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Faunal patterns in Tuscan archipelago butterflies: The dominant influence
is recent geography not paleogeography
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Abstract. The aim of this paper is to examine whether current and/or Pleistocene geography affect the species richness and composi-
tion of Tuscan archipelago butterflies. This archipelago is located between Tuscany (Italy) and Corsica (France). Faunistic data was
obtained from the literature and surveys. Our data revealed that contemporary geography is the most important factor determining
the species richness and faunal composition of Tuscan archipelago butterflies. Indeed, current area and isolation of the islands are the
only predictors significantly correlated with species richness. Paleogeographic features of the archipelago are not significantly corre-
lated with species richness. Multidimensional scaling revealed patterns similar to those reported for other living groups. Specifically,
Capraia and Montecristo group together with Corsica, while Elba, Giglio, Pianosa, Gorgona, Giannutri and the fossil island of Monte
Argentario group with the Tuscan mainland. Recent geography seems to affect the faunal composition. Indeed Mantel test indicates
that the similarity in the faunal composition of the Tuscan Archipelago islands is mainly related to present-day island characteristics
and their relative distance from Tuscany and Corsica. Our results are similar to those recently obtained for Aegean archipelago but-

terflies.

INTRODUCTION

Recently, many studies have been carried out on the
biogeography of the Mediterranean basin, mainly
focussing on whether ecological factors or paleogeo-
graphic history dominate species richness and distribution
in Mediterranean archipelagos (Palmer et al., 1999;
Welther-Schultes & Williams, 1999; Dennis et al., 2000;
Garcia-Barros et al., 2002; Sammartin, 2003; Gentile &
Argano, 2005; Hausdorf & Hennig, 2005). Several
studies have investigated these topics in the main Medi-
terranean islands (Legakis & Kypriotakis, 1994; Palmer,
1998), the Aegean archipelago (Sfenthourakis, 1996;
Dennis et al., 2000; Hausdorf & Hennig, 2005) and
Balearic Islands (Palmer et al., 1999; Garcia-Barros et al.,
2002).

The Tuscan archipelago is comprised of seven main
islands lying between Corsica and the Italian Peninsula
(Fig. 1). The paleogeographic events that have occurred
since the Miocene, and the different present-day distances
between these islands and the coasts of Corsica and Tus-
cany (Italy), have resulted in a transitional fauna and
flora; the co-occurrence of continental species and Sar-
dinian and Corsican endemic species therefore present an
interesting puzzle (Societa Italiana di Biogeografia, 1974;
Jutzeler et al., 1996; Dapporto et al., 1999; 2002, 2003;
Strumia, 2003). Most of these authors linked the biogeog-
raphical features of the Tuscan archipelago fauna and
flora to paleogeographic events that occurred with the
disjunction and rotation of the Corsica-Sardinia micro-
plate (Alvarez, 1972) and the earlier Pleistocene sea

regressions (Bossio et al., 2000). According to the most
recent paleogeographical reconstructions, the lower sea
level during the Wiirm Pleistocene glacial maxima
resulted in Elba, Pianosa, Giannutri and possibly Giglio
becoming connected with mainland Tuscany (Fig. 1).
Capraia, Gorgona and Montecristo remained isolated, but
Montecristo was very close to the little peninsula that
emerged south of Pianosa (Fig. 1). On the other hand,
previous Pliocene sea transgressions resulted in the isola-
tion of several present-day mainland mountains (Lanza,
1984). To date, such fossil islands as Monte Argentario
and Uccelina Hills share several biotic characteristics
with Corsica and the Tuscan archipelago (Societa Italiana
di Biogeografia, 1974; Lanza, 1984; Dapporto et al.,
2002; Gentile & Argano, 2005).

Many studies have attempted to find similarities
between Tuscan islands and their main source pools (Tus-
cany and Corsica). The general pattern of similarity in
faunistic and floristic associations led to the association
of Capraia and Montecristo, which never were a part of
mainland Tuscany, with Corsica and Sardinia; while Elba,
Pianosa, Giglio and Giannutri, which were in contact with
Tuscany during the Pleistocene, are generally more
similar to the Italian Peninsula (Societa Italiana di Bioge-
ografia, 1974; Jutzeler et al., 1996; Dapporto et al., 2003,
2004, in press; Strumia, 2003, Strumia & Scaramozzino,
2004). Surprisingly, very few studies (Dapporto et al.,
2004, in press; Strumia & Scaramozzino, 2004) have
attempted to assess this quantitatively. As a result, paleo-
geography has generally been accepted as the key factor
leading to the species assemblages on this archipelago,
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Fig. 1. Tuscan archipelago. Present-day dry land (dark grey)
and extent of Wiirm landmasses (areas delimited by present 100
m bathymetric contour, light grey) (modified from Bossio et al.,
2000). The broken line defines the peninsula used in the Pleisto-
cene correlation analyses (see methods).

not only for sedentary species (Giusti, 1977; Gentile &
Argano, 2005) but also for those capable of flying
(Jutzeler et al., 1996; Strumia, 2003).

Recently, Dennis et al. (2000) and Hausdorf & Hennig
(2005) demonstrated that the Aegean archipelago but-
terfly richness, frequency, rarity and incidence are mainly
affected by contemporary geography rather than paleoge-
ography. These authors found stronger correlations
between these features of the butterfly fauna and contem-
porary geographical (island area, altitude, present day
inter-islands distances, and isolation) than paleogeo-
graphical parameters. Similar conclusions have been
drawn about the butterfly fauna of the British Islands
(Dennis et al., 1997, 1998).

In this paper, the diversity of Tuscan archipelago but-
terfly fauna is examined and the effect of geographical
and historical influences on its species richness and com-
position compared. In addition, the Tuscan archipelago
fauna is compared with those of mainland Corsica and
Italy in a search for faunistic similarities and to determine
whether colonization from these two sources of fauna
acted in historical or ecological time.

MATERIAL AND METHODS
Study area

The Tuscan archipelago (Fig. 1) consists of seven islands
located between Corsica and Tuscany. These islands range in
size from Gorgona (2.2 km?) to Elba (223.5 km?) (Table 1). The
islands have different lithologies and geological origins. Gor-
gona is characterized by two different metamorphic units (sedi-
mentary and ophiolitic). The volcanic Island of Capraia
originated approximately nine million years ago, after a series
of eruptions. Montecristo is entirely granite, as is almost the
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entire Giglio Island. Elba is mountainous in its western part,
with the granite massif of Mt. Capanne (the highest peak of the
archipelago, 1018 m), whereas in the eastern part, gneiss and
marble are exposed; the plains of the densely populated central
area are alluvial and made up of clay, sandstone and limestone.
The origin of Pianosa is different again: totally flat, it consists
of sedimentary rocks and shell formations. Giannutri is formed
entirely of dolomitic-limestone sediments which are similar to
the rocks of the nearby Argentario fossil island.

The climate of the Tuscan archipelago is typically Mediterra-
nean. The climax vegetation was probably oak (Quercus ilex)
forests now drastically reduced to scattered patches. The
present-day dominant vegetation are maquis, garigue and
anthropic landscape and vegetation.

Data sources

The butterfly faunas of the Tuscan archipelago (reviewed by
Biermann, 2003; Balletto et al., 2005), Corsica (Karsholt &
Razowsky, 1996), the fossil island of Monte Argentario (Bier-
mann, 2003; Balletto et al., 2005) and the Mediterranean area of
Tuscany (Balletto et al., 2005; Dapporto et al., 2005a, b) were
considered. The fauna of M. Argentario fossil island was
included, as it is well known that at least some moths typical of
Corsica and Tuscan archipelago are present on Tuscan fossil
islands. In a recent paper Gentile & Argano (2005) also
included faunas from Tuscan fossil islands in their faunistic
analyses of isopods from Mediterranean islands. The Tuscan
archipelago is surely the most investigated island area of Italy
for butterflies and many papers report data for these insects
from the beginning of 1900s. However, to verify the complete-
ness of this data Malaise traps were used to capture insects on
each island of Tuscan archipelago, M. Argentario, Corsica and
Mediterranean area of Tuscany for a minimum of two years; at
least three collections of butterflies were made with a net
between May 2002 and July 2006 at all the localities. It was not
possible to put Malaise traps on Giannutri island as it is private,
so only the data of Biermann (2003) and the results of five net
collections, made over the period May 2003 to July 2006, were
used.

In the search for correlations between species richness and
some recent and paleogeographical determinants, the butterfly
faunas from the seven islands and M. Argentario were consid-
ered. The species (S) included in the analyses are listed in table
1. Butterfly species were classified as: (C) Corsican (i.e. occur-
ring on Corsica, but not in Tuscany), (T) Tuscan (i.e. occurring
in Tuscany but not on Corsica) and (W) Widespread (i.e. occur-
ring both on Corsica and in Tuscany).

Correlations between species richness and recent and paleo-
geographical determinants

Using maps in Bossio et al. (2000), the current area and isola-
tion of each island (A,, I,) and that during the Wiirm Pleistocene
sea regression (A,, I,) were measured (Table 1). As Elba, Gian-
nutri, Pianosa and M. Argentario were connected to the Italian
mainland during the Pleistocene, the Ap values of the area of the
peninsula (delimited by the broken line in Fig. 1) made up of
Elba and Pianosa during the Pleistocene were used. This simpli-
fication did not affect the results as this measure is the largest
(Table 1) and absolute values do not affect Spearman correla-
tions. The isolation measures (I; and I,) of the minimal sums of
distances across the sea connecting each island to the closest
faunal source pool (Tuscany or Corsica) was used. This measure
was chosen instead of direct distances because, in general, but-
terflies disperse faster across land than sea. To estimate the cor-
relation between the four geographical and paleogeographical
variables (test of independence) and between them and species



TaBLE 1. Butterfly richness (), recent and Pleistocene island area (4., 4,) and isolation (/,, ,) of each of the eight islands studied. Species recorded
on the Tuscan islands. Species type: W = widespread, T = Tuscan, C = Corsican. Asterisks indicate new records for Tuscan islands.
Type Gorgona  Capraia Elba Pianosa Giglio  Montecristo Giannutri M. Argen-
(Go) (Ca) (El) (Pi) (Gi) (Mo) (Gia) tario (Ar)
S 14 21 54 16 31 9 10 44
A: (Kmq) 22 19.5 223.5 10.3 212 10.4 2.4 60.3
I, (Km) 333 25.6 8.9 222 14.4 47.8 13 0
A4, (Kmq) 24 48 1700 1700 42 48 1700 1700
I, (Km) 13 12 0 0 12 0
Carcharodus alceae Esper
Carcharodus floccifera Zeller
Spialia sertorius Hoffmannsegg
Pyrgus armoricanus
Thymelicus lineola Ochsenheimer
Thymelicus sylvestris Poda
Thymelicus acteon Rottemburg
Ochlodes venata Bremer & Grey
Gegenes pumilio Hoffmannsegg
Gegenes nostrodamus Fabricius
Iphiclides podalirius Linnaeus
Papilio machaon Linnaeus
Leptidea sinapis Linnaeus
Anthocharis cardamines Linnaeus
Euchloe ausonia Hiibner
Aporia crataegi Linnaeus
Pieris brassicae Linnaues
Pieris rapae Linnaeus
Pieris napi Linnaeus
Pieris mannii Mayer
Pontia daplidice Linnaeus/edusa Fabricius
Colias croceus Fourcroy
Colias alfacariensis Ribbe
Gonepteryx rhamni Linnaues
Gonepteryx cleopatra Linnaeus
Lycaena phlaeas Linnaeus
Neozephyrus quercus Linnaues
Callophrys rubi Linnaeus
Satyrium ilicis Esper
Lampides boeticus Linnaeus
Leptotes pirithous Linnaeus
Celastrina argiolus Linnaeus
Glaucopsyche alexis Poda
Plebeius corsica Tutt
Aricia agestis Denis & Schiffermiiller
Polyommatus escheri Hiibner
Polyommatus icarus Rottemburg
Polyommatus bellargus Rottemburg
Argynnis paphia Linnaeus
Argynnis pandora Denis & Schiffermiiller
Issoria lathonia Linnaeus
Vanessa atalanta Linnaeus
Vanessa cardui Linnaeus
Inachis io Linnaeus
Aglais urticae Linnaeus
Polygonia c-album Linnaeus
Polygonia egea Cramer
Nymphalis polychloros Linnaeus
Melitaea cinxia Linnaeus
Melitaea phoebe Denis & Schiffermiiller
Melitaea didyma Esper
Melitaea athalia Rottemburg
Limenitis reducta Staudinger
Charaxes jasius Linnaeus
Pararge aegeria Linnaeus
Lasiommata megera Linnaeus
Lasiommata paramegera Hiibner
Coenonympha corinna Hiibner
Coenonympha elbana Staudinger
Coenonympha pamphilus Linnaeus
Pyronia tithonus Linnaeus
Pyronia cecilia Vallantin
Maniola jurtina Linnaeus
Melanargia galathea Linnaeus
Hipparchia neomiris Godart
Hipparchia aristaeus Bonelli
Hipparchia statilinus Hufnagel
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richness, nonparametric Spearman correlation tests were per-
formed. The relative importance of recent and paleogeographic
factors for species richness (S) was assessed by performing a
stepwise multiple regression. S, A,, I, A, and I, were log trans-
formed to match the assumptions of multiple regression. The
Spearman correlation and multiple regression were carried out
using SPSS 9.05.

Faunal similarity

The similarity of the faunas of the Tuscan islands and their
source pools was assessed using Multidimensional scaling
(using PAST). The Jaccard index was used as a similarity meas-
ure. The first analysis included all the species (Jir). Sfenthou-
rakis (1996), Dennis et al. (2000) and Gentile & Argano (2005)
found that faunas of small islands are often very similar and
differ to those on the nearest larger islands which cluster sepa-
rately. This suggest that, at the regional scale, ecological factors
(island area, isolation) are the main determinants shaping the
faunal composition of islands. Particularly, widespread species
may “hide” the importance of a reduced number of endemic
and/or vicariant species occurring on small islands. Therefore
another Multidimensional scaling was performed that focused
only on C and T species similarity (Jrc) and excluded wide-
spread (W) species.

Finally, the factors determining the similarity of the Tuscan
islands was assessed by Mantel tests and partial Mantel tests
using XLSTAT 2006.5. In the Mantel test, the null hypothesis is
that the distances in matrix A are independent of those between
the same objects, in matrix B. The partial Mantel test involves
three matrices. The goal is to test the correlation between
matrices A and B while controlling for the effect of matrix C
(Legendre & Legendre, 1998; see as examples for Lepidoptera
Hausdorf & Hennig, 2005; Beck et al., 2006). The influence of
several island characteristics on the Jaccard similarity of the
islands was assessed. The following were calculated: (i) the
minimal sums of distances across the sea between islands (D),
(i) the minimal sums of distances across the sea between
islands in the Pleistocene (D,), (iii) the Euclidean distances
between islands based on the minimal sums of distances across
the sea from Tuscany and Corsica in recent (dT-dC,) and (iv)
Pleistocene times (dT—dC,) using the formula:

P P
i i

Where dT and dC are the minimal distances to Tuscany and
Corsica of i and j islands.

Similarly, (v) the euclidean distances between islands based
on recent area and isolation (values were standardized by
Z-scores) (Ecoy) and (vi) in Pleistocene times (Ecop) were calcu-
lated.

RESULTS

Faunistic data

No unrecorded butterfly species were found on Corsica,
Elba, Capraia, Giglio and in Tuscany. New data for
islands are reported in Table 1. Based on these data it is
apparent that our knowledge of Tuscan archipelago but-
terflies is adequate for a biogeographical analysis.

Correlations of species richness with recent and
paleogeographic determinants

Some of the four geographical variables were related to
each other. In particular, recent isolation is correlated
with paleogeographic island area and isolation (ry =
—0.824, P=0.012 and », = 0.799, P = 0.017 respectively),
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Fig. 2. Multidimensional scaling of areas based on their Jac-
card index similarity matrices using presence/absence data for
all the species (Ji, @) and only C and T species (Jrc, b). Abbre-
viation for areas as given in Table 1.

and paleogeographic area and isolation are also correlated
(rs=-0.865, P =0.000) .

The species richness of the eight islands was most
strongly correlated with recent area (r, = 0.833; P =
0.010) and less so with recent isolation (7, = —0.714, P =
0.047). Furthermore, species richness was unrelated to
paleogeographic island area (r, = 0.495, P = 0.213) and
isolation (rs = —0.368 P = 0.370) (n = 8 islands for each
test).

Stepwise multiple regression of log-transformed data
revealed that only recent island area had a positive effect
(B =10.362, t = 4.428, P = 0.004), while recent isolation
and paleogeographic area and isolation had no effect.

Similarity among islands

The two Multidimensional scaling analyses resulted in
two different patterns (Fig. 2a and b). When all the spe-
cies were included in the analysis the pattern in similarity
showed a gradient from small and isolated islands (on the
left) to large and continental ones (on the right), thus con-
firming the results of Dennis et al. (2000) (Fig. 2a). After
removing widespread species the analysis separated the
areas into two distinct blocks according to dimension 1.
The first block included M. Argentario, Elba, Pianosa,
Giglio, Giannutri and Gorgona together with Tuscany (on
the right), the second one included Corsica, Capraia and
Montecristo (on the left, Fig. 2b). The dimension 2
clearly separated the islands of the first block into two
sub-groups: the first one included the large continental



TaBLE 2. Mantel tests and partial Mantel tests correlating Jaccard matrices of all species Jirand of T and C species Jrc with geo-
graphical and ecological matrices for the islands in recent and Pleistocene times (for abbreviation see methods). In partial Mantel
tests Jaccard similarities were controlled by the two matrices that were significant in the Mantel test (in bold).

Variable Jiot Jrc

D, Rho =0.144, P = 0.442 Rho =-0.208, P =0.277
Partial D, Rho =-0.150, P = 0.456 Rho = 0.080, P = 0.689
D» Rho =0.067, P =0.729 Rho =0.023, P=0.942
Partial Dp Rho =-0.048, P = 0.820 Rho = 0.092, P = 0.625
Eco, Rho =-0.449, P = 0.017* Rho =-0.202, P =0.301
Partial Eco, — Rho =-0.086, P =0.667
Ecop Rho=-0.114, P = 0.560 Rho =-0.208, P = 0.286
Partial Ecop Rho =-0.068, P =0.728 Rho=-0.118, P =0.550
dT-dCr Rho =-0.127, P = 0.526 Rho =-0.469, P = 0.012*
Partial dT-dC, Rho =0.036, P =0.863 —

dT-dCp Rho =0.018, P =0.938 Rho =-0.178,P =0.354

Partial dT-dC, Rho =0.037, P =0.851

Rho =0.069, P =0.723

areas (Tuscany, Elba and Argentario) and the second the
small and isolated islands (Gorgona, Giglio, Pianosa and
Giannutri).

Accordingly Mantel tests showed a correlation between
the Jaccard matrix based on all the species and the
Euclidean distances in recent ecological determinants
(Table 2). The Jaccard index based on T and C species is
correlated only with the similarity between islands based
on their contemporary position relative to Tuscany and
Corsica (Table 2). Partial Mantel tests controlled for
recent ecological distance and geographical position
matrices for Jo: and Jrc: respectively, did not reveal any
influence on the residuals of other recent and paleogeo-
graphic variables (Table 2).

DISCUSSION

Island area and the present-day distances from the two
main faunal sources (Tuscany and Corsica) are the best
predictors of species richness and distribution of Tuscan
archipelago butterflies. The number of species inhabiting
these islands is mostly related to recent island area and to
a minor extent to the minimal distance to the nearest
faunal source pool (Corsica or Tuscany). Moreover,
faunal similarities depend on present-day ecological fea-
tures (area and isolation) of islands and their relative dis-
tances from large faunal sources.

These results for the Tuscan archipelago may be com-
pared with those recently reported for the Aegean archi-
pelago, a model area for Mediterranean biogeographical
studies (see Hausdorf & Hennig, 2005 for an extensive
review). However, the Tuscan archipelago consists of
only seven main islands while there are a larger number
of islands in the Aegean archipelago. The results obtained
for the Tuscan archipelago are statistically weaker than
those for the Aegean archipelago. For the Aegean archi-
pelago, Dennis et al. (2000) and Hausdorf & Hennig
(2005) demonstrated that butterfly richness, frequency,
rarity, incidence and inter-island similarities are mainly
determined by contemporary geography rather than
paleogeographic events. Dennis et al. (2000), in

particular, demonstrated that the Aegean butterfly fauna
is characterized by a decrease in diversity as island area
decreases and isolation from the nearest mainland sources
(Greece or Turkey) increases, which matches our result.

Pianosa and Montecristo, due to their present-day loca-
tion and paleogeographic history are very important for
understanding the biogeography of the Tuscan archipel-
ago. The influence of paleogeographic events should
result in a high species richness on Pianosa (linked to the
mainland during the Pleistocene). However, in this
respect Pianosa is poorer than Elba, Giglio and Capraia
and hosts only one Tuscan species compared to the 11
recorded on Elba. On the other hand, Montecristo is the
only island that has dramaticaly changed its relative posi-
tion with respect to Corsica and Tuscany (Fig. 1). As a
consequence, if paleogeography determines the species
assemblages on the Tuscan archipelago, Montecristo
should have a fauna more similar to Tuscany than
Corsica. The similarity between Corsica and Montecristo
revealed Multidimensional scaling, reported by many
other authors as well (Societa Italiana di Biogeografia,
1974; Strumia, 2003; Strumia & Scaramozzino, 2004;
Dapporto et al., in press), is thus a further evidence of the
influence of recent geography in determining the species
assemblages on the Tuscan archipelago.

It should be noted that for Montecristo and Pianosa
only two species of butterflies were used in the similarity
analyses (L. paramegera for Montecristo and L. megera
for Pianosa). However, the distribution of these allopatric
sibling species is an important piece of biogeographic
information. The distribution of the butterflies on Pianosa
and Montecristo is also reflected in that of the moths. In
fact, the fauna on Pianosa includes species like Dyspessa
ulula Borkhausen (Dapporto et al., 1999), Menophra
Jjapygiaria O. Costa, Metachrostis velox Hibner, and
Aetheria bicolorata Hufnagel (collected during this
study) that are not reported from Corsica (Karsholt &
Razowsky, 1996), while only two moth species present
on Corsica but not in Tuscany are reported for this island
(Hyles dahlii Geyer and Lymantria atlantica Rambur,
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Dapporto et al., 1999). In contrast, the fauna of Monte-
cristo includes several moths not present in Tuscany
except on the fossil islands of Monte Argentario and
Uccellina Hills (Idaea obliquaria Turati, Petrophora
binaevata Mabille, Gnophos corsica Oberthiir, Mniotype
spinosa Chrétien, Polymixis flavicincta Denis & Schif-
fermiiller) (Biermann, 1990; Zilli, 1994), while only two
species of moth not recorded on Corsica are reported for
this island (Criphia petricolor and Noctua interposita).
Finally, Pianosa is closer to Corsica than is Montecristo
(Fig. 1), but because of its proximity to Elba, Pianosa is
very close to the Italian mainland in terms of sea straits.
On the contrary, Montecristo, is very distant both from
the Tuscany coast and from Elba. Therefore, for Tuscan
species Pianosa may be more easily accessible than Mon-
tecristo. This strongly suggest that butterfly colonization
of the Tuscan archipelago was by dispersal from Tuscany
and Corsica via Elba (as on Pianosa there are no butterfly
species absent on Elba, Table 1).

Finally, the biotopes of the Tuscan archipelago islands
have probably changed during historical time mainly due
to intensive land use by humans. For example, the Greeks
in the 5th century BC called Elba “Aethalia” (smoky)
because of the smoke from the ovens used to smelt iron.
Obviously the ovens were fueled by wood obtained from
the ancient oak forests and when this supply of wood was
exhausted the metallurgic activity moved to the vicinity
of Piombino on the Tuscan mainland. Therefore, human
activities could have lead to the loss of some butterfly
species and improved conditions for other butterflies from
Tuscany and Corsica. Human activity probably affected
the natural turnover of species assemblages (e.g. by
higher extinction rates and favouring colonization) which
may conceal the influence of paleogeographic events on
the species composition of the butterflies on the Tuscan
archipelago.
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