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ABSTRACT

Aim There is increasing evidence that the quality and breadth of ecological niches
vary among individuals, populations, evolutionary lineages and therefore also
across the range of a species. Sufficient knowledge about niche divergence among
clades might thus be crucial for predicting the invasion potential of species. We
tested for the first time whether evolutionary lineages of an invasive species vary in
their climate niches and invasive potential. Furthermore, we tested whether lineage-
specific models show a better performance than combined models.

Location Europe.

Methods We used species distribution models (SDMs) based on climatic infor-
mation at native and invasive ranges to test for intra-specific niche divergence
among mitochondrial DNA (mtDNA) clades of the invasive wall lizard Podarcis
muralis. Using DNA barcoding, we assigned 77 invasive populations in Central
Europe to eight geographically distinct evolutionary lineages. Niche similarity
among lineages was assessed and the predictive power of a combination of clade-
specific SDMs was compared with a combined SDM using the pooled records of all
lineages.

Results We recorded eight different invasive mtDNA clades in Central Europe.
The analysed clades had rather similar realized niches in their native and invasive
ranges, whereas inter-clade niche differentiation was comparatively strong.
However, we found only a weak correlation between geographic origin (i.e. mtDNA
clade) and invasive occurrences. Clades with narrow realized niches still became
successful invaders far outside their native range, most probably due to broader
fundamental niches. The combined model using data for all invasive lineages
achieved a much better prediction of the invasive potential.

Conclusions Our results indicate that the observed niche differentiation among
evolutionary lineages is mainly driven by niche realization and not by differences in
the fundamental niches. Such cryptic niche conservatism might hamper the success
of clade-specific niche modelling. Cryptic niche conservatism may in general
explain the invasion success of species in areas with apparently unsuitable climate.
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INTRODUCTION

Globalization has dramatically accelerated the introduction of

alien species (Perrings et al., 2005). The threat to biota posed by

invasive species has been identified as one of the most severe

problems in nature conservation (Strayer et al., 2006). In addi-

tion to negative consequences for species richness and ecosys-

tem function, invasive species can have severe economic impacts
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(Pimentel et al., 2000). There is a large body of literature focus-

ing on the identification of common patterns that facilitate inva-

sion processes. Generally, it is thought that climate matching of

the novel area to the climate of the native range is a prerequisite

for successful establishment (e.g. Bomford et al., 2009). Other

key factors considered as highly correlated with successful estab-

lishment are propagule pressure (e.g. Simberloff, 2009), pre-

adaptation (e.g. Treier et al., 2009) and escape from natural

enemies in the introduced range (e.g. Colautti et al., 2004).

Species distribution models (SDMs) are useful tools for iden-

tifying climatically suitable regions for possible establishment

and hence for predicting the potential invasive range of species

(e.g. Peterson & Vieglais, 2001; Jeschke & Strayer, 2008; Gallien

et al., 2010; Rödder & Lötters, 2010). When interpreting the

potential distribution of invasive species in new regions derived

from SDMs it is important to distinguish between a species’

fundamental and realized niche. The realized niche is a fraction

of the fundamental niche considering physical dispersal limita-

tions and biotic interactions (Hutchinson, 1957; Soberón, 2007;

Godsoe, 2010). Up to now, most studies have assumed that

niches are constant across the geographical range of a species

and some even suggest niche conservatism above species level

(e.g. Losos, 2008; Revell et al., 2008; Holf et al., 2010). However,

there is increasing evidence that niches may be variable among

individuals, populations and consequently across the geo-

graphic ranges of species (e.g. Peterson & Holt, 2003). Niche

evolution may be particularly likely among intra-specific evolu-

tionary lineages (Holt, 2009).

Detailed knowledge on fundamental niche divergence among

clades might thus be crucial for correctly predicting the invasive

potential of different intra-specific lineages. Such a lineage-

specific modelling approach might provide a more differenti-

ated risk assessment. However, for this kind of modelling an

integration of phylogenetic information, distribution data for

each lineage and environmental data is inevitably needed. Up to

now, these integrative approaches have been restricted to the

species level and above (e.g. Warren et al., 2008). Studies on the

invasion potential of different evolutionary lineages within inva-

sive species are still missing.

Among reptiles, lizards spread via the pet trade or cargo and

nursery pathways are suggested to exhibit a high establishment

success (e.g. Kraus, 2009; Rödder & Lötters, 2009). Neverthe-

less, only a few non-native reptile species have successfully

colonized Europe (Kraus, 2009), most of which are found in

the Mediterranean (e.g. Carranza & Arnold, 2006; Ficetola

et al., 2009). The wall lizard, Podarcis muralis, represents an

exception, as it has colonized regions in north-western Europe

far outside its sub-Mediterranean native range. Anthropogenic

introductions of wall lizards into north-western Europe date

back to the 1870s and were mainly seen as a form of environ-

mental enhancement (Dürigen, 1897). Nowadays, about 140

non-native P. muralis populations are documented from

north-western Europe and some additional populations are

known from the New World (Schulte, 2008; Burke & Deichsel,

2009; Fig. 1a,b). The ecological impact of introduced wall

lizards on native communities in north-western Europe has

been little studied. However, there are cases in which a com-

petitive displacement of the native sand lizard (Lacerta agilis)

and common lizard (Zootoca vivipara) has been reported

(Schulte et al., 2008). In addition, it has been assumed that, at

the edge of their range, native wall lizards may be genetically

swamped by introduced alien lineages (Schulte et al., 2008).

Therefore, invasive wall lizard populations may threaten the

native local fauna. The origin of most alien populations is

unknown (Schulte, 2008), but those with existing history stem

from different regions in the Mediterranean. Hence, it is of

particular interest whether differences of establishment and

invasion probability do exist among P. muralis of different geo-

graphic origin, i.e. of different phylogenetic lineages. Since

there is reason to assume that such lineages have evolved adap-

tations to local environmental conditions (e.g. Holt, 2009), we

hypothesize that the potential distribution and the invasive

occurrence of phylogenetically distinct wall lizard clades are

linked to the climates at their native occurrences.

For the first time, we present here a combined mitochondrial

DNA (mtDNA) barcoding and SDM approach in order to test

the hypothesis that intra-specific niche variation may influence

the invasive occurrence of a species. Furthermore, we test if such

lineage-specific models show a better performance than com-

bined models. The goals of the present study are: (1) to identify

the origin of invasive wall lizard populations in Central Europe

using mtDNA barcoding; (2) to test if different evolutionary

lineages as identified by mtDNA sequences differ in their real-

ized climate niches and in their potential for invasion; and (3) to

test if the combination of SDMs developed for each lineage has

a better predictive power than a combined SDM using the

pooled records of all lineages.

METHODS

Study species

Podarcis muralis is a small heliothermic, synanthropic and saxi-

colous lacertid species, which is widely distributed throughout

southern and western Europe. Within its native range the species

shows a clear phylogeographic structure (Giovannotti et al.,

2010; S.S. et al., unpublished data). The Western France Clade is

confined to the Atlantic part of France and parts of the Pyrenees

(see Fig. 1a). The northernmost genetic clade, the Eastern

France Clade, is distributed across the south-eastern and eastern

parts of France, western Switzerland and western Germany up to

Maastricht in The Netherlands. Eastwards the Southern Alps

Clade occurs in north-western Italy, the southern Alps and the

Inn Valley. The Venetian Clade can be found in southern-most

Slovenia, north-western Croatia, and the eastern part of the Po

Plain. In Tuscany, Latium and parts of the Campania, a green-

backed and morphologically clearly separated clade (the

Tuscany Clade) is known (Giovannotti et al., 2010). The

Romagna Clade is situated within the north-eastern-most

Apennine region, whereas the Marche Clade is distributed

within central Italy and western Istria. The Central Balkan Clade
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occurs on the Balkan Peninsula, in Hungary and Slovakia as well

as in an isolated area of north-eastern Austria (S.S. et al., unpub-

lished data; Fig. 1b).

Invasive populations and sampling

To obtain information on the distribution of non-native popu-

lations, we posted e-mail messages on the major Central Euro-

pean herpetology mailing list (http://amphibienschutz.de, 1070

subscribers) during autumn and winter 2007/2008. We particu-

larly focused on Germany, where the majority of successful

introductions have been reported. In addition, we compiled

localities of P. muralis introductions from the literature and

unpublished reports (Schulte et al., 2008 and Appendix S2 in

Supporting Information). We only considered non-native popu-

lations in which reproduction was confirmed and a minimum of

10 adults have been observed.

In total, 184 lizards (1 to 10 individuals per population) were

captured by hand or by noosing within 77 alien populations of

P. muralis in Germany (n = 61), Austria (6), Liechtenstein (1)

Figure 1 (a) Distribution of the Western France, Eastern France and Southern Alps clades of Podarcis muralis in the native (= nat;
rectangles) and introduced (= inv; triangles) ranges in Europe. Constraints of a clade’s native range were defined by genetically analysed
records (see text). Orange symbols represent native and introduced populations of the Western France Clade (nat = 107, inv = 3), yellow
symbols of the Eastern France Clade (266, 33) and blue symbols of the Southern Alps Clade (402, 32). (b) Distribution of the Venetian
(light blue symbols, 82, 21), Tuscany (red symbols, 55, 5) and Central Balkan (white symbols, 149, 3) clades in their native and introduced
ranges in Europe. (c) Principal components analysis (PCA) based on six environmental characteristics at native and invasive occurrences of
the clades presented in (a) (same colours). (d) PCA of the clades presented in (b) (same colours). The first two PCs explain c. 81% of the
variance (PC1 = 63.58%, PC2 = 18.27%). The correlation circle, eigenvalues and eigenvectors are provided in Appendix S6.
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and Switzerland (9). Lizards autotomized the tip of their tail

after pressure was exerted and were immediately released after-

wards. The tail tip was stored in 99.8% ethanol p.a. We also

included information from four additional populations from

Germany as well as one from The Netherlands, Liechtenstein,

Great Britain and Croatia for which reliable information on

their origin was available (Appendix S7).

Genetic analysis

We extracted genomic DNA from muscle tissue using the

Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden,

Germany) following the manufacturer’s protocol. In a prelimi-

nary study, 24 populations had already been sequenced for an

887 base pair (bp) fragment of the mitochondrial cytochrome b

gene (cyt b) (Schulte et al., 2008). Additionally we sequenced

25 populations for this fragment. For the remaining 28

populations, we sequenced a 656-bp fragment using the

primers LGlulk (5′-AACCGCCTGTTGTCTTCAACTA-3′) and

HPod (3′-GGTGGAATGGGATTTTGTCTG-5′) (Deichsel &

Schweiger, 2004; Podnar et al., 2007). Sequencing was per-

formed with the DYEnamic ET Terminator Cycle Sequencing

Premixkit (GE Healthcare, Munich, Germany) for sequencing

reactions run on a MegaBACE 1000 automated sequencer (GE

Healthcare). DNA sequences were corrected and aligned by eye.

We did not include ambiguous data from the beginnings and

ends of the fragments in the analyses. Sequences were deposited

in GenBank under the accession numbers HQ652874–

HQ652973. For lineage identification, sequences of invasive

populations were aligned to sequences from individuals

sampled across the entire native range of P. muralis (FJ867389–

FJ867394; Giovannotti et al., 2010; S.S. et al., unpublished data)

and Podarcis liolepis (AF469436, AF469442, DQ081144; Harris

& Sá-Sousa, 2002) and fitted into a phylogenetic tree using

Podarcis siculus and Podarcis melisellensis as outgroups

(HQ154646, AY185097; Podnar et al., 2004; Appendix S8). We

used Bayesian inference to infer the phylogeny as implemented

in MrBayes 3.1.1 (Ronquist & Huelsenbeck, 2003), applying the

parameters of the substitution model suggested by MrModelt-

est 2.2 (Nylander, 2004). We ran the Monte Carlo Markov chain

for 1 million generations, sampling every 100 generations. We

discarded 2500 trees as burn-in after checking for stationarity

and convergence of the chains. Support of the nodes was

assessed with the posterior probabilities of reconstructed clades

as estimated in MrBayes (Ronquist & Huelsenbeck, 2003). This

barcoding approach allowed us to unambiguously assign inva-

sive haplotypes to intra-specific evolutionary P. muralis lineages

and their respective distribution areas.

Species native occurrence data

To achieve a reliable delineation of the native range of each

genetic clade through SDMs, we used 95 unique records

(latitude/longitude) of haplotype groups obtained through an

extensive sampling for a phylogeographic analysis (Giovannotti

et al., 2010; S.S. et al., unpublished data). The genetic analysis

revealed 22 genetic clades of P. muralis with unique haplotype

groups and well-confined ranges, eight of which were found in

our invasive samples. We excluded the Romagna and Marche

clades due to limited availability of native and invasive species

records and focused on the six remaining clades in our model-

ling approach. For an estimation of the native range of each

clade, we constructed a minimum convex polygon (MCP) con-

sidering only samples that were used in the phylogeographic

analysis (n = 95). We incorporated 884 additional records in our

SDM that fell into one of these MCPs (Fig. 1a,b), 206 species

records of which were compiled through literature screening

and personal communications (see Appendix S1). The remain-

ing 678 records were obtained from the German Federal Agency

for Nature Conservation (Bundesamt für Naturschutz, BfN)

database on Natura 2000 sites; these were only considered for

modelling when their spatial accuracy was lower than 1 km2.

Overall, we compiled 266 records of the Eastern France Clade,

107 records for the Western France Clade, 402 records for the

Southern Alps Clade, 82 records of the Venetian Clade, 55

records for the Tuscany Clade, and 149 records for the Central

Balkan Clade. When necessary, the BioGeoMancer (http://

bg.berkeley.edu/latest; accessed December 2009 to January

2010) and the Alexandria Digital Library Gazetteer Server

Client (http://www.middleware.alexandria.ucsb.edu/client/gaz/

adl/index.jsp; accessed December 2009 to January 2010) were

used for geo-referencing.

SDM predictor selection

For climate data, we used monthly climate layers available

through the WorldClim database version 1.4, which is based on

weather conditions recorded from 1950–2000 with a spatial

resolution of approximately 900 m ¥ 900 m throughout Central

Europe (Hijmans et al., 2005). Available climate data include

monthly mean minimum and maximum temperatures and

monthly mean precipitation. Of these, we calculated so-called

‘Bioclim’ variables with divagis 5.4 (http://www.divagis.org;

downloaded April 2009; Hijmans et al., 2005). We selected vari-

ables that are suitable as predictors of the wall lizard’s potential

distribution based on the species’ ecology and life-history traits,

which should significantly improve the reliability of SDMs

(Rödder et al., 2010). The final variable set comprised: (1) mean

temperature of the warmest quarter representing a good predic-

tor for reproduction success as incubation temperature strongly

influences hatching time as well as hatchling condition (Van

Damme et al., 1992); (2) mean temperature of the coldest

quarter which is important for the lizard to display partial

winter activity; (3) minimum temperature of the coldest month,

a predictor for successful partial hibernation; (4) precipitation

of the warmest quarter, a predictor for the species’ occurrence in

its Mediterranean distributional range due to its strong prefer-

ence for humidity in certain areas (Capula et al., 1993). In addi-

tion, we included: (5) annual aridity and (6) annual potential

evapotranspiration (PET) derived from the WorldClim data by

Trabucco & Zomer (2009). Neither of these variables is corre-

lated with other variables and they are especially important for
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microhabitat-specific distribution (avoidance of xeric habitats)

of the species in its southern range (e.g. Capula et al., 1993;

Martín-Vallejo et al., 1995).

Species distribution models

For SDM computation Maxent 3.3.0 (Phillips et al., 2004, 2006;

http://www.cs.princeton.edu/~schapire/Maxent; downloaded

15 April 2009) was used, which is a machine learning algorithm

for SDM generation derived from environmental (e.g. Bioclim)

predictors. It yields largely better results than other presence-

only/presence–pseudoabsence SDM methods (Elith et al., 2006;

Heikkinen et al., 2006). Maxent performs well even when the

number of species point records available for modelling is small

(e.g. Hernandez et al., 2006; Wisz et al., 2008). This approach

processes randomly chosen background points as a contrast to

the actual records of the species under study during model

building. Definition of an area for appropriate background

selection is crucial for successful modelling and should reflect

the areas potentially accessible to the target species (Phillips,

2008). Background points used herein were randomly chosen

within the native and invasive areas enclosed by a MCP for each

clade (see above and Fig. 1a,b). Maxent allows for model

testing by calculation of the area under the ROC (receiver oper-

ating characteristic) curve (AUC), based on training and test

data, which represent the ability of the model to distinguish

presence data from background data (Phillips et al., 2006). Fur-

thermore, we tested for the explanatory power of each predictor

using a jackknife approach, i.e. in Maxent SDMs each predictor

was sequentially omitted or, in a second approach, used as single

variable and corresponding AUC values were assessed. We com-

pared the predictive power of a combination of SDMs developed

for each lineage with a SDM developed with all records of all

clades pooled by computing overlaps in terms of Schoener’s D

(see below) and a simple linear regression. In the former

approach, we combined the potential distributions of each

linage by computing the maximum prediction per grid cell.

Depending on the settings and data types used for model

computation, the resulting maps may characterize a species’

realized or potential distribution (Elith & Leathwick, 2009). This

may have severe implications for the interpretation of results.

Inclusion of biotic or accessibility predictors may allow an

approximation of a species’ realized niche, wherein using only

presence data and restricting the predictors to environmental

variables as we did may rather represent the species’ fundamen-

tal niche (Peterson, 2006; Soberón, 2007).

Spatial statistical analyses

In order to visualize the overall levels of divergence in climate

niche space, we conducted a principal components analysis

(PCA) in XLSTAT 2010 comprising all clades and based on

climate conditions extracted at native and invasive occurrences

(Fig. 1). To test for niche overlap, similarity and equivalency (for

definitions see below), we compared potential distributions

between all six native clades and crosswise between native and

invasive ranges of three clades with strong invasive occurrence

(Southern Alps, Eastern France and Venetian clades). Within our

modelling approach, invasive occurrences of each lineage occur-

ring in populations with more than one origin were treated

separately. In the past, niche conservatism was tested using dif-

ferent hypotheses. For example, Graham et al. (2004) tested for

niche equivalency by asking whether niches of two species are

effectively indistinguishable, whereas Peterson et al. (1999)

tested for niche similarity by assessing whether the niche of one

species holds more information about the niche of its sister taxa

than expected at random. To test for these hypotheses, we used

spatial statistics as proposed by Warren et al. (2008) and modi-

fied by Rödder & Lötters (2009). As the niche overlap index, we

used Schoener’s D (Schoener, 1968), which quantifies common

parts of two probability distributions as suggested by SDMs

trained with native records (X) and invasive records (Y).

D-values range from 0 (no overlap) to 1 (identical SDMs). The

significance of results was evaluated with null models testing for

niche similarity and equivalency (see below).

For niche equivalency, we applied a randomization test as

proposed by Warren et al. (2008) that relies on the metric D. To

compare climate niches of two clades or native and invasive

records belonging to one clade (i.e. Eastern France Clade native =
266 versus Eastern France Clade invasive = 33; Southern Alps

Clade native = 402 versus Southern Alps Clade invasive = 32;

Venetian Clade native = 82 versus Venetian Clade invasive = 21),

we created 100 pseudoreplicates by randomly partitioning the

pooled sets of occurrence records of both test groups into sets of

the same size. Subsequently, SDMs were created from each pseu-

doreplicate and compared using D. The observed values were

compared with the percentiles of these null distributions in a

one-tailed test assessing the significance of niche identity.The test

assesses niche conservatism in a strict sense, i.e. the effective

equivalency of the climatic niche in the native and invasive range

of a certain clade. It is expected to only be met if native and

invasive populations of one clade exactly tolerate the same cli-

matic conditions and have the same set of environmental condi-

tions available to them (Warren et al., 2008).

In order to assess niche similarity, we again used the random-

ization test of Warren et al. (2008). This test compares the simi-

larity of SDMs based on native records in terms of D-values to

the distribution of similarities obtained by comparing them to a

SDM obtained by randomly choosing ninv cells from among the

cells in the study area of the invasive records. The same proce-

dure was performed in both directions (invasive ↔ native

records) 100 times each for two groups to construct an expected

distribution of D-values between a SDM generated using actual

occurrences and one generated from random background data

points. Appropriate selection of background points is impor-

tant, since they can influence the significance of the test. There-

fore, we restricted background points to the area defined within

a MCP comprising all native (likewise invasive) records of each

genetic clade (see Fig. 1a,b). These null distributions served as a

two-tailed test to assess the following null hypothesis: measured

niche overlap between native and invasive ranges is explained by

regional similarities or differences in available habitat. This
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hypothesis is rejected if the actual similarity falls outside the

95% confidence limits of the null distribution. Significantly

higher values suggest that SDMs are more similar than expected

by chance and lower values indicate greater differences. The

distance between the observed overlap value and the closest

overlap value in the null distribution can be used as a quantita-

tive measure of distinctness (Rödder & Lötters, 2009). Compu-

tations of D, niche similarity and equivalency were

performed with a Perl script (software enmtools; http://

www.enmtools.com/; downloaded June 2009) developed by

Warren et al. (2008).

RESULTS

Geographic origin of invasive P. muralis populations

Based upon cyt b haplotypes, we found eight geographically

distinct mtDNA clades (following S.S. et al., unpublished data)

in 77 invasive populations in Central Europe (Fig. 1a,b; Appen-

dix S7). Posterior probabilities of the clades were high (100) and

only some inter-nodes had a lower support (Appendix S8).

Combined with reliable information on the origin of eight

further populations the two most common haplotypes belonged

to the Eastern France Clade (38.8%; 33/85 populations) and the

Southern Alps Clade (37.6%; 32/85 populations). Invasive

populations of the Eastern France Clade were mainly detected in

western Germany, particularly in the Ruhr Basin (Fig. 1a). Three

of these alien populations belong to the Languedoc Subclade

within the Eastern France Clade (3.5%; 3/85 populations).

Populations belonging to the Southern Alps Clade were wide-

spread outside their native range up to northern and eastern

parts of Germany. The next most frequent clade was the Vene-

tian Clade (24.7%; 21/85 populations). The Tuscany Clade was

found less frequently (mainly in southern Germany, 5.9%; 5/85

populations). The Western France Clade (3.5%; 3/85 popula-

tions) was found in Rhineland-Palatine and southern Lower

Saxony, while the Central Balkan Clade (3.5%; 3/85 popula-

tions) occurred in eastern Germany (Fig. 1a,b). We found the

Marche and Romagna Clades (from Italy) at few localities. In 19

introduced populations we found haplotypes from more than

one source area. Most frequently we determined combinations

of the Southern Alps Clade and the Venetian Clade (see Appen-

dix S7). In one population belonging to the Western France

Clade we even discovered a haplotype belonging to a different

species, Podarcis liolepis of the Podarcis hispanicus species

complex (Renoult et al., 2010).

Niche overlap among native clades

On the first two axes of the PCA, all native clades showed a

separation in their multidimensional niche space (Fig. 1c,d, cor-

relation circle; for eigenvalues and eigenvectors see Appendix

S6). Pairwise niche overlap derived from SDMs based on the

combination of the six variables ranged from 0.08–0.52 using

Schoener’s D (Table 1). The highest niche overlap among native

clades was found between the Eastern France and Southern Alps

clades (D = 0.52), whereas niche overlap of the Central Balkan

and Tuscany clades was much lower (D = 0.08). The hypothe-

sis of niche equivalency was rejected in all cases (Table 1).

D-values of background tests of overlap between cladeX versus

cladeY background were significantly more similar than expected by

chance in one case (Cbalk vs. Tuscbackground) and significantly

more different than expected by chance in two cases (Tusc vs.

Venbackground, Tusc vs. Wfrabackground). D-values of background tests

in the contrary direction (cladeX background vs. cladeY) were signifi-

cantly more similar than expected by chance in six cases (see

Table 1).

Niche overlap among clades in their native and
invasive range

Overall, the environmental niches in native and invasive ranges

were most similar for the Eastern France Clade (D = 0.52,

Table 2). Both niches were centred at the intersection of both

axes, but the native niche was more influenced by the variable

‘aridity’ (Fig. 1c). Niches of the Southern Alps Clade were

slightly less similar (D = 0.4). The potential distribution of the

native Southern Alps Clade covered a large geographic range,

which included all invasive occurrences (Fig. 1c). The relatively

variable contribution of the SDM indicated an influence of

nearly all variables, but slightly less contribution of ‘annual PET’

and ‘mean temperature of the warmest quarter’. In contrast, the

niches between native and invasive ranges of the Venetian Clade

(D = 0.27) exhibited limited niche overlap. This clade shifted in

its invasive climate characteristics along axes 1 and 2 (Fig. 1d),

indicating that ‘precipitation of the warmest quarter’ and

‘minimum temperature of the coldest month’ were the under-

lying gradients in niche differentiation. Results of the niche

similarity test based on native records compared with the inva-

sive background of this clade revealed that D-values were sig-

nificantly more similar than expected by chance (Table 2).

Overall, the total overlap between native and invasive occur-

rences of all clades was higher (mean D = 0.4) than the total

overlap between all native clade combinations (mean D = 0.24).

Comparisons of single variables among native clades

For single variables among native clades, D-values ranged from

0.10–0.94 (Table 1). Native clades were separated mainly by

temperature gradients (e.g. minimum temperature of the

coldest month and mean temperature of the coldest quarter),

but less so by precipitation gradients. Thus, the highest niche

overlap (D � 0.70) was detected in ‘aridity’ (average D = 0.74)

and ‘annual PET’ (average D = 0.71). The lowest overlap

(D � 0.50) was detected in the ‘minimum temperature of the

coldest month’ (average D = 0.44) and ‘mean temperature of the

coldest quarter’ (average D = 0.45). The values of other variables

were intermediate (Table 1). The results of an identity test

among native clades revealed that most climatic conditions were

significantly different. Only few clade combinations revealed

similar D-values (e.g. in Table 1: Ven vs. Wfra or Ven vs. Efra for

variable ‘aridity’).

Intraspecific niche conservatism
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The results of niche similarity tests based on native records

compared with native background between clades showed dif-

ferent values for the variable ‘mean temperature of the coldest

quarter’ followed by ‘mean temperature of the warmest quarter’

and ‘annual PET’. Niche similarity tests revealed that the South-

ern Alps Clade occurred at localities with higher values of the

variables ‘minimum temperature of the coldest month’ and

‘mean temperature of the coldest quarter’ (Appendix S4).

Comparisons of single variables among clades in
their native and invasive ranges

Between native and invasive clades, D-values ranged from 0.30

to 0.87 (see Table 2). The highest niche overlap (D � 0.80) was

detected in ‘aridity’ (average D = 0.82) and ‘precipitation of the

warmest quarter’ (average D = 0.78). Very different realized

niches within native and invasive ranges of clades were

detected in the ‘mean temperature of the warmest quarter’

(average D = 0.57) and ‘mean temperature of the coldest

quarter’ (average D = 0.59). Results of the identity tests based

on native records compared with invasive records of the

Southern Alps, Eastern France and Venetian clades revealed

that climatic conditions were significantly different. Only for

the Eastern France Clade were D-values of three variables

‘minimum temperature of the coldest month’, ‘mean tempera-

ture of the warmest quarter’ and ‘mean temperature of the

coldest quarter’ similar between native and invasive records

(Table 2).

Table 1 Total overlap and overlap of single niche dimensions between native clades of Podarcis muralis.

D D D D D D D

Total overlap Aridity Annual pet bio6 bio10 bio11 bio18

Cbalk vs. Salps 0.36*,ns,X 0.50*,ns,ns 0.82*,X,X 0.58*,X,X 0.82*,X,ns 0.58*,X,X 0.85*,ns,ns

Cbalk vs. Tusc 0.08*,X,X 0.79*,ns,ns 0.80*,ns,X 0.10*,X,X 0.74*,X,ns 0.24*,X,X 0.34*,ns,ns

Cbalk vs. Ven 0.19*,ns,ns 0.65*,ns,ns 0.65*,ns,x 0.20*,ns,ns 0.41*,ns,ns 0.23*,ns,X 0.90ns,ns,X

Cbalk vs. Wfra 0.10*,ns,ns 0.59*,ns,ns 0.94ns,X,X 0.15*,ns,X 0.57*,x, x 0.16*,ns,X 0.71*,ns,ns

Cbalk vs. Efra 0.34*,ns,X 0.64*,ns,ns 0.70*,ns,ns 0.51*,ns,X 0.73*,ns,X 0.55*,x,X 0.86ns,x,ns

Salps vs. Tusc 0.25*,ns,X 0.64*,ns,ns 0.81*,X,X 0.42*,X,X 0.82ns,X,X 0.56*,X,X 0.37*,ns,ns

Salps vs. Ven 0.33*,ns,ns 0.79*,ns,ns 0.53*,ns,x 0.55*,ns,X 0.51*,ns,ns 0.58*,ns,X 0.89ns,X,ns

Salps vs. Wfra 0.20*,ns,X 0.78*,ns,X 0.80*,ns,X 0.37*,ns,X 0.51*,ns,X 0.34*,ns,X 0.67*,ns,ns

Salps vs. Efra 0.52*,ns,ns 0.84*,ns,ns 0.78*,ns,ns 0.81*,ns,X 0.66*,ns,ns 0.83*,ns,X 0.83*,ns,ns

Tusc vs. Ven 0.20*,x,ns 0.80*,ns,ns 0.57*,ns,x 0.48*,ns,X 0.66*,ns,x 0.56*,X,X 0.39*,ns,ns

Tusc vs. Wfra 0.28*,ns,ns 0.74*,ns,ns 0.80*,ns,ns 0.76*,ns,ns 0.46*,x,x 0.52*,ns,x 0.53*,ns,ns

Tusc vs. Efra 0.21*,ns,X 0.79*,ns,X 0.68*,ns,X 0.33*,ns,X 0.50*,ns,X 0.45*,ns,X 0.28*,ns,ns

Ven vs. Wfra 0.08*,ns,ns 0.84ns,ns,ns 0.64*,ns,ns 0.41*,ns,ns 0.16*,x,ns 0.35*,ns,ns 0.74*,ns,ns

Ven vs. Efra 0.24*,ns,ns 0.87ns,ns,X 0.37*,ns,ns 0.65ns,ns,ns 0.21*,ns,ns 0.56*,ns,ns 0.81*,ns,ns

Wfra vs. Efra 0.26*,ns,ns 0.78*,ns,ns 0.69*,ns,ns 0.27*,ns,ns 0.63*,X,x 0.26*,ns,ns 0.58*,ns,ns

Schoener’s D was used as the niche overlap index. D-values range from 0 (no overlap) to 1 (identical species distribution models). The significance of
the results is expressed by symbols. Multiple significance levels indicate niche identity tests as well as niche similarity tests in both directions. Note that
niche similarity tests compare actually measured niche overlaps with null distributions based on randomizations of background data within the range
of one species (i.e. clade herein). Therefore, these tests are by definition directional. Niche identity tests use a randomization between actual occurrence
records and are therefore not directional.
Abbreviations: Salps, Southern Alps; Efra, Eastern France; Ven, Venetian; Cbalk, Central Balkan; Tusc, Tuscany; Wfra, Western France; bio6, minimum
temperature of the coldest month, bio10, mean temperature of the warmest quarter; bio11, mean temperature of the coldest quarter; bio18, precipitation
of the warmest quarter.
ns, not significant; *P < 0.05; X = above the confidence interval (significantly more often detected than expected by chance); x = below confidence
interval (significantly less often detected than expected by chance).

Table 2 Total overlap and overlap of single niche dimensions between native (= nat) and invasive (= inv) occurrences of clades.

D D D D D D D

Total overlap Aridity Annual pet bio6 bio10 bio11 bio18

Salpsnat vs. Salpsinv 0.40*,ns,ns 0.8*,ns,ns 0.65*,ns,ns 0.79*,ns,X 0.55*,ns,ns 0.57*,ns,X 0.71*,x,x

Efranat vs. Efrainv 0.52*,ns,ns 0.84*,ns,x 0.76*,ns,ns 0.76ns,X,,x 0.87ns,X,ns 0.74ns,X,ns 0.86*,ns,ns

Vennat vs. Veninv 0.27*,X,ns 0.83*,ns,ns 0.40*,X,ns 0.50*,ns,ns 0.30*,X,ns 0.47*,ns,ns 0.76*,ns,ns

Abbreviations: Salps, Southern Alps; Efra, Eastern France; Ven, Venetian; bio6, minimum temperature of the coldest month; bio10, mean temperature
of the warmest quarter; bio11, mean temperature of the coldest quarter; bio18, precipitation of the warmest quarter.
ns, not significant, *P < 0.05; X = above the confidence interval (significantly more often detected than expected by chance); x = below confidence
interval (significantly less often detected than expected by chance).
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Results of the niche similarity tests based on conditions for

the native records compared with the invasive background dem-

onstrated that the Southern Alps Clade was not found at sites

with low precipitation. In contrast to this, the clade was detected

significantly less often in habitats with high precipitation in its

native range (Table 2 and Appendix S4). The Eastern France

Clade selected higher minimum temperatures of the coldest

month, higher mean temperature of the warmest quarter and

higher mean temperature of the coldest quarter within its inva-

sive range than expected by chance. In its invasive range the

Venetian Clade selected habitats with higher annual PET values

and higher mean temperatures of the warmest quarter than

expected by chance (Table 2 and Appendix S4).

Instead of computing niche comparisons between native and

invasive ranges for the Tuscany, Western France and Central

Balkan clades, we visualized them using boxplots, due to the

restricted availability of occurrence data (Appendix S5). Most

strikingly, the realized native and invasive niches of the Tuscany

Clade mainly differed in temperature variables, whereas native

and invasive niches of the Central Balkan Clade were rather

similar in temperature regime.

Potential distribution and invasion potential of
different wall lizard lineages

The AUC values for the SDMs ranged from 0.958–0.990, indicat-

ing in all cases ‘excellent’ model performance according to the

classification system of Swets (1988) (see Table 3). Overall, the

potential distributions showed a strong clade-level variation. The

SDM developed with native records belonging to the Eastern

France Clade performed best in describing the invasive range of

its analogous clade. Its potential distribution is comparatively

large, ranging from the Iberian Cordillera Cantabria, the

Pyrenees, central and eastern France northward up to Lower

Saxony, Germany (Appendix S3). The potential geographic range

includes various invasive populations in Belgium, The Nether-

lands and western Germany (i.e. in North Rhine Westphalia).The

‘minimum temperature of the coldest month’ had the highest

gain for this clade, followed by ‘mean temperature of the coldest

quarter’ (Table 3). Highly suitable areas for the Southern Alps

Clade are restricted to southern Switzerland, northern Italy and

eastern central Italy as well as parts of Slovenia, Croatia and

adjacent Albania. Nevertheless the SDM for this clade predicted

numerous invasive populations in southern Germany, Liechten-

stein and Austria (Appendix S3). The most important variables

for the distribution of this clade were ‘mean temperature of the

warmest quarter’ and ‘aridity’. The Central Balkan Clade has a

broad potential distribution, covering large parts of the Balkans

and Eastern Europe, from Bulgaria to the Czech Republic.Parts of

eastern Germany were also classified as suitable and are inhabited

by three invasive populations of this clade. Its geographic range

model was mainly determined by ‘annual PET’ and‘precipitation

of the warmest quarter’ (Table 3).

In contrast to these well matching SDMs, the models failed to

predict the current invaded distribution for the Venetian,

Tuscany and Western France clades (Appendix S3). Climatically Ta
b
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suitable areas for the Venetian Clade were restricted to northern

Italy, the eastern Po Valley up to the border of Slovenia. The

most important variables describing the distribution of this

clade were ‘mean temperature of the warmest quarter’ and ‘pre-

cipitation of the warmest quarter’. Areas with the highest cli-

matic suitability for the Tuscany Clade encompass Italy, beside

the Abruzzi and large parts of the Mediterranean and Black Sea

coasts. Climatically suitable areas for the Western France Clade

are restricted to the Basque Country, western Pyrenees and

western France up to the Massif Central (Appendix S3). Impor-

tant variables explaining the distribution of these clades are

given in Table 3.

The sum of single SDMs for all six clades (Fig. 2b) compared

with the SDM for the species using all records pooled (Fig. 2a)

revealed largely overlapping potential distributions (D = 0.83;

simple linear regression R2 = 0.760, P < 0.0001), wherein the

Figure 2 Potential distribution of Podarcis muralis predicted by climatic conditions of native occurrences of (a) all six clades pooled and
(b) as a combination of the potential distributions of each linage by computing the maximum prediction per grid cell. For native records of
the six clades see Figure 1(a, b). Invasive populations are indicated as black triangles. Warmer colours correspond to higher occurrence
probabilities. The whole distribution range is framed by a solid black line.
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model built by pooling data from all lineages performed better

than the one combining the models from each lineage. Both

models mainly predicted the invasive populations in western

and southern parts of Central Europe, whereas they failed to

predict those populations in the northern and north-eastern

parts (Fig. 2a,b).

DISCUSSION

The origin of invasive wall lizard populations

We assigned 77% of all currently known invasive wall lizard

populations in Central Europe, apart from the UK, to eight

source lineages based upon their mitochondrial haplotypes and

an extensive phylogeography covering the entire range of the

species (Giovannotti et al., 2010; S.S. et al., unpublished data).

Introduced populations of the same lineage sometimes occurred

in close proximity, indicating human-facilitated jump dispersal.

On the other hand, we also found 19 introduced populations

with haplotypes belonging to different lineages, indicating mul-

tiple introductions of wall lizards from different source popula-

tions (Appendix S7). In such mixed populations hybridization

may promote invasion success due to heterosis (Kolbe et al.,

2004). Interestingly, we even discovered the haplotype of the

alien Podarcis liolepis at one location in southern Lower Saxony

(Appendix S7) together with haplotypes of the Western France

P. muralis Clade. Both species naturally co-occur across parts of

the eastern Pyrenees. It is therefore likely that haplotypes of both

species were translocated from this region simultaneously.

Niche differentiation among native clades

We found strong intra-specific variation in the realized niches

among native clades, mainly based on temperature gradients.

Realized niche differentiation was associated with geographic

distance among clades. The two most similar clades (Eastern

France and Southern Alps) occur in adjacent regions and

together form the species’ northern range border in western

Central Europe. Within its native range, the Southern Alps Clade

occurs at sites with higher minimum temperatures of the coldest

month and higher mean temperatures of the coldest quarter

compared with the native background. This may be due to the

strong altitudinal gradient within its native range and its need

for successful hibernation and partial winter activity (Schulte,

2008). In contrast, the geographically widely separated Central

Balkan and Tuscany clades differed strongly in their realized

climatic niches. Niche overlap and background tests of single

variables indicated that both clades occur in areas that clearly

differ in their minimum temperature of the coldest month and

the mean temperature of the coldest quarter. The range of the

Central Balkan Clade is also largely influenced by the annual

PET. It is known that this lineage occurs in wetlands and humid

oak forests of the Bulgarian Dobruja and avoids xeric habitats

(Schulte, 2008). The distribution of the Tuscany Clade is mainly

influenced by lower mean temperatures of the warmest quarter.

This may be explained by the mediterranean climate, where the

lizards need to sustain hot and dry periods in the summer by

inhabiting shady and humid habitats with dense vegetation

(Capula et al., 1993).

Niche overlap between native and invasive
populations

Differentiation in realized niches between native and invasive

populations within clades was on average lower than among

native populations of different clades. In particular, the realized

climatic niches of the native and invasive ranges of each the

Southern Alps and the Eastern France clades were rather similar.

Nevertheless, niche similarity tests based on single variables also

revealed some differences. For example, records of the Southern

Alps Clade were not related to high precipitation in the native

range but in the invasive range. This may reflect a shift in habitat

affiliation rather than differences in the availability of habitats in

the novel range. Niche similarity tests for the Eastern France

Clade within its invasive range revealed that minimum tempera-

ture of the coldest month, mean temperature of the warmest

quarter and mean temperature of the coldest quarter were

explaining most of the variability. This corresponds to both the

need for high temperatures during early summer for reproduc-

tion and the need for successful hibernation and partial winter

activity (Barbault & Mou, 1988). Similarly, invasive populations

of the Venetian Clade were mainly recorded from sites with

higher mean temperatures of the warmest quarter than expected

by chance. Mean temperatures of the early summer are of major

importance for the reproductive success of this oviparous lizard

at its northern range border as they strongly affect incubation

time (in the wild 6–11 weeks) and hatchling phenotype (Braña

& Ji, 2000). In the northernmost native population of this clade

(Maastricht), cold and rainy summers can cause almost com-

plete hatching breakdowns (Stumpel, 2004). The Venetian Clade

had the lowest niche overlap between its native and invasive

range. In its invasive range, this clade occurs in areas with higher

annual PET and higher mean temperatures of the warmest

quarter. High values of both variables are typically found within

its native range and are known to contribute to reproductive

success and microhabitat selection (Mazzotti, 1999). Overall, the

invasive distribution of the Venetian Clade and the low niche

overlap between native and invasive ranges suggest that the fun-

damental niche of this clade might be larger than the niche

realized in its actual native range.

Furthermore, it has to be considered that systematic human-

mediated introductions of lizards into highly suitable habitats

took place. Hence, the lizards were brought into areas that rep-

resent local extremes within the regional climate (e.g. water-

filled quarries). Moreover, the introduction of lizards is

influenced by the usual human travel routes. It is apparent that

the Central Balkan Clade was only found in eastern Germany.

Citizens of the former German Democratic Republic were not

able to travel abroad, except to some other countries of the

Eastern Bloc. Hungary was one of the most popular travel des-

tinations and, indeed, the haplotypes found in invasive popula-

tions of the Central Balkan Clade were very similar to those

Intraspecific niche conservatism
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found in Hungarian native populations. On the other hand, it is

striking that clades from the southernmost part of the range of

P. muralis were not recorded in Central Europe, although at least

Greece is a popular travel destination.

The cryptic niche conservatism hypothesis

The SDMs revealed clear inter-clade differences in the realized

niches, but for some evolutionary lineages the models failed to

predict the invasive range. The best predictive power was found

for those clades that most frequently colonized Central Europe

(Eastern France and Southern Alps clades). However, the native

ranges of these two clades are also spatially closest to Central

Europe, which might increase the climatic overlap with the inva-

sive range. Hence, it is likely that these clades might have been

pre-adapted to the environmental conditions in Central Europe.

Both clades possess a broad thermal tolerance (Appendix S4),

leading to a large potential invasive distribution (Appendix S3).

Although the Southern Alps Clade is naturally restricted to a

rather small native range, mainly south of the Alps, it occurs in

a complex climate due to the great altitudinal gradient in this

area. Populations of this clade have been reported up to 1770 m

above sea level (Hofer et al., 2001) and experiments in cooling

chambers have demonstrated a moderate freeze tolerance

(Claussen et al., 1990).

SDMs for the Venetian, Tuscany and Western France clades

failed to predict the invasive ranges. Despite a narrow realized

niche of its native range, the Venetian Clade colonized areas in

Central Europe (Appendix S3). Two hypotheses may explain this

phenomenon: (1) a shift in the fundamental niche during the

invasion process (niche shift hypothesis), or (2) the available

climate space within its native range only reflects a part of the

fundamental niche (cryptic niche conservatism hypothesis).

The fact that the distribution of the Venetian Clade is strongly

restricted by neighbouring conspecific clades and other Podarcis

species supports the second hypothesis. The same is true for the

Western France Clade and the Tuscany Clade.

Our results suggest that climate adaptations of the studied

lineages are not strong enough to prevent them from becoming

invasive, even if this would not be expected based upon their

realized niche. However, the invaded areas were covered in

SDMs for other lineages and for the complete data set. This

suggests that modelling only one lineage might lead to wrong

conclusions. It might well be true that reported niche shifts

during species invasions (Broenniman et al. 2007; Treier et al.,

2009) simply reflect cryptic niche conservatism on a higher

systematic level (i.e. genus level).

CONCLUSIONS

Niche conservatism has been reported in many species and even

genera (Peterson et al., 1999; Peterson & Holt, 2003; Pearman

et al., 2008). Our models revealed a strong niche differentiation

among clades and mismatches between the realized niches in the

native and invasive ranges, as recently reported also for other

invasive species (Broenniman et al., 2007; Rödder & Lötters,

2009; Treier et al., 2009). Based upon SDMs it is impossible to

disentangle whether such patterns represent shifts in the realized

niche only or in both the realized and the fundamental niche

(Broenniman et al., 2007; Rödder et al., 2010). SDMs simply

match species distributions with climate variables and do not

integrate scenopoetic or bionomic variables (e.g. competition,

predation, dispersal; variables of the Eltonian niche; Soberón,

2007). Such models might thus fail to predict the invasive range,

particularly if the native range size is rather small and a great

part of the fundamental niche is hidden. This means that a small

(realized) niche may hide a broad (fundamental) niche (cryptic

niche conservatism).

Our results have important implications for the interpreta-

tion of geographic predictions for invasive species based upon

SDMs. Although evolutionary lineages within a species may

have distinct realized niches, these do not necessarily imply a

niche differentiation. They might thus become invasive outside

their native realized niches. On the other hand, using the pooled

records of invasive clades performs better in predicting the inva-

sion risk (Fig. 2a). Hence, building models for evolutionary lin-

eages will not necessarily improve SDM predictions. Further

studies should address the general validity of these patterns on

different evolutionary time-scales (divergence times) and distri-

bution patterns of species (Peterson & Holt, 2003). Understand-

ing intra-specific niche evolution might be crucial for a more

reliable risk assessment of invasive species as well as the impacts

of climate change on taxa.

ACKNOWLEDGEMENTS

This work benefited from a grant of the ‘Deutsche Bundesstif-

tung Umwelt’ (DBU, grant number 27282/33/2) and a grant of

the ‘Forschungsinitiative’ of the Ministry of Education, Science,

Youth and Culture of the Rhineland-Palatinate State of

Germany (‘Die Folgen des Global Change für Bioressourcen,

Gesetzgebung und Standardsetzung’). Investigations on the

phylogeny of P. muralis were funded by the Austrian FWF, grant

number P14905-BIO. Permits for sampling wall lizards were

received from the responsible administrations of federal states.

We are grateful to Petra Willems and H. Gicht for help in the

laboratory, to Jan O. Engler for help with PCA figures and to

Guntram Deichsel, Jürgen Gebhart, Wolfram Schurig, Burkhard

Thiesmeier and Angelika and Siegfried Troidl for information

and literature on invasive wall lizard populations. We are espe-

cially indebted to Werner Mayer for his expertise in the molecu-

lar phylogeny of lacertid lizards and the assignment of invasive

wall lizard populations.

REFERENCES

Barbault, R. & Mou, Y.P. (1988) Population dynamics of the

common wall lizard, Podarcis muralis, in southwestern France.

Herpetologica, 44, 38–47.

Bomford, M., Kraus, F., Barry, S.C. & Lawrence, E. (2009) Pre-

dicting establishment success for alien reptiles and amphib-

ians: a role for climate matching. Biological Invasions, 11, 713–

724.

U. Schulte et al.

Global Ecology and Biogeography, 21, 198–211, © 2011 Blackwell Publishing Ltd208



Braña, F. & Ji, X. (2000) Influence of incubation temperature on

morphology, locomotor performance, and early growth of

hatchling wall lizards (Podarcis muralis). Journal of Experi-

mental Zoology, 286, 422–433.

Broennimann, O., Treier, U.A., Müller-Schärer, H., Thuiller, W.,

Peterson, A.T. & Guisan, A. (2007) Evidence of climatic niche

shift during biological invasion. Ecology Letters, 10, 701–709.

Burke, R. & Deichsel, G. (2009) Lacertid lizard introductions

into North America: history and future. Urban herpetology

(ed. by J.C. Mitchell, R.E.J. Brown and B. Bartholomew), pp.

347–353. Society for the Study of Amphibians and Reptiles,

Salt Lake City, UT.

Capula, M., Luiselli, L. & Rugiero, L. (1993) Comparative

ecology in sympatric Podarcis muralis and P. sicula (Reptilia:

Lacertidae) from the historical centre of Rome. What about

competition and niche segregation in an urban habitat?

Italian Journal of Zoology, 60, 287–291.

Carranza, S. & Arnold, E.N. (2006) Systematics, biogeography,

and evolution of Hemidactylus geckos (Reptilia: Gekkonidae)

elucidated using mitochondrial DNA sequences. Molecular

Phylogenetics and Evolution, 38, 531–545.

Claussen, D.L., Townsley, M.D. & Bausch, R.G. (1990) Super-

cooling and freeze tolerance in the European wall lizard

Podarcis muralis, with a revisional history of the discovery of

freeze-tolerance in vertebrates. Journal of Comparative Physi-

ology B, 160, 137–143.

Colautti, R.I., Ricciardi, A., Grigorovich, I.A. & MacIsaac, H.J.

(2004) Is invasion success explained with the enemy release

hypothesis? Ecology Letters, 7, 721–733.

Deichsel, G. & Schweiger, S. (2004) Podarcis muralis (common

wall lizard). Herpetological Review, 35, 289–290.

Dürigen, B. (1897) Deutschlands Amphibien und Reptilien.

Creutz, Magdeburg.

Elith, J. & Leathwick, J. (2009) Conservation prioritisation using

species distribution models. Spatial conservation prioritiza-

tion: quantitative methods and computational tools (ed. by A.

Moilanen, K.A. Wilson and H. Possingham), pp. 70–93.

Oxford University Press, Oxford.

Elith, J., Graham, C.H., Anderson, R.P. et al. (2006) Novel

methods improve prediction of species’ distributions from

occurrence data. Ecography, 29, 129–151.

Ficetola, G.F., Thuiller, W. & PadoaSchioppa, E. (2009) From

introduction to the establishment of alien species: bioclimatic

differences between presence and reproduction localities in

the slider turtle. Diversity and Distributions, 15, 108–116.

Gallien, L., Münkemüller, T., Albert, C.H., Boulangeat, I. &

Thuiller, W. (2010) Predicting potential distributions of inva-

sive species: where to go from here? Diversity and Distribu-

tions, 16, 331–342.

Giovannotti, M., Nisi-Cerioni, P. & Caputo, V. (2010) Mito-

chondrial DNA sequence analysis reveals multiple Pleistocene

glacial refugia for Podarcis muralis (Laurenti, 1768) in the

Italian Peninsula. Italian Journal of Zoology, 77, 277–288.

Godsoe, W. (2010) I can’t define the niche but I know it when I

see it: a formal link between statistical theory and the ecologi-

cal niche. Oikos, 119, 53–60.

Graham, C.H., Ron, S.R., Santos, J.C., Schneider, C.J. & Moritz,

C. (2004) Integrating phylogenetics and environmental niche

models to explore speciation mechanisms in dendrobatid

frogs. Evolution, 58, 1781–1793.

Harris, D.J. & Sá-Sousa, P. (2002) Molecular phylogenetics of

Iberian wall lizards (Podarcis): is Podarcis hispanica a

species complex? Molecular Phylogenetics and Evolution, 23,

75–81.

Heikkinen, R.K., Luoto, M., Araújo, M.B., Virkkala, R., Thullier,

W. & Sykes, M.T. (2006) Methods and uncertainties in biocli-

matic envelope modeling under climate change. Progress in

Physical Geography, 30, 751–777.

Hernandez, P.A., Graham, C.H., Master, L.L. & Albert, D.L.

(2006) The effect of sample size and species characteristics on

performance of different species distribution modeling

methods. Ecography, 29, 773–785.

Hijmans, R.J., Guarino, L., Jarvis, A., O’Brien, R., Mathur, P.,

Bussink, C., Cruz, M., Barrantes, I. & Rojas, E. (2005) DIVA-

GIS version 5.2 manual. Available at: www.diva-gis.org.

Hofer, U., Monney, J.C. & Dušej, G. (2001) Die Reptilien der

Schweiz: Verbreitung, Lebensräume, Schutz. Birkhäuser, Basel.

Holf, C., Rahbek, C. & Araújo, M.B. (2010) Phylogenetic signals

in the climatic niches of the world’s amphibians. Ecography,

33, 242–250.

Holt, R.D. (2009) Bringing the Hutchinsonian niche into the

21st century: ecological and evolutionary perspectives. Pro-

ceedings of the National Academy of Sciences USA, 106, 19659–

19665.

Hutchinson, G.E. (1957) Concluding remarks. Cold Spring

Harbor Symposium on Quantitative Biology, 22, 415–427.

(Reprinted 1991: Classics in theoretical biology. Bulletin of

Mathematical Biology, 53,193–213.)

Jeschke, J.M. & Strayer, D.L. (2008) Usefulness of bio-

climatic models for studying climate change and inva-

sive species. Annals of the New York Academy of Sciences, 1134,

1–24.

Kolbe, J.J., Glor, R.E., Schettino, L.R., Lara, A.C., Larson, A. &

Losos, J.B. (2004) Genetic variation increases during biologi-

cal invasion by a Cuban lizard. Nature, 431, 177–181.

Kraus, F. (2009) Alien reptiles and amphibians: a scientific com-

pendium and analysis. Springer, New York.

Losos, J.B. (2008) Phylogenetic niche conservatism, phyloge-

netic signal and the relationship between phylogenetic relat-

edness and ecological similarity among species. Ecology

Letters, 11, 995–1003.

Martín-Vallejo, J., García-Fernández, J., Pérez-Mellado, V. &

Vicente-Villardón, J.L. (1995) Habitat selection and thermal

ecology of the sympatric lizards Podarcis muralis and Podarcis

hispanica in a mountain region of central Spain. Herpetologi-

cal Journal, 5, 181–188.

Mazzotti, S. (1999) Climatic and environmental influences on

the distribution of lacertid lizards in the southern Po river

basin (northern Italy). Natura Croatica, 8, 201–210.

Nylander, J.A.A. (2004) Mrmodeltest v2. Program distributed by

the author. Evolutionary Biology Centre, Uppsala University,

Uppsala.

Intraspecific niche conservatism

Global Ecology and Biogeography, 21, 198–211, © 2011 Blackwell Publishing Ltd 209



Pearman, P.B., Guisan, A., Broennimann, O. & Randin, C.F.

(2008) Niche dynamics in space and time. Trends in Ecology

and Evolution, 23, 149–158.

Perrings, C., Dehnen-Schmutz, K., Touza, J. & Williamson, M.

(2005) How to manage biological invasions under globaliza-

tion. Trends in Ecology and Evolution, 20, 212–215.

Peterson, A.T. (2006) Uses and requirements of ecological niche

models and related distributional models. Bioinformatics, 3,

59–72.

Peterson, A.T. & Holt, R.D. (2003) Niche differentiation in

Mexican birds: using point occurrences to detect ecological

innovation. Ecology Letters, 6, 774–782.

Peterson, A.T. & Vieglais, D.A. (2001) Predicting species inva-

sions using ecological niche modeling: new approaches from

bioinformatics attack a pressing problem. BioScience, 51, 363–

371.

Peterson, A.T., Soberón, J. & Sánchez-Cordero, V. (1999) Con-

servatism of ecological niches in evolutionary times. Science,

285, 1265–1267.

Phillips, S.J. (2008) Transferability, sample selection bias and

background data in presence only modelling: a response to

Peterson et al. (2007). Ecography, 31, 272–278.

Phillips, S.J., Dudík, M. & Shapire, R.E. (2004) A maximum

entropy approach to species distribution modeling. Proceed-

ings of the 21st International Conference on Machine Learning

(ed. by C. Brodley), pp. 655–662. ACM Press, New York.

Phillips, S.J., Anderson, R.P. & Schapire, R.E. (2006) Maximum

entropy modelling of species geographic distributions. Eco-

logical Modelling, 190, 231–259.

Pimentel, D., Lach, L., Zuniga, R. & Morrison, D. (2000) Envi-

ronmental and economic costs of nonindigenous species in

the United States. BioScience, 50, 53–65.

Podnar, M., Mayer, W. & Tvrtković, N. (2004) Mitochondrial
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