provided by few
habitat types with open vegetation (Prieto-Ramirez et al. 2018). Therefore, although of
course some thermoregulatory needs imply that lizards in the northern periphery use at
the hottest time of the day, especially during summer, shaded spots (Strodicke 1995), the
priority is most likely to be ‘warming up’ (Kearney et al. 2009) as found in northern
peripheral populations in other reptile species (Dubois et al. 2009). Then, the sensitivity
of L. viridis to habitat loss in this region is related to the specialization degree of the
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species caused by the availability of few vegetation cover types providing essential
thermoregulatory conditions for the species.

The increased importance of slope in the periphery for occupancy probability in
comparison with microhabitat selection might reflect changes in ecological processes
when populations are at risk. Decline in population density can lead to reduced encounter
rates among individuals and to an increase in the time lizards need to invest seeking for
mates (Wosniack et al. 2014). This implies a necessary change in activity budgets, which
might be energetically achievable only in habitats in which the heat balance is most
efficiently reached (Diaz et al. 1996). Hills’ slopes in Prague corresponding to the Vltava
river valley are mostly conformed by litho-resources -rocky grounds and outcrops. Slope
is one of the most important factors influencing microclimatic conditions (Suggitt et al.
2011) that result thermally beneficial for ectotherms at high latitudes (Lawson et al.
2014), and has an strong influence on habitat quality of northern lizards’ populations,
including L. viridis (Fischer and Rehak 2010; Fror 1986; Martens et al. 1996; Waitzmann
and Sandmaier 1990). By its side, litho-resources are especially important for temperate
species (Michael et al. 2015), and are related with high rates of temperature increment
and high lizards’ heating rates through thygmothermy (Belliure and Carrascal 2002).
Thus, it is probably in the rocky slopes where individuals of L. viridis inhabiting the rocky
slopes along the Vltava River could achieve activity body temperatures faster and
maintain them for longer time, allowing them to invest enough time looking for mates.
This would then have impacts on reproduction, birth rates, and persistence of the
population.

Among the few studies that directly link environmental information at a fine scale with
effects of habitat loss and/or fragmentation in reptiles are those of Santos et al. (2008)
and (Fischer et al. 2004) mentioned above. Additionally, other approaches (Frishkoff et
al. 2015; Nowakowski et al. 2018) have linked fine scale climatic information with thermal
traits of species like critical thermal limits to predict species sensitivity to habitat loss and
the probability of using the matrix. However, although microclimatic data can be used to
characterize habitat suitability for reptile species, these studies lack the mechanistic link
between the ecological process of microhabitat selection and effects of habitat loss.
Moreover in most studies the connection between microhabitat selection, effects of
habitat loss and regional differences is missing. For instance, although Frishkoff et al.
(2015) included climatic variability to test intraspecific differences in species’ occurrence
probability in modified habitat (from tropical forest to pastures) along an altitudinal
range, they based their analysis solely on species thermal tolerances and microclimatic
data, without considerations of differences in microhabitat selection in different parts of
the range.

Differences in niche size among regions derived from information at the microhabitat
scale were also linked with the effects of landscape structure on occupancy patterns in
each region. In the periphery, individual land cover classes had a stronger effect on
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occupancy across scales compared to the core, and in the models combining landscape
structure and local patch factors the scale from which habitat loss had the strongest effect
was much smaller in the periphery (50 m) than in the core (500 m). This means that a
smaller amount of area surrounding patches being subject to anthropogenic modification
will have an impact on the persistence of populations in the periphery compared to the
core. | also found differences in the parameters of the landscape to which the species
responded in each region, and that could eventually influence dispersal. In the core,
landscape configuration was more important for occupancy probability than landscape
composition, whereas it was the opposite in the periphery.

The link between specialization and effects of landscape composition has earlier been
done at the species level. For instance, the amount of habitat in the landscape surrounding
patches has been found to have a stronger positive effect on dispersal and abundance of
specialist small mammal species (Plittker et al. 2013) and on persistence of specialist bird
species (Carrara et al. 2015) compared to generalist species. Additionally, scale of effect
of landscape composition parameters has been found to be smaller in some invertebrate
specialist species compared to generalist (Chaplin-Kramer et al. 2013), and is expected to
be smaller for other specialist species due to a comparably lower dispersal ability (Miguet
et al. 2016). Environmental constrains can influence and modify movement behavior,
consequently affecting dispersal process (Vasudev et al. 2015). Moreover, the interaction
between species traits, like specialization, and the characteristics of the landscape define
species’ sensitivity to habitat loss (Fahrig 2007; Piittker et al. 2013; Swift and Hannon
2010). Thus, in populations of L. viridis in the periphery, which have a comparably higher
specialization degree, a lower dispersal capacity compared to core might be
environmentally-induced, with a narrower spectrum of habitats available to disperse
through the landscape resulting in a higher vulnerability to habitat loss.

Furthermore, the attributes of the landscape that possibly govern dispersal differ among
regions. In both regions may exist a meta-population structure, but it is influenced by
landscape configuration in the core and by landscape composition in the periphery. I
found that distance to the river was one of the most important factors influencing
occupancy probability in the core, suggesting that riparian vegetation is a corridor
maintaining the connectivity of populations through the landscape, as found in other
European lizards (Brito et al. 1998; Sahlean et al. 2020). Additionally, in the core, Nemitz-
Kliemchen et al. (2020) evaluated the genetic structure of populations in this region,
including samples of all the populations studied in Prieto-Ramirez et al. (in Review),
which were also part of the sample in Prieto-Ramirez et al. (2018, 2020), and found low
genetic differentiation among populations, indicating that there is gene flow among
populations. On the other hand, in the periphery, the consistent positive effects of
cropland on occupancy probability across small and medium scales (50 - 750 m) suggest
also that up to medium dispersal distances populations might be connected due to some
degree of permeability of cropland to lizards’ movement, probably related to thermal and
nutritional benefits (Baguette et al. 2014; Vasudev et al. 2015). Thus, although
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connectivity among populations might be present in both regions, the fact that
configuration and composition have dissimilar importance in each region reflects
differences in the possible mechanisms governing dispersal and the possible maintenance
of connectivity in each region.

Despite the fact that niche breadth has been found to decrease toward the northern
periphery in other taxa (Lappalainen and Soininen 2006; Svensson 1992; Thomas et al.
1998; Yurkowski et al. 2016), specialization in relation to vulnerability to habitat loss has
always been investigated as a species level trait. Recognizing intraspecific differences in
specialization degree break some ‘dogmatic’ beliefs regarding species traits, or the use of
certain traits as proxy for other. For instance, in a recent work including a large number
of reptile species Doherty et al. (2020) tested which species traits predict sensitivity to
habitat loss. Among the traits included are species specialization and the size of the
distribution range of species, a trait that is usually predicted to have an inverse
correlation with specialization and sensitivity to habitat loss because species with
broader ranges are assumed to have higher dispersal capabilities and higher tolerance to
ecological and environmental disturbance (Slatyer et al. 2013). My research challenges
these common beliefs by showing that the negative correlation between distribution
range and specialization and sensitivity to habitat loss does not necessarily meet. In
species with broad distribution ranges the differences between peripheral and core
populations can be larger due to a greater difference in climatic conditions and in the
range of available habitats among regions, and thus, specialization in the periphery can
be masked in broad scale analysis that do not include the location of a study in the
distribution range of species, hence leading to wrong traits’ predictions of sensitivity to
habitat loss. In their (Kellner et al. 2019) global analysis Doherty et al. (2020) did not find
any correlation between specialization and sensitivity to habitat loss. Similarly, Kellner et
al. (2019) did not find consistent evidence of negative correlation between specialization
degree of birds, small mammals, bats and turtles and response to habitat conversion. Both
studies concluded that specialization is a poor predictor of species response to habitat
loss, precisely because the response might differ along the distribution range of the
species. Other studies on birds (Hatfield et al. 2018) and mid and large-sized (Thornton
et al. 2010) have also failed on finding a consistent relation between species level
specialization trait and sensitivity to habitat loss when evaluating several locations across
distribution range of species. These studies argued that the predictability of specialization
is highly location-specific probably due to the specific landscape structure of the study
site. However, any of these studies discussed the possibility that geographic specificity be
due to intraspecific differences in specialization degree related to the position in the
distribution range. Rather than leading to the abandonment of specialization degree as a
useful ecological tool to predict species response to habitat loss, the recognition of
regional differences should lead to acknowledge that the problem might not be the trait
but the level (species) and the scale (complete range) at which it is measured, and that
accounting for the intraspecific variability of the trait along the distribution range of
species can improve its predictive power.
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6.3. Links between effects of habitat loss on different ecological processes

Population decline due to habitat loss and fragmentation is a process that starts with
effects at the individual level, through endogenous threatening processes that lead to the
disruption of the morphology and biology of individuals, and ends with the extinction or
increased vulnerability to extinction of local populations (Ellis et al. 2012; Fischer and
Lindenmayer 2007). Occupancy patterns reflect the spatial patterns of local populations’
persistence or extinction resulting from habitat loss in modified landscapes, and it is a key
link between disturbance and population-level response. However, the usefulness of
occupancy is only apparent once (some) populations have gone extinct, thus not throwing
information about the processes occurring at earlier stages of population affectation (Ellis
etal. 2012).

At an early stage of the population decline process, less habitat available and reduced
habitat quality, together with other impaired environmental conditions, can lead to
increased competition among individuals and/or shortage of resources, which causes
diminished physiological and nutritional status, and hence lower body condition (Battles
et al. 2013; Mugabo et al. 2011; Smyth et al. 2014). Also, as a result of impaired
environmental conditions, levels of developmental instability can increase leading to
higher levels of fluctuating asymmetry (FA; Lens et al. 1999; Lazic et al. 2013; Mirc et al.
2019). Subsequently, modified morphological characteristics can lead to changes in life-
history traits, like clutch size and clutch frequency (Brewster et al. 2018), and in
individuals’ survival probabilities, which can be sex- and/or age-dependent, thus causing
changes in the populations’ demographic structure, reproduction and survival rates (Diaz
et al. 2005; Keehn et al. 2019; Walkup et al. 2017). Eventually, these processes can cause
areduction in population size, thus increasing the risk to inbreeding depression or genetic
drift. Finally, small population size and loss of genetic variability increase the
vulnerability to demographic and environmental stochasticity, and the extinction risk
(Benson et al. 2016; Soulé 1987)

Coupling effects of habitat loss on early stages, such as those on individual morphological
parameters, with later stage effects on population persistence may provide insights into
processes occurring at different times and spatial scales and their importance for the
survival of species.

In my study I found that the role of some landscape and local patch predictors was equally
important at different stages, while for others its effect in the response was stage-
dependent (Prieto-Ramirez et al. 2020; Prieto-Ramirez et al. in review). In the following
paragraphs I discuss the most important emergent patterns found.
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Occupancy vs. body condition: configuration vs composition

My results showed that persistence of populations of L. viridis in the Thracian plains
depends mostly on landscape configuration and connectivity, but also that the start of the
declining process might be triggered by landscape composition. Thus, for instance,
cropland was not determinant of occupancy, and in the few models in which it was present
its effect was positive (Prieto-Ramirez et al. 2020). In contrast, it had a negative effect on
body condition (Prieto-Ramirez et al. in review). Similarly, the importance of habitat
amount differed between occupancy and body condition, although contrary to cropland,
the direction of its effect was consistent, being positive for both responses. Amount of
habitat was not determinant for occupancy across scales, but it had a significant positive
effect on body condition (Prieto-Ramirez et al. 2020; Prieto-Ramirez et al. in review).

These results suggest that the importance of habitat amount in the landscape decreases
towards the end of the population decline process, at which population extinction risk is
higher, but is high when population starts declining. Low sensitivity of occupancy to
reduction in habitat amount is supported by some hypothesis and models. On the basis of
empirical support with birds and mammals the random-sample hypothesis (Andrén,
1994), the regime-shift model (Pardini et al. 2010) and the conceptual model of Villard
and Metzger (2014) state that at under certain threshold of total habitat amount in the
landscape (~ 30%), the amount of habitat surrounding patches losses importance for
species persistence in the patch, because immigration rates become solely dependent on
habitat and/or landscape configuration. Betts et al. (2006, 2007) and Martensen et al.
(2012) have provided additional empirical support for this pattern studying the
distribution of forest bird populations in Canada and Brazil, respectively.

However, although habitat amount is less important for occupancy than for body
condition, its effect on occupancy might be more direct than that on body condition. This
was indicated by the small scale of effect (SoE) of habitat amount on occupancy (Prieto-
Ramirez et al. 2020), in contrast with the large SoE it had on body condition (Prieto-
Ramirez et al. in review). Large SoE of habitat amount on body condition may reflect its
influence on ecological processes determining prey abundance and availability (Bucher
and Entling 2011; Dormann et al. 2007), or on the exposure of lizards to euryoecous
predators, which, in case of being increased, reduces the time they can invest for feeding
activities, and therefore their body condition (Amo et al. 2007b). These processes may
occur at a large spatial scale and would indirectly affect the response of body condition to
habitat amount in a long time lapse (Manzer and Hannon 2005; Miguet et al. 2016). On
the contrary, the small SoE of habitat on occupancy (250 m) might reflect the necessity of
populations at the limit of persistence of having increased habitat amount in the vicinity
of the patch to support processes like foraging, which usually occur a small scales of effect
(Miguet et al. 2016; Suorsa et al. 2005). Additionally, as habitat amount is correlated with
attributes of landscape configuration like connectivity (Fahrig 2003), and habitat
configuration exerted an strong influence in occupancy of L. viridis in the core (Prieto-
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Ramirez et al. 2020), the small SoE of habitat amount of occupancy can also reflect the
importance of increasing habitat in the direct surrounding of patches to improve
connectivity.

In spite of the acknowledged importance of the relatively new research area of
Conservation Physiology (Cooke et al. 2013; Seebacher and Franklin 2012; Wikelski and
Cooke 2006) and its efforts to make spatially explicit links between anthropogenic
disturbances and physiological responses (Ellis et al. 2012), very few studies have related
aspects of species distribution (occupancy or abundance) with parameters of individuals’
physiological state (Maron et al. 2012; Navarro-Castilla et al. 2014). Moreover, this link
has never been reported for reptiles (Bergman et al. 2019) and only one study has tested
effects of habitat amount on both types of responses, distribution and physiological state,
across scales (Janin et al. 2011).

From the few available studies, the findings of Maron et al. (2012) are similar to the results
[ obtained (Prieto-Ramirez et al. 2020; Prieto-Ramirez et al. in review). They tested effects
oflocal and landscape parameters on the occupancy and physiological state of the eastern
yellow robin (Eopsaltria australis) in Australia, and found that occupancy was not
influenced by habitat amount, while physiological state was determined by the amount of
habitat surrounding each patch. On the contrary, results obtained by Janin et al. (2001),
who also tested effects of habitat amount across scales, are opposite to mine. In a
fragmented landscape in France, they found that the occurrence of the common toad (Bufo
bufo) in ponds was affected by the surrounding habitat amount (forest) at a large scale,
but not by habitat configuration, while its body condition was affected by habitat amount
at a small scale. Occupancy is highly dependent on inter-population processes, and
therefore, in the case of being more dependent on habitat amount than on configuration,
it is expected that the SoE of habitat amount capturing these processes be large.
Additionally, in the case of the common toad the response of pond occupancy to loss of
forest can be delayed by the fact that the pond to which adults come back to reproduce is
still available; this delayed response would then most probably be captured at a large
spatial scale (Janin et al. 2011). On the other hand, physiological state of amphibians is
highly dependent on pond conditions and within population processes, which are more
influenced by the directly adjacent habitat, resulting in a small SoE of habitat amount on
body condition (Janin et al. 2011; Unglaub et al. 2018). Effects of habitat amount on
different responses are highly species- and landscape-specific (Fischer and Lindenmayer
2007; Miguet et al. 2016), which makes it difficult to find trends through taxa, regions and
levels of habitat loss. However, the lack of studies linking information about individuals’
physiological state and populations’ distribution is the main impediment to progress on
the understanding of proximal mechanisms related to the population decline process in
modified landscapes (Bergman 2019; Ellis et al. 2012)

Lastly, the populations I surveyed for morphological analysis (Prieto-Ramirez et al. in
review) were not genetically differentiated, which suggests some degree of connectivity
(Nemitz-Kliemchen et al. 2020), and they were among the largest ones (high encounter
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rates and density, unpublished data). Despite this, my results can be extrapolated to the
other populations studied for occupancy (Prieto-Ramirez et al. 2020), because in more
isolated populations the amount of cropland surrounding patches would be much higher
and their effects on body condition likely would have the same direction and probably
would be stronger. The decline of these populations would then be exacerbated by even
lower connectivity and exchange of individuals, generating then an stronger effect on
body condition.

Occupancy vs FA: Edge effect, isolation, habitat quality and habitat amount

My results from occupancy analysis (Prieto-Ramirez et al. 2020) and FA (Prieto-Ramirez
et al. in review) show differences in the effects of isolation, edge, habitat quality and
habitat amount. I found that occupancy in the core was positively influenced by edge
(positive perimeter effect and negative patch area effect), while its effect on
developmental stability was negative (positive effects of perimeter/area ratio and
negative effects of patch area on FA). Also, my results show a positive effect of isolation
on occupancy but negative effect on developmental stability (positive on FA).
Furthermore, habitat amount and vegetation structure (characteristic of habitat quality)
were not of paramount importance for occupancy, but their interaction had significant
positive effects on developmental stability (negative effect on FA), and were important
factors reducing, and in some cases even reversing, the negative effects of isolation,
cropland and urban areas on developmental stability.

Positive edge effects on the persistence of lizards’ populations are often found to be
related to thermoregulatory benefits (Delgado Garcia et al. 2007; Sato et al. 2014, Vignoli
etal. 2009). However, small patches with a greater portion of edge have a higher exposure
to the abiotic conditions in the matrix, and thus, are more susceptible to changes in
microclimatic conditions (Hatfield et al. 2020; Murcia 1995; Ries et al. 2004) that can
eventually affect the development of individuals, as demonstrated in experimental studies
in lizards (Brafia and Ji 2000; Ji et al. 2002; Zhdanova and Zakharov 2006). In other
species, geometric characteristics defining edge have also been found to increase levels of
FA. Pilia (2011) found that FA of carabid beetles increased with the proximity to patch
edge, and in the fence lizard (Sceloporus occidentalis) Tull and Brussard (2007) found a
negative effect of edge on FA of bilateral head-scale patterns due to environmental stress
related to proximity to roads. Also, Mgller (1995) and Helle et al. (2011) found increased
FA of feather length with reduced patch size on blackbirds (Turdus merula) and
treecreepers (Certhia familiaris), respectively.

Regarding isolation, for several species, including lizards, it has also been reported not to
have a negative effect on occupancy (Bell and Donnelly 2007; Krauss et al. 2004; Moore
and Swihart 2005; Santos et al. 2008; Urban and Swihart 2009), an outcome that is highly
landscape-dependent, because effects of isolation are moderated by the landscape
structure (eg. habitat amount) resulting from habitat loss (Fahrig, 2003; Andrén, 1994;
Pardini et al. 2010; Villard and Metzger, 2014). On the contrary, in the case of FA, most
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studies testing effects of isolation have found negative impact (Bancila et al. 2010; Helle
et al. 2011; Ljubisavljevi¢ et al. 2005; Sarre 1996). Moreover, the few available
information about the effects of isolation on both occupancy and FA in other species is in
agreement with my results. Patch occupancy of the Eurasian treecreeper (Certhia
familiaris) in central Finland was found not to be affected by an index of habitat
fragmentation which included isolation (Suorsa et al. 2005), but in the same study area
FA of primary wing feathers was affected by isolation (Helle et al. 2011). Similarly, the
occupancy of habitat remnants by the gecko Oedura reticulate in the Western Australian
wheatbelt was found to be unaffected by isolation (Sarre et al. 1995), while, in the same
study area, the levels of FA of supra and infra labial scales in isolated populations were
higher compared to those of populations in inhabiting continuous habitat (Sarre 1996).
The lack of importance of habitat amount and vegetation structure for occupancy is most
probably related to the fact that Lacerta viridis in this region is a generalist species and
can use a broad variety of habitats with different vegetation structures (Vacheva et al.
2020), and therefore these parameters are not limiting factors for the persistence of
populations in this region (Prieto-Ramirez et al. 2020), a pattern also found in other
species (Devictor et al. 2008; Piittker et al. 2013; Carrara et al. 2015). However, habitat
amount and vegetation structure were found to be important for the developmental
stability of individuals. The habitat surrounding patches and the vegetation structure into
patches are important factors regulating temperature and humidity within patches and
buffering the influence of external conditions (Arroyo-Rodriguez et al. 2017; Suggitt et al.
2011), thus reducing environmental stress affecting developmental stability. In the
treecreeper populations (Certhia familiaris) in Finland habitat amount surrounding
patches was also reported to reduce levels of FA (Helle et al. 2011), and Lens et al. (1999)
found that reduced vegetation structure increased levels of FA in afro-tropical bird
species in Kenya.

Some of the symmetric traits that [ studied have direct links with fitness parameters in
lacertid lizards, and have the potential to trigger effects on population status. FA in front
and hind legs is associated to reduced locomotor performance (Brafia and Ji 2000) and
escape behavior (Martin and Lopez 2001), and in Podarcis siculus Vervust et al. (2009)
reported a negative relation between FA in several meristic and metric traits in the head
and exertion capacity -the time before exhaustion when being chased. Reduced escape
capacity can affect survival probability, especially if lizards are exposed to increased
predation risk. By its side, femoral pores have an important role in mate choice in lizards
due to the secretion of pheromones, which serve as chemical cues informing females
about males’ quality and age (Martin and Lépez 2006; Nisa-Ramiro et al. 2019), hence FA
in this trait can significantly reduce the chances of males of being selected by females
(Martin and Lopez 2000), and thus could affect males’ reproductive output. For some
symmetric traits, like supracilliary scales, the link with fitness parameters might be more
indirect (Leung and Forbes 1996) through linkage to organism-wide processes
(Gangestad and Thornhill 1999) that coordinate developmental stability and homeostasis
of characters that directly affect fitness traits (Zakharov et al. 2001), like growth rate and
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patterns of oxygen consumption and energy expenditure for development (Brafia and Ji
2000; Ji et al. 2002).

Thus, I found that isolation and edge effects, although not having negative effects on the
distribution of populations of L. viridis, do have the potential of negatively affect
populations through their effects on individuals’ developmental stability at an early stage
of the population decline process. Moreover, those effects might be principally modulated
by the environmental conditions in the landscape surrounding the patch (determined by
the amount of habitat around the patch), by the exposure of the patch to those conditions
(defined by patch geometric characteristics) and by the quality of the patch, which
increases with increasing diversity of vegetation layers. Information about effects of
landscape structure and configuration on both, occupancy and FA, is only available for
very few species. Therefore, the discussion regarding the possible trade-offs to be met in
landscape management plans when contrasting effects of a given landscape parameter on
occupancy and FA exist, is still missing. In the specific case of L. viridis (but also applicable
to other reptile species), a middle way between the environmental demands for stable
development, thermoregulation and availability of resource demands and population
persistence necessities can be met by increasing habitat in the surrounding landscape and
increasing patch size and reducing edge, while maintaining levels of vegetation structure
that offer sufficient open spots, but also refuge and shaded places, to fulfill
thermoregulatory demands of lizards.

Finally, although a common link between population decline and FA reported in the
literature is through reduced developmental stability due to genetic stress caused by
small population size (e.g. Berggren, 2005), it is important to consider that the opposite
direction in the cause - effect relation can also be possible, especially in populations that
still have relatively high levels of genetic variability but that are exposed to impaired
environmental conditions.

6.4. Perspectives for species distribution models
Habitat loss in the periphery and species’ response to climate change

Theory predicts that stable range limits are formed when populations in the periphery
lack adaptive potential to further expand. Spatial range expansion models suggest this is
due to a decreasing abundance gradient from the core to the periphery that results in
peripheral populations being smaller, having lower genetic variability, being more
isolated, and therefore, having higher vulnerability to genetic drift and demographic
stochasticity, which hamper adaptation and expansion, thus creating a range limit (Bahn
et al. 2006; Guo et al. 2005; Vucetich and Waite 2003). Additionally, models based on
environmental heterogeneity suggest that environmental suitability decreases from the
core to the periphery and that range limits are at the edge of the fundamental niche of
species, what is called range limits at equilibrium (Pulliam 2000). The lower
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environmental suitability, together with lower population size and genetic variability, will
reduce even more the adaptive capacity of these populations (Sexton et al. 2009).

Non-locally adapted reptile populations in temperate regions usually experience
maximum temperatures that are further from their physiological upper thermal limits,
compared to low latitudinal and core populations (Araujo et al. 2013; Sunday et al. 2010).
Therefore, under climate change northern peripheral populations are predicted to profit
from novel, more climatically suitable environments that would be similar to conditions
closer or at the core (Deutsch et al. 2008; Le Galliard et al. 2012), thus expanding or
shifting the species’ range. In order to track climatic conditions individuals must be able
to move through the landscape, and therefore habitat availability and landscape structure
in peripheral regions is enormously important for species’ ability to cope with climate
change by range shifts (Hof et al. 2011; Opdam and Wascher 2004). Hence, several studies
predicting range shift under scenarios of climate change have included measures of
habitat availability as predictor factors for future species distribution (e.g. Ballesteros-
Barrera et al. 2007; Melles et al. 2011). However, such measures are usually calculated at
large scales and lack of the landscape perspective necessary to understand the effect of
landscape structure on dispersal, demographic parameters and (meta)population
dynamics at the scales at which these processeses occur (Sexton et al. 2009). Hence, the
inclusion of landscape structure parameters in peripheral regions (e.g. Naujokaitis-Lewis
et al., 2013, Fourcade et al. 2017) where the species might be more vulnerable to habitat
loss due to a higher specialization degree, can potentially change predictions of future
range shifts under climate change.

Inclusion of intraspecific differences to model regional species distribution

Another potential for the improvement of predictive power of species distribution models
(SDM) is the inclusion of the difference in the realized niche and (micro)habitat selection
in the periphery compared to the core. The vast majority of SDM infer niche from
correlation between presence data and environmental conditions (usually climatic
and/or habitat), and assume a homogeneous sensitivity and response of species across
the distribution range, thus failing to capture intraspecific differences that can highly
influence model output. Recently, some studies have proposed the inclusion of
intraspecific differences by constructing separate models for different lineages, habitats
or climatic zones (Chardon et al. 2019; Lecocq et al. 2019; Martin et al. 2020; Pefialver-
Alcazar et al. 2021), using these parameters as proxy for intraspecific niche differences.
All of these approaches report important improvement of intraspecific-based SDMs in
contrast to species-based SDMs. However, first, the ecological and spatial grain of those
studies is still very coarse, and therefore proxy measures like habitat and climatic zones
might lack ecological specificity, and second, these approaches apply the same basic
parameters to separate among groups without accounting for differences in the relative
importance of different environmental parameters in each region.
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[ propose that further improvements could be achieved through either increasing the
spatial resolution of proxy parameters like habitat or climatic zones, or by directly
including specific realized niche factors that are of higher relative importance in different
regions. The inclusion of high-resolution environmental data for SDMs has not only
proven to improve model’s accuracy, but also to increase ecological relevance by directly
relating to species microhabitat (Nezer et al. 2017). These could then more efficiently
capture differences among regions in a high spatial resolution approach. On the other
hand, generating information about realized niche differences between core and
peripheral regions allows knowing in advance, which are the most important factors to
be included in the SDMs in each region (e.g. radiation, vegetation type, slope,
temperature), thus solving spatial transferability problems of classical SDMs, which
usually do not incorporate differences in local habitat availability and local preferences
(Torres et al. 2015; Yates et al. 2018), and therefore do not reflect possible higher
specialization degree in peripheral regions.

Implication for predictions of Lacerta viridis’ range

Lacerta viridis experienced a rapid range expansion during the Holocene from several
Pleistocene refugia in the Balkans (Bohme et al 2007b; Marzahn et al. 2016).
Approximately 5000 years ago, populations are thought to have experienced a range
contraction during postglacial climatic oscillations and vegetation succession, giving
origin to the relict populations known today in Brandenburg and Bohemia (B6hme et al.
2006; Joger et al. 2010). Although local adaptation in both peripheral regions, Prague and
Passau, cannot be ruled out without experimental studies, my results on differential
microhabitat selection in each region (Prieto-Ramirez et al. 2018) together with the
known differences in seasonal activity patterns (Fischer and Rehak 2010; Grimm et al.
2014; Sagonas et al. 2018; Vaclav et al. 2007), suggest that plastic thermoregulatory
behavior might be an important mechanism responsible for the persistence of these
populations and the maintenance of possible stable range limits in the northern edge. This
means that in the periphery L. viridis might follow the pattern of reptile species at higher
latitudes tracking novel suitable environments during climate change (Joger et al. 2010;
Massot et al. 2012), and then the higher sensitivity of the species to habitat loss in this
region will play a very important role in the range shift response of the species.
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6.5. Conservation measures for Lacerta viridis in each region

In both peripheral regions (Passau and Prague) are being implemented protection
measures for some populations of L. viridis. In Passau the main applied measures are
related to the maintenance of open vegetation in Passau (Assmann 2002), and in Prague
most populations are located in nature conservation reserves where their habitat is
protected (Miroslav et al. 2008) and a monitoring and management program is being
applied for a single L. viridis population that inhabits the area where the Zoo of Prague is
located (Rehak 2015). Additional conservation measures to be implemented at broader
spatial scales, like the creation of corridors, have been suggested by other authors (B6hme
and Moravec 2011; Elbing et al. 1997; Nettmann and Rykena 1984), but until now no
conservation programs have been design with the purpose of protecting L. viridis across
the landscape. My research supports the importance of the currently applied measures
and suggests additional ones, which include the landscape and monitoring perspectives.

In all regions it is important to protect the remnant habitat for the species to prevent
further local extinctions. Additionally, I suggest to implement a monitoring program in
each region that evaluates the response of possible early warning indicators of negative
effects of habitat loss, especially of body condition and fluctuating asymmetry. Specific
conservation and management measures for each region are listed below.

Peripheral populations in Passau

e Maintain low vegetation in sites where the species already occurs in the valley
below cliffs, and also in the upper border of the cliff to increase the potentially
suitable area for the species.

e Create corridors along forest tracks or powerlines that facilitate connections
between suitable habitats below and above the cliffs, as well as with the habitat
along the riverbed of the Danube River.

Peripheral populations in Prague

e Increase matrix permeability by including hedges and line structures with
vegetation corresponding to the habitat at the borders of croplands, as well as the
inclusion of such structures through areas with humid grassland and dense
woodland, especially at small scales (<500 m).

e Increase the availability of edge in the patches by increasing patch size with linear
structures to maintain a high perimeter to area ratio.

e Keep low levels of vegetation structure especially in valley slopes, and prevent
overgrown vegetation in open woodlands and at the borders of dense woodland
areas to avoid losing habitat.
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e Evaluate the possibility of connecting populations in the valley slopes with river
bank vegetation of the Vltava River, currently separated by streets, as it might be
an important corridor augmenting connectivity.

Core Populations in Plovdiv and surroundings

e Protect the patches that are close to rivers and structurally connect with the river
bank those patches that are more distant to rivers, as well as protect and restore
river bank vegetation along the Maritza River and its tributary rivers.

e Asin the periphery, hedges and habitat lines surrounding crops could improve
permeability of the landscape.

e Protect the habitat surrounding patches, principally at a scale of 250 m, and
increase at least 10% of habitat at 750 m scales, as derived from predicted
occupancy probabilities at this scale.

e Maintain patches with large perimeter and also sufficient core area.

e Protect the vegetation structure in remnant patches, avoiding practices, like
grazing, that can diminish it.
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7. Summary

Habitat destruction due to land cover and land use changes is currently the most intense
pressure threatening global biodiversity, (Maxwell, 2016). As ectotherms, reptiles are
especially vulnerable to it due to its dependency on environmental conditions, which can
be affected by landscape modification (Meek, 1995; Larson, 2014; Keinath et al. 2017;
Saunders et al. 2017; ), and to their lower dispersal abilities and smaller home ranges
compared to other vertebrate taxa (Kearney et al. 2009). Species’ traits like specialization
have extensively been applied to identify species that might be more vulnerable to habitat
loss. However, traits cannot always be extrapolated across the distribution range of
species and failing to account intraspecific differences (eg. Brown, 1996) can lead to
erroneous predictions of species sensitivity. The Kiihnelt principle of regional stenoecy
(Kthnelt, 1965) states that due to a narrower range of available suitable habitats and
conditions in the periphery compared to the core, populations living at the periphery are
comparably more stenoecious or specialized than populations at the core. This
geographical-dependent intraspecific difference in specialization degree implies that
there are also differences in the sensitivity to habitat loss among peripheral and core
populations of the same species and that different conservation measures should be
applied in each region.

In my project I quantified niche size, microhabitat selection and vulnerability to habitat
loss of populations of the eastern green lizard Lacerta viridis living at the core and at the
northern periphery of its distribution range. I also identified individual’s morphological
and physiological parameters that are suitable as early warning indicators of negative
effects of habitat loss before populations dramatically decrease in size and eventually go
extinct. To do this, I combined extensive field data gathering in different regions of the
distribution range of L. viridis with advance statistical and spatial analysis approaches.
This allowed me to link processes occurring at different spatial levels (micro, remnant
habitat patch, landscape, region), different levels of biological organization (individuals
and populations) and different times (initial vs late stages of population decline), and to
identify the most important conservation measures to be applied for the protection of L.
viridis in each region.

[ found that northern peripheral populations have a higher specialization degree than
core populations, resulting not only from known climatic constraints, but also from
habitat restrictions, with a narrower range of habitats available to fulfill ecological and
thermal requirements. Thus, in the periphery, populations of L. viridis have a smaller and
differentiated niche compared to the core, and microhabitat used and parameters that
define microhabitat selection also differ among regions. L. viridis in the core used
microhabitats with a higher vegetation structure and microhabitat selection was defined
solely by abiotic parameters, while in the periphery, where radiation is lower, the species
responds to this pressure by selecting microhabitats with lower vegetation structure, and
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microhabitat selection is defined by vegetation structure parameters alone or in
combination with abiotic parameters.

Furthermore, [ found that differences in specialization degree among regions have direct
links with differences in vulnerability to habitat loss. First of all, persistence of peripheral
populations (occupancy probability) was more influenced by parameters of habitat
quality compared to the core. Second, single landscape composition parameters had a
stronger effect on the persistence of peripheral populations compared to populations in
the core, and the scale at which overall habitat loss -landscape structure plus patch
characteristics- had the strongest effect was much smaller in the periphery (50 m)
compared to the core (500 m). Third, landscape composition parameters determined the
persistence of peripheral populations, while in the core it was landscape configuration
parameters that affected occupancy the most, which implies possible differences in the
characteristics of the landscape that affect dispersal the most in each region. Fourth, my
results regarding patch characteristics in each region suggest different patterns of patch
habitat use that go in line with the microhabitat selection patterns found, with
populations in the core depending on both patch edge and interior, and populations in the
periphery being more edge specialist. Finally, these findings allowed me to identify
consistencies or differences in the parameters that were most important in processes at
variable spatial scales -microhabitat selection vs persistence in the patch- in each region,
and to link these patterns with responses at the individual and population level.

Regarding the identification of early warning indicators, I evaluated the effects of
landscape structure and patch characteristics resulting from habitat destruction on body
condition (BC), tick load and fluctuating asymmetry (FA; small deviations from symmetry
in symmetrical traits) of several metric and meristic traits of L.viridis individuals
inhabiting core populations. I found that BC increased with the proportion of habitat in
the landscape and decreased with the proportion of cropland; FA increased with loss and
conversion of habitat, reduction of patch size and increased isolation, and responses were
sex and age dependent for some traits; and tick load was positively affected by predictors
that can increase the burden of ticks in the landscape through its positive effects on tick’s
populations or on its host species density. My results suggest that BC and FA can be used
as early warning indicators of stress for populations of L. viridis facing habitat loss, and
that tick load is a trait suitable for monitoring and studying complex ecological
interactions among ticks and hosts populations in fragmented landscapes affecting the
tick load of lizards. Furthermore, I also found differences in the landscape and patch
characteristics parameters that affect persistence vs morphological and physiological
traits, suggesting differences in the attributes of habitat loss exerting the strongest
pressure at different stages of the population decline process.

In my final synthesis, I linked niche theory with habitat loss, microhabitat selection with
populations persistence in the landscape, and effects of habitat loss at early stages with
effects at late stages of the population decline process to understand differences in the
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response and tolerance to habitat loss of L. viridis in the core and northern periphery of
its distribution range, and set better conservation measures for its protection. Applying
niche theory to study effects of habitat loss allows accounting for intraspecific differences
in degree of sensitivity, by defining specialization as a mechanistic continuum trait rather
than a binary one, which changes across the distribution range of species. This is greatly
important to apply adequate conservation measures that account for the specific
characteristics of local populations. Furthermore, connecting effects of habitat loss at
initial and later stages of the population decline process enables to link spatial
distribution patterns of populations with the beginning of a chain of ecological effects that
start at the individual level and end up at the population-level response to habitat loss.
Therefore, it becomes necessary to identify individual’s characteristics that are easily
gathered and can be the basis of monitoring programs aimed to avoid populations decline
and local extinctions.

My findings are a contribution to the conservation measures applied to protect
populations of L. viridis in the studied regions, with special novel imputs in the measures
to be applied at the landscape scale and the individuals’ parameters suitable to be used in
possible future monitoring programs. Furthermore, this research highlights the
importance of accounting for intraspcific differences in vulnerability to habitat loss,
resulting from variable geographicaly-dependent specialization degree of populations,
when studying effects of habitat destruction. Finally, this study has conceptual
reprecussions on the the spatial and temporal predictions of species distribution models,
as well as predictions of range expansion and contraction in the face of synergistic effects
between habitat loss and climate change, none of which usually accounts for intraspecific
differences in niche size and microhabitat selection.
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9. Supporting information
9.1. Supporting information to Chapter 3

Appendix S1: Correlations and variance inflation factor (VIF)

Table S1.1. Correlations and variance inflation factor (VIF) of continuous variables in the dataset used for
comparison of microhabitats among regions (all regions included). Spearman rank correlation and
Pearson correlation were applied for vegetation structure and abiotic parameters, respectively.

Vegetation structure

Spearman Rank Correlation VIF

Herbs1 Herbs2 Herbs3 Woody Woody Dryleaves Rocks_ Bare soil Way Branches

plants<2m plants>2m trunks
Herbs1 1 2.555
Herbs2 -0.504 1 2.701
Herbs3 -0.297 0.142 1 2.125
\F’)\I’;?g{m 0.051 -0.236 -0.259 1 1.490
\F’)\I’;?g{m 0.060 -0.145 -0.325 0.187 1 1.409
Dry leaves 0.051 -0.185 -0.177 -0.082 0.157 1 1.463
Rocks_trunks -0.117 0.082 0.045 -0.192 -0.192 0.064 1 1.281
Bare soil -0.022 -0.185 -0.179 0.036 0.105 0.134 -0.073 1 1.283
Way -0.020 -0.081 0.053 0.006 -0.129 -0.153 -0.145 -0.158 1 1.901
Branches 0.227 -0.120 -0.182 -0.131 0.229 0.209 -0.057 0.136 0.107 1 1.302
Abiotic parameters
Pearson Correlation VIF
Temperature Soll S-N W-E Slope  Radiation
compaction  aspect aspect

Temperature 1 1.084
Soil compaction -0.061 1 1.226
S-N aspect 0.087 -0.075 1 1.079
W-E aspect 0.049 -0.057 -0.031 1 1.027
Slope 0.123 -0.166 -0.218 0.114 1 1.131
Radiation -0.241 0.408 -0.047 -0.134 -0.186 1 1.302
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Table S1.2. Correlations and variance inflation factor (VIF) of continuous variables in the core Plovdiv.
Spearman rank correlation and Pearson correlation were applied for vegetation structure and abiotic
parameters, respectively. VIF* are values obtained after removing Herbs 2.

Vegetation structure

Spearman Rank Correlation VIF VIF*
Herbsl1 Herbs2  Herbs3  Woody Woody Dry Rocks_ Bare soil Way Branches
plants<2m plants>2m leaves trunks

Herbs1 1 14.039 1.275
Herbs2 -0.481 1 17.740

Herbs3 -0.238 -0.109 1 8.525 1.347
:;Y;ﬁg{m -0.122 -0.282  -0.222 1 6.721 1.212
:;Y;ﬁg{m -0.038 0170 -0.204  -0.141 1 5212 1.193
Dry leaves 0.023 -0.184 -0.107 -0.031 0.068 1 2.297 1.031
Rocks_trunks  -0.066 -0.089 -0.073 0.008 -0.111 -0.056 1 2771 1.069
Bare soil -0.071 -0.176 -0.180 0.207 -0.019 -0.078 -0.056 1 3.340 1.140
Way -0.178 -0.186 0.017 -0.070 -0.082 -0.009 -0.075 -0.148 1 5.231 1.112
Branches 0.270 -0.055 -0.149 -0.195 0.212 0.033 -0.061 -0.118 -0.011 1 1.188 1.184

Abiotic parameters

Pearson Correlation VIF

Temperature Soil S-N W-E Slope Radiation

compaction aspect aspect

Temperature 1 1.057
Sgrlrlmaction 0.130 1 1.285
S-N aspect 0.059 0.019 1 1.121
W-E aspect 0.057 0.077 -0.103 1 1.040
Slope -0.024 -0.001 -0.264 -0.053 1 1.172
Radiation 0.050 0.194 -0.043 -0.039 0.054 1 1.078
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Table S1.3. Correlations and variance inflation factor (VIF) of continuous variables in the periphery
Passau. Spearman rank correlation and Pearson correlation were applied for vegetation structure and

abiotic parameters, respectively.

Vegetation structure

Spearman Rank Correlation VIF
Herbsl1 Herbs2  Herbs3 Woody Woody Dryleaves Rocks_ Bare soil Way Branches
plants<2m  plants>2m trunks
Herbs1 1 2.271
Herbs2 -0.298 1 2.491
Herbs3 -0.127 0.015 1 2.125
;Y:ﬁg{m 0.141 -0.157  -0.374 1 1.218
:;Y;ﬁg{m 0.055 0214  -0.313 0.243 1 1.163
Dry leaves -0.192 -0.279 -0.485 0.227 0.303 1 2.419
Rocks_trunks  -0.320 -0.073 0.080 -0.215 -0.180 0.041 1 1.057
Bare soil 0.029 -0.048 0.106 0.056 -0.044 -0.130 -0.185 1 1.100
Way -0.080 0.078 0.047 -0.113 0.047 -0.113 -0.153 -0.081 1 1.035
Branches 0.179 -0.204  -0.260 0.227 0.153 0.184 -0.289 -0.073 -0.003 1 1.325
Abiotic parameters
Pearson Correlation VIF
Temperature Soil S-N W-E Slope Radiation
compaction  aspect aspect

Temperature 1 1.414
E(())rlrlmaction 0.131 L 1179
S-N aspect 0.037 -0.150 1 1.119
W-E aspect -0.026 -0.135 0.176 1 1.250
Slope 0.151 -0.064 -0.144 0.285 1 1.276
Radiation -0.224 -0.091 -0.025 -0.102 -0.168 1 1.536
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Table S1.4. Correlations and variance inflation factor (VIF) of continuous variables in the periphery
Prague. Spearman rank correlation and Pearson correlation were applied for vegetation structure and

abiotic parameters, respectively.

Vegetation structure

Spearman Rank Correlation VIF
Herbsl Herbs2 Herbs3 Woody Woody Dryleaves Rocks_ Bare soil Way Branches
plants<2m plants>2m trunks
Herbs1 1 1.770
Herbs2 0.336 1 1.371
Herbs3 -0.140 0.191 1 1.593
:;Y;ﬁg{m -0.040 -0.056  -0.396 1 1.237
;Y:ﬁg{m -0.170 0357  -0.271 0.147 1 1.405
Dry leaves -0.290 -0.491 -0.399 0.103 0.418 1 2.166
Rocks_trunks  -0.027 0.143 -0.074 -0.080 -0.073 -0.151 1 1.159
Bare soil -0.164 -0.281 -0.052 -0.047 0.217 0.096 -0.229 1 1.274
Way -0.090 0.078 0.083 0.082 -0.014 -0.017 -0.187  -0.247 1 1.058
Branches -0.121 -0.502 -0.378 0.176 0.567 0.568 -0.151 0.094 -0.072 1 1.845
Abiotic parameters
Pearson Correlation VIF
Temperature Soll S-N W-E Slope  Radiation
compaction  aspect aspect

Temperature 1 1.107
Sgrlrlmaction 0.053 1 1.446
S-N aspect -0.012 -0.042 1 1.081
W-E aspect -0.056 -0.166 -0.075 1 1.559
Slope 0.154 -0.032 -0.518 0.029 1 1.909
Radiation -0.099 0.207 0.104 0.059 -0.320 1 1.681
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Appendix S2 - Correction of spatial autocorrelation of residuals (SACR)
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Figure S2.1. Process of detection and correction of spatial autocorrelation of model’s residuals (SACR) though
principal coordinates of neighbor matrices (PCNM) applied to each global GLMM in the analysis of
microhabitat selection. See text for detailed description.

SACR was tested with Moran’s index estimated with the ‘Moran.I’ function in ‘ape’
package of R, Moran’s I correlograms by using ‘correlog’ function in ‘ncf package, and
autocorrelation of residuals with the ‘acf’ function of the ‘nlme’ package. For the
correlogram the function to build lags was set at 100 m and p-values and correlation
directions (positive or negative) were checked to estimate at which scale SACR was
present. This study focuses on habitat selection at the micro-scale, therefore the
presence of SACR was checked at a maximum scale of 1 km. SACR further than 1 km was
assumed to be related with ecological processes occurring at broader scales.

The PCNM analysis was performed with the ‘pcnm’ function in the Vegan package.
Maximum distance of the lag at which SACR was detected in the correlogram, was set as
truncation distance for the PCNM. Only positive PCNM were used in further analysis.
Because the PCNM analysis usually generates many eigenvectors (72-81 positive
eigenvectors in our models), the number of PCNM to be added into the model as
predictors was reduced through a two-steps process (Fig. S2.1). The first step was a
forward selection based on AIC for binomial GLMs with the global model containing only
all positive PCNM as scope (Ficetola and Padoa-Schioppa 2009; Sokol et al. 2013). In the
second step, the selected PCNM (7 to 10 in our models) were included one by one into
the global GLMM containing all other variables (vegetation structure or abiotic
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parameters), and step forward selected by testing correction of SACR with Moran’s I
index, Moran’s correlograms and residuals’ autocorrealtion at each step (Dray et al
2006; Griffith and Peres-Neto 2006). Thus, the combination with the smaller number of
PCNM that successfully corrected for SACR was finally used for further analysis (Marrot
etal. 2015).

For the core area no SACR of model residuals was found in any global model (Table S3.1.
Vegetation structure: Moran’s [ = 0.28; abiotic parameters: Moran’sl = 0.31;
combination: Moran’s [= 0.31).

For peripheral populations in Passau, SACR was found in the global model of vegetation
structure (Moran’s I = 1.46e97) at a scale of ~700 m. A total of 81 positive PCNM were
obtained, from which 10 were selected in the first step and three (16, 22, 9) in the
second step, correcting successfully for SACR (Moran’s I = 0.17). Regarding abiotic
parameters in Passau, SACR was also found at a scale of ~700 m (Moran’s [ = 1.33e15). A
total of 77 PCNM were obtained, from which seven were selected in the first step and
four PCNM (22, 44, 6, 1) corrected for SACR in the second step (Moran’s I = 0.68). In
both sets, all selected PCNM were found to be important for the microhabitat selection
after model averaging (Table S3.2). Therefore, when pulling together variables of both
sets, the included PCNM already accounted sufficiently for SACR, and no other PCNM
analysis was necessary. Only PCNM 22 of the set of vegetation structure was removed
given the model could not converge, but all other PCNM still corrected for SACR
(Moran’s I = 0.75).

In the periphery in Prague, SACR was not detected with Moran'’s I in any set of variables
(vegetation structure: Moran’s I = 0.98; abiotic parameters: Moran’s | = 0.17). However,
in the set of abiotic parameters, SACR was detected by the ‘acf’ function and the Moran's
correlogram at a scale of 600 m. A total of 72 PCNM were obtained, and from those eight
were selected in the first step and three (72, 42 and 1) in the second (Table S3.3). In the
second step selection was based on reduction of SACR tested with the ‘acf’ function and
Moran’s correlograms. In the global model combining most important variables of both
sets, no SACR was detected.

References

Dray S, Legendre P, Peres-Neto PR (2006) Spatial modelling: a comprehensive
framework for principal coordinate analysis of neighbour matrices (PCNM).
Ecological Modelling 196: 483-493.

Ficetola GF, Padoa-Schioppa E (2009) Human activities alter biogeographical patterns
of reptiles on Mediterranean islands. Global Ecology and Biogeography 18: 214-
222.

Griffith DA, Peres-Neto PR (2006) Spatial modeling in ecology: the flexibility of
eigenfunction spatial analyses. Ecology 87: 2603-2613.

148



Marrot P, Garant D, Charmantier A (2015) Spatial autocorrelation in fitness affects the
estimation of natural selection in the wild. Methods in Ecology and Evolution 6:
1474-1483.

Sokol ER, Herbold CW, Lee CK, Cary SC, Barrett JE (2013) Local and regional influences
over soil microbial metacommunities in the Transantarctic Mountains. Ecosphere
4:1-24.

Appendix S3: Individual models of vegetation structure and abiotic parameters for the
comparison of microhabitats among regions

Table S3.1. Variables selected through model averaging of multinomial models for comparison of
microhabitats among regions. Estimates, standard errors (SE) and relative variable importance (RVI) are
shown for individual sets of variables: vegetation structure and abiotic parameters. Estimates and SE
correspond to Passau (Pa) and Prague (Pr) in comparison with the core Plovdiv

Variables Pa Pr RVI
Estimates SE Estimates SE

Vegetation structure

Intercept 3.78 1.14 5.86 1.19

Way -8.47 3.04 -7.24 2.3 1
Woody plants <2m -21.31 7.4 -11.88 3.42 1
Woody plants >2m -9.93 3.09 -14.09 3.7 1
Herbs 1 -5.69 1.53 -6.11 1.43 1
Herbs 3 -3.69 1.47 -10.14 2.69 1
Herbs 2 -3.716 1.33 -9.46 1.92 1
Rocks_trunks 1.22 251 0.34 1.56 0.26
Branches -0.77 2.03 0.09 0.62 0.21
Bare soil -0.98 2.58 -0.32 1.27 0.17
Abiotic parameters

Intercept -4.46 7.27 -14.78 8.38

Radiation -0.5 0.09 -0.53 0.1 1
Slope 1.09 0.5 1.83 0.56 1
Soil compaction -3.35 1.17 -4.16 1.28 1
Temperature 5.33 5.04 12.72 5.82 0.75
S-N aspect -0.21 0.48 -0.03 0.3 0.25
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Appendix S4: Individual models of vegetation structure and abiotic parameters for the
analysis of microhabitat selection in each region

Table S4.1. Variables selected in the model averaging of generalized linear mixed model for habitat
selection in the core in Plovdiv. Estimates, standard errors (SE) and relative variable importance (RVI) are
shown for individual sets of variables: vegetation structure and abiotic parameters.

Variable Estimate SE RVI
Vegetation structure

(Intercept) -3.69633 5.78002

Rocks_trunks 1.77245 4.56812 0.28
Dry leaves 1.38069 4.44620 0.21
Herbs 1 0.17198 0.57128 0.17
Woody plants >2m 0.14448 0.77958 0.09
Way 0.08823 0.62003 0.08
Herbs 3 0.04485 0.41898 0.07
Bare soil -0.04813 0.63451 0.07

Abiotic parameters

(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
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Table S4.2. Variables selected in the model averaging of generalized linear mixed model for habitat
selection in the periphery in Passau. Estimates, standard errors (SE) and relative variable importance
(RVI) are shown for individual sets of variables: vegetation structure and abiotic parameters. PCNM:
Principal coordinates of neighbor matrices correcting for spatial autocorrelation.

Variable Estimate SE RVI
Vegetation structure

(Intercept) -40.284 16.358

Bare soil 33.719 26.467 1
Branches -37.81 24.41 1
pcnml16 47.383 23.083 1
pcnm22 238.556 104.436 1
pcnm9 -64.229 34.589 1
Way 58.026 39.074 1
Herbs 3 11.665 6.037 1
Herbs 2 1.2788 2.0666 0.28
Herbs 1 -1.2137 3.63 0.20
Dry leaves -0.8665 3.71 0.15
Abiotic parameters

(Intercept) -2.32E+002 3.23E-003

pcnml 4.03E+002 5.98E+001 1
pcnm22 3.66E+002 6.97E+001 1
pcnm44 -1.12E+002 7.31E+002 1
pcnmé6 -2.20E+002 5.25E+001 1
Temperature 1.27E+002 3.13E-003 1
S-N aspect -1.69E+001 3.13E-003 0.81
W-E aspect 2.24E+001 3.13E-003 0.81
Soil compaction 11.694 18.133 0.55
Slope -1.057 2.98 0.17
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Table S4.3. Variables selected in the model averaging of generalized linear mixed model for habitat
selection in the periphery in Prague. Estimates, standard errors (SE) and relative variable importance
(RVI) are shown for individual sets of variables: vegetation structure and abiotic parameters. PCNM:
Principal coordinates of neighbor matrices correcting for spatial autocorrelation.

Variable Estimate SE RVI
Vegetation structure

(Intercept) -111.23 78.38

Way 50.04 51.16 1
Herbs 1 72.74 71.43 1
Herbs 2 1575.42 1826.46 1
Branches 20.88 19.67 0.94
Herbs 3 -317.15 432.45 0.84
Woody plants >2m 28.88 39.67 0.77
Bare soil 61.41 67.36 0.74
Rocks_trunks 127.38 323.9 0.51
Woody plants <2m -288.39 507.12 0.47
Dry leaves 01.07.62 48.46 0.27

Abiotic parameters

(Intercept) -5.2368 5.403

pcnml -13.626 10.2763 1
Slope 1.671 0.7394 0.9
pcnm72 -3.70848 6.41181 0.6
pcnm42 7.32409 12.17195 0.58
Radiation -0.14635 0.18696 0.56
Soil comp action -1.97249 2.64025 0.53
S-N aspect 0.07441 0.35289 0.11
Temperature 0.8315 4.06023 0.09
W-E aspect -0.01027 0.13885 0.02
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9.2. Supporting information to Chapter 4

Appendix S1. Distribution of variables representative of habitat configuration in each
region
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Appendix S2. Location of habitat patches surveyed in each region

Core

Patch latitud longitud
1 42.1543 24.7331
2 42.1447 24.7384
3 42.1367 24.7307
4 42.1424 24.7005
5 42.1558 24.7519
6 42.1530 24.7341
7 42.1457 24.7467
8 42.1639 24,7627
9 42.1616 24.7702
10 42.1612 24,7716
11 42.1597 24.7760
12 42.1622 24,7972
13 42.1560 24.7639
14 42.1486 24.7074
15 42.1529 24.7065
16 42.1585 24.7222
17 42.1587 24,7194
18 42.1573 24.7179
19 42.1611 24.7159
20 42.1684 24,7155
21 42.1762 24.7112
22 42.1813 24.7156
23 42.1641 24.7708
24 42.1904 24,7691
25 42.1951 24.7754
26 42.1986 24.7590
27 42.2315 24,7751
28 42.2190 24.7853
29 42.1248 24.8670
30 42.1510 24.8828
31 42.1520 24.8169
32 42.1246 24.8686
33 42.1936 24.8213
34 42.2123 24.8676
35 42.2286 24.8579
36 42.2246 24.8831
37 42.2060 24.8987
38 42.1997 24.8894
39 42.2262 24.8482
40 42.1984 24.8883
41 42.2119 24.8665
42 42.2387 24.7159
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Periphery
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Latitud

50.1324
50.1372
50.1179
50.1469
49.9542
49.9616
50.0178
50.0004
50.0141
50.0104
49.9439
50.0909
50.0835
50.0713
50.0716
50.059

50.0656
50.0657
50.0596
50.0623
49.9877
49.9857
49.9843
49.9782
49.9574
50.0313
50.0408
50.0452
50.0533
50.0404
49.9643
49,9553
50.1452

Longitud
14.4002
14.403
14.4023
14.3794
14.4185
14.414
14.4141
14.3784
14.3857
14.3727
14.4111
14.3421
14.3537
14.3284
14.3657
14.3456
14.3339
14.3806
14.3901
14.399
14.3565
14.38
14.3726
14.4013
14.4019
14.3253
14.371
14.3938
14.3861
14.3997
14.42
14.3865
14.4014
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Appendix S3. Maps of classified land cover classes in each region

Land cover classes in the core
[ Bare soll
[ Crops_pastures
Grassland
Rocky_veg
I Shrubland
I Trans_veg
~ Urban

I Water
Il Woodland
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Land cover classes in the periphery
Il Bare_rock
I Crops_pastures
I Dense woodland
Dry grassland
Humid grassland
I Cpen woodland
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Appendix S4. Models for detection probability in each region. Variables were included
to model only detection probability (p) while maintaining occupancy probability (psi)
constant.

Model AlCc AAIC weight
Core

p(day+veg_str+area), psi(.) 96.72 0 0.244
p(day+veg_str), psi(.) 96.99 0.27 0.213
p(area), psi(.) 97.6 0.87 0.157
p(day), psi(.) 98.08 1.35 0.124
p(veg_str+area), psi(.) 98.43 1.71 0.104
p(day+area), psi(.) 98.63 1.9 0.094
Periphery

p(area+veg_str), psi(.) 49.15 0.00 0.28
p(day+area+veg_str), psi(.) 49.53 0.38 0.23
p(), psi(.) 49.65 0.50 0.22
p(day+veg_str), psi(.) 50.52 1.37 0.14
p(veg_str), psi(.) 50.53 1.37 0.14
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Appendix S5. Spearman rank correlations of no scale dependent variables in each region.

Core
Area  Perimeter Per_Area Shape_index CAl_5m CAI_10m CAIl_25m CAIl_51m CAI_75m CAI_100m Veg_str Radiation Np_dist dist_river

Area 1 0.361 -0.839 0.442 0.676 0.660 0.681 0.755 0.763 0.692 0.186 0.333 -0.103 -0.087
Perimeter 0.361 1 0.038 0.249 0.202 0.196 0.213 0.263 0.270 0.175 -0.095 0.233 0.071 0.138
Per_Area -0.839 0.038 1 -0.091 -0.814 -0.798 -0.794 -0.798 -0.762 -0.699 -0.418 -0.364  0.009 -0.053
Shape_index 0.442 0.249 -0.091 1 -0.312 -0.331 -0.280 -0.126 -0.072 -0.095 -0.477 -0.139  -0.353 -0.573
CAI_5m 0.676 0.202 -0.814 -0.312 1 0.995 0.961 0.897 0.853 0.802 0.573 0.508 0.184 0.348
CAI_10m 0.660 0.196 -0.798 -0.331 0.995 1 0.973 0.909 0.863 0.802  0.582 0.513 0.191 0.354
CAI_25m 0.681 0.213 -0.794 -0.280 0.961 0.973 1 0.955 0.911 0.817 0.550 0.452 0.206 0.344
CAI_51m 0.755 0.263 -0.798 -0.126 0.897 0.909 0.955 1 0.955 0.845 0.441 0.404 0.203 0.283
CAI_75m 0.763 0.270 -0.762 -0.072 0.853 0.863 0.911 0.955 1 0.892  0.347 0.327 0.197 0.229
CAI_100m 0.692 0.175 -0.699 -0.095 0.802 0.802 0.817 0.845 0.892 1 0307 0.284 0.142 0.138
Veg_str 0.186 -0.095 -0.418 -0.477 0.573 0.582 0.550 0.441 0.347 0.307 1 0.498 0.175 0.333
Radiation 0.333 0.233 -0.364 -0.139 0.508 0.513 0.452 0.404 0.327 0.284  0.498 1 0410 0.283
np_dist -0.103 0.071 0.009 -0.353 0.184 0.191 0.206 0.203 0.197 0.142  0.175 0.410 1 0.415
dist_river -0.087 0.138 -0.053 -0.573 0.348 0.354 0.344 0.283 0.229 0.138  0.333 0.283 0.415 1
Periphery
Area  Perimeter Per_area Shape_index CAl_5m CAI_10m CAIl_25m CAI_50m CAI_75m CAI_100m Veg_str Radiation Slope Np_dist

Area 1 0.039 -0.892 0.552 0.064 0.067 0.091 0.046 0.031 -0.040 0.186 0.058 0.223 -0.400
Perimeter 0.039 1 0.290 -0.028 0.037 0.040 0.067 0.013 0.061 0.096  0.175 0.151  0.103 -0.094
Per_area -0.892 0.290 1 -0.332 0.031 0.027 0.015 0.064 0.111 0.202 -0.104 0.041 -0.237 0.317
Shape_index  0.552 -0.028 -0.332 1 0.252 0.252 0.280 0.323 0.327 0.302  0.245 0.037 -0.021 -0.358
CAI_5m 0.064 0.037 0.031 0.252 1 0.999 0.979 0.902 0.859 0.796 -0.220 0.111 -0.161 -0.106
CAI_10m 0.067 0.040 0.027 0.252 0.999 1 0.982 0.906 0.864 0.800 -0.206 0.108 -0.157 -0.112
CAI_25m 0.091 0.067 0.015 0.280 0.979 0.982 1 0.958 0.922 0.861 -0.132 0.130 -0.104 -0.165
CAI_50m 0.046 0.013 0.064 0.323 0.902 0.906 0.958 1 0.985 0.936 -0.086 0.173 -0.103 -0.221
CAI_75m 0.031 0.061 0.111 0.327 0.859 0.864 0.922 0.985 1 0.966 -0.066 0.206 -0.095 -0.249
CAI_100m -0.040 0.096 0.202 0.302 0.796 0.800 0.861 0.936 0.966 1 -0.068 0.249 -0.071 -0.180
Veg_str 0.186 0.175 -0.104 0.245 -0.220 -0.206 -0.132 -0.086 -0.066 -0.068 1 -0.048  0.311 -0.100
Radiation 0.058 0.151 0.041 0.037 0.111 0.108 0.130 0.173 0.206 0.249 -0.048 1 -0.265 -0.056
Slope 0.223 0.103 -0.237 -0.021  -0.161 -0.157 -0.104 -0.103 -0.095 -0.071  0.311 -0.265 1 -0.176
np_dist -0.400 -0.094 0.317 -0.358  -0.106 -0.112 -0.165 -0.221 -0.249 -0.180 -0.100 -0.056 -0.176 1
dist_river -0.032 -0.235 0.023 0.185 0.072 0.071 0.048 0.052 0.032 0.044 -0.085 -0.182 -0.235 0.300
dist_crop -0.221 -0.094 0.192 -0.257  -0.225 -0.220 -0.189 -0.129 -0.069 0.022  0.075 0.137  0.055 0.171

-0.032
-0.235
0.023
0.185
0.072
0.071
0.048
0.052
0.032
0.044
-0.085
-0.182
-0.235
0.300
1
0.457

dist_river dist_crop

-0.221
-0.094
0.192
-0.257
-0.225
-0.220
-0.189
-0.129
-0.069
0.022
0.075
0.137
0.055
0.171
0.457
1
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Appendix S6. Different sets of models ran in each single scale and multiscale models in each
region. Each set includes all variables plus the variable or combination of variables
indicated.

Core Periphery
Single-scale Multi-scale Single-scale ~ Multi-scale
models model models mofel
Set 1: Np_dist, Set 1: Set 1: Set 1:
crop_pas Np_dist Habitat Habitat
Set 2: Np_dist, urban
Set 3: Prox, crop_pas
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Appendix S7. Best selected models at small scales from 50m to 250m in the core region.

Scale RN2 PCC AUC Kappaos Kappaopt Dist_river Np_dist Prox Habitat Crop_pas Urban Area Perimeter Shape_index Veg_str  Radiation

50 0.7 0.88 0.872 0.751 0.8 X X X X X X
0.69 0.904 0.878 0.8 0.8 X X X X X X
0.66 0.857  0.907 0.704 0.755 X X X X

150 0.55 0.833 0.74 0.642 0.642 X

250 0.64 0.857 0.75 0.695 0.696 X X X X X X
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Appendix S8. Conceptual model of habitat configuration and habitat amount effects
proposed by Villard and Metzger (2014).

(a) Extinction Fragmentation
threshold threshold
(ET) (FT)

Abundance of focal species
Focal species absent = f{habitat loss X Abundance of focal
(insufficient fragmentation) species

habitat amount) = f{habitat loss)

-
v

-
- s T Habitatamount +

Minimum habitat Minimum habitat

amount given amount given worst
optimal landscape landscape structure

structure
(b)
ET FT ET FT

L J
L J

High
[T

Medium
T
=

Low

uH vi |

— Hobitat amount  + —  Habitot amount +

L
L

Sensitivity to habitat amount

High Low

Sensitivity to habitat configuration

Figure S8.1. Conceptual diagram corresponding to Fig. 6 in Villard and Metzger (2014)
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Appendix S9. Individual effects of non-scale and scale dependent variables.

Core Periphery
Estimate  Error z P(>|z]) Estimate Error z P(>|z|)
Area 0,831 0,663 1,254 0,21 0,611 1,275 0,479 0,632
Perimeter -1,83 1,561 -1,17 0,242 3,5 2 1,75 0,0794
Per_area -145 0,891 -1,63 0,103 2,24 1,46 1,53 0,1248
Shape_index 32 1,789 1,79 0,073 0,094 0,382 0,246 0,806
Isolation -0,623 0,476 -1,31 0,1903 0,152 0,778 0,196 0,845
Veg_str 15,3 116 1,32 0,185 -1,45 8,85 -0,1637 0,87
Radiation -0,071 0,452 -0,159 0,873 -22,5 26,2 -0,857 0,392
CORE
Habitat Crops and pastures Urban Proximity index
Scale Estimate  Error z P(>|z|) Estimate Error z  P(>lz]) Estimate Error z P(lz) Estimate Error z P(>|z|)
50 5 2078 241 0,0161 -1,88 1,48 -1,27 0,2046 -2,72 1,292 -2,1 0,035 0,195 0,243 0,804 0,422
150 74 2869 258 0,0099 -1,72 1,395 -1,24 0,2166 -2,17 1,148 -1,89 0,058 0,257 0,241 1,066 0,286
250 9,99 3,916 2,55 0,0107 -1,83 1,492 -1,22 0,2209 -1,79 1,072 -1,67 0,094 0,289 0,245 1,178 0,239
500 11,56 4,736 2,44 0,0146 -1,75 1,64 -1,07 0,285 -1,642 1,102 -1,49 0,136 0,266 0,244 1,091 0,275
750 13,43 6,012 2,23 0,0255 -1,98 1,82 -1,09 0,277 -1,471 1,141 -1,29 0,197 0,254 0,242 1,048 0,295
1000 14,7 6,584 2,24 0,0252 -2,16 2,01 -1,08 0,282 -1,329 1,145 -1,16 0,245 0,281 0,25 1,125 0,261
1500 17,84 9,99 1,79 0,0742 -1,62 1,96 -0,828 0,408 -1,312 1,175 -1,12 0,264 0,338 0,238 1,42 0,156
2000 26,24 17,26 1,52 0,129 -1,05 1,83 -0,572 0,567 -1,479 1,28 -1,16 0,247 0,349 0,24 1,455 0,145
2500 17,21 8,38 2,05 0,0399 -0,74 1,79 -0,413 0,679 -1,588 1,379 -1,15 0,249 0,353 0,241 1,463 0,144
3000 19,82 9,89 2 0,045 -0,58 1,8 -0,322 0,748 -1,739 1,53 -1,14 0,256 0,356 0,242 1,469 0,142
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PERIPHERY

Habitat Crops and pastures Urban Proximity index
Scale Estimate Error z P(>|z]) Estimate Error z P(>|z]) Estimate Error z P(>|z]) Estimate Error z P(>|z])
50 2 1,912 1,05 0,295 1,7 2,506 0,677 0,498 -0,272 1,289 -0,211 0,833 -8,159  3,36E+004 -0,0002 0,999
150 15 1,873 0,802 0,422 2,56 2,71 0,946 0,344 -1,874 1,553 -1,207 0,228 -0,779 0,559 -1,39 0,164
250 2,43 2,285 1,06 0,287 2,26 2,807 0,804 0,421 -2,729 1,768 -1,544 0,123 -0,838 0,554 -1,512 0,13
500 531 2,848 1,86 0,062 1,84 2,759 0,668 0,503 -495 2586 -1913 0,055 -0,686 0,497 -1,382 0,167
750 8,66 4,52 1,92 0,055 1,99 2,647 0,753 0,451 -4,362 2,353 -1,85 0,063 -0,616 0,459  -1,343 0,179
1000 8,37 4,95 1,69 0,091 1,11 2,661 0,417 0,676 -4,712 2,55 -1,849 0,064 -0,554 0,434  -1,277 0,202
1500 18,68 8,12 23 0,021 -0,229 2,841 -0,08 0,936 -4,691 2,63 -1,786 0,074 -0,751 0,528 -1,424 0,154
2000 23,75 9,68 2,45 0,014 099 3,332 0,297 0,766 -4,87 2,74 -1,778 0,075 -0,832 0,523 -1,592 0,111
2500 32,29 12,57 2,57 0,01 2,25 3,243 0,693 0,488 -5,46 293 -1,86 0,062 -0,721 0,48 -1,502 0,133
3000 37,25 15,37 2,42 0,015 3,76 3,39 1,11 0,267 -5,75 3,056 -1,89 0,059 -0,744 0,502 -1,48 0,139
Dense woodland Humid grassland

Estimate Error z P(>|z]) Estimate Error z P(>|z|)
50 -0,053 2,293 -0,023 0,982 -20,839 13,853 -1,504 0,133
150 1,22 2,761 0,44 0,659 -14,506 13,76 -1,054 0,292
250 3,39 3,57 0,949 0,342 -14,436 14,572 -0,991 0,322
500 5,55 3,518 1,58 0,115 -24,309 19,676 -1,235 0,217
750 7,09 3,905 1,82 0,069 -37,171 25,54 -1,455 0,146
1000 7,96 4,193 1,9 0,057 -40,32 27,188 -1,483 0,138
1500 8,11 4,293 1,89 0,059 -73,026 37,31 -1,957 0,05
2000 8,51 4,426 1,92 0,054 -69,418 35,239 -1,97 0,048
2500 8,5 4,766 1,78 0,074 -73,266 39,725 -1,844 0,065
3000 7,82 5,14 1,52 0,128 -91,29 42,09 -2,17 0,03
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9.3. Supporting information to Chapter 5

Appendix S1. Location of patches where surveys were carried out in the surroundings of
Plovdiv, Bulgaria.

Patch Latitude (°N) Longitude (°E)

1 42.1424 24.7005
2 42.1560 24.7639
3 42.1622 24,7972
4 42.1510 24.8828
5 42.1246 24.8686
6 42.2286 24.8579
7 42.1498 25,1382

Appendix S2. Calculation of scale parameter through standardize major axis regression
(SMA).

Cook's Distance Plot
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Figure S2.1. Outliers in an initial SMA. Individuals 14, 23, 43, 40 and 122 were removed to perform the
definitive SMA.
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Figure S2.2. Final SMA from which the scale parameter was obtained.

Appendix S3. Antisymmetry and directional asymmetry tests for the two metric traits.

Antisymmetry test Directional asymmetry test
(Anscombe Glynn kurtosis test) (D’Agotino skewness test)
Kurtosis Z-value P-value Kurtosis Z-value P-value
FA Front legs

3.313 1.016 0.309 0.195 1.044  0.296
FA Hind legs

2.879 -0.077 0.938 -0.016 -0.088 0.929
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Appendix S4. Frequency distribution of signed differences in the number of femoral pores

in each population and in all populations.
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Appendix S5.

Frequency distribution of signed differences in number of supracialliary

scales in each population and in all populations. No individuals in population 7 had

asymmetry.
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Appendix S6. Predictor variables for each patch

Table S6.1. Patch characteristics

Patch Area (km?)  Perimeter (km) Perimeter/Arearatio Veg.Str. Isolation (m)

1 0.103 1.508 14.686 1.050 340.714
2 1.653 2.317 1.401 1.056 33.032
3 2.021 1.785 0.883 1.095 20.247
4 0.716 1.479 2.066 1.026 5.328

5 0.398 5.236 13.163 1.001 326.982
6 0.458 1.005 2.193 1.045 7.701

7 2.098 7.332 3.495 - 209.967

Table S6.2. Landscape composition variables at each scale for each patch.

Patch 50m 150m 250m 500m 750 m 1 km 1.5 km 2 km 2.5 km 3 km
Habitat
1 0.484 0.308 0.181 0.116 0.098 0.079 0.075 0.088 0.110 0.115
2 0.331 0.390 0.370 0.281 0.226 0.197 0.171 0.140 0.121 0.107
3 0.475 0.476 0.463 0.346 0.284 0.243 0.197 0.161 0.132 0.111
4 0.394 0.419 0.318 0.214 0.166 0.137 0.109 0.100 0.104 0.115
5 0.263 0.383 0.410 0.327 0.267 0.199 0.146 0.136 0.114 0.105
6 0.607 0.440 0.320 0.193 0.138 0.119 0.115 0.109 0.113 0.107
Urban areas
1 0.000 0.000 0.000 0.010 0.017 0.021 0.053 0.078 0.105 0.147
2 0.048 0.063 0.136 0.233 0.265 0.286 0.340 0.391 0.436 0.474
3 0.353 0.467 0.510 0.659 0.743 0.803 0.869 0.892 0.895 0.909
4 0.255 0.413 0.591 0.783 0.878 0.937 1.010 1.027 0.993 0.937
5 0.372 0.391 0.401 0.409 0.400 0.428 0.491 0.522 0.531 0.542
6 0.338 0.542 0.648 0.776 0.867 0.879 0.817 0.813 0.843 0.871
Cropland
1 0.054 0.460 0.678 0.769 0.751 0.807 0.834 0.768 0.706 0.653
2 0.271 0.231 0.260 0.319 0.370 0.392 0.394 0.393 0.382 0.370
3 0.033 0.023 0.020 0.023 0.023 0.021 0.024 0.047 0.073 0.085
4 0.026 0.013 0.015 0.016 0.018 0.019 0.017 0.022 0.037 0.056
5 0.083 0.065 0.078 0.195 0.269 0.294 0.301 0.291 0.303 0.307
6 0.018 0.030 0.049 0.072 0.072 0.083 0.121 0.133 0.111 0.099
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Appendix S7. Levene’s Test for homogeneity of variance applied to test differences among
years.

Trait Df F-valueP-value
BCI 1 0.158 0.690
Tick load 1 0.013 0.908
FA Front legs 1 0.27 0.603
FA Hind legs 1 0.016 0.899
FA Femoral pores 1 0.09 0.763

FA Supraciliary scales 1 17.026 5.8e”

Appendix 8. Interactions between proportion of habitat, vegetation structure and age on
fluctuating asymmetry of hind legs.

Age = ad Age = sub

0.7

FA Hind legs

0.4

0.1050 0.1075 0.1100 0.1125 0.1150 0.1050 0.1075 0.1100 0.1125 0.1150
% habitat

veg_str 1.02 - 1.04 —_— 1.06

170



10. Publications

e Chapter 3

Prieto-Ramirez AM, Pe’er G, Rodder D, Henle K (2018) Realized niche and microhabitat
selection of the eastern green lizard (Lacerta viridis) at the core and periphery of its
distribution range. Ecology and Evolution, 8, 11322-11336. doi: 10.1002/ece3.4612

e Chapter 4

Prieto-Ramirez AM, Rohler L, Cord AF, Pe’er G, Rodder D, Henle K (2020) Differential
effects of habitat loss on occupancy patterns of the eastern green lizard Lacerta viridis at
the core and periphery of its distribution range. PLoS ONE 15 (3): e0229600.
https://doi.org/10.1371/journal.pone.0229600

171



Received: 22 May 2018

Revised: 16 August 2018

Accepted: 19 September 2018

DOI: 10.1002/ece3.4612

ORIGINAL RESEARCH

WI LEY Ecology and Evolution

Realized niche and microhabitat selection of the eastern
green lizard (Lacerta viridis) at the core and periphery of its

distribution range

Ana M. Prieto-Ramirez'2

!Department of Conservation
Biology, Helmholtz Center for Environmental
Research UFZ, Leipzig, Germany

’Department of Herpetology, Zoological
Research Museum Alexander Kénig ZFMK,
Bonn, Germany

3Department of Economics and Department
of Ecosystem Services, UFZ Leipzig, Leipzig,
Germany

“German Center for Integrative Biodiversity
(iDiv), Halle-Jena-Leipzig, Leipzig, Germany

SUniversitat Leipzig, Leipzig, Germany

Correspondence

Ana M. Prieto-Ramirez, Department of
Conservation Biology, Helmholtz Center for
Environmental Research UFZ; Department
of Herpetology, Zoological Research
Museum Alexander Kénig ZFMK, Leipzig,
Germany

Email: ana-maria.prieto-ramirez@ufz.de

Funding information

Deutsche Gesellschaft fiir Herpetologie
und Terrarienkunde; Heinrich Boll Stiftung,
Grant/Award Number: P113742

| Guy Pe'er®*> | Dennis Rédder? | Klaus Henlel

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 & Rédder, 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
(Araudjo & 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
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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 (Korsds, 1982; Olsson,
1988). Lacerta viridis, for example, is a common species in the Balkan
Peninsula in Eastern Europe and Asia Minor (Elbing, 2001) and has its
northern distribution range located in Germany and in the Bohemian
region of the Czech Repubilic. 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; Béhme, 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

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 (Korsoés, 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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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
amanual 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.

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 S1.1-51.4). 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 (F2,98 =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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TABLE 1 Loadings of each variable in
the principal components with
eigenvalues >1 selected to build the niche
hypervolumes for vegetation structure

and abiotic parameters Vegetation structure

Herbs 1
Herbs 2
Herbs 3
Woody plants <2 m
Woody plants >2 m
Dry leaves
Rocks_trunks
Bare soil
Way
Branches

Abiotic parameters
Temperature
Soil compaction
S-N aspect
W-E aspect
Slope

Radiation

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 (AICc) (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
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Principal components

PC1 PC2 PC3 PC4 PC5 PCé
0.19 0.73 -0.37 -0.08 0.09 0.12
-0.43 -0.32 0.16 -0.24 0.48 0.06
-0.38 -0.07 -0.28 0.16 -0.38 -0.49
0.10 0.17 0.64 0.30 -0.14 0.38
0.20 0.01 0.17 -0.51 0.26 -0.15
0.50 -0.46 -0.11 0.05 -0.14 0.07
-0.08 -0.25 -0.35 0.46 0.12 0.43
0.17 0.07 0.37 0.41 0.09 -0.58
-0.11 -0.06 0.15 -0.40 -0.70 0.17
0.53 -0.24 -0.17 -0.12 -0.01 -0.13
-0.34 -0.09 0.72
0.37 0.35 0.53
0.05 -0.81 0.13
-0.25 0.06 -0.43
-0.56 0.41 0.06
0.60 0.20 -0.06

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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Comparison

Vegetation structure

Pl-Pa 90.89
PI-Pr 90.89
Pa-Pr 28.85

Abiotic parameters

Pl-Pa 32.89
PI-Pr 32.89
Pa-Pr 20.97

Note. Volume 1 and 2 correspond to the first and second region

comparison.

Volume 1
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Volume 2 Intersection Union

28.85 6.69 113.05
27.03 5.93 111.98
27.03 2.38 53.50
20.97 10.16 47.70
23.24 4.29 51.84
23.24 6.32 37.89

Sgrensen overlap

0.11
0.10
0.08

0.37
0.15
0.28

mentioned in the name of each

TABLE 2 Comparison among the
realized niche size in Plovdiv (PI), Passau
(Pa), and Prague (Pr)

(@

- Core

Periphery-Pa

- Periphery-Pr

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
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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<2m 1 -38.38(12.93) -6798 -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

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.

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 34.45
-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
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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
pcnml 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
pcnml -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).

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 Rz—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 (Kiihnelt, 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
(KGhnelt, 1965) and has been shown qualitatively in various lizard
species (B6hme & Radder, 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
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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 (Bbhme & 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

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, Mcintyre,
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
(Cabhill 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.
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Abstract

The effects of habitat loss on the distribution of populations are often linked with species
specialization degree. Specialist species can be more affected by changes in landscape
structure and local patch characteristics compared to generalist species. Moreover, the spa-
tial scale at which different land covers (eg. habitat, cropland, urban areas) affect specialist
species can be smaller. Specialization is usually assumed as a constant trait along the distri-
bution range of species. However, for several taxa, there is evidence of higher specialization
degree in peripheral populations compared with populations in the core. Hence, peripheral
populations should have a higher sensitivity to habitat loss, and strongest effects should be
found at a smaller spatial scale. To test these expectations, we implemented a patch-land-
scape approach at different spatial scales, and compared effects of landscape structure and
patch characteristics on occupancy probability among northern peripheral, more specialized
populations (Czech Republic) and core populations (Bulgaria) of the eastern green lizard
Lacerta viridis. We found that landscape structure and patch characteristics affect differently
the occupancy probability of Lacerta viridis in each region. Strongest effects of habitat loss
were found at a spatial scale of 150m around patches in the periphery, but at a scale of
500m in the core. In the periphery occupancy probability of populations was principally
affected by landscape composition, and the effect of habitat quality was stronger compared
to core populations. In the core, persistence of populations was mainly explained by charac-
teristics of the spatial configuration of habitat patches. We discuss possible ecological
mechanisms behind the relationship between sensitivity to habitat loss, populations’ special-
ization degree and position in the distribution range, and suggest conservation measures for
L. viridlis.
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Introduction

Anthropogenic land-use changes lead to the loss of natural and semi-natural habitats, resulting
in reduced overall amount of habitat available, fragmentation into smaller patches and increas-
ing isolation among these patches due to land-use intensification forming a matrix of inhospi-
table land. These processes alter landscape composition and configuration: as patch area
decreases, patch isolation increases, and spatial relations between landscape elements (e.g. hab-
itat, non-habitat areas, and topographic features like rivers) are altered. The ecological conse-
quences for species, at the landscape scale, include reduced functional connectivity and
reduced viability [1], leading to declining trends in abundance and distribution.

The effects of modified landscape structure on the distribution of natural populations have
been widely studied and linked with species-specific traits [2-4]. In particular, habitat speciali-
zation is one of the main traits shaping species’ response to habitat loss [5, 6]. Specialist species
are known to be more sensitive to changes in patch size [7-9], isolation [10-12], habitat quality
[13], and overall amount of habitat in the landscape [14, 15], whereas generalist species can
typically better cope with reduced patch size and overall reduce in the amount of habitat [16].

Differential responses to habitat loss between generalist and specialist species have also
been linked to the ‘scale of effect’ of different parameters. We define the ‘scale of effect’ as the
extent of area at which the strongest effect of a given factor on an ecological response is found
[17]. It has become a central topic in ecology in the past years, with particular focus onto the
question how landscape composition influences species’ distribution. The scale of effect of
habitat amount on species’ distribution has been shown to be smaller for specialist than for
generalist species across different taxa such as butterflies [18], birds [14, 16] and rodents [19].
Similarly, the scale of effect of other landscape composition variables is usually expected to be
smaller for specialist species [20].

Studies on the effects of habitat loss that consider species’ specialization usually assume spe-
cies to be characterized by the same trait along their distribution range. However, the degree
of specialization can change across the distribution range of a given species, resulting in intra-
specific differences among populations. The Kiihnelt principle [21] states that the range of
colonizable habitats is wider at the core of the distribution range where environmental condi-
tions are optimal, whereas at the periphery 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 be, in comparison,
more specialized (“stenoecious”) [22]. Accordingly, it has been found in lizards [23, 24], birds
[25] and insects [26] that individuals in peripheral populations have narrower realized niches
than those living in the core of the distribution range. However, in spite of existing evidence,
most studies on habitat loss carried out at broad scales, involving the total or partial extent of
the distribution range of a species, have overlooked this variability, and therefore, the possible
differential effects on distribution patterns. Consequently, conservation measures applied at
local scales—especially in the periphery—-might not be adequate enough to protect threatened
populations if the measures were derived from analyses of habitat loss effects in other parts of
the distribution range.

Here we investigated the effects of habitat loss and fragmentation on the occupancy pat-
terns of core and northern peripheral populations of the eastern green lizard Lacerta viridis.
Recently, it has been found that northern peripheral populations of L. viridis (Germany, Czech
Republic) have a higher specialization degree compared to core populations (Bulgaria) [24]. In
the periphery, populations have narrower niches and can only persist in habitats with compa-
rably lower vegetation structure that allow them to compensate for suboptimal overall climatic
conditions (e.g. lower radiation). In the core, populations have a broader range of available
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habitats and select for microhabitats with higher vegetation structure. The higher specializa-
tion degree of L. viridis populations in the northern periphery suggests that these populations
might also have a higher sensitivity to habitat loss and fragmentation compared to generalist
populations living in the core of the distribution range.

In this study, we implemented a patch-landscape approach to evaluate the occupancy pat-
terns of populations of L. viridis in Bulgaria (core) and in the Czech Republic (periphery). Our
main objectives were to find out which are the most relevant spatial scales affecting patch occu-
pancy in each region and which parameters of the landscape structure and patch characteris-
tics have the strongest effect. We expected to find at the intraspecific level the same patterns of
the effects of habitat loss reported at the species level. We hypothesized that: 1) the relevant
scale(s) at which occupancy is best explained should be smaller at the periphery compared to
the core; 2) the proportion of different land-cover types will have a smaller scale of effect at the
periphery compared to the core; and 3) peripheral populations are more sensitive to isolation,
area and reduced habitat quality compared to core generalist population.

Methods
Study areas

The study regions were located in the northern periphery and in the core of the distribution
range of L. viridis (Fig 1). The study region at the species’ periphery was located in the sur-
roundings of Prague (Bohemia, Czech Republic), where populations are located in open stony
areas within open oak forest and along the cliffs of the Moldova valley, as well as those of other
valleys perpendicular to the Moldova river valley (Pr; Fig 1B). The core region was located in
the Thracian Plain of Bulgaria, in the surroundings of Plovdiv (Core; Fig 1C). The region is an
alluvial plain dominated by the banks of the Maritsa River and its tributary rivers. Here L. viri-
dis inhabits diverse natural and semi-natural habitats, from road edges and open shrubland to
mesophilic forest [27]. In both study regions habitat of L. viridis has been lost due to agricul-
tural expansion and intensification, as well as by (semi-)urban development. We selected land-
scapes in both regions with similar configuration and composition characteristics that could
ensure enough levels of comparability. Both landscapes had low percentages of habitat (11.2%
in the core and 13.1% in the periphery) and similar habitat configuration in terms of ranges of
patch area and isolation (S1 Appendix).

Field survey

Field surveys were carried out in Plovdiv in 2014 and in Prague in 2015. L. viridis is active
from beginning of April to beginning of October in Bulgaria, and from late May to beginning
of September in the Czech Republic. Therefore, in order to make surveys comparable, data col-
lection was carried out earlier in the core than in the periphery: From beginning of April to
late May in the core, and from mid-May to late July in the periphery. The difference in sam-
pling times made average maximum air temperatures per sampling month relatively similar
among regions (Core: 18.5-23.4°C; periphery: 22.5-- 24.6°C).

Based on literature about the habitat requirements of L. viridis, and available information
about places where the species has been found in each region (pers.com: Plovdiv: Tzankov, N;
Prague: Moravic, J; Chamlar, ].), we identified patches of habitat to be surveyed in each region
using satellite maps available in Google earth. We visited 42 patches in the core and 33 in the
periphery (see S2 Appendix for locations). All polygons corresponding to the edges of the sur-
veyed patches in both regions were manually digitalized using ArcMap [29].

Occupancy surveys and analysis were designed following the protocol proposed by Mac-
kenzie and Royle [30], prescribing a specific number of visits depending on the probability of
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Fig 1. Distribution range of Lacerta viridis (a) and location of the study sites. In the periphery (b) the study site is located in the
surroundings of Prague and has an extent of 522 km? (location: top-left 50.17°N, 14.29; top-right 50.16°N, 14.46°E; bottom-left 49.92°N,
14.27°E; bottom-right 49.92°N, 14.45°E). The study site in the core region (c) corresponds to the surroundings of Plovdiv and has an extent
of 325 km? (location: top-left 42.26°N, 24.68°E; top-right 42.24°N, 24.93°E; bottom-left 42.12°N, 24.66°E; bottom-right 42.10°N, 24.91°E).
Images source: a: IUCN, Lacerta viridis distribution range [28]; b and c: Sentinel-2 cloudless 2016 by EOX IT Services GmbH CCBY 4.0

https://doi.org/10.1371/journal.pone.0229600.9001

detection of the species. Based on estimates of detection probability for similar species [31, 32],
the number of surveys per patch 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.) of the same day or one day later, in accordance with the
species’ daily activity pattern [33].

Surveys lasted one hour each, walking along predetermined line transects. With a standard
walking speed of 20 m/min, which is slow enough to search and detect lizards, a one hour sur-
vey corresponds to a total length of 1200m, which were subsequently divided into transects. As
most patches had a heterogenous compostion, the number and length of transects varied
depending on the number of different habitat types into each patch and the proportion of area
of the patch covered by each habitat type. Nevertheless, all the transects in a patch always
summed up 1200 m to assure one hour visit. Satellite imagery was used to define the relative
coverage of each habitat type within each patch. Transect lengths varied between 50-400 m.
Transects were located at least 100 m of each other, and the total length of each transect was
placed in only one habitat type. The number of transects surveyed per patch ranged from three
to 12. During transect walking, a width of 2.5 m was scanned at each side of the transect to
visually search for L. viridis. As surveys were based on visual identification of lizards, and no
collection of biological material or handling of animals was required, no permits were neces-
sary for carrying out this study.

Land cover classification

To calculate landscape composition variables around each patch (see section “Calculating
patch variables and landscape structures” below), we generated land-cover maps for the two
study sites. Land cover classes in each region are described in Table 1. Based on reported litera-
ture, we define habitat types as the different vegetation structures used by L. viridis in each
region. Relevant habitat types in the core were: woodland, shrubland, rocky outcrop vegetation
(rocky_veg), grassland, transitional vegetation (trans_veg) and open ground and river beds
(bare soil). Habitat types in the periphery were: open woodland (openwood), shrubland, rocky
outcrop vegetation, dry grassland (dry_grass) and transitional vegetation. Natural or semi-nat-
ural areas that are non-habitat in the periphery were dense woodland (densewood) and humid
grassland (humid_grass). In both regions, urban areas (urban), and crops and pastures (crop_-
pas) were defined as other non-habitat land-cover classes (S3 Appendix).

To obtain the land cover classified map in the core, a supervised Mahalanobis Distance clas-
sification of cloud free, atmospherically and topographically corrected Rapid Eye satellite
imagery (acquired on May 8, 2014; 5m resolution), in combination with information derived
from the Copernicus Land Monitoring Service (incl. Urban Atlas 2012, Imperviousness
Degree-IMD 2012 and Tree Cover Density-TCD 2012; 20m resolution) was performed.
Training (polygon) data for the target classes were generated based on land cover information
collected during the field survey and complemented by data digitized based on the RapidEye
imagery. Post-processing included a majority analysis (except for the class urban) with a kernel
size of 3x3 to remove isolated cropland pixels mapped within (semi-)natural vegetation cover.
The final map had an overall accuracy of 91.1%. All processing and analyses were performed
in ArcGIS 10.6 [34] and ENVI 5.0 [35]
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Table 1. Land cover classes conforming the classified maps of both, core and periphery, regions.

Land cover class

Bare soil

Rocky outcrop
vegetation

Grassland
Dry_grassland
Humid grassland
Shrubland

Transitional vegetation

Woodland
Open woodland
Dense woodland

Crops and Pastures

Urban area

Variable name

Bare_soil
Rocky_veg

Grass
Dry_grass
Humid_grass
Shrubland

Trans_veg

Woodland
Openwood
Densewood

Crop_pas

Urban

Description Region Habitat

Open ground corresponding to not paved ways in the interior of patches and sandy, not Core, Yes

vegetated river beds Periphery

Rock outcrops and its associated grasses and herbs Periphery Yes

Dry and mesic grasslands Core Yes

Broad leaved dry grassland, termophilus herbs, ecotones at the edge of forest and shrubs Periphery Yes

Perennial grasses in wetlands, wet meadows, moor grasses and river bed grasslands and herbs Periphery No

Shrubs and scrubs areas Core, Yes
Periphery

Transitional woodlands with cover density <30% Core, Yes
Periphery

Woodland with crown cover density >30% Core Yes

Woodland with crown cover density between 30%- 75% Periphery Yes

Woodland with crown cover density between 75% and 100% Periphery No

Areas used for agricultural activities, either cultivation or pasture purposes Core, No
Periphery

Continuous and discontinuous urban fabric, road networks Core, No
Periphery

https://doi.org/10.1371/journal.pone.0229600.t001

Classification of land cover classes in the periphery was achieved by reclassifying the most
recent vegetation community and land-use map [36] available from the Prague Institute for
Planning and Development (Institut planovani a rozvoje hl. m. Prahy, IPR). This is a vector
map with 5m resolution with 66 classes: 10 corresponding to different urban land uses, two to
agriculture and pastures, and 52 representing different vegetation communities. In a first step
we reclassified the vegetation communities that correspond to dry_grass, humid_grass, shrub-
land, rocky_veg and woodland. In a second step, woodland was reclassified as openwood, den-
sewood and trans_veg based on tree cover density (TCD) data available from CORINE. Areas
in the northern and southern edges of that study site were unfortunately not covered by the
IPR maps. Therefore, for these areas we produced a land cover map based on the Urban Atlas
2012 and TCD information, and when necessary, manually digitalized the different classes by
using orthophotos available from the IPR webpage.

Calculating patch variables and landscape structures

To evaluate the possible differential effects of habitat loss in the core and periphery, we applied
a patch-landscape approach and analyzed the influence of variables representative of landscape
structure and patch characteristics on occupancy. We differentiated between four types of vari-
ables: landscape configuration, landscape composition, patch geometry and patch habitat qual-
ity. Variables defining the landscape configuration around each patch included distance to
river (dist_river), distance to urban areas (dist_urban) and distance to crops and pastures (dis-
t_crop), and two measures of isolation, the edge-to-edge Euclidean distance to the nearest
patch (np_dist) and proximity index (prox).The proximity index (Gustafson and Parker, 1994)
is a scale dependent measure of isolation and is calculated as the sum of the ratios patch area /
distance to the focal patch for all patches that fall, at least partially, into the buffer of a given
distance around the focal patch.

Variables related to landscape composition were calculated at different buffer-distances
(hereafter, “scales”) around each patch in each region. The different scales were selected based
on reported dispersal distances for L. viridis [37-39]. Scales selected were: 50m, 150m, 250m,
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500m, 750m, 1km, 1.5km, 2km, 2.5km and 3km. At each scale, we calculated the proportion of
urban, crop_pas and habitat (the sum of all habitat types).

Patch geometry variables included area, perimeter, perimeter to area ratio (Per_area) and
shape index (Shape_index). Patch habitat quality was defined based on the most important
parameters found for this species [24, 40-42]: vegetation structure, radiation and slope. Vege-
tation structure was calculated based on available information at the microhabitat scale. At
each single transect in each patch, percentage of vegetation coverage was taken in at least one
plot of 25 m?. Vegetation coverage classes included herbs < 30 cm, herbs between 40 and 80
cm, herbs > 90 cm, woody plants < 2 m, woody plants > 2 m, dry leaves, rocks and fallen
trunks, bare soil, and branches coverage. Plots correspond either to the area around the spe-
cific point where a lizard was detected or to the area around random points blindly selected in
the GPS along each transect. For each plot we calculated the foliage height diversity’ index
(FHD; [43]), which is a modification of the Shannon index applied to vegetation structure.
Because most of the patches had a heterogeneous habitat composition, the plots of a single
patch might belong to different habitat types. Therefore, we averaged the FHD values of the
plots belonging to the same habitat type across patches to obtain the averaged FHD of each
habitat type. Vegetation structure (Veg_str) of each patch was then calculated as the sum of
the FDH of each habitat type weighted by the area that each specific habitat type occupied
within the patch. To calculate the topographic slope we used software SAGA [43] to derive
slope maps from digital elevation models (DEMs) with 30m resolution available from the U.S
Geological Survey. We averaged pixel values corresponding to each patch. We calculated radi-
ation from the DEMs with the ‘Potential incoming solar radiation’ module of SAGA [44].
Radiation value of each patch hence corresponded to the average annual radiation during the
5 years preceding the field work in each region, calculated from April to September, from 8am
to 6pm and with a temporal resolution of 10 days and two hours. All other calculation proce-
dures were carried out with ArcMap version 10.3.1 [28], except for shape_index and prox
which were calculated with FRAGSTATS version 4 [45].

Statistical analysis

To evaluate the occupancy patterns of populations of L. viridis, we applied the occupancy
model proposed by MacKenzie and Bailey [46] as implemented in the package ‘Unmarked’
[47] in the software R [48]. This model calculates the probability of occupancy (p) by correct-
ing for the probability that an individual will actually be detected (psi). The first step was to fit
a detection probability model to be used in all subsequent steps. For this, we tested the effect of
vegetation structure, day of survey and patch area on detection probability. As previously
shown, vegetation structure can affect the detectability by reducing the visibility for the
observer. Day influences lizards’ activity, given it is determined by annual seasonality, increas-
ing with the advance of the spring and starting to decrease at the beginning of the summer in
the core, and at mid-summer in the periphery. Higher activity can increase the encounter rate
and, therefore, the probability of detection. Finally, big patches can be expected to hold large
populations, which might increase the probability of detecting a lizard. Thus, to find out the
model that better explained detection probability, we built models with constant p and with all
possible variable combinations among vegetation structure, day of survey and patch area as
predictors of detection. Then, we compared models based on AIC and selected those with
AAICc < 2 [49]. The model including the three variables was the best in the core, and the sec-
ond best model in the periphery (AAIC = 0.38) (S4 Appendix). Consequently, all three vari-
ables were used as predictors of detection probability in all subsequent analysis in both
regions.
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In order to find out which were the relevant scales at which occupancy is explained in each
region we tested whether occupancy patterns are explained at single scale(s) or simultaneously
at multiple scales. Single-scale models included all composition variables measured at the same
scale, plus configuration and patch variables, and multi-scale models included each composi-
tion variable at its scale of effect, together with configuration and patch variables. Therefore,
before building multi-scale models we needed to find out which was the scale of effect of each
composition variable -percentage of habitat, crops_pastures and urban- in each region. For
this purpose, we fitted univariate models with each of these variables at each scale as predictor
of occupancy (p) and selected the scale with the highest Nagelkerke R? (RN?) as the scale of
effect. In cases when the highest RN? value was present in several scales, the smallest scale was
selected. For proximity index (prox), which is a scale-dependent configuration variable, the
same procedure was applied to find its scale of effect in each region.

Then, to avoid collinearity among variables included in the same model, we applied a
Spearman rank correlation test (S5 Appendix) to each single-scale and multi-scale dataset.
Among correlated variables (s> 0.60) we selected the one with the strongest effect on occu-
pancy probability. Additionally, we calculated the variance inflation factor (vif) of selected
covariates, and retained those with vif<10. In both regions we found strong collinearity
among some variables that might have an important ecological role on occupancy. Therefore,
in order to avoid skipping relevant variables from the analysis due to collinearity, we run sev-
eral sets of single-scale and multi-scale models in each region (S6 Appendix). Each set included
all non-correlated variables, and only one from the pair of correlated variables. In the core,
Np_dist was correlated with prox at all scales, as well as crop_pas with urban. Both, Crop_pas
and urban, might exert strong pressure on the occupancy, and proxy is a scale dependent mea-
sure of isolation that might have different explanatory power compared to Np_dist. Therefore,
we run four sets of single-scale models for this region: Np_dist and crop_pas, Np_dist and
urban, prox and crop_pas, or prox and urban. For the multi-scale model in the core, crop_pas
was not correlated with urban; thus, both variables could be simultaneously included and only
two multi-scale models were fitted, one with np_dist and one with prox. In the periphery, hab-
itat was negatively correlated with urban at all scales, as well as in the multi-scale dataset.
Therefore, for this region we fitted two single-scale models at each scale and two multi-scale
models, one with habitat and the other with urban.

After having found the best model for detection probability, the scale of effect of composi-
tion based variables and prox to be used in multi-scale models, and having tested for collinear-
ity among variables, we could then proceed with building single-scale and multi-scale global
models. All global models were tested for Spatial Autocorrelation of Residuals (‘SAC’) to avoid
underlying spatial processes to affect our results. For this, we calculated Global Moran’s I and
when significant SAC was found, an autocovariate parameter was calculated by means of prin-
cipal components of neighbor matrices (PCNM) and added to the global model [50]. Good-
ness-of-fit test and overdispersion parameter (c-hat) were estimated by applying the
parametric bootstrap procedure proposed by MacKenzie and Bailey [51] and implemented in
the ‘AICcModavg’ package of R [52].

Finally, to find out the best model(s) explaining occupancy patterns in each region, we gen-
erated all possible models starting from each single-scale and multi-scale global model, with
the function dredge of MuMiN package in R [53]. Then, we selected the models with AAIC < 2
[49]. Selected models were evaluated based on indicators that can be derived from a confusion
matrix, which contains observed and predicted presence/absence (1/0) values of a given model
[54]. We calculated the percent correctly classified (PCC), the area under the receiver operator
characteristic curve (AUC) and Kappa statistics. All indicators have values ranging from 0 to 1.
Kappa measures the agreement between the observed presence/absence values and those
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expected by chance, and can be calculated at different thresholds used to translate predicted
probabilities into 0/1 values. We calculated two Kappa measures, one at threshold of 0.5
(Kappa0.5) and another one at the optimized threshold (Kappaopt), where the optimized
threshold was determined by calculating Kappa at each threshold from 0 to 1 at intervals of
0.01. All indicators were calculated with the ‘PresenceAbsence’ package of R [55]. Additionally,
we also calculated the RN of each selected model. We then selected the models with the high-
est value for most of the model indicators, and compared among all the single-scale models,
and with the multi-scale models. Lastly, we determined which variables influenced the most
occupancy patterns in each region, and whether the multi-scale models outperformed the sin-
gle-scale models.

Results

A total of 172 lizards were detected in both regions, 135 in the core and 37 in the Periphery.
From 42 patches visited in the core, lizards were detected in 17 patches in both surveys and in
7 patches in one survey, for a total of 24 patches occupied. In the periphery, 7 out of 33 patches
were occupied, and lizards were detected in 5 patches in both surveys and in 2 patches in one
survey.

Scales at which occupancy is explained in each region

The effect of composition-based variables (urban, crop_pas, habitat) and the proximity index
(prox) on occupancy probability as single variables is shown in Fig 2. At all scales, the effect of
urban, crop_pas and prox was higher in the periphery (Fig 2A) compared to the core (Fig 2B).
At the core, crop_pas and prox showed a low, almost constant effect across scales, and the
effect of urban at its scale of effect (50m) was just slightly higher compared to the other scales.
By contrast, in the periphery the difference among scales was much more marked for these
variables. Here, the scale of effect of urban was found at 500m, and the effects of crop_pas and
prox at 1000m and 2000m, respectively, but their effects did not change considerably across
scales. The effect of habitat at small scales (<500m) was similar between regions, but increased
with scale in the periphery, reaching its maximum at 2000m, and decreased with scale in the
core. The effect of natural covers that do not represent habitat in the periphery was strongest
at large scales (Fig 2C). The effect of densewood showed a tendency to increase with scale up
to 2000m, after which a slight decrease in the effect is found. A tendency to increase with scale
was observed for humid_grass after 250m, reaching its peak at the scale of 3000m.

Although the scale of effect of individual composition-based variables was larger in the
periphery compared to the core, when combining effects of multiple variables, representing
not only landscape composition but also landscape configuration and patch characteristics, we
found that the response of the species to habitat loss occurs at a much smaller spatial scale in
the periphery relative to the core; (Table 2, Table 3). Specifically, the top single scale models
explaining occupancy probability in the core were in the range of 500 m and higher (see S7
Appendix for best models selected at small scales), while in the periphery the best SS models
were found already at 150 m.

Most important variables at single scales

We found differences between regions regarding the variables that consistently had an effect
on the occupancy probability across scales in SS models. In the core, most important variables
were those defining landscape configuration and patch geometric characteristics (Table 2).
Dist_river appeared consistently in all SS models, as well as a measure of isolation, either
np_dist or prox. Perimeter and shape_index were also included in most models across scales.
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Fig 2. Effect of composition based variables and proximity index through spatial scales in the periphery (a, ¢) and in the core (b).
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Area was not as commonly included as the variables mentioned above but was present in half
of the SS models (15 out of 31), principally in models from 500m to 2000m. In the core, occu-
pancy probability across single scales increased with isolation and perimeter and decreased
with distance to the river, patch area and shape index. Although all indices across single scales
had very close values, the best model was found at 750 m, which additionally included habitat,
a variable that appeared only in few SS models. Prediction curves of the best model in the core
showed that occupancy probability starts to decrease with a distance of 150m from the river,
and reaches a value of 1 already with 10m distance from nearest patch and 20% of habitat cov-
erage (Fig 3). Comparably, in the periphery, a combination of variables related to landscape
composition, patch geometry and habitat quality defined the occupancy probability across sin-
gle scales (Table 3). Densewood and crop_pas had a positive effect on occupancy and were
present in the majority of SS models, as well as perimeter and slope. As in the core, area
appeared in half of the SS models (13 out of 25), and was concentrated in scales above 500m,
having a negative effect on occupancy probability. In the periphery, almost all indices had the
same value across SS models. Based on the prediction curves, occupancy was above 0.5 when
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Table 2. Multiscale (ms) and single scale selected models at the core region.

Scale | RN? | PCC | AUC | Kappa0,5 | Kappaopt | Dist_river | Np_dist | Prox | Habitat | Crop_pas | Urban | Area | Perimeter | Shape_index | Veg str | Radiation
ms 0.4 | 0.761 | 0.824 0.513 0.559 +
0.43 | 0.761 | 0.821 0.513 0.559 +
0.33 | 0.761 | 0.821 0.513 0.513 +
0.37 | 0.761 | 0.824 0.513 0.513 +
500 0.7 | 0.928 | 0.902 0.851 0.851 - - - + - -
0.7 | 0.928 | 0.902 0.851 0.851 - - + - + -
750 0.68 | 0.952 | 0.918 0.901 0.901 - + +
0.62 | 0.928 | 0.878 0.851 0.851 - + + +
1000 | 0.69 | 0.928 | 0.871 0.851 0.851 - + - - + -
0.69 | 0.928 | 0.8855 0.851 0.851 - + - - + -
0.7 | 0.928 | 0.902 0.851 - + - + - -
1500 | 0.69 | 0.92 | 0.895 0.851 0.851 - + + + -
0.68 | 0.928 | 0.868 0.851 0.851 - + - - + -
0.7 | 0.928 | 0.902 0.851 0.851 - + - + - -
0.66 | 0.928 | 0.895 0.851 0.851 - + + + -
2000 | 0.69 | 0.92 | 0.895 0.851 0.851 - + - + -
0.67 | 0.928 | 0.895 0.851 0.851 - + - - + -
0.7 | 0.928 | 0.902 0.851 - + - + - -
0.7 | 0.928 | 0.902 0.851 0.851 - + + + - -
0.67 | 0.928 | 0.895 0.851 0.851 - + + + -
0.67 | 0.928 | 0.902 0.851 0.851 - - + + + -
2500 | 0.69 | 0.928 | 0.891 0.851 0.851 - + +
0.69 | 0.928 | 0.898 0.851 0.851 - + -
0.67 | 0.928 | 0.895 0.851 0.851 - - - + -
0.7 | 0.928 | 0.895 0.851 0.851 - - - - + - +
0.69 | 0.928 | 0.895 0.851 0.851 - - + + -
0.64 | 0.928 | 0.895 0.851 0.851 - - + + -
0.63 | 0.928 | 0.895 0.851 0.851 - - + + -
0.66 | 0.928 | 0.855 0.851 0.851 - - + - + -
3000 | 0.7 | 092 | 0.899 0.851 0.851 - + - - + -
0.69 | 0.928 | 0.902 0.851 0.851 - - + -
0.69 | 0.928 | 0.895 0.851 0.851 - - + -
0.69 | 0.928 | 0.895 0.851 0.851 - - - + -
0.68 | 0.928 | 0.895 0.851 0.851 - - - + -
0.68 | 0.928 | 0.895 0.851 0.851 - - + + + -

Only variables explaining occupancy probability are presented, and the direction of their effects is shown as positive (+) or negative (-). Models with the same set of

variables represent models with different combinations of the three variables explaining detection probability. In bold is signalized the model with the highest values for

most of the model performance indicators.

https://doi.org/10.1371/journal.pone.0229600.t002

the proportion of densewood was between 0.4 and 0.6 and the proportion of crop_pas between

0.3 and 0.7 (Fig 4).

Other variables had a lower representativeness across single scales in each region. In the
core, the effects of composition-focused variables were mostly concentrated at larger scales.
Urban was present in most of the models at 1000m and 3000m and crop_pas appeared in very
few models, from which the majority belonged to the 2500m scale. Habitat also had a low rep-
resentativeness in SS models in the core with most of them being at the 2000m and 2500m
scales. Thus, habitat was not very consistent in explaining occupancy probability across scales
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Table 3. Multiscale (ms) and single scale selected models in the periphery region.

Scale | RN? | PCC | AUC | Kappa0,5 | Kappaopt | Dist_river | Np_dist | Prox | Habitat | Densewood | Humid_grass | Crop_pas | Urban | Area | Perimeter | Shape_index | Veg_str | Slope
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Only variables explaining occupancy probability are shown and the direction of variables’ effect is marked as positive (+) or negative (-). Models with the same set of variables represent models with
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Fig 3. Predicted occupancy probability as function of distance to river (Dist_river), distance to nearest patch (Np_dist), and proportion of habitat in the best
model at scale 750m. For Dist_river and Np_dist the x axis at the top represents distance values in meters.
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in this region, despite being present in the best model at 750m. In the periphery, variables that
appeared in much fewer models were np_dist, prox and veg_str. Isolation effects, either as
np_dist or prox, were concentrated at large scales and appeared in all models above >1000m
having a positive effect on occupancy. Veg_str was common in models at small scales (50-
250m) and its effect on occupancy was negative.

Multi-scale versus single-scale models

In the core region, when including composition-focused variables at its individual scale of
effect in MS models, those with only habitat as predictor of occupancy probability performed
better than models with any other combination of variables. However, in this region the best
MS models did not outperform the best SS models at all scales for any of the model indicators
(Table 2).

At the periphery, the performance of the MS models was equal to that of all SS models
(Table 3). MS models in the periphery were partially similar to those in SS models, with
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Fig 4. Predicted occupancy probabilities in the periphery as function of the proportion of dense woodland and crops and pastures across single scales.
Probability curves plotted for each single scale (ss) correspond to the best model among the models in which the variable appears. Humid_grass curve correspond to
the best MS model in which this variable was present.
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densewood and perimeter still being very important and present in all MS models. Addition-
ally, veg_str, np_dist and humid_grass were found to gain importance and were present in
most of the MS models in the periphery. Humid_grass had a strong effect on occupancy prob-
ability, which dropped to zero at a very low coverage of this land cover class (Fig 4).

Discussion

This study supports the hypothesis that the landscape structure and patch characteristics
resulting from habitat loss affect differently the occupancy probability of Lacerta viridis in core
versus peripheral populations. When comparing study areas with nearly similar landscape
structure, we found that landscape composition had an overall stronger effect in the periphery
compared to the core when land-cover classes were analyzed individually. In spite of the fact
that the scale of effect of urban areas and crops and pastures was smaller in the core compared
to the periphery, the effect of these variables was higher in the periphery at all scales (Fig 2).
Similarly, the amount of habitat around patches had a stronger individual effect across all
scales above 500m in the periphery compared to the core, while at smaller scales the strength
of the effect was similar between regions. Therefore, our evaluation of the individual effects of
landscape composition variables confirms the hypothesis of peripheral populations being
more sensitive to habitat loss, not due to stronger effects appearing at smaller scales compared
to the core, but because effects are stronger across all single scales.

Lower effects of individual landscape composition variables in the core compared to the
periphery reflect what we found later in multivariate models: occupancy probability in the
core was influenced by landscape configuration across single scales, whereas in the periphery
occupancy was much more determined by landscape composition (Tables 2 and 3). The char-
acteristics of the landscape surrounding a patch (patch context) affect occupancy probabilities
mainly through their influence on the dispersal of individuals among patches [56, 57], an
essential component for population persistence in structured landscapes [58]. Therefore,
based on our study, it can be inferred that the most relevant parameter that might affect dis-
persal in the core is the spatial relation between patches and the river, while in the periphery
our findings indicate a key parameter to be the proportion of different land covers in the
matrix across scales. Thus, in the core, dispersal would be facilitated through connectivity
defined by spatial configuration, while in the periphery it is overall landscape permeability that
affects occupancy.

This sensitivity to matrix permeability in the periphery might be principally associated to
the positive effect of crops and pastures on occupancy probability up to the 750 m scale
(Table 3, Fig 4), suggesting that up to medium dispersal distances lizards in the periphery can
cope with these land covers. Interestingly, although the variable crops and pastures was not
ranked as important parameter in the core, when present in any model, its effect was positive
as well (Table 2). The positive effect of crops and pastures on occupancy might be related with
their effect on ecological processes that can occur during dispersal, like feeding, thermoregula-
tion and predators avoidance [59, 60]. Despite higher exposure to predators, crops and pas-
tures might offer food resources, as well as thermoregulation possibilities in the peripheral
region, given a need for microhabitats with lower vegetation structure in this region. Open
land covers might also be suitable for juvenile dispersal, as they are less conspicuous for preda-
tors than adults; and seasonal changes of crops might allow lizards to use different vegetation
structures throughout the year. Moreover, age of individuals and vegetation structure of crops
can have a positive interactive effect on the movement of some species. For example, in the
case of the Franklin’s ground squirrel (Poliocitellus franklinii), crops have been shown to have
low resistance to movement, especially for juveniles in late summer and autumn, when
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vegetation is higher and can hide them from predators [61, 62]. This might be especially
important for the persistence of populations of lacertid species, in which juvenile dispersal is
one of the most important dispersal events in life [63, 64], occurring precisely in late summer
and autumn.

Tolerance to agricultural land cover might also be related with the maintenance of specific
structures in the landscape that can increase the connectivity among populations, like vegeta-
tion in riparian zones, which are often inhabited by Lacertid species. For instance, the distribu-
tion of Lacerta schreiberi in Portugal was found not to be negatively affected by agriculture as
long as vegetation along watercourses is maintained [65]. Our results suggest a similar finding
in the core, with crops and pastures not having a negative effect and distance to river being
one of the most important factors explaining population persistence (Table 2, Fig 3). Indeed,
the vegetation at the banks of the Maritza River, as well as those of tributary rivers like the
Tshaja river, is continuous along most of the river, thus potentially serving as an important
corridor among patches. Hedges between fields are another landscape feature that might
reduce the resistance of crops and pastures to the movement of lizards. Hedges were already
found to play an important role for lizards at the community level, with cultivation patterns
that include hedgerows sustaining higher species richness in a natural reserve in Cyprus [66].
Hence, in this region, the restoration of hedges around fields may improve connectivity and,
with it, potentially occupancy probabilities. Regarding dense woodland in the periphery,
which was present in all models in the periphery, its consistent positive effect (Table 3, Fig 4)
might be due to the high correlation with prevalence of open woodland at all scales, which is
one of the habitat types that L. viridis occupies in the periphery, rather than with permeability
to dispersal.

In both regions, isolation had a positive effect on occupancy probability of habitat patches
when combined with other variables. It was present across most single scales in the core but
only above 1000 m in the periphery (Tables 2 and 3). Although the Island Biogeography The-
ory (IBT) [67] and meta-populations dynamics models [68] predict a negative effect of isola-
tion, other conceptual models propose that the sensitivity to habitat configuration -isolation
and patch area- vary depending on the overall amount of habitat in the landscape. The ‘frag-
mentation threshold” hypothesis [69], for instance, states that habitat configuration is impor-
tant when habitat amount is below ~30%; and the habitat amount hypothesis (HAH,[70])
postulates that due to a sample area effect, habitat configuration can perfectly be replaced by
habitat amount surrounding the sampled site, with isolation having either any or positive effect
(eg. [71]). However, in our study, habitat amount did not have a paramount effect on occu-
pancy probability across single scales in any region, and therefore, the HAH does not apply to
our case.

A conceptual model that could explain our results, is the one proposed by Villard and Metz-
ger [72]. They propose that habitat configuration is important for the persistence of popula-
tions at intermediate levels of habitat amount. At low levels of habitat loss the species’ density
is high irrespective of isolation; as habitat loss proceeds, populations become dependent on
configuration and dispersal among patches; finally at high levels of habitat loss -and subse-
quent increase in isolation- the species pool in the landscape has considerably decreased and
populations’ rescue is not possible anymore, even if connectivity is improved. The breadth and
position of the range of intermediate values of habitat amount at which habitat configuration
is important depends on the species sensitivity to both, habitat loss and habitat configuration.
In our study, habitat amount was not important across models and isolation did not have a
negative effect. Hence, following the model of Villard and Metzger ([72], fig 6-vi.), populations
of L. viridis in the core and the periphery seem to have low sensitivity to both, habitat loss and
isolation, which predicts a broad intermediate level that starts after considerable habitat loss.

PLOS ONE | https://doi.org/10.1371/journal.pone.0229600 March 5, 2020 15/24


https://doi.org/10.1371/journal.pone.0229600

PLOS ONE

Habitat loss at the core and periphery of the distribution range

In other words, lizards’ populations seem to be able to cope with habitat loss independently of
habitat configuration up to high levels of habitat reduction. With further habitat loss popula-
tions depend on configuration, but due to low sensitivity to it, they persist until considerable
levels of isolation resulting from further reduction of habitat amount.

In terms of patch characteristics, the most important variable was perimeter, which was
present in all models in both regions and had a positive effect on occupancy probability
(Tables 2 and 3). Also, patch area was found in half of the models in each region, having in all
but two cases a negative effect on occupancy probability. Positive perimeter effects coupled
with negative effects of area are closely related to positive edge effects, 73], due to perimeter-
to-area ratio increasing with decreasing area. In the core, additionally, shape index, which in
our study increases with patch irregularity, had a negative effect on occupancy probability.
Negative effects of shape index are related to decreasing core patch area [74, 75]. Thus, our
results suggest that in the core occupancy probability might be influenced by positive edge
effects together with sensitivity to core area, a pattern that has been found in species that use
both, interior and patch edges [76]. Comparably, in the periphery, where shape index did not
affected occupancy across scales, lizards might have preference for edges.

Differential preference in the use of patch edges between peripheral and core populations
of L. viridis might result from differences in microhabitat selection between regions. In the
periphery, overall radiation is lower compared to the core, and lizards compensate by selecting
open microhabitats with low vegetation structure in order to maximize the exposure to radia-
tion. In the core, where radiation and temperatures are higher, lizards select for microhabitats
with higher vegetation structure that provide shadow and allow lizards to cool after basking
hours. Thus, lizards in the periphery might use edge more often along the day and throughout
the year, while in the core the preference of lizards for edges may correspond to basking hours
in the early morning and late afternoon, and more often in early spring compared to late
spring and summer. The relation between the effect of patch characteristics on occupancy
probability and microhabitat selection and thermoregulatory behavior of lizards was also indi-
cated by vegetation structure, which had a positive effect on occupancy probability in the core
but a negative effect in the periphery. These results suggest that ecological processes at the indi-
vidual level, like microhabitat selection and thermoregulation, might affect population persis-
tence in the patch and generate occupancy patterns at the landscape scale.

Although vegetation structure was important for the occupancy probability in both regions
in models at small scales (<500 m) (Tables 2 and 3), it was only in the periphery where another
variable defining habitat quality, which is slope, was important across all single scales and
retained in multi-scale models, suggesting a stronger dependency of peripheral populations of
L. viridis on habitat quality when interacting with other parameters at multiple scales. North-
ern peripheral populations of L. viridis have a smaller niche size compared to core ones, which
makes them more stenoecious or habitat specialist than core populations [24], a pattern also
found in insects [26, 77], fishes [78] and other lizards [77]. Furthermore, habitat specialization
is closely related with higher dependency on habitat quality [13], and occupancy probabilities
have been found to be strongly influenced by habitat quality in specialist species of insects [79,
80], small mammals [81, 82] and lizards [83] inhabiting modified landscapes, in comparison
with generalist species. In this regard, our study supports the existence of this pattern, but this
time at the intraspecific level, with populations differing in their degree of habitat specializa-
tion depending on their geographic position in the distribution range of the species.

Several studies have linked the position in the distribution range with vulnerability to
extinction, and point out that peripheral populations might be at higher risk of local extinction
[84, 85]. Moreover, specific traits of peripheral populations, like lower abundance [86], lower
genetic variability [87, 88] and smaller niche [78, 89], have been proposed to explain its higher
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vulnerability. Position in the range and vulnerability of extinction have also been linked with
sensitivity to human modified landscapes (e.g. [90]), and extensive multispecies approaches
have demonstrated higher sensitivity to habitat loss of peripheral populations in the Palearctic
region [91]. However, only very few studies have made the complete link between position in
the range, species traits and vulnerability of extinction in modified landscapes. For instance,
[92] found that peripheral populations of the lizard Lacerta agilis had a lower genetic variabil-
ity and also a higher sensitivity to patch size, compared to core populations. In this context,
our work also throws some light upon the possible ecological mechanisms behind the relation-
ship between position in the range, sensitivity to habitat loss and populations’ traits, by identi-
fying the parameters of landscape structure and patch characteristics to which northern
peripheral and more specialized populations of a broad ranging species are more sensitive
compared to core populations.

With respect to the analysis performed and the model selection procedures, it is important
to note that the high values obtained for model evaluation indices in all of our models, can be
strongly related to the fact that we tried as much as possible to cover the range and type of vari-
ables that might influence occupancy. Also, it might be strongly related to the model selection
procedure that we applied, in which models were first selected based on AAIC < 2 and then,
from this group of best models, we selected those with the highest values for the indices evalu-
ated. High indices values indicate that the models can discriminate very well between patches
where the lizard is present and those where it isn’t, which in a binary classification scheme can
be expected for models that explain also high levels of variance (> 63% in the single scale mod-
els in the core, and >79% in all models in the periphery), and thus, our results highlight even
more the fact that the inclusion of specific variables (the most common ones found in the
models) might be important for model accuracy. In the periphery very high indices values of
selected models (= 1) might also be due to the fact that the majority of the patches in the sam-
ple were not occupied, and then, the classification ability is higher. However, given models
presented in the results represent an extremely reduced group among all the model initially
run, we still consider that the predictive and classification abilities of selected models, by them-
selves and not due to sample distribution, is very high.

An additional important remark regarding models’ output, is that in multivariate models
the direction of the effect of each variable can change depending on other variables present in
the model [93]. For some of the variables that we considered, like isolation in the core and
crops and pasture in both regions, the individual effect was negative (S8 Appendix), but in
combination with other variables the effect was positive. Positive effects of these variables were
systematic in all multivariate selected models where these variables were present, and there-
fore, we rely on our results, and highlight the importance of testing coefficients direction when
variables are alone or in combination with other variables.

Regarding the land cover classification approach that we apply, it is important to consider
that although the ideal methodological approach to compare among landscapes is to produce
classified maps with data obtained from the same source, our approach was perfectly sufficient
to perform the ecological analysis that we carried out. As stated by Fynn and Campbell [94],
possible shortcomings of landscape ecology studies using imagery from different sources
might come out in cases when images with coarse resolution are compared with finer resolu-
tion imagery. However, in our study the resolution of both, the IPR map used for the periphery
and the rapid eye satellite imagery used for the core, was the same (5m), and additional infor-
mation used for the classification in both regions had the same source (Urban atlas, TCD and
imperviousness layers of CORINE) and resolution; orthophotos used for some parts of the
map in the periphery were rectified by IPR and had also a very high accuracy. Dissimilar
sources of information might as well represent a disadvantage due to the different methods
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used for the classification process in the IPR map of the periphery compared to those we
applied to the Rapid Eye satellite imagery in the core region. However, given the high specific-
ity of the original classification of the IPR map (> 60 classes), which we afterwards reclassified
in broader classes, we consider that the output of both maps had similar accuracy (>90%), and
therefore, perfectly allowed to compare between landscapes and precisely calculate percentages
of land cover classes. Comparability was also achieved through careful examination of maps by
the first coauthor who knows both study sites extremely well after having spent several months
in both regions, and therefore had trustable on-the-ground information, and by means of thor-
ough and systematic application of specific criteria to classify each land cover in both regions
(Table 1).

Implications for conservation measures

In the periphery, the most important was the landscape composition and the permeability rep-
resent mostly by the presence of crops and pastures. Our results show that this effects are pres-
ent already at very low scales, and that in scales between 50 to 500m occupancy probability
increases already over 0.8 with percentages of crops and pastures between 30 to 40%. On the
other side this permeability decreases very fast with already a low percentage of humid grasses.
Therefore, we strongly recommend to increase matrix permeability by applying a more hetero-
geneous cultivation pattern that includes hedges and line structures with vegetation corre-
sponding to the habitat of the species, as well as the inclusion of such structures through areas
with humid grassland.

With respect to patch characteristics, it is very important to increase the availability of edge
in the patches. This can be achieved by increasing patch size with linear structures to maintain
a high perimeter to area ratio. In parallel, these linear structures can also serve to connect
through the agricultural landscape. Finally, maintaining high levels of habitat quality is also
very important in this region, and can be achieved by keeping low levels of vegetation struc-
ture, and specially by protecting valley’s slopes from overgrown vegetation. Similarly, over-
grown vegetation should be avoided in open woodlands, which are usually located in slopes
and at the borders of dense woodland areas.

In the core, regarding configuration of the landscape, the most important management
measures are, first to protect the patches that are close to the river, or at the riverside, and sec-
ond to structurally connect with the river those patches that are further. Based on our analysis,
patches with a distance to the river lower than 320m have an occupancy probabilities over 0.8,
and patches with distances longer than ~650 m have probabilities lower than 0.5. Then, we rec-
ommend to protect -and restore where necessary- the river bank vegetation along the Maritza
River and its tributary rivers, as this areas might act as important corridors for the species, and
to connect further habitat remnants with this large riverside corridor, through additional
structures with habitat vegetation. As in the periphery, hedges and habitat lines surrounding
crops could improve connectivity through the landscape.

Regarding composition, it is very important to protect the habitat surrounding patches,
principally at a scale of 250m, which is the scale of effect of this land cover and at which the
variable was included in multi-scale models, being the only variable present in these models.
Habitat was also present in the best model at the scale of 750m, and our results show that with
only a small increment in the percentage of habitat at this scale (~ 10%) the probability of
occupancy substantially increases (Fig 3).

With respect to patch characteristics, we found that the shape of the patches is very impor-
tant for both, maintaining a large perimeter and also sufficient core area. Therefore, we
strongly recommend to not alter the shape of remnant patches that already have a regular
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shape, and to restore habitat at the direct borders of patches with irregular shapes, in order to
increase perimeter and core area by ‘softing’ angular and irregular shapes. Regarding habitat
quality, we suggest to protect the vegetation structure in remnant patches, avoiding practices
that can diminish it. This means, maintaining different vegetation levels that include grasses,
shrubs, rocks, fallen trunks, trees, etc. Grazing, for instance, can have a very rapid negative
effect in the quality of the patches by substantially reducing vegetation structure (pers. observa-
tion), given cows and goats feed on the low and medium strata, and goats also lower branches
of woody plants. As a consequence lizards lose refuge and structures to bask. Also, as vegeta-
tion structure decreases radiation incidence increases, consequently augmenting temperatures
and diminishing humidity, with the habitat becoming drier and less suitable for the species.

In both regions we recommend to monitor the populations. Further insights in the abun-
dance and condition status of individuals would be very useful to more deeply asses the status
of populations.

Conclusions

Our study shows that northern peripheral, more specialized populations of L. viridis are also
more sensible to the effects that habitat loss has on the landscape structure and on the charac-
teristics of remnant habitat patches. In comparison with populations in the core, the occu-
pancy probability of populations in the periphery was found to be more affected by landscape
composition, which suggests substantial dependency on matrix permeability; also, habitat
quality had a stronger influence on populations in the periphery and our results regarding
patch geometric characteristics in this region suggest a preference of the species for patches
with more edge in relation to patch core area. Comparably, in the core, we found that persis-
tence of populations is mainly affected by the possible connectivity that the river bank vegeta-
tion offers through the landscape. Also, the species in this region seems to be an omnipresent
species regarding its use of the patch, requiring both long edges and also enough core area in
the interior of the patch. Finally, in both regions the species had low sensitivity to habitat
amount and to habitat configuration, an outcome that strongly differs from the expectations of
the IBT, the meta-populations dynamic models and also from the HAH, but one that fits con-
ceptual-and empirically tested—models that describe a more gradual relationship between hab-
itat amount and isolation.
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