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Abstract
Invasive species are one of the main causes of biodiversity loss worldwide. As
introduced, populations may increase in abundance and expand geographical range,
so does the potential for negative impacts on native communities. As such, it is
necessary to understand the processes driving range expansion, before a species
becomes established in new areas. Through an investigation into capacity for population
growth and range expansion of introduced populations of a non-native lizard, we
aimed to demonstrate how multi-scale factors influence spatial spread, population
growth, and invasion potential in introduced species. The Italian Wall Lizard (Podarcis
siculus) was introduced multiple times to the United States with extant populations
in California, Kansas, New Jersey, and New York. Recently, a single specimen was
discovered in British Columbia, Canada, and unstudied populations are on Orcas
Island and Missouri (USA). We used phylogenetic analysis of mtDNA sequences
(cytb gene) of individuals sampled from these introduced populations and across
the native range to identify potential source populations. Our phylogenetic analysis
result with documentation of the introductions revealed that the Canadian individual
is derived from the Tuscany clade (together with samples from Kansas and New York).
The New Jersey population is likely from the Adriatic clade and the Californian
one from Sicily. The Orcas Island and Missouri populations still require study.
Consequently, humans are key drivers of the distribution of alien reptiles in North
America, but the distributions are determined by a complex interplay between
human activities, geographic factors and species features. Genetic evidence is
essential for reliable biogeographic assessment of invasive species, particularly in
systems with a long history of human influence.
Key words: alien species, invasion pathways, range expansion, phylogenetic, Canada,
USA

Introduction
Global rise in the number of species introduced to regions beyond their
native range via human-mediated translocation shows no sign of reaching
a saturation point (Seebens et al. 2017). While most species fail to establish
or have little negative effect following introduction, a subset of these do
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spread and eventually have significant impact on economies, human
health, native biodiversity, and ecosystem services (Keller et al. 2011; Kolar
and Lodge 2001; Vila et al. 2010). For non-native species to become
widespread and potentially damaging following introduction to new
regions, introduced populations must negotiate the three stages of an
introduction–establishment– invasion continuum (Blackburn et al. 2011).
Evaluation of the likelihood of a species to be transported, established, and
to spread, as well as the potential for having ecological, economical, and
health impacts, forms the basis of “invasive” risk assessment for alien
species (Bacher et al. 2018; Roy et al. 2019). As such, there is great interest
in understanding the patterns of colonization, rates of expansion, as well as
environmental factors which limit distributions of the introduced species
(Gallien et al. 2010; Roy et al. 2019). Following introduction and successful
establishment beyond native ranges, species can further expand their range
through local dispersal processes and/or by jump dispersal events that may
be human-mediated (i.e., deliberate or accidental movement of individuals
between habitats). Human assistance was certainly behind the rapid dispersal
of Podarcis muralis (Laurenti, 1768) in British Columbia (Engelstoft et al.
2020). Furthermore, our ability to assess and predict the temporal dynamics
of invasions is often complicated by the phenomenon of lag phases;
wherein, an introduced species remains at low population levels in the
early stages of establishment for a protracted period of time before the
sudden onset of rapid range expansion (see Crooks 2005). The key point is
that rigorous tests of hypotheses for invasion success must reconstruct the
invasion history, whether it is an introduction from a single native-range
source or a more complicated scenario with multiple sources and admixture
within introduced populations.
In recent years, development of molecular genetics tools has greatly
improved our inference of invasion dynamics and the demography of
biological invasions, allowing a more objective determination of alien
status (Le Roux and Wieczorek 2009). Nevertheless, only a small subset of
putatively alien populations has been investigated in depth using genetics.
Moreover, some patterns of low genetic diversity and shallow divergence
can be explained either by human introductions or by recent natural
colonization by only a few individuals (e.g. Silva‐Rocha et al. 2012; Salvi et
al. 2011, 2014). Integrating genetic data and human factors within ecogeographic analyses (Avise 2000) constitutes an effective approach for
identifying the drivers of invasions and unraveling the status of cryptic
invasions. In most instances, however, the specific source of an introduced
population is not known, multiple undocumented introductions are always
possible, and putative routes of introduction and transport vectors may not
be reliable. In these cases, molecular markers can help to reconstruct the
history of an invasion, identifying the number of native-range source
populations, their geographic location and extent, and the distribution of
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variation from these sources in the non-native range (e.g., Wares et al.
2005; Fitzpatrick et al. 2012). Then comparisons can be made between
these native-range sources and introduced populations to detect ecological
and evolutionary changes.
Most reptiles tend to have poor dispersal abilities (Steinitz et al. 2006;
Qian 2009). However, many species are increasingly transported by humans,
which promotes both short- and long-distance range expansion (Kraus
2009). Lizards are the most abundant and wide-spread reptiles (Novosolov
et al. 2016) and many species live close to humans or in highly disturbed
habitats. Moreover, they can withstand long periods of starvation and
desiccation and many use small cavities as refuge, increasing their chances
of passive transport (McCue 2010; Silva-Rocha et al. 2019). It is, hence, not
surprising that many lizard species have been introduced around the
world. In some cases, repeated introductions of the same species increase
the probability of admixture, which may enhance the invasive potential of
introduced species (Kolbe et al. 2007; Michaelides et al. 2013) or increase
the risk of hybridization with native species or lineages (Santos et al. 2019).
In this study, we determine the potential for range expansion of the nonnative Italian wall lizard (Podarcis siculus (Rafinesque-Schmaltz, 1810)) in
Canada. The native range of P. siculus is Italian Peninsula, Sicily and east
coast of Adriatic and not covers most of Western and Southern Europe
(Podnar et al. 2005; Kraus 2009; Senczuk et al. 2017). Many of these
introductions continue to extend the species’ range throughout continental
Europe (Schulte and Gebhart 2011; Silva-Rocha et al. 2012; 2014; GarinBarrio et al. 2020), but the species also has several populations established
in the United States (Deichsel et al. 2010; Kolbe et al. 2013). Today we have
good evidence of expansion and negative effects for P. siculus in Europe
but much less is known for North America. In Europe, the Italian wall
lizard has already been demonstrated to be harmful to native species, for
example it can have competitive exclusion (Downes and Bauwens 2002)
and hybridize with native Podarcis sp. (Capula 1993, 2002). We also have
evidence of potential behavioral advantage and even resistance to parasites
(Damas-Moreira et al. 2019; Nikolić et al. 2019; Tomé et al. 2021). In the
United States, evidence on invasiveness of P. siculus is weak (Burke 2010;
Deichsel et al. 2010; Goldfarb et al. 2016; Hollingsworth and Thompson
2016; Lambert et al. 2016). Some studies showed that the species may suffer
local thermal acclimation and that parasitisation is very low in the USA
(Burke et al. 2007, 2011; Liwanag et al. 2018). However, we know that it has
been introduced in areas with contrasting climates (California, Missouri,
Kansas, New England) and that such nuclei have independent origins
(Sicily, Tuscany, Adriatic; Kolbe et al. 2013). Although pet trade is the most
likely way of introduction, the increasing records (northwards) in California
and New England suggest range expansion also occurs (Donihue et al.
2014, 2015; Briggler et al. 2015). Three of the four extant Italian wall lizard
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populations in the USA originated in the pet trade with two (perhaps
three) of these introductions being intentional releases (Kolbe et al. 2013).
The species has most recently been reported recently from British
Columbia (Canada) near an isolated population on Orcas Island, Washington
state in the USA (Hanke and Deichsel 2020). In this context, we took
advantage of the deep phylogenetic structure of the mtDNA of the species
in it native range (Senczuk et al. 2017) to produce phylogenetic inference
on the origin of the Canadian specimen, which is needed to determine if it
constitutes an independent introduction from the native range or could
have resulted from secondary introduction within North America. This
information will provide the baseline for properly interpreting the
colonization and phenotypic evolution of the species in the continent
(Burke and Ner 2005; Burke et al. 2007) and eventually for managing these
populations of P. siculus.

Materials and methods
In 2019, one female specimen (RBCM 2187) identified as P. siculus was
collected from an industrial region of Vancouver, British Columbia,
Canada (49.208641°N; 123.094219°W; Hanke and Deichsel 2020). Following
the current provincial regulations on alien species, the animal was sacrificed
humanely and a liver sample was preserved in 96% ethanol. Genomic DNA
was extracted using a standard high-salt protocol (Sambrook et al. 1989).
Amplification of the mitochondrial (mt) marker cytochrome b (cytb) gene
fragment was conducted by Polymerase Chain Reaction (PCR), using the
primers GluDG-L (5' TGA CTT GAA RAA CCA YCG TTG 3') and CB3H
(5' GGC AAA TAG GAA RTA TCA TTC 3') from Palumbi (1991).
Amplification of genomic DNA began with an initial denaturation for 15
minutes at 94 °C followed by 94 °C for 30 s, annealing at 52 °C for 60 s with
34 cycles, and extension at 72 °C for 60 s. Products were visualized with
1.5% agarose gel electrophoresis. The PCR products were purified and
sequenced by an external service (Beckman Coulter Genomics). The amplified
fragments were sequenced in a Sanger sequencer and deposited to the
GenBank database with accession number OM287580.
Sequences from the samples from the native range in the Italian Peninsula
plus Corsica and Sardinia were downloaded from GenBank (accession
numbers: KY064841–KY065117, JX186516–JX186568; Kolbe et al. 2013;
Senczuk et al. 2017). Additionally, ten published sequences from other
introduced populations in United States: JX186567, JX186525–JX186529,
JX186516– JX186518 (Kolbe et al. 2013) and one sequence from California
(accession number: HQ154646; Deichsel et al. 2010) were also downloaded.
To build this genealogy, a distinct GenBank sequence from Podarcis
melisellensis (Braun, 1877) was integrated as outgroups taxa, accession number
AY185057), following Silva-Rocha et al. (2014). The final alignment
included 331 sequences. Sequences were edited using Geneious Prime
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v.2020.1 (https://www.geneious.com). The alignment was performed with
MAFFT v.7 (Katoh and Standley 2013) which were imported into the
software to MrBayes v3.2 (Huelsenbeck and Ronquist 2001). To determine
the best model for phylogenetic analysis, the software PartitionFinder
v.2.1.1 was used (Lanfear et al. 2012). BI was using HKY+G+I as a model of
substitution and run for 10 million generations, sampled every 1000
generations, with a standard 25% burn-in. Convergence of the MCMC
runs was checked with Tracer v1.7.1 (Rambaut et al. 2018). The tree was
visualized using FigTree v.1.4.4 (Rambaut 2009). Map was created in QGIS
3.10.8 (QGIS Development Team 2020).

Results
We obtained an aligned dataset of the cytb gene for P. siculus and
recovered seven well-supported clades (T, A1, A2, A3, S1, S2 and S3)
following Senczuk et al. 2017 results, which are previously published
sequences including also sequences from the native range in Italy and nine
from introduced populations in the USA reported in Kolbe et al. (2013).
The three clades (S1, S2 and S3) within the Siculo-Calabrian lineage. The
central-northern lineage split approximately into two main groups that for
simplicity we refer to as “Adriatic” and “Tyrrhenian”. The Adriatic group
also included two clades with a separation of the clades A1, A2 and A3.
The Tyrrhenian clade T was also clearly separated from the others. The
phylogenetic relationships inferred from the tree showed well-supported
clades (BP ≥ 90) with a geographic coherence. Clades were separated from
each other with high support values (1.00–0.98). According to the obtained
genealogy the single P. siculus from Canada is more closely related to
individuals from Tuscany (clade T; Figure 1). Similarly, the specimens
from Kansas and New York also belonged to this clade. These samples are
closely related to samples from native range that were sampled in the
localities of Borgo, San Lorenzo, Florence and Pistoia (Italian Peninsula).
In contrast to the close association between haplotypes from Canada,
Kansas and New York, samples from New Jersey and California are neither
closely related to these nor to each other. Three samples from New Jersey
were phylogenetically related to the Adriatic clade (clade A2) and are
closely related to the native samples from Rosa Marina and Foresta Umbra
(southeastern part of the Italian Peninsula). Finally, all specimens from
California clustered with the clade containing individuals from Sicily
(clade S3) in a large haplogroup. Overall, samples from introduced
populations in North America fell in three well-supported clades: T
(Tuscany), A2 (Adriatic) and S3 (Sicily). Despite introductions from
multiple native-range sources, we did not detect population level
admixture of haplotypes from distinct mtDNA lineages within introduced
populations.
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Figure 1. Phylogenetic analysis results (Bayesian inference) from native Podarcis siculus populations (Senczuk et al. 2017; Kolbe
et al. 2013) and those from introduced populations from USA (Kolbe et al. 2013; Deichsel et al. 2010) and Canada. A. Complete
phylogenetic tree with all clades. The clades are named according to Senczuk et al. (2017): A2, A3 and T clades. P. meliselensis
were used as outgroups; B. The part of phylogenetic tree with introduced samples from Canada, New York and Kansas; C. The part
of phylogenetic tree with introduced samples from New Jersey; D. The part of phylogenetic tree with introduced samples from California;
E. Geographic distribution of the mtDNA clades of P. siculus in North America. All introduced populations are highlighted in red.
The Canadian sample is highlighted by a red line. On the map, the location of the individual from Vancouver (Canada) is indicated
by an arrow; (i) Geographic distribution of the mtDNA haplotypes in P. siculus and are colored according to the main haplogroups
identified by Senczuk et al. (2017).

Discussion
Biological invasion is a multi‐step process, encompassing (a) introduction
of species to a new environment; (b) establishment; and (c) dispersal across
the new area (Simberloff et al. 2013). Our phylogenetic analysis, combined
with the published evidence, suggests that the allochthonous distribution
of the Italian wall lizard in North America resulted in several independent
transcontinental introductions followed by successful establishment and in
some cases dispersal across shorter distances in favorable environments, all
likely human mediated. More importantly, our findings indicate that such
an invasion process continues nowadays.
Invasion dynamics depends mostly on both the processes promoting
colonization events and on traits favoring success in the new environments.
Several macroecological studies have analysed biogeographic and human
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factors related to the distribution of alien species around the world (Burns
2015; Capinha et al. 2015). Thus the integration of multiple sources of
information, and the validation of records using unambiguous evidence is
essential for a more accurate understanding of patterns of alien species
distribution. Mitochondrial DNA haplotypes sampled from introduced
populations in Canada and USA are derived from three genetically distinct
and well-supported native range clades that are largely geographically
distinct from each other. The combination of this molecular data with
historical context clarifies the geographic extent of the sources in the native
range, namely, that at least three independent introductions occurred in
North America. This pattern of introductions from multiple native-range
sources is common (Dlugosch and Parker 2008), particularly in lizards
(Chapple et al. 2012; Schulte et al. 2012).
Haplotypes from the Tuscany clade T are widely distributed within the
native range, making it difficult to narrow the geographic extent of the
source population for the three largely separated populations. Their geographic
location and temporal discovery may suggest an initial importation through
New York harbor (well communicated with Europe) and then successive
dispersal events westwards in a stepping-stone fashion. In fact, Kolbe et al.
(2013) already put forward a similar hypothesis about a Kansas population
that could have been brought from New York indirectly by humans. Also,
Briggler et al. (2015) confirmed that P. siculus was released by humans in
Joplin, Missouri. However, it cannot be discarded another colonization order
or even that these separate ranges could have originated independently
from the native range. These alternative hypotheses could only be
disentangled with a population level sampling and fast evolving molecular
markers (e.g. microsatellites; for Podarcis sp. see Michaelides et al. 2013;
Beninde et al. 2018; Yang et al. 2021).
The first P. siculus on the loose in Canada was collected at the office of
Honeycomb Direct in Vancouver in 2019, about 65 km north of the P. siculus
population on Orcas Island, Washington (Hanke and Deichsel 2020). The
authors suggested that it was a lone stow-away and it is possible that this
Canadian specimen stowed away in camping gear used on Orcas Island, or
arrived in a mail shipment from elsewhere. Unfortunately, samples from
Orcas Island have not been studied. Therefore, we cannot confirm the
origin of this Canadian specimen from Orcas Island. Remarkably, as of 2020,
a congeneric species, Podarcis muralis is firmly established as an invasive
species on several islands and the southern mainland of British Columbia,
with evidence of demographic and geographic expansion and negative
effects on native lizards (Engelstoft et al. 2020). Thus, the addition of a
second Podarcis species would intensify the impact on the native fauna of
this region.
Earlier studies point to pet trade pathway for P. siculus introductions to
the USA (Deichsel et al. 2010; Kolbe et al. 2013; Briggler et al. 2015) resulting
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in established populations that span the phylogenetic diversity and
geographic extent of this species in its native range. In addition to P. siculus,
other introduced populations of P. muralis and Lacerta bilineta have been
found in the United States through animal trafficking (Burke and Deichsel
2008; Collins and Gubanyi 2010). The desire for variety in the pet trade –
new species, uncommon varieties can have led to sampling of genetically
diverse source populations with subsequent release and establishment in
non-native areas. Whether the pet trade leads to the establishment of nonnative populations with greater diversity compared to other pathways (e.g.,
biocontrol, cargo, tree nursery trade) remains to be tested. The numerous
other new introductions of P. siculus (Tuniyev et al. 2020; Garin-Barrio et
al. 2020; Iskenderov et al. 2021), as well as reptiles in general (Lever 2003),
may serve as good subjects for tests of this hypothesis given their
popularity in the pet trade.
Molecular data are still lacking for some introduced populations of P. siculus
(Hanke and Deichsel 2020; Tuniyev et al. 2020). Obtaining exhaustive genetic
data for species combinations is far from complete, yet the integration of
genetic data in biogeographical analyses can be used to improve our
understanding of present‐day biodiversity. The human‐related factors
stand out as key drivers of the current distribution of alien reptiles in the
world, in combination with species traits, such as diet and environmental
tolerance, that are important for the success of invasion and persistence of
alien species (Case 1996; Kolar and Lodge 2001; Blackburn and Duncan
2001; Cassey 2002). The integration of distribution, genetic data allowed
identification of cryptic introduced species, some of which may threaten
native biota (Hendrix et al. 2008; Kenis et al. 2009). The same framework
could then be applied to other groups with poor natural dispersal in
human-dominated regions, providing a baseline for delineating more
realistic conservation strategies and detecting putative alien species.
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