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Abstract:

The European rabbit Oryctolagus cuniculus comprises O. c. algirus, endemic to southwestern Iberia,
and O. c. cuniculus, which inhabits northeastern Iberia and southwestern France, and it is considered
as the source of all introduced populations worldwide. Rabbit populations have long been established
for hunting purposes and/or subjected to supplementation with individuals from intensely marketed
stocks, with Italy being not an exception. We genotyped 42 fecal samples and 23 specimens
(1877-2022) resident in museum collections at the mitochondrial DNA Cytochrome-b gene to infer to
which subspecies belong the rabbits from the islands of Gorgona, Capraia, Montecristo, Giglio, and
Giannutri (Tuscan archipelago). The Wildlife Refuge Padule di Bolgheri was selected as nearby
mainland counterpart, and its population (n = 10) investigated along with 45 GenBank sequences of
individuals (also domestic) from different continents. All modern and ancient Tuscan specimens were
assigned to O. c. cuniculus, an unexpected result for Capraia and Montecristo that were assumed to
host O. c. algirus on the base of the available literature. The network and the Bayesian clustering
defined three groups. Modern rabbits from northern Capraia and most of those from Gorgona, which
hosted (1873-1986) or still host (since 1869) an agricultural penal colony, respectively, belonged to a
line disclosed in all ancient specimens from Capraia and that was new for the subspecies. The
remaining rabbits from Capraia and Gorgona and all those from Montecristo and Giglio were related to
European conspecifics while those from Giannutri were close to all the domestic individuals, with
Bolgheri representing a mix of these two groups. Overall, the restrictions due to the presence of the
penitentiaries likely prevented Capraia and Gorgona from an extended genetic homogenization
associated to restocking practices. More broadly, we provided further evidence that the
human-mediated rabbit colonization across the Mediterranean was based on O. c. cuniculus only.
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Introduction

The European rabbit Oryctolagus cuniculus (Linnaeus, 1758) comprises two subspecies, namely O. c.
cuniculus (Linnaeus, 1758), which is distributed across northeastern Iberia and southwestern France and it
Is considered as the source of either wild or domesticated populations introduced worldwide, and O. c.
algirus (Loche, 1848), which occurs in southwestern Spain and Portugal (with the Canaries, Azores and
Madeira: Fonseca, 2006). The two subspecies are characterized by highly differing (4.5% of nucleotide
divergence) mitochondrial DNA (mtDNA) lineages that are referred to as ‘A’ and ‘B’ for O. c. algirus
and O. c. cuniculus, respectively, a separation confirmed also by several studies based on nuclear DNA
markers (see Fontanesi et al., 2021 for a comprehensive literature framework).

The European rabbit is included among the 100 world’s worst invasive alien species as it can damage
the vegetation cover and speed up the erosion of the soil (Global Invasive Species Database, 2024). On
the other hand, in the Iberian Peninsula and southwestern France - the species’ native range possibly with
northwestern Africa (e.g., Gibb, 1990) - the rabbit is not only listed ‘Endangered’ by the International
Union for Conservation of Nature and Natural Resources (Villafuerte and Delibes-Mateos, 2019) but it
also plays a key role for the survival of threatened taxa such as the Spanish imperial eagle (Aquila
adalberti) and the Iberian lynx (Lynx pardinus) (Delibes-Mateos et al., 2007). The same is true also in
some parts of the rabbit’s introduced range such as, for instance, Sicily, where the species is the prey of
choice of the Bonelli’s eagle (A. fasciata) (Di Vittorio et al., 2019). Therefore, O. cuniculus represents a
so-called ‘conservation paradox’ (Lees and Bell, 2008).

The earliest record for the introduction of rabbits into western Europe dates around to the XV-XIV
century BC, when they were carried out from mainland Spain to Minorca (Masseti, 2005). Then, the
Phoenicians and later the Romans likely allowed the spread of the species across the Mediterranean
(Bodson, 1978); for instance, the Greek historians Polybius - but see Fontanesi et al. (2021) - and Strabo
reported its occurrence in Corsica and the Balearics in 204 and 63 BC, respectively (Flux and Fullagar,
1992). In Italy, the first record for O. cuniculus deals with the islet of Nisida (Naples) in 230 BC while
the earliest evidence for the main islands are the rabbits’ remains of Brucato (Sicily, 1200-1300 AC:

Bresc, 1980); hence, in this country, the species is considered as parautochthonous as it became
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established before 1500 AC (List of alien species excluded from the provisions of the article 2, paragraph

2-bis, of law n. 157/1992).

In northwestern Italy, between the mainland and Corsica, seven main islands are included in the
Tuscan Archipelago National Park (Fig. 1). The largest one, Elba, likely hosted wild rabbits since ancient
times although their presence was documented by the mid-1600s (Thiebaud de Bernaud, 1808) and
especially during the X1X and XX centuries (Damiani, 1923; Repetti, 1839). Likewise, O. cuniculus was
abundant during the 1800s on the nearby island of Pianosa (e.g., Repetti, 1835), where it became extinct
by the mid-1900s as it occurred on Elba (Masseti, 2003).

In the northern part of the archipelago, both Gorgona and Capraia still host a wild rabbit population.
On the first island, the species was recorded by the late 1700s (Barbanera, 2021) and reached a high
density in the XIX and XX centuries (Bertarelli, 1923; D’ Albertis, 1877; Zuccagni-Orlandini, 1842). On
the second island, the Romans imported O. c. huxleyi (Haeckel, 1874) rabbits from Corsica (Saint Girons,
1973); however, this subspecies is no longer valid and reported as synonymous to O. c. algirus (Lo Valvo
et al., 2014; Callou, 2000). Rabbits were recorded on Capraia by the early 1600s (Moresco, 2013; Maioli,
1942), in 1770 (Moresco, 2008), and they were still numerous in the following centuries (e.g., De Siervo,
1940; Miller, 1912; Pasquin, 1842). Noteworthy, Gorgona and Capraia are united by hosting (since 1869)
or having hosted (1873-1986), respectively, an important penitentiary. On Gorgona, it is still operational
across the whole island - the last example of this type in Italy - with around 80 inmates engaged in
various working activities. On the other hand, in the northeastern corner of Capraia, an agricultural penal
colony was active over about 5 km? of territory for several decades before it was converted into a
maximum-security penitentiary by the late 1970s and then dismissed after a few years. Today an
abandoned place, the inmates of Capraia were involved in fishing, farming, horticulture, the production of
olives and wine (De Siervo, 1940).

The southernmost islands of Giannutri and Giglio still host the European rabbit whereas this species
became extinct on Montecristo very recently. On Giannutri, rabbits have been always abundant and
recorded since 1760 (Masseti, 2003; Bertarelli, 1923; Tanfani, 1890; Garelli, 1870), while the population
of Giglio was of relatively recent origin (mid-1930s: Masseti, 2003; Flux and Fullagar, 1992) and
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85 underwent numerical control practices (LIFE18 NAT/IT/000828 ‘LetsGoGiglio’ Life Project). On

86 Montecristo, wild rabbits were present since ancient times and they were referred to as belonging to the
87 O. c. huxleyi subspecies along with those from Capraia (Angelici et al., 2009; Scalera, 2001; Flux and

88 Fullagar, 1992; Pavan, 1989; Toschi, 1965). Recorded by the X1V century (Caruel, 1864), rabbits were
89 common until the mid-1900s (Toschi, 1953) and even later (170 specimens reported by Spagnesi et al.,
EY 1986). Regrettably, a massive aerial delivery of toxic baits to eradicate black rats (Rattus rattus) - as part
91 of the LIFEO8 NAT/IT/000353 ‘Montecristo2010° Life Project - led to the extinction of the local rabbit

92 population (Sposimo et al., 2019).

93 The European rabbit, a renowned game species, has always been experiencing an intensive

94 management through introductions and/or supplementation, and peninsular Italy - with both its minor and
95 major islands - was not an exception as many populations have originated for hunting purposes only

96 recently. Therefore, performing genetic analyses is the most reliable way to precisely identify the rabbits
97 currently inhabiting the Italian islands. However, only one investigation of this type has been carried out
98 so far (in Sicily: Lo Valvo et al., 2017). In this study, we used a mtDNA marker relying on both modern
99 samples and museum specimens to infer the subspecies to which belong the rabbits from Gorgona,

100 Capraia, Giglio, Giannutri as well as those disappeared on Montecristo a few years ago.

101 Materials and methods

102 Samples collected in the wild

103 While the islands of Gorgona (2.2 km?), Pianosa (10 km?), Montecristo (10.4 km?), and Giannutri (2.6
104 km?) are entirely protected within the National Park, hunting is allowed in the 23%, 50%, and 60% of the
105 territory of Capraia (19.3 km?), Elba (223.5 km?), and Giglio (21.2 km?), respectively (Fig. 1). We

106 collected fresh dark brown, fibrous fecal pellets released by wild rabbits on the ground either at random
107 or in large gathering at latrines (Supplementary Table S1). Each sample was individually housed in a

108 plastic vial (no chemicals added) and transported according to a strict cold chain until the final storage (-
109 40°C) at the Department of Biology of the University of Pisa. Only one pellet was investigated for any

110 given latrine. Samples were collected 2021-2023 on the islands of Gorgona (10), Capraia (12), Giglio
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(10), and along a 2.2 km sandy coastline of the Wildlife Refuge Padule di Bolgheri (Bolgheri hereinafter:

10; total, 42), which is a Special Area of Conservation (Habitats Directive 92/43/EEC)/Special Protection
Area (Birds Directive 2009/147/CE) along the Tuscan coast (Fig. 1, Table S1). This protected site (5.8
km?; cf., Guerrini et al., 2022) was selected as mainland counterpart as it hosted a rabbit population at

least by 1941 (P.M. Politi, pers. com. to F. Barbanera, 11" September 2024).

Archival samples

At the present time, no rabbits occur on the islands of Elba, Pianosa, and Montecristo. Whereas
specimens originally from the first two islands were not available in museums (e.g., London, Genoa, Pisa,
Leghorn, Florence, and Naples), we used a few milligrams of dry skin scraped off from bones of three
individuals collected 1976-1983 on Montecristo and resident in the collections of the Natural History
Civic Museum ‘G. Doria’ of Genoa, these being the only achievable to the very best of our knowledge.
Moreover, 15 specimens from Capraia dated 1877-1931 were sampled at the museum of Genoa and at the
Natural History Museum ‘La Specola’ of Florence. This latter also provided both modern (n = 3, 2003
and 2021) and ancient (n = 1, 1878) skin fragments of rabbits originally from Giannutri. Finally, another
sample (2022) from this latter island was provided by P. Agnelli and included in the Pisa collection
(Table S1). In this study, all museum samples from Capraia and the one from Giannutri were referred to

as ancient (1877-1931), while the remaining ones as modern (1976-2022).

DNA extraction

In each modern DNA extraction, we included only the outer part of a single fecal pellet (c. 200 mg) using
a sterile disposable razor blade; then, we employed the QIAamp Fast DNA Stool Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions (final elution, 100 pl: Guerrini and
Barbanera, 2009) and including two blanks (no fecal pellets) in each working session. As far as the
archival samples are concerned, DNA was extracted in a dedicated and physically separated laboratory.
We strictly adhered to ancient DNA protocols throughout all steps, including physically isolated pre-PCR
and post-PCR working areas. UV light and 10% bleach were used to sterilize the surfaces of benches and
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laboratory devices. The reliability of each DNA extraction was monitored through two blank controls.

Two milligrams of skin - often removed from bones (Table S1) employing a sterile disposable razor blade
- were used as starting material. DNA was isolated using the QIAamp DNA Micro Kit (Qiagen)
following the manufacturer’s instructions (final elution, 100 ul) with some modifications as in Barbanera

et al. (2016).

Amplification, sequencing, alignment, and data analysis

We attempted at amplifying a 416 bp-long fragment of the Cytochrome-b gene (Cyt-b) in 42 wild-
collected (Gorgona, Giglio, and Bolgheri: 10 each; Capraia, 12) and 23 archival (Capraia, 15;
Montecristo, 3; Giannutri, 5) samples. This region was comprised between positions n. 14,727 and n.
15,142 of the mtDNA genome published by Gissi et al. (1998) (GenBank accession code: NC001913).
Modern PCRs were performed as in Guerrini et al. (2015) with the following modifications: 1 pl of 75
puM Bovine Serum Albumin (Merck, Darmstadt, Germany) added to each reaction tube and annealing
lasting for 2 min. When no band could be visualized after gel electrophoresis, the product was purified
using the Genelute PCR Clean-up Kit (Merck) and 1 ul from the final elution (40 ul) was re-amplified by
means of a semi-nested PCR (Guerrini and Barbanera, 2009). In the latter, for each sample two
overlapping fragments (length: 1%, 278 bp; 2", 262 bp) were targeted in two reaction tubes applying the
same thermal profile as that used in the first PCR. As far as all archival PCRs are concerned, we directly
amplified the two above-reported fragments in distinct tubes using 5 ul of genomic DNA and preparing
reactions as in Barbanera et al. (2016). All modern and archival PCRs were carried out using two blanks
for each session. All the primers used for the amplification and the sequencing were specifically designed
for this study (Table S2).

Final PCR products were purified using the Genelute PCR Clean-up Kit as above and sequenced in
both directions on an ABI 3730 DNA automated sequencer at BioFab (Rome, Italy). We cut our
sequences at the 5" end (final length: 306 nucleotides, from position n. 14,727 to position n. 14,836 of
Gissi et al., 1998) to incorporate in the alignment the highest number of O. cuniculus GenBank entries as

possible (n = 45: Italy, 8; France, 13; Spain, 15; Sweden 1; China, 4; Indonesia, 1; New Zealand, 3)
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including eight domestic variants (Table S3). Overall, the selected fragment still warranted a significant

discriminatory power, with 22 mutational changes recorded between O. c. cuniculus and O. c. algirus
comparing AJ243197 (lineage B: Hardy et al., 1995) and AJ243096 (lineage A: Branco et al., 2000)
GenBank entries. The alignment was carried out using CLUSTALX (v. 2.1: Thompson et al., 1997) and
inspected with BIOEDIT (v. 7.0.5.3: Hall, 1999). Since all of the Tuscan samples were assigned to O. c.
cuniculus (see Results), the O. c. algirus sequences (n = 10: Spain, 9; France, 1) were discarded and
downstream analyses performed with the resulting subset (35 O. c. cuniculus GenBank entries: Setiaji et
al., 2023; Wang et al., 2021; Mohammadi et al., 2020; Yao et al., 2019; Lo Valvo et al., 2017; Pierpaoli et
al., 1999; Hardy et al., 1995; Irwin and Arnason, 1994; Monnerot et al., 1994) (Table S3). Haplotypes (H)
were inferred using DNASP (v. 6: Rozas et al., 2017). Summary statistics of diversity (number of
haplotypes, N; number of polymorphic sites, S; haplotype diversity, h; average number of pairwise
differences, k; nucleotide diversity, n) were calculated with ARLEQUIN (v. 3.5: Excoffier and Lischer,
2010) only for the Tuscan populations (sample size > 10). We built a network using the Median Joining
method of Bandelt et al. (1999) as implemented in NETWORK (v. 10.2.0.0, Fluxus Technology).
Moreover, a Bayesian analysis of the structure of the investigated populations was carried out with BAPS
(v. 6.0: Cheng et al., 2013) by clustering genetically similar individuals into panmictic groups. We used
the module for linked molecular data, and we applied the codon linkage model, which is appropriate for

sequencing data.

Results

All wild-collected samples (42) and most (20 out of 23) of the archival ones were successfully amplified,
sequenced, and assigned to the O. c. cuniculus subspecies only (mtDNA lineage B). The alignment (42 +
20 + 35 = 97 sequences) comprised 40 polymorphic sites. We inferred 21 haplotypes, with 10 from the
modern and archival Tuscan rabbits of this study (Table S1, including the GenBank accession codes). All
individuals from Giglio shared the same haplotype (H8) with a few individuals from Gorgona and France,
whereas the population of Capraia held the highest values of diversity; nonetheless, the highest number of

haplotypes was retrieved from the archival specimens of Capraia (Table 1).
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The Median Joining Network returned three distinct haplogroups. The first (I, Fig. 2) included rabbits

from Spain, France, Italy (Sicily), Sweden as well as all those from the island of Giglio, the southern part
of Capraia (cf., Fig. 4) and Montecristo, plus a minor part of the representatives from Gorgona and
Bolgheri. The second (Il, Fig. 2) included the remaining rabbits from Bolgheri and Italy, all the domestic
breeds (Table S3), and the single Indonesian representative. The only ancient (dated 1878) and all modern
individuals sampled in Giannutri stemmed from H1 - with a few rabbits mostly from France - thus linking
the second to the third haplogroup (I, Fig. 2: H17-H20). This latter included all ancient rabbits from
Capraia and all the modern ones originally from the northern part of this island (Fig. 4), plus the 80% of
the samples from Gorgona.

The Bayesian clustering method defined genetically distinct X, Y, and Z clusters (p = 0.99, optimal
partition, log likelihood = - 276.79: Fig. 3, Table S4) perfectly overlapping with haplogroups I, 11, and 1lI,
respectively; in particular, BAPS assigned all the investigated samples from Giannutri to cluster Y (cf., II,

Fig. 2).

Discussion

Taxonomical identity and pattern of diversity

All modern (Gorgona, Capraia, Montecristo, Giglio, Giannutri, and Bolgheri) and ancient (Capraia,
Giannutri) Tuscan rabbits investigated in this study turned out to belong to O. c. cuniculus. Therefore,
although several literature records (see Introduction) reported that especially Capraia and Montecristo
should have hosted populations of O. c. algirus, we did not find any molecular evidence for the
occurrence of this taxon. On the one hand, it is worth noting that the same result was obtained by Lo
Valvo et al. (2017) in Sicily (minor islands included), and that even the whole rabbit population resident
in Corsica - a stronghold in the human-mediated spreading of the species across the Mediterranean - is the
result of recent O. c. cuniculus importations (Marchandeau et al., 2003). More broadly, our result agrees
with Fontanesi et al. (2021), who reported that the colonization across the Mediterranean - opposed to that
involving the Atlantic archipelagos of the Canaries, Azores, and Madeira (Fonseca, 2006) - was likely

based on O. c. cuniculus only, as it was suggested by the discovery of the mtDNA B lineage alone in
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ancient and modern rabbits from the islands of Zembra (Tunisia, c. 130-390 AC: Hardy et al., 1994) and

Mallorca (Seixas et al., 2014), respectively. On the other hand, the extinction of the local population
(Sposimo et al., 2019) made the sample size available for Montecristo so small to considerably hinder any
potential discovery of O. c. algirus representatives.

We inferred the occurrence of three O. c. cuniculus haplogroups (Fig. 2). All the rabbits from Giglio
and Montecristo, part of those from Gorgona, Capraia (only the modern ones from the northern side of the
island), and Bolgheri were included in the haplogroup | with European conspecifics (Italy included:
Sicily). The remaining rabbits from Bolgheri and Italy clustered into haplogroup Il with all the
representatives of domestic breeds from France, Asia and Oceania plus an Indonesian individual, a
complex picture clearly pointing to the import of marketable stocks. Finally, haplogroup 111 included all
ancient rabbits from Capraia and the modern ones from the northern part of this island (Fig. 4) plus the
majority of those from Gorgona, thus indicating the persistence of an ancient O. c. cuniculus line that
existed at least between 1877 and 1931. This result was fully returned also by the Bayesian analysis (Fig.
3, Table S4) that assigned all ancient specimens from Capraia and most of the modern ones from Capraia
and Gorgona (l11, Fig. 2) to a genetic cluster (Z, Fig. 3) different with respect to those including all the
individuals investigated so far either in Italy (13, Sicily, Lo Valvo et al., 2017; 1, unknown origin,
Pierpaoli et al., 1999) or in Giannutri and across Europe/other continents (X and Y, Fig. 3). Based on the
literature (see Introduction), we expected that the rabbits from the extinct population of Montecristo were
incorporated into both haplogroup 111 (Fig. 2) and cluster Z (Fig. 3). On the contrary, all the specimens
from this island turned out to belong to haplogroup | and were assigned to cluster X. In this respect, it is
worth recalling here that Montecristo has long been a private hunting reserve - e.g., for the royal family of
Savoy since 1899 and most recently between 1955 and 1970 - and thus subjected to the introduction of
many allochthonous taxa over the centuries (e.g., Pavan, 1989). Likewise, on Giannutri, where the local
rabbits were heavily hunted as well (Ghigi, 1911), the local population could have been intensely
supplemented by the late 1800; not surprisingly, this was the only island of the archipelago with
individuals genetically related to domestic rabbit breeds. To sum up, while we paved the way to the
knowledge of the genetic identity of the rabbits from the Tuscan archipelago, the investigation of further
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specimens from Montecristo (where available) would be required to get a more complete picture. More

broadly, we are aware that the relatively small number of GenBank sequences from Iberia, where most of
the genetic diversification of the European rabbit has occurred, and the unavailability of others, for
instance, from the United Kingdom, may represent a potential inherent limitation of the study design.

The estimators of genetic variability returned the highest values for Capraia and null for Giglio, with
the population of Bolgheri being much closer to the former than to the second island (Table S1). Whereas
the pattern of diversity disclosed in the penitentiary islands of Capraia (1873-1986) and Gorgona (1869-)
deserves a careful discussion through the time (see next paragraph), the haplotype composition of
Bolgheri reflected a history of releases for hunting purposes carried out in a private estate before the
Wildlife Refuge was established by the will of the Marquis Mario Incisa della Rocchetta in 1959. On the
other hand, the lack of diversity disclosed on Giglio pointed to the release of a low number of founders in
the mid-1930s (Masseti, 2003; Flux and Fullagar, 1992) and/or to the effects of the practices for the

numerical control of the local population carried out since 2018 (cf., Introduction).

The penal colonies of Capraia and Gorgona: a retrospective look at the local rabbits

The history of the connections between the local people and the rabbit populations living on Capraia and
Gorgona deserves attention. The residents of Capraia struggled powerfully to protect their crops from the
rabbits since the very early 1600s, as the extension of cultivable land was quite limited on such a
mountainous and rocky island (Moresco, 2013). The same was true also for Gorgona where, however,
rabbits were intentionally introduced only much later to supply the canteens of the Grand Duke Pietro
Leopoldo in Florence (Archivio di Stato di Livorno, Governo civile e militare di Livorno, inv. n. 31,
Lettera del 27 novembre 1785). When the penitentiary of Capraia was opened in 1873, after the creation
of wide-ranging dry-stone walls and the development of a notable extension of overlapping terraces, the
prisoners have made the cultivation of the land not only possible but also productive in almost one third
of the island, the entire northeastern portion (De Siervo, 1940). Therefore, in the early 1900s the
abundance of rabbits could be hardly tolerated. However, according to a local hunting society the
agricultural yield of the penal colony was not negatively impacted by the rabbits, which were referred to
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as in demographic decline. Hence, the hunters suggested that captive-bred individuals were released into

the southern tip of Capraia (Zenobito, Le Saline: Fig. 4) - a land more arid and less suitable for agriculture
than that in the northern side - to start restocking the island rabbit population (Brizi, 2005). The Italian
government not only rejected this request but also established that the animals could be captured all the
yearlong to protect the crops (upon authorization of the mayor only to the landowners and the prisoners:
Ministero dell’ Agricoltura, 1916). This decision was valid also for Gorgona, where the rabbits - a real
scourge for the agriculture since the former century - could be persecuted also using leghold traps. Listed
among the harmful species of the province of Leghorn by the 1%t of July 1949, the European rabbit was
reinstated with a decree of the Ministry of Agriculture and Forestry (Gazzetta Ufficiale della Repubblica
Italiana, n. 228) on 10" September 1962 only in Capraia (not in Gorgona and in the rest of the province).
In the following three decades rabbits were released on Capraia in 1967 and on Gorgona around 1974
(Flux and Fullagar, 1992). To the very best of our knowledge no further restocking events were carried
out on Capraia (with certainty after 2008: D. Giustini, Ambito Territoriale di Caccia 9-10, Leghorn, pers.
com. to F. Barbanera, 2" July 2024) whereas no additional information was available for Gorgona.

The restrictions on access and exploitation of the territory due to the presence of a penal colony have
certainly helped to protect the environment of Capraia and Gorgona over decades. However, the historical
documents collected in this study unequivocally indicate that the European rabbit was strongly persecuted
on both islands mostly - but not exclusively - by the prisoners. On the one hand, this struggle did not lead
to the extinction of the local populations. On the other hand, limitations due to the presence of the
penitentiaries prevented Capraia and Gorgona from an extended genetic homogenization (Olden and
Rooney, 2006) associated to restocking practices with rabbits from intensely marketed stocks (l1, Fig. 2;
Xand Y, Fig. 3). While a few rabbits were incorporated in the haplogroup I, most of the present-day
individuals from these two islands, indeed, belong to the same line of the conspecifics that lived (at least)
on Capraia by the late 1800 onwards (11, Fig. 2; Z, Fig. 3) and that was not disclosed in Sicily by Lo
Valvo et al. (2017).

The spatial genetic structure of the rabbit population of Capraia represented another interesting finding
(Fig. 4). This island, which is about 8 km long and 4 km wide, is crossed North-to-South by a series of
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long and steep valleys hosting streams at their bottom. Among these, the so-called VVado del Porto is 3 km

long and the only perennial of the island. All the modern rabbits included in the haplogroup Ill/cluster Z
(Figs. 2 and 3) were sampled (numbers in yellow, Fig. 4) North of the canyon connecting the only lake of
the island - Lo Stagnone, on the western coast - to the harbour on the eastern side. On the other hand, the
rabbits sampled in the southern part of Capraia (numbers in red, Fig. 4) were assigned to haplogroup
I/cluster X (Figs. 2 and 3), namely those including most of the animals from Bolgheri and all those from
Giglio and Montecristo, among others. Rabbits are vagile animals, although a familiar group is used to
live within 1 ha (on average, maximum 5-10 ha). They usually displace between their shelter and the
feeding areas, the dispersal over a few km being limited to a few young individuals (Trocchi and Riga,
2005). One may argue that the valleys and their streams (e.g., Vado del Porto) may hinder the movement
of the rabbits across Capraia, the furthest reaches of the upper part of the village likely representing the
most affordable North-South corridor (towards the plain, 1l Piano: see Fig. 4). Since historical times,
indeed, rabbits could be spotted in the village as they can still today. We hypothesized that the lack of
releases for hunting purposes in the North, as opposed to the remaining part of Capraia, and the physical
geography of the island have altogether concurred to shape the spatial genetic structure of the local
population. Regrettably, the locations of the ancient specimens from Capraia were not available in the
archives of the museums of Genoa and Florence, hence, we could not assess if the genetic divergence
between northern and southern rabbits had occurred also in the past.

In conclusion, we wish that an approach such as ours, which relied on modern and archival specimens,
will inspire new studies including a larger sample size and the use of genomic tools. Especially for
Capraia, we recommend the National Park and, where operational in the territory of this island, the local
hunting body (Ambito Territoriale di Caccia 9-10, Leghorn) to strictly avoid the release of rabbits

imported from abroad to aid the persistence of the O. cuniculus genetic line inherited from the past.
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Table 1. E ownlo KRB ty for each population of this study with a sample size > 10. Legend: n, number of

samples; S, number of polymorphic sites; N, number of haplotypes; 4, haplotype diversity; k, average number of pairwise

differences; n, nucleotide diversity.

n S N h+S.E. k+S.E. 7+ S.E. (%)
Bolgheri 10 3 2 0.47+0.13 1.40+0.93 0.46 +0.34
Ancient Capraia 12 3 4 0.45+0.17 0.50 £ 0.45 0.16 £0.16
Capraia 12 6 3 0.59+0.11 2.82 +1.60 0.92 +£0.59
Giglio 10 0 1 - - -
Gorgona 10 6 3 0.38+0.18 1.98+1.22 0.65+0.45
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The study area in Tuscany with the seven main islands of the Tuscan Archipelago National
Park and the Wildlife Refuge Padule di Bolgheri along the mainland coast. Photo: European
wild rabbit, courtesy of J.A. Blanco-Aguiar (University of Castilla-La Mancha, Spain).
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Haplotype network including all the O. c. cuniculus rabbits investigated in this study. A scale
to infer the number of haplotypes (H, 1-21) for each pie is provided together with a length bar
to compute the number of mutational changes. The colour of each population is indicated as
well as the number of the haplotypes within the three haplogroups (I, Il, and Ill) (see Table
S1). Note that most of the domestic variants (Fauve de Bourgogne, Yimeng Wool, Chuanbai
Rex, Jiuyi Mountain, and New Zealand White) were assigned to H1, with the Fujian Yellow

being the only exception (H11) (see Table S3).
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The genetic structure of the rabbit populations investigated in this study (abscissas) as
inferred with BAPS is given by means of a histogram where the length of the vertical bars
(ordinates) indicates the proportion of individuals with an estimated membership to the
clusters X, Y, and Z (cf., Table S3 for the posterior probability values of membership).
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Aerial photo of Capraia (M. Steele, www.flickr.com/photos/21022123@N04/27219061013/,
CC BY 2.0, 2016). The perimeter (white thick line) of the area corresponding to the
agricultural penal colony is indicated in the northern side of the island as well as the position
of the only village. On the western side, the positions (white squares) of the three main
mountain peaks - with elevation in metres - are reported from North to South as it follows: Mt.
Castello, the highest one, Mt. Forcone and Mt. Arpagna. The only lake of Capraia - Lo
Stagnone - is indicated by a blue spot on the western side as well as the main streams
flowing towards East (white dotted lines); in particular, Vado del Porto is given in black.
Finally, the areas of Zenobito, Le Saline, and Il Piano are indicated as well. Samples n. 1-4
and 10 (in red) are assigned to haplotypes H4 and H5 (I, Fig. 2), while samples n. 5, 9, 11,
14, 17, 19 and 20 (in yellow) are assigned to haplotype H19 (lll, Fig. 2). Sample n. 5 is the
only one collected outside the limits of the National Park.
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Table 1. Estimates of mtDNA genetic diversity for each population of this study with a
sample size = 10. Legend: n, number of samples; S, number of polymorphic sites; N,
number of haplotypes; h, haplotype diversity; k, average number of pairwise differences;
[, nucleotide diversity.
Figures

Figure 1 - Download source file (2.64 MB)

The study area in Tuscany with the seven main islands of the Tuscan Archipelago
National Park and the Wildlife Refuge Padule di Bolgheri along the mainland coast.
Photo: European wild rabbit, courtesy of J.A. Blanco-Aguiar (University of Castilla-La
Mancha, Spain).

Figure 2 - Download source file (717.77 kB)

Haplotype network including all the O. c. cuniculus rabbits investigated in this study. A
scale to infer the number of haplotypes (H, 1-21) for each pie is provided together with a
length bar to compute the number of mutational changes. The colour of each population
is indicated as well as the number of the haplotypes within the three haplogroups (I, II,
and lll) (see Table S1). Note that most of the domestic variants (Fauve de Bourgogne,
Yimeng Wool, Chuanbai Rex, Jiuyi Mountain, and New Zealand White) were assigned to
H1, with the Fujian Yellow being the only exception (H11) (see Table S3).

Figure 3 - Download source file (849.3 kB)

The genetic structure of the rabbit populations investigated in this study (abscissas) as
inferred with BAPS is given by means of a histogram where the length of the vertical bars
(ordinates) indicates the proportion of individuals with an estimated membership to the
clusters X, Y, and Z (cf., Table S3 for the posterior probability values of membership).

Figure 4 - Download source file (6.49 MB)

Aerial photo of Capraia (M. Steele,
www.flickr.com/photos/21022123@N04/27219061013/, CC BY 2.0, 2016). The perimeter
(white thick line) of the area corresponding to the agricultural penal colony is indicated in
the northern side of the island as well as the position of the only village. On the western
side, the positions (white squares) of the three main mountain peaks - with elevation in
metres - are reported from North to South as it follows: Mt. Castello, the highest one, Mt.
Forcone and Mt. Arpagna. The only lake of Capraia - Lo Stagnone - is indicated by a blue
spot on the western side as well as the main streams flowing towards East (white dotted
lines); in particular, Vado del Porto is given in black. Finally, the areas of Zenobito, Le
Saline, and Il Piano are indicated as well. Samples n. 1-4 and 10 (in red) are assigned to
haplotypes H4 and H5 (I, Fig. 2), while samples n. 5, 9, 11, 14, 17, 19 and 20 (in yellow)
are assigned to haplotype H19 (lll, Fig. 2). Sample n. 5 is the only one collected outside
the limits of the National Park.
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