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Does hybridization with an invasive species
threaten Europe’s most endangered reptile? Genomic
assessment of Aeolian lizards on Vulcano island

Josephine R. Paris,’? Gentile Francesco Ficetola,>** Joan Ferrer Obiol,® lolanda Silva-Rocha,”
Miguel Angel Carretero,>®’ and Daniele Salvi'-8*

SUMMARY

Interspecific hybridization can be consequential for insular species. The Critically Endangered Aeolian wall
lizard, Podarcis raffonei, severely declined due to interactions with the invasive Italian wall lizard, Podarcis
siculus. The largest population of P. raffonei survives on a narrow peninsula (Capo Grosso) that is mildly
connected to the island of Vulcano, which has been entirely invaded by P. siculus. Recent observation of
individuals with an intermediate phenotype raised concern over the risk that hybridization might swamp
this last stronghold. We genetically characterized lizards from Vulcano, considering individuals showing
multiple phenotypes (native, invasive, and “intermediate’). Hybridization rate was low (~3%), with just
two F1 hybrids and two backcrosses, suggesting that hybridization does not currently represent a major
threat. However, we identified low genetic diversity, a small effective population size, and a low N./N.
ratio. Management strategies are urgently needed to control invasive species and maintain the genetic
diversity of P. raffonei.

INTRODUCTION

Climate change, habitat modification, and the intentional or unintentional movement of organisms by humans, are causing species distribu-
tion shifts across the planet. One outcome of these disturbances is increased rates of interspecific hybridization, which can be especially prob-
lematic for rare or endangered species that encounter more abundant species.' Hybridization can threaten a species’ genetic integrity and
even contribute to species extinction,'~ yet in some cases hybridization can also increase diversity and may aid evolutionary rescue of en-
dangered species.”® Nonetheless, the effects of interspecific hybridization are highly species- and context-specific, and to predict its poten-
tial evolutionary outcomes, a robust quantification of hybridization is required. Such evaluations are especially pressing for rare and endan-
gered species, where an understanding of the rate and mode of interspecific hybridization is required to design the most appropriate
conservation and management plans.

Alien invasive species are a major cause of extinction risk in reptiles, with particularly strong effects in island environments.””” In this
respect, the endemic Aeolian wall lizard, Podarcis raffonei, provides an emblematic case. Once probably widespread across the Aeolian ar-
chipelago (Southern lItaly), this lizard is now restricted to three tiny islets (Scoglio Faraglione, Strombolicchio, and La Canna) and a narrow
peninsula (Capo Grosso; Figure 1). With an estimated range of ~1.6 ha,'? P. raffoneiis the rarest and most threatened reptile in Europe. Listed
as Critically Endangered by the IUCN since 2006, the species remains understudied and underprotected.'’ The island of Vulcano hosts the
only population of P. raffonei that is not microinsular as it occurs on the narrow peninsula of Capo Grosso (surface <0.7 ha) connected to a
main island. Until 1999, the species was recorded in multiple locations across Vulcano island (Vulcanello and Gran Cratere),'” but these pop-
ulations are now considered to be extinct.'*™'” Interspecific interactions with the Italian wall lizard, P. siculus, have been regarded as a major
cause of the near extinction of P. raffonei.'” P. siculus is native to the Italian Peninsula, Sicily, and the northern Adriatic coast, but has been
introduced by humans across the world.'®"” P. siculus was likely introduced in Vulcano and other Aeolian islands a few centuries ago'® and is
now widespread across the archipelago.'””'* The invasion by P. siculus has thus been proposed as a key driver for P. raffonei's relict
distribution. %
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Figure 1. Geographic locations of the Aeolian wall lizard (Podarcis raffonei)

(A) Map of the Aeolian Islands in southern ltaly. Inset shows the location of the Aeolian Islands in Italy. The locations of the Aeolian wall lizard (Podarcis raffonei) are
the three islets: La Canna (close to Filicudi), Scoglio Faraglione (close to Salina), Strombolicchio (close to Stromboli) and the peninsula of Capo Grosso on
the island of Vulcano. Sampled individuals include: the typical brown phenotype (P. raffonei; n = 50) and putative hybrid lizards with an intermediate
phenotype (n = 38) from Capo Grosso; pure P. raffonei individuals from Scoglio Faraglione (n = 5); and pure P. siculus lizards from mainland Vulcano (n = 35)
and from mainland northern Sicily, Milazzo (n = 5).

(B) Zoom-in on the island of Vulcano, showing the small peninsula of Capo Grosso.

(C) Photograph of Capo Grosso: P. raffonei is confined to the small distal portion of the peninsula. Orographic maps were created in R”' with rayshader.”.

P. siculus might impact P. raffonei through both competition and hybridization. Competition has been proposed as a reason for decline
because P. siculus has a larger body size, higher aggressiveness, excellent thermoregulation, behavioral plasticity, and tolerance to disturbed
environments.'”?**?/ Moreover, an early allozyme study analyzed 101 lizards from Vulcano, identifying 15 individuals as F1 hybrids between
P. raffonei and P. siculus (hybrid ratio: ~15%'%), suggesting that hybridization might further accelerate the decline of P. raffonei.'®'*"” How-
ever, these early studies only used a small panel of allozyme markers (only four “diagnostic” loci'?). The assessment of hybridization patterns
requires large (>100) panels of markers, as a smaller number of markers can yield both severe underestimation and overestimation of hybrid-
ization rates.”® Unfortunately, such assessments are so far lacking.

More recently, observations of lizards from Capo Grosso with a green dorsal-coloration phenotype (hybrid-like) resulted in renewed alarm.™® P.
raffonei and P. siculus differ only slightly in morphology and color pattern, meaning the two species are difficult to tell apart.'”*’ P. raffonei pos-
sesses dark markings on the throat and is generally brown on the dorsal surface, whereas P. siculus has a white throat with no dark spots and shows
a green dorsal pattern. In a survey of 131 lizards in 2017, a large number (>50%) of individuals from Capo Grosso showed an intermediate pheno-
type, with green patterns and dark markings on the throat (Figure 2). This was suspected to indicate extensive hybridization'’; however, individuals
from Capo Grosso kept in captive-breeding programs showed strong plasticity in color pattern with a seasonal shift toward a green phenotype.'”
Thus, the true hybrid status of the Capo Grosso population of P. raffonei remains unknown. Given the high-priority conservation status of the
Aeolianwall lizard, and the potentially catastrophic effects of widespread hybridization with the Italian wall lizard, there is a pressing need to quan-
tify the actual hybridization rate using a large panel of genomic markers. Such an assessment would also provide measures of genetic diversity and
effective population size (Ng) for the largest extant population of P. raffonei, with key consequences for the management of this island endemic.

In this study, we use single-nucleotide polymorphisms (SNPs) derived from double-digest restriction-site associated DNA sequencing
(ddRAD-seq), mitochondrial sequencing, and phenotypic data, to investigate the status of P. raffonei from the Capo Grosso peninsula. First,
we quantified the genetic status of lizards from Capo Grosso and mainland Vulcano, to evaluate the extent of hybridization between
P. raffonei and P. siculus, and to assess the relationship between genotype, maternal species, and color pattern. Second, after the exclusion
of hybrids, we performed an assessment of genetic diversity and effective population size (Ng) of P. raffonei from Capo Grosso. These results
have key implications for the conservation and management of this Critically Endangered species, and provide general insights on the con-
servation of small, insular populations under the increasing threat of hybridization with invasive species.

RESULTS
ddRAD data quality control, de novo assembly and reference alignment

After removal of five low-quality samples, we generated over 224 million paired-end reads (average 1,835,851 + SE 85,979 per individual) for
133 lizards: Capo Grosso brown phenotype (n = 50); Capo Grosso intermediate phenotype (n = 38); Vulcano P. siculus (n = 35); Scoglio
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Figure 2. Color patterns of male lizards captured on Vulcano Island and Capo Grosso

Podarcis raffonei (left) and the Italian wall lizard P. siculus (right), and patterns of individuals with the intermediate phenotype (middle), adapted from Ficetola et al.
(2021)."° Typical phenotypes of P. raffonei and intermediate phenotypes were observed on the Capo Grosso peninsula, whereas typical phenotypes of P. siculus
were observed across the main island of Vulcano.

Faraglione P. raffonei (n = 5); Milazzo P. siculus (n = 5) (Table S1). De novo assembly of the RAD data separately for P. raffonei and P. siculus
showed that the best parameter for merging alleles into loci (-M) was 2 for both species. We merged the loci across individuals from both
species (-n) using an optimized value of 2. Average coverage overall was 31X. One individual (CGI38) was retained for analysis, despite
low coverage (5.4X) as it showed evidence of being a hybrid in a preliminary assessment of the dataset. In the reference-guided analysis,
P. raffonei and P. siculus samples showed different alignment rates to the P. raffonei reference genome, with P. raffonei samples showing
an average alignment rate of 92.5%, and P. siculus samples showing an average alignment rate of 72% (Table S1). This alignment bias was
alleviated by retaining loci occurring in both species (-p 1 in populations).

Inter- and intra-species genetic structure and identification of genetic hybrids

Principal-components analysis (PCA) showed strong genetic differentiation between P. siculus lizards sampled from Vulcano and brown
P. raffonei individuals sampled from Capo Grosso (Figure 3A). PC1 (87% of the variance) clearly separated the two species, and evidenced
that 34 of the intermediate phenotype lizards sampled from Capo Grosso clustered with the brown P. raffonei lizards. Four of the interme-
diate-phenotype lizards were placed in the genetic space between the two species: CG113, CGI14, CGI38, and CGI36. PC2 (1% of the vari-
ance) separated the P. raffonei lizards sampled from Capo Grosso from lizards sampled from Scoglio Faraglione. P. siculus lizards sampled
from Milazzo showed very little genetic differentiation from P. siculus from Vulcano, as indicated by PC3 (0.93% of the variance). Genetic dif-
ferences were well-reflected in the Fst estimates among the four sampling locations (excluding intermediate phenotypes). A very high Fst was
observed between brown P. raffonei lizards from Capo Grosso and P. siculus from Vulcano (Fst = 0.92). A moderately high Fst was also found
between P. raffonei lizards from Capo Grosso and P. raffonei from Scoglio Faraglione (Fst = 0.42). A very low Fst was observed between
P. siculus lizards from Vulcano and Milazzo (Fst = 0.07).

Analysis using introgress confirmed that most intermediate-phenotype lizards are in fact P. raffonei, with the analysis indicating just four
genetic hybrids based on the hybrid index and interspecific heterozygosity (Figure 3B). CGI13 (male) and CGI35 (female) showed F1 hybrid
indices of approximately 50% (CGI13: 0.492 [0.467-0.512]; CGI35: 0.546 [0.523-0569]). CGI36 (male) had a backcross hybrid index: 0.758
(0.737-0.778). The low coverage individual (CGI38; male) showed a hybrid index more closely related to P. siculus, although with larger
95% confidence intervals: 0.409 (0.344-0.476).

The co-ancestry method of fineRADstructure using the full haplotype information also showed two clearly defined clusters representing
the two species (Figure 3C). Podarcis raffoneifrom Scoglio Faraglione clustered within the P. raffonei cluster, and P. siculus from Milazzo clus-
tered within the P. siculus cluster, each with higher co-ancestries to the other samples from these sampling locations. The fineRADstructure
analysis further confirmed the identification of the four hybrids. The two suspected F1 hybrids (CGI13 and CGI35) showed equally shared
donor and recipient ancestries to both P. siculus and P. raffonei. Sample CGI36 showed higher shared co-ancestry to P. raffonei. Sample
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Figure 3. Genetic structure and identification of genetic hybrids

(A) Principal-components analysis (PCA Green circles represent P. siculus lizards from Vulcano; green triangles represent P. siculus lizards from Milazzo; brown
circles represent brown-phenotype lizards from Capo Grosso; pink triangles represent P. raffonei lizards from Scoglio Faraglione; gray circles represent
intermediate-phenotype lizards from Capo Grosso. Main plot shows the variance explained by PC1 and PC2; inset shows the variance explained by PC1 and PC3.
(B) Triangle plot depicting the hybrid index, and heterozygosity at species diagnostic SNPs inferred by introgress. Green represents P. siculus lizards; brown
represents brown-phenotype lizards, gray represents intermediate-phenotype lizards.

(C) Co-ancestry relationships from fineRADstructure. Two main clusters are observed, representing P. siculus and P. raffonei. All intermediate-phenotype lizards
(except the four hybrids, identified by the asterisk) cluster within the P. raffonei cluster. P. siculus from Milazzo are nested within the P. siculus cluster. P. raffonei
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Figure 3. Continued

lizards from Scoglio Faraglione show a distinct cluster compared to the P. raffonei cluster of Capo Grosso. Color legend depicts the proportion of shared ancestry
between the haplotypes. The tree atop shows crude relationships between the haplotypes.

(D) Individual ancestries from Admixture showing results for K= 2 and K= 3.

(E) Assignment of the intermediate-phenotype lizards using NewHybrids. The color legend describes the assignment to each of the five genotype classes that
were identified.

See also Figures S1, S2, and S3.

CGI38 (low coverage) showed approximately equally shared donor and recipient ancestries to both species, although with some small haplo-
type blocks showing a stronger signature of donor ancestry from P. siculus.

Cross-validation (CV) error from Admixture showed that K= 3 was the best Kfor describing the allocation of individual ancestries, but K= 2
also showed a low CV error rate (Figure S1). At K= 2, individuals from the two species clustered into two clearly defined groups (>99% assign-
ment probability (Figure 3D). Most of the intermediate phenotype samples showed the same cluster assignment (>99%) as the brown-pheno-
type P. raffonei from Capo Grosso and P. raffonei from Scoglio Faraglione. Four putative hybrids were clearly apparent from their shared
assignment probabilities to the two species clusters. Two samples showed approximately 50% assignment probability to P. raffonei
(CGIN3: 50%; CGI35: 54%). Sample CGI36 showed a high assignment probability to P. raffonei (CGI36: 0.76%). CGI38 (low coverage) showed
a higher assignment to P. siculus (CGI38; 59%). At K = 3, the P. raffonei samples from Scoglio Faraglione were separated from the Capo
Grosso P. raffonei cluster and the four hybrid individuals also showed some shared ancestry with this location. Further assessment of popu-
lation structure within the groups showed that the best Kwas 1 for both the Capo Grosso P. raffonei individuals and the Vulcano P. siculus
individuals, and there was no effect of sampling year (Figure S2). Hierarchical analysis on all P. siculus samples also showed K= 1 as the best
value for K, although examination of the cluster probabilities for K = 2 showed that lizards sampled from Milazzo formed a homogeneous
group compared to samples from Vulcano (Figure S3).

In the NewHybrids assignment, all panels of diagnostic markers used for simulation were species-diagnostic (i.e., Fst = 1). The critical
posterior probability of assignment thresholds to each genotype frequency class was 1 for all marker panels across all runs in the simulated
datasets. We combined the empirical data with all three marker panels to assess hybrid classification of the intermediate-phenotype in-
dividuals. These results also confirmed that the majority (n = 34) of individuals with the intermediate phenotype are P. raffonei (Figure 3E).
NewHybrids assigned two of the intermediate-phenotype samples as F1 hybrids (CGI13 and CGI35), and one sample as a P. raffonei back-
cross (CGI36) with high posterior probabilities (>0.99 across all runs). The low-coverage sample (CGI38) showed the highest assignment
probability of being a siculus backcross. However, the reduced data quality of this sample resulted in a lower assignment probability across
all marker panels and simulations (0.941; range: 0.940-0.942), with the remaining assignment probability assigning this individual as an F2
hybrid.

Finally, we used a whitelist of 87 SNPs genotyped across 49 loci to interrogate the individual genotype information of the four
identified hybrid individuals (Figure 4). This confirmed the genotype patterns for the four genetic hybrids, with CGI13 and CGI35 showing
heterozygous P. raffonei and P. siculus genotypes for the SNPs used in the analysis. CGI36 had a majority of homozygous P. raffonei ge-
notypes, but a stretch of heterozygous genotypes was also seen, as would be expected with a raffonei backcross. In the low-coverage
individual (CGI38), a large proportion of the SNPs were heterozygous, but a genotype signature of homozygous P. siculus was also
observed.

Overall, our analyses show that the genetic hybrids comprise two F1s, one raffonei backcross, and one hybrid which is most likely a siculus
backeross. If we consider the sampling years, one hybrid (siculus backcross) was detected in 2015 out of 30 captured individuals (only 10 in-
dividuals captured in 2015 were sequenced, but none of the non-sequenced individuals showed an intermediate phenotype; this suggests a
2015 hybrid ratio = 0.033), and three hybrids (two F1s, one raffonei backcross) were detected in 2017 among a total of 88 lizards sampled from
Capo Grosso (2017 hybrid ratio = 0.034).

Assessment of the maternal species and phenotype of the genetic hybrids

We identified the maternal species of each of the four hybrid individuals by Sanger sequencing the 125 rRNA mtDNA region. Mito-
chondrial DNA sequences obtained for the hybrids CGI35 and CGI38 were identical to the 12S sequence of a P. siculus individual
from Vulcano island (GenBank: KX080573:); sequences of the hybrids CG113 and CGI36 show a single substitution (genetic identity
of 99.7%) from the sequence found in four P. raffonei individuals from Strombolicchio islet (GenBank: KY562000:%"; GenBank:
MW619265-267;%%). Sequences of P. siculus and P. raffonei show 15 alternatively fixed SNPs at this 125 gene fragment (length:
348 base pairs). This indicated that the two F1 hybrid lizards originated from a P. raffonei female (CGI13), and a P. siculus female
(CGI35). The raffonei backcross lizard originated from a P. raffonei female in the backcross or in the F1-producing cross. The low-
coverage sample (CGI38) originated from a P. siculus female.

Inspection of the phenotypes suggests hybrids more closely resembled the maternal species in both dorsal and ventral patterns, regard-
less of hybrid class and sex. CGI13 (F1, P. raffonei maternal haplotype) and CGI36 (raffonei backcross, P. raffonei maternal haplotype) had a
phenotype more closely resembling the P. raffonei phenotype with few to many dark markings on the chin shields and throat, orange ventral
coloration, a dark vertebral stripe flanked by two brown/green stripes on the dorsal surface (Figure 5A). Conversely, CGI35 (F1, P. siculus
maternal haplotype) and CGI38 (siculus backcross, P. siculus mother) resemble a P. siculus phenotype with white belly and throat with
pale spots and mostly reticulated dorsal pattern (Figure 5B).
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Figure 4. Genotype plot for 87 species-diagnostic SNP markers (i.e., Fst = 1) between P. raffonei and P. siculus
Genotypes are colored as being homozygous in P. raffonei (HOM = brown), homozygous in P. siculus (HOM = green) or heterozygous between the two species
(HET = yellow). Each block is colored by these genotype calls. Note that the SNPs were called de novo and are therefore not ordered in a positional manner.
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Genetic diversity and effective population size estimates of P. raffonei

Estimates of genetic diversity were calculated using individuals with the lowest amount of missing data (<10%) (P. raffonei = 60;
P. siculus = 30), using only loci present in all individuals of both species. All estimates of genetic diversity were lower in P. raffonei
compared to P. siculus (Table 1). Estimates of the inbreeding coefficient (Fs) were slightly higher in P. siculus, with confidence intervals
above zero. Iterative downsampling of the sample size in the P. raffonei dataset did not affect the results, suggesting robustness in the
estimations. Estimates of the effective population size (N.) of P. raffonei from Capo Grosso were 63.8 (95% Cl = 54.7-75.5) when
including singletons, translating to an No/N. ratio of 0.06. Excluding singletons lead to slightly smaller N values but with larger
confidence intervals (Ng = 49.8; 95% CI| = 25.5-133.7).

DISCUSSION

The promontory of Capo Grosso in the island of Vulcano hosts the largest remaining population of the Critically Endangered Aeolian wall
lizard. This population represents the last stronghold for the species on a large island, where P. raffonei has persisted after the historical intro-
duction of P. siculus.'®?° Recent observations of lizards with an intermediate phenotype in Capo Grosso resulted in renewed concern, espe-
cially given that interspecific hybridization with P. siculus could quickly drive this population to extinction.'” Our high-density panel of SNPs
showed limited hybridization (~3%). Just a handful of intermediated individuals were hybrid, there is no evidence of older hybrid classes, and
most individuals sampled from Capo Grosso are in fact pure P. raffonei. Therefore, we cautiously suggest that hybridization does not currently
represent the major threat for P. raffonei in Capo Grosso. These findings are in contrast with the speculation that hybridization caused the
disappearance of P. raffonei from Capo Grosso (based on phenotypic observations'®) and casts doubt on the hypothesis that hybrid swamp-
ing was the primary reason for the disappearance of the species from the Aeolian archipelago.

Low contemporary hybridization between the Aeolian wall lizard and the Italian wall lizard

Our genome-wide estimate of hybridization between P. raffoneiand P. siculus suggests a low (~3%) rate of hybridization compared with other
congeneric pairs.* This is in contrast with the previous genetic study on Vulcano, which reported a much higher ratio of F1 hybrids (15% ).
This can be explained by the very small panel of loci employed by this early study (four allozymes). Assessments of hybrid zones based on a few
(<100) loci can yield inaccurate estimates of introgression rate,* stressing the need for methods which extensively cover the genome. Despite
the low information content in each individual SNP, the large number of markers provided by approaches such as RAD-seq offers a cost-effec-
tive method to achieve accurate hybrid classification® while genotyping a large number of individuals.”® Other studies have also observed
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Figure 5. Dorsal and ventral phenotypes of the four hybrid individuals

Hybrid individuals more closely resemble the maternal species, regardless of hybrid class.

(A) CGI35 (F1, P. siculus maternal haplotype) and (B) CGI38 (siculus backcross, P. siculus maternal haplotype) resemble a P. siculus phenotype with white belly and
throat with pale spots and mostly reticulated-blurred dorsal pattern.

(C) CGI13 (F1, P. raffonei maternal haplotype) and (D) CGI36 (raffonei backcross, P. raffonei maternal haplotype) resemble the P. raffonei phenotype with orange
ventral coloration, dark markings on the chin shields and throat, a dark vertebral stripe flanked by two green stripes on the dorsal surface.

discrepancies in the hybridization rate measured using different marker typologies,***” suggesting caution in the interpretation of hybridi-
zation rates derived by allozyme data and in the comparison of estimates based on different marker types.

Aside from methodological differences, a further potential explanation for the discrepancy between the results here and those of
Capula'” is that interspecific interactions on Vulcano Island have probably changed in the last ~40 years, especially given the dramatic
decline of P. raffonei. In 1951, P. raffonei was reported to be the predominant species in the northern areas of the island.*® In the late
1980s, Capula witnessed the replacement of P. raffonei by P. siculus, but still found pure P. raffoneiindividuals and hybrids in these areas
(Vulcanello and at the base of Gran Cratere'”; Capula pers. comm.), not far from Capo Grosso (~1 km). The expansion of invasive lizards
(as observed by Capula) probably led to an increased frequency of interspecific encounters and thus more frequent hybridization. On
the other hand, the distal portion of the Capo Grosso peninsula, where P. raffonei still occurs, is connected to the main island by a nar-
row and tortuous rocky isthmus (~400 m long, minimum width ~10 m, minimum altitude 1-2 m above-sea-level; Figure 1), which prob-
ably represents a strong geographical filter against the invasion of P. siculus. The strength and type of the habitat barrier (in this case the
isthmus) can have substantial effects on the flux of alleles in hybrid zones, potentially limiting introgression levels.*” We remain blind
about the temporal movement of the hybridization zone, but it can be hypothesized that it has moved over time and that hybridization
rate increased at the expansion front of P. siculus, and then decreased in extent as P. siculus outcompeted P. raffonei until near-
complete replacement. The P. siculus lizards sampled in this study were mostly from northern Vulcano (Vulcanello), where the historical
hybrids were observed, but we found no trace of introgressed alleles from P. raffonei. This suggests that introgression has not been the
main driver of the replacement of Aeolian lizards by invasive lizards, and that other processes (e.g., competition;''*?%) may have taken
place and require further investigation.

Demographic and spatial trends of these lizards have been likely determined by their different ecological response to the anthropogenic
impact on native habitat. The two species show clear ecological differences, with P. siculus thriving in anthropic environments, including open
and urban habitats."**° The dispersal of P. siculus is limited by habitat quality and density-dependence, being higher in crowded habitats.”’
Opportunistic transects along the Capo Grosso promontory indicate that P. siculus density is very low and decreases along the isthmus
(L. Vignoli and B. Gambioli, pers. comm.), further supporting the hypothesis that the isthmus is an efficient barrier to the invasion by
P. siculus, possibly preventing extensive hybridization at this site.

Besides the role of habitat changes and species abundance, the low rate of hybridization could also be due to evolutionary mechanisms
associated with the genetic differentiation between species and the fitness of hybrid offspring.”” The high genetic differentiation (Fst = 0.92)
supports a deep divergence between P. raffonei and P. siculus (around 11-18 mya®>*?). Nevertheless, Podarcis lizards are typified by perva-
sive ancestral hybridization and introgression,**° suggesting that postzygotic reproductive isolation mechanisms are fluid. Hybrid fitness is a
further point of consideration when interpreting hybridization rates. In lizards, reduced hybrid fitness can result from changes in intraspecific
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Table 1. Genetic diversity estimates for the Aeolian wall lizard (Podarcis raffonei) from Capo Grosso and the Italian wall lizard (Podarcis siculus) from

Vulcano

Species Dataset He Ho Fis AR

Italian wall lizard Full dataset; n = 30 0.0570 0.0547 0.041 (0.036-0.046) 1.25

(Podarcis siculus)

Aeolian wall lizard Average and range 0.022 (0.021-0.023) 0.022 (0.022-0.023) —0.005 (95% Cl: 1.07 (1.06-1.08)
(Podarcis raffonei) of Full dataset; n = 60 —0.001-0.002)

and iterations; n = 30 (—0.014-0.001)

Estimates of diversity include expected heterozygosity (Hg), observed heterozygosity (Ho), allelic richness (Ag), and the inbreeding coefficient (Fis). Values are
shown for both species using the full datasets of individuals with the lowest amount of missing data (P. siculus n = 30 and P. raffonei n = 60) with numbers in
brackets representing the values obtained after downsampling iterations for P. raffonei.

competition,*® sexual selection,”” and reduced reproductive function, including the production of fewer sperm and fewer eggs.”® The fitness
of first-generation hybrids is presumably very low given the observation of atrophied gonads in F1 hybrids.'? The low fitness of later-gener-
ation hybrid offspring can be indirectly inferred from the apparent lack of these hybrid classes in our analyses. Negative effects of hybridization
are often manifested in later generations, such as F2s and higher order hybrids.*”*° Nevertheless, the detection of a few individuals with back-
cross genetic signatures indicate that first generation hybrids are not always sterile as previously proposed.’” In a review of hybridization be-
tween 94 pairs of genetically distinct lizard species and subspecies, the majority of F1 hybrids were found to be fertile, thus allowing back-
crosses with at least one parental species.** The individual identified as a backcross with P. raffonei is of special concern, as even
infrequent F1 hybrids can facilitate backcrossing, leading to the risk of parental genotype displacement.”’ Nevertheless, the rarity of back-
crosses suggests that they have low fitness. This is further supported by the lack of introgressed alleles observed in P. siculus from Vulcanello
(see previous text). Overall, the hybridization between P. raffonei and P. siculus is a spatially complex and highly dynamic process, and strong
demographic and ecological factors, including species abundance and habitat disturbance, as well as postzygotic mechanisms, probably
determines hybridization rate and extent.

Phenotypic identification of hybrids

The identification of which species acted as the maternal parent of hybrids may assist future studies wishing to address which genetic factors
have contributed to the observed fitness outcomes.>” The phenotype of hybrid individuals suggests a maternal effect on the phenotype (Fig-
ures 5 2%, but this remains speculative given the small number of identified hybrids. In any case, the phenotypes of these hybrids are not
markedly different from pure individuals, confirming the challenge of morphological identification.'®'” The identification of species identity
and hybrids without genetic data'® is thus unreliable, stressing the need for continuous genetic monitoring prior to any management action.
Indeed, our genetic analysis corroborates that green coloration is a plastic trait of P. raffonei. Several P. raffonei individuals show a seasonal
transition, shifting from the typical brown pattern into a green phenotype during spring.'” Green coloration has not been previously reported
for P. raffonei from Vulcano in earlier studies,'”*” but seasonal dorsal color changes have been observed in other Podarcis lizards, including
P. siculus, P. waglerianus, P. carbonelli, and P. bocagei.”>? Further research is needed to understand the ecological and evolutionary drivers
of this phenotype, and its fitness implications.

Current genetic status of the Aeolian wall lizard in Capo Grosso

Recent genomic analyses showed that P. raffonei has the lowest genetic diversity of any of the 26 Podarcis species, including other island
endemics,” and the lowest heterozygosity among seven species belonging to distinct squamate families.*” The low genetic diversity of
P. raffonei from Capo Grosso corroborates this. Neutral genetic diversity is often used as a surrogate measure of adaptive capacity.®’ Never-
theless, low genetic diversity does not always prevent probable adaptation in Podarcis lizards.®” Furthermore, some studies suggest that pop-
ulations and species can survive for long periods of time with low genetic diversity®® if they can effectively purge genetic load.** Ongoing
research quantifying the genetic diversity and genetic load in P. raffonei will further clarify how at-risk the species is regarding these harmful
genetic risk factors.

The effective population size (N¢) is one of the most important indicators of evolutionary potential®® and extinction risk. N, of the Capo
Grosso population of P. raffonei was small, ranging from 49.8 (95% CI 25.5-133.7) to 63.8 (95% Cl 54.7-75.5), depending on the exclusion or
inclusion of singleton markers, respectively. Although comparisons to N, estimates are challenged by methodology and the marker type
used, the N, estimate for P. raffonei in Capo Grosso is lower compared to other island-endemic reptiles (e.g., Gongylomorphus bojerii:
Nq: 99.6-228°; Sceloporus occidentalis becki: Ng: 175-236°%) and is similar to islet populations of Podarcis gaigeae: N: 39.4-97.7.” However,
because calculating N, is challenged by biases, the ratio of effective size to census size, No/N.. is deemed a more useful indicator of the extent
of genetic variation expected in a population.””’" Our estimate of No/N. for P. raffonei is 0.05-0.06. This is lower than the average No/N. of
0.1, estimated over a range of different animal taxa,”>~’? and is lower than the most recent review of No/N. calculated for other reptile species
(range: 0.08-73"9).

The extremely low estimates of genetic diversity and effective population size probably indicate a reduced evolutionary potential of the
Capo Grosso population that can determine a limited ability to withstand environmental stressors, thus increasing extinction risk.”* Given
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recent evidence of a further demographic decline in this population (L. Vignoli and B. Gambioli pers. comm.), we stress the urgency of man-
agement plans, combined with robust demographic and genomic monitoring.

Hybridization: Good or bad for small, isolated populations?

Interspecific hybridization is arguably one of the most controversial, and neglected, topics in conservation.”” Hybridization can drive rare species
to extinction through genetic swamping, via hybrid replacement of the rare form, or through demographic swamping, where the overall pop-
ulation growth is reduced to the production of maladaptive hybrid individuals.”® Moreover, extinction risk is exacerbated if the hybrids exhibit
reduced fitness relative to that of either parental species (i.e., outbreeding depression’’). However, for small, isolated populations of rare species
which may potentially lack the genetic variation required for adaptation,®' or where variation is required to avoid the negative impacts of realized
genetic load,** natural hybridization may represent a source of novel genetic variation that can increase evolutionary potential.>>’® This is sup-
ported by empirical evidence that introgressive hybridization can be central in increasing fitness, driving rapid evolution, and improving envi-
ronmental stress responses.’” % From a conservation perspective, the role of hybridization is controversial due to concerns about the dilution
of parental species’ genetic integrity, as well as defining appropriate conservation policies for hybrid populations.” Nonetheless, correctly
defining conservation and management programs for rare species with extremely fragmented populations is arguably more pressing.®> On
the basis of empirical studies, the inbreeding depression threat of small populations is more urgent than the potential disadvantages of
outbreeding.®* Given the near impossible potential for gene flow between the four geographically isolated populations of P. raffonei, could
low natural hybridization with P. siculus represent a mechanism of population rescue for P. raffonei? It might be assumed that the low number
of identified hybrids might exclude the possibility of genetic swamping, while representing a suitable scenario for adaptive introgression of posi-
tively selected variants that could improve the genetic status of P. raffonei. Empirical evidence suggests that even extremely low fertility or
viability of early-generation hybrids does not prevent gene flow and the establishment of novel evolutionary lineages.®”®” Our results suggest
that perhaps the major concernfor P. raffoneiis not about hybridization per se but rather the fact that the encounter and natural hybridization with
P. siculus comes at the cost of imminent competitive exclusion as observed in mainland Vulcano in the last century.

Implications for the conservation of the Aeolian wall lizard

Genomic data have democratized the field of population genetics and can provide crucial information for conservation and management.®®
Our population genomic analysis of the Aeolian wall lizard provides key insights on the causes of its decline, and on possible management
scenarios. The interplay between the low fitness of hybrids, alongside demographic and ecological factors, explains the low rate of hybrid-
ization, and the lack of introgressed alleles in P. siculus from mainland Vulcano. Together, this suggests that other processes, such as inter-
specific competition, probably play(ed) a stronger role in the decline of P. raffonei.’” Further studies are needed to disentangle these mech-
anisms, and whether they are context-dependent, i.e., if P. raffonei can withstand the impact of P. siculus in specific habitat refugia. On the
other hand, the very low genetic diversity and evidence of recent population declines highlights the urgency of management actions to avoid
the extinction of thisimportant population. Capo Grosso is deemed the largest extant population of P. raffonei, yet the species also survives in
three tiny islets. These localities are strongly isolated, but there is very poor information on their genetic features, on their divergence, and on
whether they represent Evolutionarily Significant Units (ESUs). The definition of a global management plan for this Critically Endangered spe-
cies thus requires integrated data, combining extensive, range-wide genetic information with detailed demographic and habitat data on each
population. These analyses, together with the results presented here will provide the basis for much needed conservation projects (e.g., the
EOLIZARD Life Project; https://cinea.ec.europa.eu/programmes/life_en) that are crucial for ensuring the persistence of this unique compo-
nent of island biota.

Limitations of the study

Currently, Capo Grosso represents the only known location where P. raffoneiis in contact with P. siculus. The previous assessment of hybrid-
ization between the two species was performed using lizards collected from two sites on Vulcanoisland.'? The present study therefore lacks the
geographic and ecological scope for disentangling the effect of demographic (species relative abundance), spatial (expanding or introduced
populations), and ecological (habitat type) determinants of hybridization rate.”” The low hybridization rate observed here might be due to the
low hybridization potential between the two species on Capo Grosso, where a few individuals of P. siculus expanding over the promontory
became isolated in its distal portion in a population dominated by heterospecific individuals. Indeed, a higher hybridization rate was detected
previously on Vulcano in two sites with comparable species relative abundance.'” Moreover, while we found that hybridization remained at
similar, low rates in Capo Grosso between 2015 and 2017, data covering a longer time frame are needed to ascertain the temporal dynamics
occurring in this area. Future studies are necessary to monitor the demographic and spatial trends of P. siculus on the promontory and its con-
sequences on hybridization rate. Finally, although hybrids are rare, it remains unclear how common mating between P. raffoneiand P. siculusis,
which would represent wasted reproductive effort and could pose further demographicrisk." In this respect, data on heterospecific mating, and
on hatchling and survival rate of hybrid offspring, are crucial to assess the demographic effect of hybridization on P. raffonei.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to the lead contact, Daniele Salvi (daniele.salvi2@univaq.it).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

® ddRADseq data have been deposited at the European Nucleotide Archive (ENA) under the accession code ENA: PRJIEB77477 and are publicly available
as of the date of publication. Accession numbers are listed in the key resources table.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Aeolian wall lizard (Podarcis raffonei)

Italian wall lizard (Podarcis siculus)

Field collection

Field collection

see Table S1 for more details

see Table S1 for more details

Chemicals, peptides, and recombinant proteins

Sbfl restriction enzyme New England Biolabs Inc. NEB #R3642

Mspl restriction enzyme New England Biolabs Inc. NEB #R0106

lllumina adapters lllumina N/A

T4 DNA ligase New England Biolabs Inc. NEB #M0202

Tag-Phusion High-Fidelity New England Biolabs Inc. NEB #M0530

Critical commercial assays

QlAgen DNeasy Blood & Tissue Kit Qiagen Cat #69506

AMPure XP beads Beckman Coulter Cat #A63882

QlAquick Gel Extraction Kit Qiagen Cat #28706X4

QlAgen MinElute PCR Purification Kit Qiagen Cat # 28006

lllumina HiSeq 2500 lllumina N/A

Deposited data

ddRADseq data from 133 lizards: Podarcis raffonei This study ENA BioProject Number: PRIEB77477
(NCBI Taxonomy ID: 65483), Podarcis siculus

(NCBI Taxonomy ID: 65484) and the four identified

hybrids (NCBI Taxonomy ID: 3239811)

Oligonucleotides

12S mtDNA gene, primer forward: 12Sa Kocher et al.”" CTGGGATTAGATACCCCACTAT

12S mtDNA gene, primer reverse: 12Sb

Kocher et al.”!

GAGGGTGACGGGGCGGTGTGT

Software and algorithms

fastp v0.23.2

Stacks v2.60

bwa mem v0.7.17
vcftools v0.1.17
Rv4.0.2

ggplot2 v3.4.3
tidyverse v2

Plink v1.9

Hierfstat v0.5.11
fineRADstructure v0.3.2
introgress v1.2.3
Admixture v1.3
NewHybrids v2.0
parallelenewhybrid v1.0.1
hybriddetective
Genotype Plot v0.2.1

NeEstimator v2.1

rayshader v0.38.1

Chen et al.”?

Rochette et al.”*

Li%

Danecek et al.”®

R Core Team?'
Wickham et al.”®

Wickham et al.””

Purcell et al.”®

Goudet™

Malinsky et al.'®

Gompert and Alex Buerkle'”!

Alexander et al."?

Anderson and Thompson'®?

Wringe et al.'*

Wringe et al.'®
Whiting'%

Do etal.'”

Morgan-Wall??

https://github.com/OpenGene/fastp
https://catchenlab.life.illinois.edu/stacks/
https://github.com/Ih3/bwa
https://vcftools.github.io/index.html
https://www.r-project.org/
https://ggplot2.tidyverse.org/
https://www.tidyverse.org/
https://www.cog-genomics.org/plink/
https://github.com/jgx65/hierfstat
https://github.com/millanek/fineRADstructure
https://github.com/zgompert/introgress
https://dalexander.github.io/admixture/
https://github.com/eriqande/newhybrids
https://github.com/bwringe/parallelnewhybrid
https://github.com/bwringe/hybriddetective
https://github.com/JimWhiting91/genotype_plot

https://www.molecularfisherieslaboratory.com.au/

neestimator-software/

https://www.rayshader.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study sites, species and sampling

Sampling occurred during the spring and summer of 2015 and 2017 and comprised a total of 138 lizards (all information related to the animals
used in this study can be found in Table S1). Adult lizards were captured with a noose. For each lizard, we recorded the sex and took standard
photographs of dorsal and ventral patterns. Sex was determined in the field using sexual secondary characters and hemipenis eversion, and
was confirmed bioinformatically by calculating the proportion of reads aligning to the Z/W chromosomes. A 2 cm tail clip was obtained and
stored in 95-100% EtOH for genetic analysis. In Capo Grosso, we sampled 54 lizards with the brown phenotype typical of P. raffonei (M:F ratio
2.33:1) and 38 lizards with a green dorsal-colouration phenotype (“intermediate”) (M:F ratio 2.45:1), matching the description of hybrids re-
ported in previous studies.'”?” Furthermore, we sampled 36 lizards from the main island of Vulcano (M:F ratio 4.8:1), matching the typical
phenotype of P. siculus (Figures 1 and 2). To ensure the correct identification of each species group from the Capo Grosso/Vulcano system,
we also sampled five pure male P. raffonei and five pure male P. siculus from two locations where the two species do not overlap: P. raffonei
from the islet of Scoglio Faraglione and P. siculus from Milazzo (mainland Sicily). We have no reason to believe that the male bias in our sample
groups affected our inference of hybridization rates. Lizards were captured and handled under permits from the Italian Ministry of Environ-
ment (PNM-0004602, PNM-0008287, and MATTM-0037921).

METHOD DETAILS

DNA extraction and ddRAD library preparation

Genomic DNA was extracted using the DNeasy Blood & Tissue kit (Qiagen, Germany), following manufacturer guidelines. Double-digested
RAD (Restriction site Associated DNA) was conducted using a modified version of the protocol described in'® (see'®). ddRAD library prep-
aration included an initial digestion of 300 ng of DNA in a 34 pL reaction (2 h at 37°C; 10 U each of Sbfl and Mspl, New England Biolabs Inc.).
Standard lllumina adapters were ligated using 60 cycles of digestion at 37°C (2 min) and ligation at 16°C (4 min) with 400 U of T4 ligase (New
England Biolabs Inc.), followed by heat-inactivation at 65°C (10 min). Digested-ligated products were purified using 1.5:1 ratio of AMPure XP
beads (Beckman Coulter, USA). Size selection was performed using a BluePippin to retain total fragment sizes of 250-500bp and were purified
using the QlAquick Gel Extraction Kit (Qiagen, Germany). Libraries were obtained by pooling 10 x 20 pL of the each PCR reaction per library,
each consisting of 2.5 pL of DNA, 0.2 mM of dNTPs, 0.15 uM of primer, 3% dimethyl sulfoxide (DMSO) and 0.4 U of Tag-Phusion High-Fidelity
(New England Biolabs Inc.). PCR conditions were as follows: initial denaturation at 98°C (10 min), 12 cycles of 98°C (10 s), 66°C (30 s), 72°C
(1 min), final extension period at 72°C (10 min). Libraries were purified with QlAgen MinElute PCR Purification Kit (Qiagen, Germany) and
were sequenced on an Illumina HiSeq 2500 (2 x 125 bp).

Data processing

Reads shorter than 125 bp in length were removed using fastp v0.23.2.%% Stacks v2.607° was used to assemble loci. Trimmed data were cleaned
and demultiplexed using the module process_radtags. For hybrid detection, we used a de novo approach to avoid biassed estimations of
allele frequencies by aligning to a single species’ genome. P. raffonei and P. siculus were first assembled separately to remove low quality
samples'®” 249 ba-
rameters were optimized for each species separately in ustacks (M parameter). We then optimized species-specific loci into a catalog by as-
sessing the n parameter across species. The catalog for de novo optimization consisted of loci assembled from 20 individuals with the highest

and to perform parameter optimization.''” Due to the high divergence time between the species (11-18 million years

coverage from each of pure P. raffonei and pure P. siculus. For estimates of genetic diversity and effective population size, we used RAD loci
aligned to the reference genome of P. raffonei (GCF_027172205.1%°). Cleaned reads were aligned to the genome using bwa mem v0.7.17,%*
marking shorter split hits as secondary reads (-M option). Secondary reads were removed from the alignment files prior to processing with
ref_map. As different analyses require differently filtered datasets, we created several subsets from our data using the populations module.
Further details of these filters can be found below in each relevant section.

QUANTIFICATION AND STATISTICAL ANALYSES
Genetic structure and hybrid identification

The de novo assembled loci were used for analyses of genetic structure and hybrid identification. We created a whitelist of loci present only in
P. siculus green and P. raffoneibrown individuals (no intermediate phenotypes), including the pure known individuals from Scoglio Faraglione
(P. raffonei) and Milazzo (P. siculus). Loci had to be present in both groups (-p 2), and in 50% of individuals from each of these groups (-r 0.5),
including alleles present at a minor allele count of 2 (-min-mac 2). This whitelist was used to sample loci across all individuals, inclusive of the
intermediate-phenotype samples. The dataset was then assessed for depth in vcftools v0.1.17°° and was filtered accordingly (-minDP 3 and
—max-meanDP 80), keeping only biallelic sites at a genotype quality of 30, resulting in a linkage-pruned dataset (~write-single-SNP) comprised
of 2,623 variant sites. The same procedure was used to generate data for the full haplotype (all SNPs for each RAD locus), resulting in a dataset
comprising 17,254 variant sites. Data manipulation and plotting was performed in R v4.0.2°" with ggplot2” and tidyverse.”’

A Principal Components Analysis (PCA) was performed using the linkage-pruned dataset in Plink v1.9.7° Pairwise-Fst between the two spe-
cies was calculated using the linkage-pruned dataset in Hierfstat v0.5.11.”7 The full haplotype information was used for high-resolution infer-
ence of the recent shared ancestry between the samples using fineRADstructure v0.3.2,'® running the model for 100,000 MCMC iterations
with a thinning interval of 1000, discarding the first 10,000 iterations as burn-in, and building a tree with 10,000 hill-climbing iterations. We
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categorized fixed loci from individuals showing the highest differences in PCA space (36 P siculus samples and 55 brown P. raffonei
individuals), resulting in 1081 markers. Note that samples with an intermediate phenotype were not used for marker selection. These fixed
markers were used to estimate hybrid indices in introgress v1.2.3."°" Hybrid indices and their confidence limits were estimated using the
est.h function using 1000 bootstraps.

Admixture v1.3'% was used for maximum-likelihood (ML) estimates of individual ancestries using the linkage-pruned dataset. To assess
variability in ML estimates, the algorithm was run ten times, with the number of groups (K) varying between 1 and 7 with a 10-fold cross-vali-
dation (CV = 10). After identification of the optimal K, we performed a hierarchical analysis to identify further sub-structuring within the groups
using Admixture. We also performed admixture analysis to assess whether there were any biases introduced into the data by sampling year
(2015 versus 2017).

The posterior probability of each intermediate-phenotype individual belonging to one of each discrete genotype classes (pure P. siculus,
pure P. raffonei, F1 hybrid, F2 hybrid, siculus backcross and raffonei backcross) was estimated using NewHybrids v2.0.'% Data were analyzed
in parallel using parallelenewhybrid v1.0.1'% as implemented in hybriddetective.'® All analyses were performed with 200,000 MCMC sweeps,
discarding the first 50,000 sweeps as burn-in, using Jeffreys-like priors for both the allele frequency (6) and mixing proportion (). To evaluate
marker efficiency, we explored three random subsets of the 50 most-informative markers (high Fst, linkage-pruned). Convergence of the sim-
ulations was checked by assessment of the critical posterior probability of assignment thresholds to each genotype frequency class.

To confirm the accuracy of the classification of each individual into a particular genotype class, we simulated data using a panel of loci
derived from brown phenotype P. raffonei from Capo Grosso, P. raffonei from Scoglio Faraglione, P. siculus from Vulcano and P. siculus
from Milazzo. Based on our empirical data, we simulated n = 50 of each pure class (P. siculus or P. raffonei), n=5F1s, n = 3 F2s, n = 2 siculus
backcross and n = 2 raffonei backcross using the HybridLab algorithm."'" We simulated three independent datasets, each of which was
analyzed three times. Pure individuals from the simulated data were then combined with the empirical data of the intermediate phenotype
individuals, using the z option (assignment of the known genotype frequency category) for the known non-hybrid individuals.

Finally, we created a whitelist containing RAD loci genotyped across all individuals (i.e., no missing data) which were alternatively fixed
between pure P. siculus and pure P. raffonei (Fst = 1) to explore the signature of individual genotypes. This analysis was conducted in attempts
to better clarify the hybrid status of the low coverage individual (CGI38). The stringent filtering resulted in 87 SNPs genotyped across 49

marker loci. Genotypes were plotted using Genotype Plot v0.2.1."%

Characterizing the maternal species and phenotypes of the genetic hybrids

As mitochondria are inherited in a matrilinear way, a hybrid lizard contains the mitochondrial DNA (mtDNA) of its ‘mother species’. The
maternal species of each of the identified hybrid individuals was therefore inferred by sequencing a fragment of the 12S rRNA mtDNA re-
gion”" using PCR primers and protocols described previously.® We characterized the overall phenotype of hybrids by inspecting the distri-
bution of characteristics typical of the two parental species as reported in literature (see”) for P. raffonei: color of back generally brown
(greener in spring) with small dark dots often aligned in a vertebral stripe, the presence of evident dark markings on the throat (usually absent
in P. siculus); and for P. siculus: extensive green in the back with a striped or reticulated pattern, a uniform white throat and belly.

Estimating the genetic diversity and effective population size of P. raffonei in Capo Grosso

For estimates of genetic diversity, we included only individuals sampled in 2017 to avoid any temporal biases. Reference-aligned loci were
filtered so that they had to be present in both P. raffonei and P. siculus (-p 2) and present in all individuals (-r 1) at a minor-allele count of 2
(-min-mac 2), and loci mapping to the Z and W chromosome were excluded (total loci = 26,831). To account for any potential artifacts due to
missing data, we estimated genetic diversity based only on individuals with the lowest (<10%) amount of missing data (P. raffonei = né0;
P. siculus = n30). As the P. siculus dataset comprised half the number of individuals, we evaluated any potential sample size bias by randomly
downsampling the P. raffonei dataset to the same number of individuals as the P. siculus dataset (n = 30). Observed heterozygosity (Ho), ex-
pected heterozygosity (Hg), the inbreeding coefficient (Fis) and allelic richness (Ag) were calculated in Hierfstat v 0.5.11 . The Fis values were
bootstrapped over loci 1000 times to obtain 95% confidence intervals. Allelic richness estimates were rarefied against a sample size of 20
diploids.

Estimates of the effective population size (N,) were calculated using the linkage disequilibrium (LD) method implemented in NeEstimator
v2.1."% Estimates were only calculated for the identified true P. raffoneilizards from Capo Grosso (n = 74) with no missing data (6,772 loci). The
P. siculus dataset comprised too few individuals to infer accurate estimates. We excluded the Z and W chromosomes from analysis. The N
was estimated both with and without singletons and 95% confidence limits were calculated using jack-knifing, using a Pcrit value = 0.05.
Resulting effective population size estimates were used to calculate the No/N. ratio by using N-mixture model census size (N.) estimates
for the Capo Grosso population: 1050 (847-1280).'°
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