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The biogeography of non-marine molluscs in the Tuscan Archipelago
reveals combined effects of current eco-geographical
drivers and paleogeography
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Abstract
We investigated the role of present (Recent) and historical (Pleistocene, i.e., Würmian Last Glacial Maximum) eco-geographical
variables on the richness and diversity of non-marine molluscs in the Tuscan Archipelago, as well as inter-island faunal
dissimilarity and relationships with source pools (Sardinia and Corsica, Tuscany). The association between species richness
and present and historical eco-geographical variables were assessed with Spearman’s rank correlation test, while faunal dissim-
ilarity both between islands and with their source pools was analyzed through beta-diversity partitioning (Sørensen index and its
nestedness and turnover component) with UPGMA clustering tested with a multiscale bootstrap procedure. Non-metric multi-
dimensional scaling in RGB color space was also used. Multiple regressions on distance matrices were then applied to explain
assemblage composition between islands. Analyses were performed on all species and on all species except aliens. The overall
framework showed the combined effects of current eco-geographical and paleogeographical imprints on non-marine
malacofauna in the Tuscan Archipelago. However, excluding aliens, differences in species spatial turnover showed a clear
correlation with Pleistocene inter-island distances, evidence of stronger historical biogeographical relationships between islands.
This may indicate that widespread native species established their distribution during the Pleistocene, while alien species spread
into the Tuscan Archipelago through stochastic and human-mediated dispersion events in recent times. Interestingly, Giglio’s
relationships do not agree with the most accepted paleogeographical model, suggesting that this island might have been con-
nected to the Tuscan mainland during the Würmian Last Glacial Maximum. An in-depth revision of the paleogeographic
framework of the northern Tyrrhenian is therefore called for.
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Introduction

The TuscanArchipelago is a well-knownwesternMediterranean
island system in the northern Tyrrhenian Sea. Its complex geo-

logical history, geographical and environmental diversity, loca-
tion between mainland Italy, Sardinia, and Corsica, and its en-
demics and sub-endemics of great conservation interest make it
among the best-studied archipelagoes in the western
Mediterranean (i.e., Dapporto and Cini 2007; Fattorini 2009a,
b; Dapporto et al. 2017).

During its history, the Mediterranean has undergone dra-
matic geological and climatic changes (Steininger and Rögl
1984; Dercourt et al. 1986; Rosenbaum et al. 2002; Ketmaier
and Caccone 2013). These events affected biotic distribution
and diversity (Magri et al. 2007; Akın et al. 2010; Bidegaray-
Batista and Arnedo 2011; Opatova et al. 2013), creating
unique biota of high biogeographical interest (Blondel and
Aronson 1999; Thompson 2005).

Much recent research in the Tuscan Archipelago, based on
quantitative approaches and improved understanding of the
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region’s complex history, has moved from a hitherto narrative
description of biogeographic patterns to an analytical perspec-
tive. Recent contributions have included biogeographical anal-
yses of different taxonomic groups, such as hymenopterans
(Strumia and Scaramozzino 2004; Dapporto et al. 2006;
Strumia et al. 2006; Fattorini 2009a), lepidopteran ropalocerans
(Dapporto and Cini 2007; Fattorini 2009a; Dapporto et al. 2014,
2017), tenebrionid beetles (Fattorini 2009a, b), reptiles (Fattorini
2009a, 2010), micromammals (Amori et al. 2015), and plants
(Chiarucci et al. 2017).

As far as the malacofauna is concerned, land snails have
always attracted interest but scientific research on their diver-
sity began only about 150 years ago. The first modern signif-
icant contributions in the Tuscan Archipelago date back to the
1970s, involving an updating of the malacofauna checklist,
critical revision of early established taxa, and description of
new species (Giusti 1976, 1977). Piantelli et al. (1991) led an
increasingly more critical and objective biogeographical in-
vestigation, analyzing the malacofauna of the archipelago in
the framework of island equilibrium theory.

Apart from a recent study based on literature data (Fattorini
2009a), an updated project aimed at investigating factors in-
volved in the genesis of the terrestrial and freshwater
malacofauna, biogeographical patterns of species richness, and
similarity with the source pool is still lacking. This is surprising
since non-marine molluscan diversity in Europe is concentrated
in the southern sector, particularly theMediterranean basin. Italy
hosts a large fraction of this richness, ranking third in Europe by
number of species, preceded only by Greece and Spain
(Cuttelod et al. 2011). Mediterranean islands also have a signif-
icant share of endemic species, some already listed as endan-
gered at national and global levels.

Prior understanding has been that the paleogeography of
the archipelago is the key factor for the biogeographical dis-
tribution of molluscs (Giusti 1976, 1977; Piantelli et al. 1991)
and other organisms (Mariotti 1991; Fattorini 2009b). In other
words, islands connected to Tuscany during theWürmian Last
Glacial Maximum (late Pleistocene, about 20 kyr) should be
characterized by a preponderance of species from the Italian-
peninsular pool, while islands closest to the Sardo-Corsican
complex (which were isolated during the Würmian Last
Glacial Maximum) should host a large proportion of Sardo-
Corsican species, absent in Tuscany (Fattorini 2010). Recent
studies have demonstrated, however, that not only paleogeo-
graphical but also current eco-geographical factors may deter-
mine the distribution of organisms through differences in the
dispersal capacity of different groups (Dapporto et al. 2006;
Dapporto and Cini 2007; Fattorini 2009a). Also, biological
invasions can alter the existing biogeographical relationships
resulting in widespread ecological transformations, potential
changes in species distributional patterns, biotic homogeniza-
tion, and heterogenization processes (Olden et al. 2004;
Jeschke et al. 2014; Nogué et al. 2017).

Here, for the first time, we use an updated dataset and
newly developed analytical approaches to study the diversity
of the land and freshwater malacofauna in the Tuscan
Archipelago, comparing the effects of geographical and his-
torical influences on the richness and composition of species,
both considering and excluding aliens. The aims of this re-
search were (1) to define the correlations between species
richness and Recent and Pleistocene eco-geographical vari-
ables; (2) to analyze the biogeographical patterns as well as
the influence of current and historical factors on faunal dis-
similarity among the islands; (3) to reveal biogeographical
relationships between islands and source pools, ignoring
widespread and non-native species.

Materials and methods

Study area

The Tuscan Archipelago is situated in the northern Tyrrhenian
Sea, between the Tuscan coast and Corsica (Fig. 1). It is made
up of seven main islands (from largest to smallest: Elba (ELB),
Giglio (GIG), Capraia (CAP), Montecristo (MCO), Pianosa
(PIA), Giannutri (GIA), Gorgona (GOR) and some islets
(Cerboli (CER), Palmaiola (PAL), Formiche di Grosseto
(FDG), Scoglio d’Affrica (SDA)), with a total area of around
300 km2. The archipelago once included an eighth island,
MonteArgentario (ARG), now a 60-km2 promontory connected
to mainland Tuscany by two sandy Holocene isthmuses.

Fig. 1 Location of the Tuscan Archipelago in the northern Tyrrhenian
Sea, between the Tuscan coast and Corsica
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Capraia is the oldest island; it rose from the sea during vol-
canic eruptions 9 and 5 mya, while the others emerged between
7 and 5 mya (the volcanic plutons that gave rise to them caused
uplifting of igneous rocks and/or overlying calcareous marine
deposits). Pianosa is more recent, probably emerging about
3 mya as a consequence of the uplift of a marine ridge.
Pianosa is almost completely flat, while the others (including
Monte Argentario) are mountainous with coastlines indented by
bays and inlets. Rocky shores arewidespread and sandy beaches
almost absent. Perennial water courses are very few and limited
to Elba and Monte Argentario (on the other islands, streams are
mainly intermittent or totally absent, but Capraia hosts a peren-
nial pond, the only natural freshwater basin in the archipelago).
The climate is Mediterranean with mild winters, relatively hot
summers, very low annual rainfall, and pronounced summer
drought (for references on geology, geomorphology, and
climate, see Aringoli et al. 2009).

Spontaneous vegetation is mainly forest of holm oak
(Quercus ilex), Mediterranean shrubland with tree heath
(Erica arborea), mastic (Pistacia lentiscus), myrtle (Myrtus
communis), and strawberry tree (Arbutus unedo) and maquis
with rock roses (Cistus creticus, C. salviifolius, and
C. monspeliensis), rosemary (Rosmarinus officinalis),
Phoenician juniper (Juniperus phoenicea), and tree spurge
(Euphorbia dendroides). In many sites, the original vegetation
has been heavily altered by humans through fires, grazing,
logging, urbanization, and introduction of invasive alien spe-
cies that threaten native biodiversity (Chiarucci et al. 2017).

The Tuscan Archipelago includes somemajor Italian island
environments: together with Monte Argentario, it hosts a wide
variety of endemic plants and animals, and a large number of
species of conservation concern, including entities of biogeo-
graphical interest (Manganelli et al. 2015, 2017).

Land snail data

Taxonomy and nomenclature follow the guide to European
non-marine molluscs by Welter-Schultes (2012), also avail-
able online at http://animalbase.org; when they differ, or
concern species not included in the guide, we referred to
Manganelli et al. (2015, 2017). Distributional data on the
Tuscan Archipelago and Monte Argentario derive from field
research which was carried out between 2010 and 2015.
Literature data, mostly based on field research carried out by
Folco Giusti in the 1960s and early 1970s, were sometimes
used as a supplementary source. Compared to the checklists of
molluscs of the Tuscan Archipelago and Monte Argentario by
Manganelli et al. (2015, 2017), the present inventory
(Supplementary Table 1) includes some species not reported
before. Distributional data concerning Sardinia, Corsica, and
Tuscany were mainly derived from the literature (Manganelli
et al. 1995; Falkner et al. 2002) and were surveyed by
Manganelli et al. (2015, 2017). Land and freshwater molluscs

were detected by visual search and by collecting leaf litter,
debris, and sediment in streams. Visual search enabled detec-
tion of medium- to large-sized specimens, while collection of
debris, sediment, and leaf litter detected small and very small
species (Cameron and Pokryszko 2005; Benocci et al. 2015).
Although this method involves a huge investment of sampling
effort and time, it ensures more information on small mollus-
can species than visual search (Menez 2007).

Explanatory variables: present and historical
eco-geographical factors

According to the approach used in other island biogeography
studies (i.e., Dapporto et al. 2006; Fattorini 2009a, b; Nakamura
et al. 2009; Hirao et al. 2015), we used present (Recent) and
historical (Pleistocene, i.e., Würmian Last Glacial Maximum,
about 20 kyr) environmental factors. Present environmental var-
iables were recent area (km2, Ar); maximum altitude (m, Alt);
recent average inter-island distance (km, avINTr), and recent
island isolation (km, ISr), defined as the minimum direct over-
water distance to the nearest source pool (Tuscany or Corsica).
Historical environmental factors were area (km2, Ap), average
inter-island distance (km, avINTp), and isolation from the
nearest source pool (km, ISp) with reference to the Würmian
Last Glacial Maximum paleogeographical framework when
Elba, Pianosa, Giannutri, Cerboli, Palmaiola, Formiche di
Grosseto, and Scoglio d’Affrica were connected to the main-
land. Ap was the total area of the peninsula (1700 km2) includ-
ing islands connected to mainland Tuscany (Dapporto et al.
2006). Recent distances were measured on currently available
maps (Istituto GeograficoMilitare, series 1301 sheet NK-32, the
Tuscany Region, Regional Map of Land 2003) and online re-
sources (GoogleMaps); Pleistocene distances were measured on
the paleogeographical maps proposed by Bossio et al. (2000).

As reported byHirao et al. (2015), matrices of geographical
distances between pairs of islands were used: pairwise differ-
ence in area and inter-island distance in Recent (ArM, INTrM)
and Pleistocene times (ApM, INTpM), and maximum elevation
(AltM). The island-area distance was calculated as the absolute
value of the pairwise difference obtained by subtracting the
area of one island from that of the other island; the maximum
elevation distance was calculated in a similar manner, follow-
ing the method proposed by Nakamura et al. (2009).

Data analysis

Relationships between species richness
and eco-geographical variables

Ar, Ap, Alt, avINTr, avINTp, ISr, and ISp were used to explain
richness in non-marine molluscs by a Spearman rank correla-
tion test, both with the database of all species and excluding
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true and potential alien species. To assess collinearity between
variables, pairwise scatterplots, correlation coefficients, and
variance inflation factors (VIF) were used before analysis.

Faunal dissimilarity between islands: partitioning
beta-diversity

In order to obtain general information on overall dissimilarity,
the Sørensen index (βsor) was partitioned into two additive
components for species spatial turnover (Simpson index,
βsim) and nestedness (βnest) (Baselga 2010; Dapporto et al.
2014). Biogeographical patterns were visualized using
UPGMA cluster analysis (unweighted pair group method
with arithmetic mean; Rohlf 1963). The UPGMA amalgam-
ation rule minimizes the distortion of the original data matrix
(Shi 1993; McGarigal et al. 2000) and improves the probabil-
ity of recognizing Bnatural^ partitions (Kreft and Jetz 2010;
Holt et al. 2013).

When using turnover indices, most agglomerative hierar-
chical clustering algorithms produce trees affected by island
row order in the original data matrix (Dapporto et al. 2013).
The R package Brecluster^ (Dapporto et al. 2013) was used to
reshuffle row order and create supported consensus trees by
multi-bootstrap analysis. This procedure identifies nodes with
strong or weak support and the scale at which nodes are best
recognized using a number of resampled species different
from that of the original matrix dataset (Dapporto et al.
2013). For βsim, we built a 50% consensus tree from 200 re-
ordered trees by multiscale bootstrap at two scales: on the left,
node support involving the exact number of species in the
original dataset (× 1); on the right, node support when more
resampled species were used (× 5, i.e., using a number of
resampled species equal to the actual number of species in
the sample multiplied by five) (Dapporto et al. 2013). For
Sørensen and nestedness analysis, a small number of trees
(Cameron and Pokryszko 2005) and 100% consensus were
used since only a few terminal nodes were collapsed. Due to
its outlier condition, Scoglio d’Affrica was excluded from the
cluster analysis.

Non-metric multidimensional scaling (NMDS) in RGB
(red, green, blue) color space was also applied to βsor, βsim,
and βnest matrices as described by Kreft and Jetz (2010),
Dapporto et al. (2014), and Hirao et al. (2015). The projection
of the NMDS configurations in RGB space was used since
more similar islands show more similar colors by virtue of
being closer in the graph, and therefore provide a visual rep-
resentation of the dissimilarity patterns in the map.

Multiple regressions on distance matrices (MRM) were
applied to examine the relationship between matrices of geo-
graphical distances between pairs of islands (ArM, ApM, AltM,
INTrM, INTpM) and matrices of βsor, βsim, and βnest in order to
explain differences in assemblage composition between
islands, using the database of all species with and without true

or potential alien species. This method has been widely used
in many biogeographical studies (Nakamura et al. 2009;
Florencio et al. 2013; Hirao et al. 2015; Wepfer et al. 2016)
and has several advantages over traditional partial Mantel test
analysis (Lichstein 2007). Our first MRM analysis used a
model that included the two historical explanatory matrices
(ApM and INTpM) and the second one only used current vari-
ables (ArM, INTrM, AltM). Finally, a full model (Recent and
Pleistocene) included all explanatory variables. MRM corre-
lations were performed using Spearman’s method and signif-
icance assessed through 10,000 permutations using the ecodist
package (Goslee and Urban 2007) in software R, version 3.3.2
(R Core Team 2016). All variables were log transformed be-
fore MRM analysis.

Faunal dissimilarity between islands and source pool

UPGMA clustering and NMDS in RGB color space for the
βsim component were conducted to detect relationships be-
tween islands and their source pool. The matrices only includ-
ed species of biogeographical concern: Sardo-Corsican (SC,
i.e., species present in the Sardo-Corsican complex and the
Tuscan Archipelago, but not in Tuscany) and Tuscan species
(T, i.e., species present in Tuscany and in the Tuscan
Archipelago, but not in Sardinia and Corsica) as well as en-
demics occurring on more than one island. Exclusion of wide-
spread species (W) reduced the number of non-informative
species, since W tend to be present on most islands and in
most source pools, increasing faunal homogeneity, especially
on the smaller and more isolated islands (Dennis et al. 2000;
Fattorini 2002; Gentile and Argano 2005) and hiding similar-
ity patterns between islands and their corresponding source
pools (Dapporto and Cini 2007). We did not include the
smallest islands (Cerboli, Palmaiola, Formiche di Grosseto,
Scoglio d’Affrica) because they do not host any species of
biogeographical concern.

In order to detect the influence of Recent and Pleistocene
distances of islands from their source pools on faunal compo-
sition, the Spearman rank correlation test was used between
the SC/(SC + T) species ratio on each island and the ratio of
the shortest overwater distances to Tuscany and Corsica, as
proposed by Dapporto et al. (2006) and Fattorini (2009a).

Results

Checklist

A total of 116 non-marine molluscs were recorded in the study
area (7 islands, 4 islets, and 1 fossil island) (Supplementary
Table 1). Species number ranged from two (Scoglio d’Affrica)
to 84 (Elba). Brackish species seemed to be absent on
Montecristo, Palmaiola, and Formiche di Grosseto; however,
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due to difficulty of detection, their distribution may be wider.
Freshwater species were absent on three of the main islands
(Pianosa, Gorgona, and Giannutri) and on all the smaller ones;
except for the tiny groundwater gastropod species in the genus
Islamia, they include widespread entities, not globally threat-
ened, although locally at risk due to the unfavorable status of
the archipelago’s freshwater environments. Land gastropods
include four endemic (Oxychilus pilula,Oxychilus oglasicola,
Ciliellopsis oglasae, and Tacheocampylaea tacheoides) and
five sub-endemic species (Solatopupa guidoni, Oxychilus
majori, Cochlodina kuesteri, Tyrrheniellina josephi, and
Marmorana saxetana). With regard to aliens, the Tuscan
Archipelago hosts naturalized species completely extraneous
to the Mediterranean basin (Solenomphala sp., Physella
acuta, Succinea sp., Paralaoma servilis, Lucilla singleyana,
Hawaiia minuscola, and Lehmannia nyctelia), as well as
others, which despite being native to the western
Mediterranean, were originally absent from the northern
Tyrrhenian (Deroceras invadens, Ferussacia carnea,
Murella muralis, Trochoidea elegans, Microxeromagna
lowei, and Murella muralis). Although naturally present in
the northern Tyrrhenian, at least nine more (Vallonia
pulchella, Chondrula tridens, Zonitoides sp., Lehmannia
melitensis, Cecilioides janii, Hohenwartiana hohenwarti,
Papillifera papillaris , Monacha parumcincta, and
Cochlicella conoidea) may be regarded as introduced into
the archipelago, since we found them almost exclusively in
anthropogenic habitats (urban and ruderal habitats, orchards,
gardens, etc.). Finally, the original distribution of some species
is still uncertain (Lucilla scintilla and Deroceras cf. golcheri).

Relationships between species richness
and eco-geographical variables

Pairwise scatterplots showed a high degree of collinearity
between some variables: Alt and Ar had a pairwise corre-
lation coefficient of 0.8, while all the Pleistocene vari-
ables (Ap, INTp, ISp) showed perfect collinearity. This
meant that predictors were exact linear functions of each
other and therefore that some variables had to be omitted
to avoid problems of multicollinearity. We removed one
variable at a time, recalculated the VIF values, and repeat-
ed this process until all VIF values were less than 3 (Zuur
et al. 2009). Four variables (Ar, Ap, INTr, ISr) out of
seven were retained in Spearman’s rank correlation test
in order to highlight if and how species richness is influ-
enced by different geo-ecological characteristics, both
current and historical. Only Ar proved to be the major
predictor and the only variable showing a statistically sig-
nificant positive correlation to species richness (r = 0.90;
p value < 0.001 with the all-species database including
and excluding alien entities).

Faunal dissimilarity between islands

Cluster analysis based on βsor for all species (Fig. 2a) pro-
duced a dendrogram, in which areas tended to group together
according to species richness: one cluster was composed of
islands characterized by few species ((CER, FDG) PAL), the
other consisted of the remaining islands. The latter was com-
posed of one cluster showing areas with higher richness
(((ELB, ARG) GIG) ((PIA, GIA) GOR))), thus confirming
the dependence on richness of unpartitioned indices like βsor,
and one highly supported cluster of geographically isolated
areas (MCO, CAP), which were separate from islands near
(and/or connected in the past to) the mainland. Support from
multiscale analysis increased with the number of species in-
cluded in the resampled matrices; however, some terminal
nodes could still be considered weakly supported. No consis-
tent changes were recorded when alien species were excluded
(Fig. 2b).

NMDS with ßsor on all species and excluding alien species
(Figs. 3a and 4a) gave an even clearer representation of the
island aggregation rule (i.e., the aggregation of islands
according to species richness, irrespective of their
biogeographical relationship with faunal sources, Dapporto
et al. 2014): islands with a different range of species richness
polarized into two distinct assemblages: in particular, small
islands with few species on the right, contrasting with the most
populated islands on the left.

Concerning spatial species turnover obtained by the
β s im index (Fig. 2c) with al l species , only the
Montecristo-Capraia group resulted in a well-defined
cluster, supported both at × 1 and × 5solution in multi-
bootstrap analysis. All the other islands formed a relative-
ly uniform cluster with similar species composition. In the
last group, some nodes showed a substantial increase in
support in a multiscale bootstrap, meaning that the areas
connected by these nodes host a few species responsible
for turnover, but the biogeographic pattern with respect to
other areas is clear. Other nodes showed, instead, a slow
(or no) increase in support. In this case, the links among
areas were uncertain. Excluding alien species (Fig. 2d),
we obtained a dendrogram with only two main groups: a
smaller one with Montecristo-Capraia and a larger group
including all the other islands. In this huge group,
Cerboli, Elba, Formiche di Grosseto, and Giglio clustered
together and showed unresolved relationships with the
other islands.

NMDSwith βsim (Fig. 3b all species and Fig. 4b all species
except aliens) indicated a first axis related to isolation: on one
side Capraia and Montecristo, islands that have never been
connected to the mainland and consequently hosting endemic
species, and on the other side all the other islands.

Cluster analysis based on βnest (Fig. 2e with all species)
produced three well-supported groups, mostly driven by
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patterns of species richness: the first group incorporated
islands with intermediate richness values (CAP, GOR, PIA,
MCO, GIA, GIG), the second comprised the two richest (and
largest) areas (ELB and ARG), while the third included the
islets (FDG, PAL, CER). In the dendrogram, only a few ter-
minal nodes were weak and had low support. The exclusion of
aliens (Fig. 2f) produced a similar dendrogramwith only some
slight differences in the position of Giglio and Cerboli; how-
ever, almost all nodes are to be considered weakly supported.

NMDS in RGB color space with βnest (Figs. 3c and 4c)
produced an identical pattern, where the first axis clearly rep-
resented a gradient of species richness and thus area.

Using the two Pleistocene explanatory variables (historical
model, ApM and INTpM), MRM (Table 1 all-species database

and Table 2 excluding aliens) indicated that only the effect of
INTpM showed a clear negative correlation with dissimilarity
for nestedness index (standardized partial regression coeffi-
cient ßIntp = − 0.56, p value P (ß) = 0.02 all species; ßIntp = −
0.54, p value P (ß) = 0.04 excluding aliens); ignoring aliens,
INTpM also showed a significant positive correlation with
Simpson index (ßIntp = 0.58, p value P (ß) = 0.04). Using
Recent variables (current model, ArM, INTrM, AltM), MRM
revealed a highly significant negative correlation of ArM with
Simpson index (ßAr = − 0.73, p value P (ß) = 0.01 all species;
ßAr = −0.68, p value P (ß) = 0.01 excluding aliens) and a sig-
nificant positive correlation of ArM with nestedness index
using the all-species database only (ßAr = 0.49, p value P
(ß) = 0.01).

Fig. 2 Cluster analysis for the
Sørensen index (βsor) (a all
species; b without alien species),
Simpson index (βsim) (c all
species; d without alien species)
and nestedness index (βnest) (e all
species; f without alien species).
Multiscale bootstrap analysis
resulted in two different values for
each node: on the left, node
support involving the exact
number of species in the original
dataset; on the right, node support
when more resampled species
were used. Highly and weakly
supported nodes are indicated in
black and red, respectively. CAP,
Capraia; ELB, Elba; GIA,
Giannutri; GIG, Giglio; GOR,
Gorgona; MCO, Montecristo;
PIA, Pianosa; CER, Cerboli;
PAL, Palmaiola; FDG, Formiche
di Grosseto; ARG, Monte
Argentario
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Final MRM analysis using the full model with all explan-
atory variables (Recent and Pleistocene) highlighted a signif-
icant negative correlation, namely that of ArM with Simpson
index (ßAr = − 0.71, p value P (ß) = 0.01 all species; ßAr = −
0.64, p value P (ß) = 0.01 excluding aliens), and a positive one
with nestedness index (ßAr = 0.43, p value P (ß) = 0.04) using
the all-species database. No effect of historical factors was

recorded when current variables were added, irrespective of
inclusion or exclusion of alien species.

Faunal dissimilarity between islands and source pool

In the third analysis, only species of biogeographical concern
and endemics occurring in more than one island were

Fig. 3 Non-metric
multidimensional scaling
(NMDS) in RGB (red, green, and
blue) color space for Sørensen
(βsor) (a), Simpson (βsim) (b), and
nestedness indices (βnest) (c)
showing land snail presence/
absence in the Tuscan
Archipelago using the database of
all species. CAP, Capraia; ELB,
Elba; GIA, Giannutri; GIG,
Giglio; GOR, Gorgona; MCO,
Montecristo; PIA, Pianosa; CER,
Cerboli; PAL, Palmaiola; FDG,
Formiche di Grosseto; ARG,
Monte Argentario
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considered (Fig. 5, Table 3). This exclusion was necessary to
highlight which of the two source pools (Tuscany and Sardinia/
Corsica) was more similar to each island (Dapporto and Cini
2007). The results (Fig. 6a) revealed a strong relationship be-
tween Tuscany and Monte Argentario, Giglio, and Giannutri,
islands currently near or joined to themainland, and between the
Sardo-Corsican complex and Gorgona and Capraia.

No stable position of Montecristo, Pianosa, and Elba was
obtained in the cluster analysis as indicated by the low boot-
strap values of the nodes. NMDS in RGB color space (Fig. 6b)
confirmed this pattern: islands with Tuscan affinity and
Pianosa were distinct from the Sardo-Corsican group,
Montecristo was in an isolated position, while Elba lay in
the middle between the two main blocks.

Fig. 4 Non-metric
multidimensional scaling
(NMDS) in RGB (red, green, and
blue) color space for Sørensen
(βsor) (a), Simpson (βsim) (b), and
nestedness indices (βnest) (c)
showing land snail presence/
absence in the Tuscan
Archipelago using the database of
all species except aliens. CAP,
Capraia; ELB, Elba; GIA,
Giannutri; GIG, Giglio; GOR,
Gorgona; MCO, Montecristo;
PIA, Pianosa; CER, Cerboli;
PAL, Palmaiola; FDG, Formiche
di Grosseto; ARG, Monte
Argentario
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Spearman’s rank correlation test showed significant corre-
lations between the SC/(SC + T) species ratio and Pleistocene
distance ratios (S = 12.589, p value = 0.01), while no signifi-
cant relationship with Recent distance ratios was found (S =
43.785, p value = 0.23).

Discussion

With respect to a previous analysis that failed to find any
correlation between molluscs and current variables (Fattorini
2009a), Recent island area (Ar) positively influenced mollus-
can species richness in the Tuscan Archipelago, both with the
database including all species and excluding alien species, as
already reported for butterflies, chrysidids, tenebrionids, and
reptiles (Fattorini 2009a, 2010). This was an expected result,
since it is well known that species richness is positively cor-
related with current island area, as a possible result of habitat
availability and increased total population size (Vujić et al.
2016). As clearly reported by Fattorini (2009a), current and
historical factors could both be responsible for the linear pos-
itive relationship between species richness and area. This
statement, in association with the lack of a negative correlation
between richness and Recent isolation (ISr), was used as clear
evidence of Pleistocene establishment of other less mobile

groups, such as tenebrionid beetles (Fattorini 2009b) and rep-
tiles (Fattorini 2009a), in the Tuscan Archipelago: a low dis-
persal capacity translated into inability to travel great dis-
tances, so that no correlation between species richness and
Recent distance emerged. In the case of molluscs, a lack of
negative relationship between richness and ISr may have an-
other meaning: dispersal of these animals is usually difficult,
mostly occurring through stochastic events (i.e., accidental
introduction of species) in historical and contemporary times;
island size may increase the possibility that such events occur
(i.e., larger targets), providing more habitats and resources for
successful colonization. In this view, current determinants
would be the main drivers of diversification.

Furthermore, when we removed the effect of nestedeness
through βsim and tested islands with the different source pools
to highlight colonization pathways, most areas confirmed bio-
geographical patterns mainly consistent with their current lo-
cation: the larger islands were closely related to the adjacent
mainland, while smaller islands usually formed clusters
consisting of geographically close islands. For example, the
relationship between Monte Argentario, Giglio, and Giannutri
(i.e., the closest islands to Tuscany in current times) proved
that they were mainly colonized by species belonging to the
Tuscan mainland, the nearest source pool: this group includes
species or subspecies such as Oxychilus majori, Campylaea

Table 1 Multiple regressions on distance matrices (MRM) to detect the role of explanatory variables (ArM, INTrM, ApM, INTpM, AltM) in explaining
differences in assemblage composition between islands for the Sørensen, Simpson, and nestedness indices using the database of all species

Model Index Explanatory variables Standardized partial regression
ß coefficient (ß)

P (ß) R2 P (R2)

First model (historical) Sørensen ApM 0.09 0.68 0.09 0.26
INTpM − 0.36 0.23

Simpson ApM − 0.26 0.19 0.14 0.20
INTpM 0.50 0.10

Nestedness ApM 0.19 0.28 0.20 0.04
INTpM − 0.56 0.02

Second model (current) Sørensen ArM − 0.14 0.61 0.10 0.32
INTrM − 0.16 0.31
AltM 0.30 0.10

Simpson ArM − 0.73 0.01 0.47 0.001
INTrM 0.18 0.17
AltM 0.22 0.11

Nestedness ArM 0.49 0.01 0.25 0.02
INTrM − 0.14 0.32
AltM − 0.07 0.65

Full model (current + historical) Sørensen ArM − 0.19 0.47 0.16 0.37
INTrM − 0.04 0.81
AltM 0.33 0.08
ApM 0.03 0.88
INTpM − 0.32 0.33

Simpson ArM − 0.71 0.01 0.50 0.01
INTrM 0.12 0.34
AltM 0.23 0.11
ApM − 0.22 0.18
INTpM 0.29 0.29

Nestedness ArM 0.43 0.04 0.35 0.03
INTrM 0.01 0.98
AltM −0.05 0.75
ApM 0.15 0.40
INTpM − 0.45 0.07

MRM correlations were performed using Spearman’s method and significance assessed through 10,000 permutations
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planospira occultata, and Marmorana saxetana, whose lim-
ited distribution certifies that the faunal history of these islands
is intimately linked and at the same time independent of that of
the other islands in the archipelago (Giusti 1976; Manganelli
et al. 2015). However, the position of Giglio in the Tuscan
block warrants further explanation: according to the widely
accepted paleogeographical framework (Bossio et al. 2000),
Giglio was not connected to the mainland during theWürmian
Last Glacial Maximum. However, our results and other evi-
dence (i.e., molecular relationships between northern
populations of the calciphile landsnail Marmorana saxetana;

Fiorentino et al. 2010) suggest the contrary. This would agree
with an alternative paleogeographical reconstruction of the
northern Tyrrhenian by Antonioli et al. (2011), who proposed
a new interpretation of sea level changes in the Tuscan
Archipelago, including the probable connection of Giglio to
the Tuscan mainland during the Würmian Last Glacial
Maximum.

Montecristo and Capraia, which remained isolated during
the Würmian Last Glacial Maximum and are still the most
isolated, clustered well apart in almost every analysis. The
high rate of endemism (CAP: 2 endemics out of 35 species

Table 2 Multiple regressions on distance matrices (MRM) to detect the role of explanatory variables (ArM, INTrM, ApM, INTpM, AltM) in explaining
differences in assemblage composition between islands for the Sørensen, Simpson, and nestedness indices excluding alien species

Model Index Explanatory variables Standardized partial regression
ß coefficient (ß)

P (ß) R2 P (R2)

First model (historical) Sørensen ApM 0.06 0.78 0.06 0.42
INTpM − 0.28 0.33

Simpson ApM − 0.26 0.16 0.19 0.10
INTpM 0.58 0.04

Nestedness ApM 0.16 0.37 0.19 0.07
INTpM − 0.54 0.04

Second model (current) Sørensen ArM − 0.11 0.68 0.08 0.40
INTrM − 0.16 0.31
AltM 0.25 0.17

Simpson ArM − 0.68 0.01 0.41 0.01
INTrM 0.20 0.14
AltM 0.21 0.14

Nestedness ArM 0.43 0.06 0.21 0.04
INTrM − 0.18 0.24
AltM − 0.08 0.61

Full model (current + historical) Sørensen ArM − 0.15 0.57 0.11 0.57
INTrM − 0.07 0.65
AltM 0.28 0.14
ApM 0.01 0.98
INTpM − 0.22 0.50

Simpson ArM − 0.64 0.01 0.48 0.01
INTrM 0.10 0.42
AltM 0.21 0.15
ApM − 0.23 0.16
INTpM 0.39 0.14

Nestedness ArM 0.38 0.10 0.30 0.06
INTrM − 0.03 0.81
AltM − 0.06 0.73
ApM 0.13 0.49
INTpM − 0.42 0.12

MRM correlations were performed using Spearman’s method and significance assessed through 10,000 permutations

Fig. 5 Biogeographical
categories of land snail species on
islands of the Tuscan
Archipelago: (a) including and
(b) excluding widespread species
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(6%), Oxychilus pilula and Tacheocampylaea tacheoides;
MCO: 2 endemics/sub-endemics out of 26 species (8%),
Oxychilus oglasicola, Ciliellopsis oglasae) seem to confirm
the hypothesis that long-term isolation and geographical sep-
aration supported sharp differentiation processes, resulting in
a distinct cluster with high species endemism and very strong
bootstrap support. This is in line with results obtained in other
Mediterranean island systems for dipteran syrphids (Vujić
et al. 2016) and in the Tuscan Archipelago for other low-
vagility animals such as tenebrionids (Fattorini 2009a). In
the source pool analysis, no clear position with respect to
either of the two contrasting blocks emerged for
Montecristo. During the Würmian Last Glacial Maximum,
this island was much closer to Tuscany than to the Sardo-
Corsican complex; so if there was nevertheless a Pleistocene
fingerprint, Montecristo should be more similar to Tuscany
than Corsica (Dapporto et al. 2006). A link between
Montecristo and the Tuscan block, also supported by cluster
analysis for nestedness index using the all-species database
(Fig. 2e), is suggested by Oxychilus oglasicola, found not
only on Montecristo but also on La Scola islet, a satellite of
Pianosa (Manganelli et al. 2015). Its presence on both islands
suggests that this species wasmore widespread in the southern
Tuscan Archipelago in the recent past. It may therefore be a
paleo-endemic surviving only on Montecristo and La Scola
and representing a biogeographical signal, since shared en-
demics not only indicate that biogeographical patterns have

established over evolutionary time but also help reveal inter-
island relationships (Fattorini 2009a).

Conversely, Capraia island is linked to the Sardo-Corsican
complex. It is characterized by Sardo-Corsican elements such
asTyrrheniellina josephi (CapraiaandSardinia)and theendemic
Tacheocampylaea tacheoides, the latter belonging to a Sardo-
Corsican genus. According to Giusti (1970), Tacheocampylaea
tacheoides isveryclose toTacheocampylaeaelata, aPleistocene
fossil species of Pianosa, suggesting an origin from the ancestral
stock that invaded the Tuscan Archipelago from the Sardo-
Corsican complex in pre-Pleistocene times (Piantelli et al.
1991). Interestingly, the same pattern was found for butterflies
(Dapporto et al. 2017).

In conclusion, several aspects seem to indicate a paleogeo-
graphical imprint on malacofauna structure in the Tuscan
Archipelago: the incidence of the Sardo-Corsican component
on Capraia, relationships between the Italian mainland and the
Tuscan block of islands that have had (or seem to have had)
contacts with neighboring areas during the Würmian Last
Glacial Maximum, the affinity between Montecristo and
Pianosa, and the high rate of endemism in the most isolated
islands, as well as the significant Spearman correlations be-
tween SC/(SC + T) species and Pleistocene distance ratios,
suggest that Pleistocene events may have influenced the
present-day species distribution (Dapporto et al. 2006), al-
though this effect is now partly hidden by the effect of current
eco-geographical drivers.

Table 3 Sardo-Corsican (SC) and Tuscan (T) species and the ratio of the shortest overwater distances between Tuscany and Corsica in Recent times
(Dr) and in the Pleistocene (Dp)

Island SC species T species Dr Dp

CAP Tyrrheniellina josephi (1) / 1.91 0.75

ELB Columella aspera
Solatopupa guidoni
Plagyrona placida (3)

Platyla gracilis
Papillifera solida
Cochlodina bidens (3)

0.18 0

GIA / Oxychilus majori
Papillifera solida
Campylaea planospira (3)

0.09 0

GIG Plagyrona placida (1) Papillifera solida
Campylaea planospira
Marmorana saxetana (3)

0.13 0.07

GOR Cochlodina kuesteri (1) / 0.58 0.35

MCO Plagyrona placida (1) / 1.14 0.23

PIA / Papillifera solida (1) 1.25 0

ARG Plagyrona placida (1) Platyla gracilis
Argna biplicata
Oxychilus majori
Papillifera solida
Siciliaria paestana
Clausilia cruciata
Campylaea planospira
Marmorana saxetana
Vertigo angustior
Succinella oblonga (10)

0.03 0

CAP Capraia, ELB Elba, GIA Giannutri, GIG Giglio, GOR Gorgona, MCO Montecristo, PIA Pianosa, ARG Monte Argentario
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On the other hand, the biogeography of non-marine mol-
luscs in the Tuscan Archipelago clearly revealed a basic
contingent of several widespread species (with Elba-
Giglio-Monte Argentario acting as secondary species
source pools) and a few entities involved in spatial turnover.
When the alien species were removed from the analyses, the
pattern became less resolved. We may hypothesize that this
happens because narrow-ranged aliens acted like narrow-
ranged native species, contributing to spatial turnover.
Ignoring aliens, differences in assemblage composition be-
tween islands for the Simpson index proved to be positively

correlated with inter-island distance in Pleistocene times
(INTpM), which is evidence of historical biogeographical
relationships between islands (in the Pleistocene, most
Tuscan islands formed a block joined to the Tuscan main-
land). This may indicate that widespread native species
established their distribution during the Pleistocene, in con-
trast with alien species which were able to spread into the
Tuscan Archipelago through stochastic and human-
mediated dispersion events in recent times.

We may hypothesize that biological invasions can
hide existing biogeographic patterns, producing a

Fig. 6 Cluster analysis (a) and non-metric multidimensional scaling
(NMDS) in RGB (red, green, and blue) color space (b) for Simpson
index (βsimp) showing relationships between Tuscan Archipelago
islands and their source pool (Tuscany/Sardo-Corsican complex)
considering species of biogeographical interest (SC, Sardo-Corsican
species; T, Tuscan species). In cluster analysis, multiscale bootstrap
procedure resulted in two different values for each node: on the left,

node support involving the exact number of species in the original
dataset; on the right, node support when more resampled species were
used. Highly and weakly supported nodes are indicated with black and
red, respectively. CAP, Capraia; ELB, Elba; GIA, Giannutri; GIG, Giglio;
GOR, Gorgona; MCO, Montecristo; PIA, Pianosa; ARG, Monte
Argentario; TUS, Tuscany; SAR, Sardinia; COR, Corsica
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disorganized arrangement of diversity, completely uncor-
related with Recent and Pleistocene determinants. The
same can also be said of richness, where only one var-
iable was recognized as significantly correlated with
species occurring on islands, whether analysis was
based on the all-species database or excluded aliens.
Anthropogenic dispersal may have altered the original
distribution of some land snails, for example favoring
adaptation of calciphile species on human-made struc-
tures, such as concrete walls and piles of rubble.

This is even more true for low-vagility species, such as
tenebrionids (Fattorini 2009b) and molluscs, groups closely
associated with well-defined eco-environmental conditions
and therefore more vulnerable to environmental change.

We can therefore conclude that the overall framework
shows the combined effects of current eco-geographical and
paleogeographical imprints on non-marine malacofauna in the
Tuscan Archipelago.
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