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Abstract

On the road of dung: hypothetical dispersal routes of dung beetles in the circum-Sicilian volcanic islands.— We
analysed dung beetle communities on ten volcanic islands located around Sicily (Italy) to identify the most probable
dispersal routes in the colonization of these islands. Assuming two scenarios, we analysed the dung beetle com-
munities through the coefficient of dispersal direction DD,. Our results suggest that dispersal fluxes do not strictly
follow the 'stepping stone' dynamic. Lipari and Vulcano are the likely core source areas for the north—of-Sicily
area. In the Sicily Channel, Linosa appears to have been the main target area with three equivalent fluxes from
Tunisia, Sicily, and Malta, while the fauna of Pantelleria resulted from their interchange and proximity to Tunisian
fauna. In light of the congruence of our results with the known history of human movements and colonization, we
propose a likely human contribution to the genesis of the dung beetle fauna of the circum-Sicilian volcanic islands.
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Resumen

En el camino del estiércol: rutas de dispersion hipotéticas de los escarabajos coprofagos de las islas volcanicas
circumsicilianas.— Se han analizado las comunidades de escarabajos del estiércol que habitan diez islas vol-
canicas localizadas alrededor de Sicilia (ltalia), con el propdsito de determinar las posibles rutas de dispersion
que se siguieron en la colonizacién de estas islas. Utilizando dos supuestos diferentes, hemos analizado las
comunidades de escarabajos coprofagos mediante el coeficiente de direccion de la dispersion DD,,. Los resultados
obtenidos sugieren que los flujos de dispersion no han seguido estrictamente una dinamica de 'stepping stone'
(puntos de paso). Lipari y Vulcano habrian sido las principales fuentes de colonizacion de las zonas del norte
de Sicilia. En el canal de Sicilia, Linosa habria sido la principal zona de destino con tres flujos equivalentes pro-
cedentes de Tunez, Sicilia y Malta, mientras que la fauna de Pantelaria se explicaria por la conexion y cercania
de la isla con Tunez. Debido a la fuerte congruencia de nuestros resultados con la historia de los movimientos
y colonizaciones humanas en estas zonas, proponemos que probablemente el factor antropico haya contribuido
a la génesis de la fauna de escarabajos del estiércol de las islas volcanicas circumsicilianas.

Palabras clave: Escarabajos copréfagos, Biogeografia insular, Thorectes intermedius, Dispersion por puntos
de paso

Received: 29 X 15; Conditional acceptance: 25 X| 15; Final acceptance: 17 Ill 16

Mattia Tonelli, Dipto. di Scienze Pure e Applicate: DiSPeA (Previously DiSTeVA), Univ. degli Studi di Urbino 'Carlo
Bo', Urbino (PU), ltaly— Rossana Agoglitta, via R. Caravaglios, 13, Castelvetrano (TP), Italy— Helen Dawson,
Cluster of Excellence TOPOI, Freie Univ. Berlin, Berlin, Germany.— Mario Zunino, Polo Universitario Asti Studi

Superiori, Scuola di Biodiversita, Asti, Italy.

Corresponding author: Mattia Tonelli. E-mail: m.tonelli3@campus.uniurb.it

ISSN: 1578665 X © 2016 Museu de Ciéncies Naturals de Barcelona
elSSN: 2014-928 X



162

Tonelli et al.

Introduction

Islands are among the areas of the world that have
most aroused the curiosity of naturalists, long attracted
by their peculiarities such as geographical isolation,
small size and, at least for volcanic islands, recent
age (Whittaker & Fernandez—Palacios, 2007). Be-
cause of the relative simplicity of studying an island
(Vitousek, 2002), many studies of these environments
have become paradigmatic (MacArthur & Wilson,
1967; Simberloff, 1974). Islands are ideal contexts
to conduct a natural historical experiment (Diamond
& Robinson, 2010).

In biogeographical terms, we can distinguish two
major categories of islands: continental and oceanic.
The former are located on the continental shelf and
may have been linked to the mainland in the past,
while the latter have never been connected to the
mainland (Whittaker & Fernandez—Palacios, 2007).
This distinction has conceptual implications of great
importance. Since the beginning of the modern
debate 'dispersal versus vicariance' (Croizat et al.,
1974; Heads, 2014), the dispersalist approaches have
undergone considerable criticism (Morrone & Crisci,
1995 and references cited therein). The non-refut-
ability of dispersalist explanations, defined ad hoc (for
review: Morrone & Crisci, 1995; Bueno Hernandez &
Llorente—Bousquets, 2000; Zunino & Zullini, 2004),
has shifted focus towards vicariantist arguments.
This paradigm shift has consequently led to a lack
of interest in respect to oceanic islands due to the
non-falsifiability of hypotheses (Cowie & Holland,
2006). However, in recent years, the importance of
dispersal as a key mechanism in determining species
distribution has been emphasized (De Queiroz, 2005;
Cowie & Holland, 2006) and oceanic islands have
attracted attention because their biodiversity pattern
must necessarily be explained in dispersal terms
(Cowie & Holland, 2006). In this context, the value
of biodiversity analysis methods should be stressed
(Magurran & McGill, 2011), especially regarding the
beta diversity that Whittaker (1960, 1972) has defined
as “the extent of change in community composition”.
In recent years, studies concerning the beta diversity
have proliferated (Anderson et al., 2011). This inter-
est in the study of beta diversity is linked to a basic
question of community ecology —what makes a set
of species more or less similar to another in different
times and spaces (Vellend, 2010)?.

Several studies on different taxa and scales have
addressed the issue of the distribution, composition
and species richness of organisms from an eco—bio-
geographical perspective, aiming to identify the key
variables that could explain these patterns (Freestone
& Inouye, 2006; Veech & Crist, 2007; Qian, 2009; Bin
et al., 2010; Jiménez—Valverde et al., 2010; Vellend,
2010; Baselga et al., 2012; Dexter et al., 2012). These
studies have also focused on island environments and
multiple studies have analysed the factors controlling
the spatial patterns of biodiversity among many taxa
(Kadmon & Pulliam, 1993; Legakis & Kypriotakis, 1994;
Palmer, 1998; Palmer et al., 1999; Garcia—Barros et al.,
2002; Guerrero et al., 2005; Hausdorf & Hennig, 2005;

Dapporto & Cini, 2007; Fattorini, 2009a, 2009b, 2010;
Sfenthourakis, 1996; Dennis et al., 2000). Fattorini
(2010), for example, investigated the importance of
island areas, distance from the continent, inter—island
distance and island age of the Aeolian archipelago
(southern ltaly) in determining patterns of spatial
variation in beta diversity for several taxa, including
dung beetles. In this research, Fattorini concluded
that the dung beetle fauna originated quite recently
and that the species were established on the islands
by a 'stepping stone' dispersive process: species dis-
persed from one island to the nearest (MacArthur &
Wilson, 1967). However, in an attempt to reconstruct
the dispersal patterns of coprophagous fauna, Fattorini
(2010) identified conflicting results. Specifically, his
analysis of similarity (with Jaccard and Kulczynski 2
indices) produced three different clusters, which cannot
provide an unambiguous explanation. Furthermore,
these indices are not appropriate for the exploration
of dispersal fluxes because they cannot identify the
direction of dispersal. Using an expanded database
(in terms of areas and dung beetle species) and
inspired by Fattorini’s (2010) paper, we attempted in
this exploratory research to reconstruct the possible
dispersal routes of dung beetle fauna in the coloni-
zation of circum—Sicilian volcanic islands in order to
formulate a posteriori hypothesis about the probable
mechanisms involved in the conformation of these
island assemblages.

Material and methods
Study area

The survey focused on 10 volcanic islands: eight loca-
ted north of Sicily (Ustica and the Aeolian archipelago:
Lipari, Salina, Vulcano, Stromboli, Filicudi, Alicudi,
Panarea) and two in the Sicily Channel (Pantelleria
and Linosa) (fig. 1).

At no point in the past were these islands con-
nected to continental areas, allowing us to exclude
vicariance events. The oldest islands are Linosa and
Ustica (about 1,000 Kyr). Their age excludes any
involvement in the Messinian salinity crisis, which
ended about 5.3 million years ago (Krijgsman et al.,
1999). This period had a tremendous impact on the
biogeography of the Mediterranean fauna (Sanmartin,
2003; Marra, 2005). The estimate of the most severe
sea—level drops over the last 5.3 million years is —120
m (Rohling et al., 2014). The Aeolian archipelago is
separated from Sicily by a channel between 1,000 and
2,000 m deep, while the interisland depth varies from
400 to 1,400 m. Only Lipari and Vulcano, divided by
water depths < 50 m, were connected to each other but
they were always separated from Sicily during glacial
periods of sea—level lowering. Ustica is the summit of
a large volcanic edifice resting on the seabed at depths
of the order of 2,000 m (Ruggieri, 1973; Marani et al.,
2004). Pantelleria and Linosa were also isolated during
glacial phases (Shackleton et al., 1984).

Although the hypothetical dispersal routes were in-
vestigated only for volcanic islands, we also examined
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Fig. 1. Study area.

Fig. 1. Zona de estudio

the Scarabaeoidea fauna of other possible source
areas: Sicily, Calabria, Tunisia, Malta, Lampedusa
and the Egadi archipelago (Favignana, Marettimo and
Levanzo). These possible source areas, which include
the nearest mainland areas and other non—volcanic
islands in the region, were examined in two different
scenarios (see 'Analysis and interpretation' heading).
The main climatic and vegetation factors are reaso-
nably homogeneous among the considered volcanic
islands (Agnesi & Federico, 1995; Cicala, 1997; Pasta
& La Mantia, 2003; Nesos, 2013). The climate of the
volcanic islands is typically Mediterranean (Agnesi &
Federico, 1995; Pasta & La Mantia, 2003; Blasi et al.,
2005; Nesos, 2013). The vegetation, despite being
altered to some extent by a long human presence,

is distinctly Mediterranean and the main natural
environments are maquis and garrigue landscapes
(Ronsisvalle, 1973; Baccetti et al., 1995; Pasta &
La Mantia, 2003; Lo Cascio & Pasta, 2004; Nesos,
2013). Given the relative environmental homogeneity
of the considered islands, it is assumed that the simi-
larity in richness and composition should be mainly
related with the role played by dispersal processes
(Cadotte, 2006).

Data source and systematic group

The presence—absence data (see annex) were drawn
from Arnone et al. (1995, 2001), Carpaneto et al.
(2005), Agoglitta et al. (2006), Dellacasa & Dellaca-
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sa (2006), Lo Cascio et al. (2006), Arnone, (2010),
Fattorini (2010). The Tunisian data were taken from
Baraud (1985) and Errouissi et al. (2009) and reviewed
by Imen Labidi (pers. com., 2015) on the basis of
comparisons with the collections Henry Normand and
Muséum National d'Histoire Naturelle (Paris). Some
data from the Egadi archipelago (Euoniticellus fulvus
(Goeze, 1777); Cheironitis irroratus (Rossi, 1790);
Onthophagus taurus (Schreber, 1759); Calamosternus
granarius (Linnaeus, 1767); Calamosternus mayeri
(Pilleri, 1953)) were provided by Marco Dellacasa
(pers. com., 2014). The data for Malta were drawn
from Pivotti et al. (2011).

Analysis and interpretation

There are several methods for reconstructing dispersal
fluxes (Nathan et al., 2003). Some are complex and
financially expensive but very informative (i.e., phylo-
geography), while others are simple and inexpensive
but less accurate (i.e., pairwise comparisons derived
from a presence/absence matrix in homogeneous
areas; Legendre, 1986). In this study, we adopted
the latter as a preliminary and exploratory strategy
to evaluate the existence of any noteworthy patterns.

Data were analysed using the coefficient of disper-
sal direction DD, (Legendre & Legendre, 1984). This
coefficient, rarely used in biogeographical analyses
(but see: Legendre & Legendre, 1984; Bachraty et
al., 2009; Borcard et al., 1995), measures the likeli-
hood of species dispersal between two areas using
species presence—absence data.

The formula of the DD, is:

_ 2a (b--c)
DD, X:2%,) = 525 p+6 a+b+c

where a is the number of species that two regions
have in common; b is the number of species found in
X, but not in x,; ¢ is the number of species found in
X, but not in x,. The first portion of the DD, coefficient
is the Sgrensen index of similarity, while the second
portion measures the asymmetry in taxonomic com-
position. As Legendre & Legendre (1984) assert, 'the
first portion states that unless two adjacent regions
possess species in common, it would be difficult to
think of these two faunas as deriving one from the
other. The second portion creates the pictures of a
fauna waiting at the border to invade an adjacent re-
gion'; namely, the greater the number of species that
inhabit an area, the greater the likelihood that this area
acts as a source for neighbouring areas. Thus, DD,
measures the likelihood that species have dispersed
form x, to x, (b larger than c). A negative value (¢
larger than b) indicates that, if dispersal occurred,
species might have migrated from x, to x, (Legendre
& Legendre, 1984). In summary, the quantity (b — ¢)
would indicate the direction of dispersal flux, while
the DD, value, which reacts to both the similarity and
the asymmetry between areas, would estimate flux
intensity (Bachraty et al., 2009). We chose to use the
DD, index because, in analysing the possible disper-
sal fluxes, we think that presence is more important
than supposed absence, and then we decided to give

double weight to the common species. This choice
also allowed us to limit the biases and inconveniences
caused by possible local extinctions.

To evaluate the dispersal fluxes, we divided the
circum-Sicilian volcanic islands into two groups:
north of Sicily (Aeolian Islands + Ustica) and south
of Sicily (Pantelleria and Linosa). Then we hypoth-
esized two colonization scenarios: the first excluding
any continental islands as possible sources, and
the second including continental islands as possible
source areas (table 1). Of all the possible source
areas (significant values of DD,), we considered only
those with the highest value of DD, as being likely
source areas, since this value indicates a greater
intensity of flux. When two or more possible source
areas had a relative difference in the DD, value of
less than 5%, they were both discussed as possible
equivalent source areas.

The McNemar test was used to test the null hypoth-
esis that there is no asymmetry between two areas
(Hy: b = c). We used a two-tailed test of significance
setting the probability of a type | error at a = 0.05. The
coefficients were calculated for each pair of areas.
The coefficients DD, were calculated using the func-
tion bgdispersal of the Vegan Package (Oksanen et
al., 2012) for the software R (R Development Core
Team, 2011).

In order to identify the possible dispersal routes
by the use of DD, coefficient, we assumed that: (a)
The volcanic islands were originally empty. The fauna
and flora now present in these areas are necessarily
dispersed from other source areas. This assumption is
consistent with the geological history of the concerned
islands. Indeed, they have originated from volcanic
events in the period between 1000 and 90 Kyr and
it is impossible that they had an ab origine fauna. (b)
The past dispersal events have necessarily left marks
on the present communities (Legendre & Legendre,
1984; Borcard et al., 1995; Bachraty et al., 2009). (c)
Dispersal comes from areas of high to low taxonomic
richness (Legendre & Legendre, 1984; Borcard et al.,
1995; Bachraty et al., 2009). And (d) Given the strong
homogeneity of the environmental parameters of the
islands, the similarity in the biodiversity pattern and
fauna between islands should be mainly related to
dispersal processes.

Results

In total, through the literature review, we identified
176 dung beetle species as being present in the study
area: 18 Geotrupidae, 53 Scarabaeidae, and 105
Aphodiidae. On the volcanic islands alone, 48 species
are reported: 3 Geotrupidae, 24 Scarabaeidae, and
21 Aphodiidae. The species richness of the volcanic
islands ranges from 35 (Vulcano island) to one (Pana-
rea island). The species with the highest frequency
in the volcanic islands is Thorectes intermedius
(eight islands; see annex).

Tables 2 and 3 show the results of DD, fluxes
with their McNemar and probability values. Figures 2
and 3 show these results graphically. The dispersal
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Table 1. Context and scenario in evaluating hypothetical dispersal fluxes to the volcanic islands:

* Continental islands.

Tabla 1. Contexto y supuestos utilizados en la evaluacion de los hipotéticos flujos de dispersion hacia

las islas volcanicas: * Islas continentales.

Context Scenario Target islands

Possible source areas

North of Sicily 1

Lipari, Salina, Vulcano, Stromboli,
Filicudi, Alicudi, Panarea, Ustica

Sicily, Calabria, Lipari, Salina,
Vulcano, Stromboli, Filicudi, Alicudi,
Panarea, Ustica

North of Sicily 2

Lipari, Salina, Vulcano, Stromboli,
Filicudi, Alicudi, Panarea, Ustica

As above + Egadi islands
(Favignana*, Levanzo*, Marettimo*)

South of Sicily 1 Pantelleria, Linosa

Sicily, Tunisia, Pantelleria, Linosa

South of Sicily 2 Pantelleria, Linosa

As above + Egadi Islands
(Favignana*, Levanzo*, Marettimo*),
Malta*, Lampedusa*

patterns in the north of Sicily are equivalent in both
scenarios with both Lipari and Vulcano acting as
major source areas (three fluxes each) followed by
Sicily (two fluxes) and Salina (one flux) (tables 2, 3;
figs. 2, 3). Both scenarios show two equivalent fluxes
towards Alicudi (Lipari and Vulcano).

Results in the Sicily Channel (south of Sicily) differ
depending on the scenario. In the first scenario, Tuni-
sia acts as a major source area (two fluxes), followed
by Sicily (one flux). Linosa has two equivalent fluxes
starting from Tunisia and Sicily, while the flux into
Pantelleria indicates that it was probably colonized by
Tunisian fauna. In the second scenario, Malta acts as
a major source area (two fluxes) followed by Tunisia
(one flux). Pantelleria shows two equivalent fluxes
starting from Malta and Tunisia. Linosa was colonized
by Maltese fauna (one flux).

Discussion

This study focused on the hypothetical dispersal
routes of dung beetles in the circum-Sicilian volca-
nic islands. The survey was conducted applying the
DD, coefficient of dispersal direction (Legendre &
Legendre, 1984), a method that highlights the most
probable routes of colonization considering the entire
assemblages of each area.

It is interesting to note that the distribution of
dung beetles on the circum-Sicilian volcanic islands
could be the result of a coherent dispersal process
rather than due to chance. This is corroborated by
the fact that all DD, major fluxes had a significant
value according to the McNemar test. In the north
of Sicily, the dispersal fluxes led towards Vulcano
and Lipari. These two islands thus acted as core
source areas for the other islands (except Panarea,

which was colonized from Salina). The flow linking
Ustica to Lipari suggests that the former was most
likely colonized from the latter, noteworthy results
since these islands are 150 km apart and Ustica is
just 54 km away from Sicily. A chromosomal study
(Colomba et al., 1995) about Thorectes intermedius
populations of the mainland Sicily, Marettimo (Egadi
Islands), Caprera (Sardinia) and Ustica revealed, as
one would expect, that the populations of Ustica seem
to be related to those of mainland Sicily. However,
this study did not take into account the population of
intervening areas, such as the Aeolian archipelago,
as we did. The same is true for Alicudi, Filicudi, and
Stromboli, all of which would have been colonized
from Vulcano and Lipari, again acting as core source
areas, as opposed to being targeted from their nearest
neighbour in a stepping—stone fashion.

Although the cluster analysis used by Fattorini
(2010) to examine the similarity of island assemblages
does not allow to determine the direction of disper-
sal, our results are in agreement with some of those
established by this author: Salina and Panarea are
grouped together (see figure 3 in Fattorini, 2010), and
in our work Salina is the source for Panarea. In the
alternative solution of Kulczynski 2 (Fattorini, 2010:
1066), Salina was grouped with Lipari and Vulcano,
and Lipari appears as the source of dung beetles
for Salina. In Fattorini’s Jaccard results, Alicudi is
related to the Vulcano and Lipari group, and our re-
sults confirm this pattern with Alicudi displaying two
equivalent fluxes departing from Lipari and Vulcano.
In the Sicily Channel, Linosa has three equivalent
fluxes, two in the first scenario and one in the sec-
ond, with three possible source areas (Malta, Sicily,
and Tunisia). Pantelleria has two equivalent fluxes
(Tunisia in the first and second scenarios, and Malta
in the second). Linosa is centrally located in the Sicily
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Table 2. Results of coefficient of dispersal
direction DD, (scenario 1): DD,. DD, value;
M. McNemar value; P. McNemar probability
(*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001).

Tabla 2. Resultados del coeficiente de direccion
de la dispersion DD, (supuesto 1): DD,. Valor
DD,; M. Valor McNemar; P. Probabilidad
McNemar (*P < 0,05; **P < 0,01; ***P < 0,001;
P < 0,0001).

Dispersal flux DD, M P

Lipari = Ustica 0.21 14.36 o
Vulcano = Alicudi 0.24 30.97
Lipari = Alicudi 0.23 13.21 el
Vulcano = Filicudi 021 2289
Sicily - Lipari 0.29 85.94  **
Salina = Panarea 0.27 4.93 *

Lipari = Salina 0.28 2428  ****
Vulcano = Stromboli 0.27 38.14  **
Sicily = Vulcano 0.33 69.70  ****
Sicily = Linosa 0.14 10497 *=*
Tunisia - Linosa 0.14 14349 **

Tunisia = Pantelleria 0.18 137.94  ****

Table 3. Results of coefficient of dispersal
direction DD, (scenario 2): DD,. DD, value;
M. McNemar value; P. McNemar probability
(*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001).

Tabla 3. Resultados del coeficiente de direccion
de la dispersion DD, (supuesto 2): DD.,. Valor
DD,; M. Valor McNemar; P. Probabilidad
McNemar (*P < 0,05; **P < 0,01, ***P < 0,001;
***P < 0,0001).

Dispersal flux DD, M P

Lipari = Ustica 0.21 14.36 ***
Vulcano = Alicudi 0.24 3097 T
Lipari = Alicudi 0.23 1321 ***
Vulcano = Filicudi 021 2289 ****
Sicily = Lipari 0.29 85.94
Salina —» Panarea 0.27 4.93 *

Lipari = Salina 0.28 24.28 ****
Vulcano = Stromboli 0.27 38.14  ****
Sicily = Vulcano 0.33 69.70 ****
Malta = Linosa 0.28 24.45
Tunisia = Pantelleria 0.18 137.94 ****
Malta = Pantelleria 0.18 1232 ***

Channel, lying 120 km from Malta, 160 km from Sicily,
and 165 km from Tunisia. Our results seem to reflect
this geographical centrality, with no specific source
area with major importance. Pantelleria seems to be
more related with Tunisia, 70 km away. However,
Malta (distance 200 km to Pantelleria) also seems to
have played a role as source area. The importance of
North Africa for Pantelleria is corroborated by studies
carried out on other taxa. Magnano & Osella (1973),
for example, reported that the curculionido—fauna of
Pantelleria have the highest number of species with
North African affinities compared to all other circum—
Sicilian islands.

Our results do not strictly support the stepping—
stone model which supports dispersal from one island
to its nearest neighbour. Rather, north of Sicily, Lipari
and Vulcano islands might have acted as core source
areas; while in the Sicily Channel, Linosa would have
been the favourite target area and Pantelleria would
have had two source areas (Tunisia and Malta) that
are very far apart. Furthermore, the most frequent spe-
cies in the volcanic islands is Thorectes intermedius,
a flightless species unable to survive for long periods
in contact with sea water (Zunino, unpublished raw
data; Colomba et al., 1995). Thus, the maintenance of
a viable dung beetle population on far—away islands
was necessarily linked to the presence of humans and

domestic mammals from which to draw the manure
necessary to feed and nest. Indeed, although some
species are polyphagous, they need dung for nesting
and larvae development (Palestrini & Zunino, 1985;
Verdu et al., 2007).

In view of these results, we propose that human
movement was the principal factor accountable for
dung beetle dispersal resulting in the colonization of
the circum-Sicilian islands. Human activity and move-
ment have played an important role as a medium for
animal and plant dispersal (Pimentel, 2001; Forcina
et al,, 2015). Pimentel (2001) estimates that since
the origin of farming (10,000 years ago), humans
moved more than 400,000 species from one region
of Earth to another. This phenomenon was particularly
intense in the Mediterranean basin and its islands and
increased as farming spread into this region (starting
ca. 7,500 years ago) (Blondel & Vigne, 1993; Masseti,
1998; Blondel, 2006; Masseti & De Marinis, 2008,
Vigne, 2014). The dispersal fluxes we have identified
are in broad agreement with the ancient human colo-
nization of the islands. In general, the circum-Sicilian
islands were colonized directly from Sicily but, in the
case of the Aeolian Islands, Lipari has played a role
as main source area in the human colonization of the
archipelago since the Neolithic Age (ca. 5,000 BC).
There is limited evidence of settlement on Vulcano
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Fig. 2. Potential dispersal fluxes (=) for each volcanic island (scenario 1): 1. Sicily; 2. Calabria; 3. Vulcano;
4. Lipari; 5. Salina; 6. Filicudi; 7. Alicudi; 8. Panarea; 9. Stromboli; 10. Ustica; 11. Pantelleria; 12. Linosa.

Fig. 2. Posibles flujos de dispersién (=) para cada isla volcanica (supuesto 1). (Para las abreviaturas, véase
arriba.)
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Fig. 3. Potential dispersal fluxes (=) for each volcanic island (scenario 2): 1. Sicily; 2. Calabria; 3. Vulcano;
4. Lipari; 5. Salina; 6. Filicudi; 7. Alicudi; 8. Panarea; 9. Stromboli; 10. Ustica; 11. Levanzo; 12. Marettimo;
13. Favignana; 14. Malta; 15. Lampedusa; 16. Linosa; 17. Pantelleria.

Fig. 3. Posibles flujos de dispersién (=) para cada isla volcanica (supuesto 2). (Para las abreviaturas, véase
arriba.)
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during the prehistoric period until the classical period,
although sulphur and alum were probably extracted
during the Bronze Age, and animals were possibly
kept on the island by Lipari’s earliest inhabitants,
which would account for the similarities observed
between the beetle fauna of the two islands. Owing
to its agricultural potential and availability of desirable
mineral resources (volcanic glass or obsidian), Lipari
has been the only constantly occupied island in the
Aeolian archipelago, with populations expanding
and contracting on nearby islands, which underwent
frequent episodes of abandonment (Bernabo Brea,
1958; Castagnino—Berlinghieri, 2011; Dawson, 2014).
Contacts between the island of Ustica, first colonized
by communities from Sicily in the Early Neolithic (6"
5% millennium BC) (Mannino, 1998), and the Aeolian
Islands are already attested in the Early Bronze Age
(early 2" millennium BC) and become more frequent
in the Middle Bronze Age (mid—2" millennium BC),
as seen from parallel developments in pottery styles
(Spatafora, 2009, 2012). Obsidian from Pantelleria has
been found in Neolithic contexts in Tunisia (Mulazzani
et al,, 2010: 57), in Malta, Linosa, and Lampedusa
(Tykot, 1996), demonstrating links between coastal and
island communities of the southern Mediterranean as
early as the 7 and 6" millennia BC. The dung beetle
data in this context support a flux from south to north
in the Sicily Channel, a scenario which warrants further
archaeological investigation and highlights the mutually
beneficial nature of such an interdisciplinary study.

Given the distribution of Pantelleria obsidian on
nearby Linosa, Malta, and the coastal areas of Tunisia
(Tykot, 1996; Mulazzani et al., 2010), we can envisage
a stop—over role for Pantelleria and nearby Linosa
in the Sicily Channel, which would account for the
distribution patterns observed for the dung beetles.

On the basis of archaeological data, the current
coprophagous beetle faunas may have originated by
dispersal mediated by the first island human settle-
ments, through the movements of mammals, domestic
and otherwise, that they were carrying. It is plausible
that the first island communities also made frequent
movements of animals between the islands, to take
advantage of shifting local resources. The patterns
detected would be the result of the distribution since
the prehistoric period of human settlers with animals as
well as of subsequent transfers between the islands.
Arguably, the initial human exploration of the islands
followed simple distance criteria. Instead, the decision
to establish permanent settlements must have been
influenced by other factors, such as the presence of
mineral resources (flint and obsidian), in favour of land-
ings, water resources, areas of pasture and arable land
(the latter often a function of the size of the islands)
as well as demographic, social and cultural factors (as
was clearly the case in the Aeolian islands), with the
establishment of preferential contacts between different
communities, such as between Ustica and Lipari and
Malta and Pantelleria (Dawson, 2011, 2014).

We should stress that our analysis considers the
entire community of each island. It is therefore pos-
sible that some single species may have colonized a
particular island following different routes from those

identified. Furthermore, these dispersal lines should
not be considered as synchronous, but rather as the
result of various events occurring over time. Howe-
ver, such events in different places and times must
have left a trace in the present-day communities
(Legendre & Legendre, 1984), decipherable accor-
ding to our dispersal models in figures 2 and 3. This
implicates that further investigation is indispensable
to corroborate or refute our hypothesis. We suggest
that phylogeographic studies may help describe with
precision the spatial and temporal connections of dung
beetle fauna in these volcanic islands, especially for
the flightless species Thorectes intermedius.

Conclusion

According to our study, the dung beetle communities
of the circum—Sicilian volcanic islands display dispersal
fluxes that do not strictly underlie the stepping—stone
dynamics. This is especially true for the islands to the
north of Sicily, where Lipari and Vulcano act as core
source areas for dispersal routes. In the Sicily Channel,
small and faraway Linosa was colonized from Tunisia,
Malta and Sicily, while Pantelleria was principally co-
lonized by fauna from Tunisia and to a lesser extent
from Malta. These results, together with the fact that
a flightless species, Thorectes intermedius, is most
frequently found on these islands, are supported by
archaeological patterns in the islands’ human coloni-
zation, suggesting a strong human contribution to the
genesis of the dung beetle fauna of the circum-Sicilian
volcanic islands.
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Annex. List of species and its frequency in each volcanic islands: T. Tunisia; Si. Sicily; C. Calabria; Fa. Favignana; Le. Levanzo; Mr. Marettimo; U. Ustica; A.
Alicudi; Fi. Filicudi; Li. Lipari; Pn. Panarea; Sa. Salina; St. Stromboli; V. Vulcano; La. Lampedusa; Ln. Linosa: Pt. Pantelleria: MI. Malta.

Anexo. Lista de especies y su frecuencia en cada una de las islas volcanicas. (Para las abreviaturas, véase arriba.)

Species T Si C Fa Le Mr U A Fi Li Pn Sa St V La Ln Pt Ml
Typhaeus typhoeus (Linnaeus, 1758) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Geotrupes mutator Marsham, 1802 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Geotrupes stercorarius (Linnaeus, 1758) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 O
Geotrupes douei Gory, 1841 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1
Geotrupes spiniger Marsham, 1802 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Allotrypes mandibularis (Reitter, 1896) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Thorectes brullei Jekel, 1865 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Thorectes demoflysi Baraud, 1965 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Thorectes intermedius (Costa, 1827) 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 1
Thorectes latus (Sturm, 1826) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Thorectes marginatus (Poiret, 1787) 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Thorectes puncticollis Lucas, 1845 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Thorectes reflexus Jekel, 1865 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Thorectes rugatulus Jekel, 1865 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Trypocopris pyranaeus (Charpentier, 1825)

cyanicolor Capra, 1930 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Trypocopris vernalis (Linnaeus, 1758)

appenninicus Mariani, 1958 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Sericotrupes niger (Marsham, 1802) 1 1 1 0 0 0 0 1 0 1 0 1 0 1 0 0 1 1
Anoplotrupes stercorosus (Scriba, 1791) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Scarabaeus sacer Linnaeus, 1758 1 1 1 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0
Scarabaeus typhon Fischer von Waldheim, 1823 0 1 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 O
Scarabaeus variolosus Fabricius, 1787 1 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 1
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Scarabaeus laticollis Linnaeus, 1767

Scarabaeus semipunctatus Fabricius, 1792

Scarabaeus puncticollis Latreille, 1819

Gymnopleurus flagellatus (Fabricius, 1787)

Gymnopleurus mopsus (Pallas, 1781)

Gymnopleurus sturmi Macleay, 1821

Sisyphus schaefferi (Linnaeus, 1785)
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Copris hispanus hispanus (Linnaeus, 1764)

Copris lunaris (Linnaeus, 1758)

Copris umbilicatus Abeille de Perrin, 1901

Copris pueli Mollandin De Boissy, 1905

Bubas bison (Linnaeus, 1767)

Bubas bubaloides

Cheironitis irroratus (Rossi, 1790)

Cheironitis furcifer (Rossi, 1792)

Onitis ion (Olivier, 1789)
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Onitis alexis Klug, 1835 septentrionalis
Balthasar, 1942

Onitis belial Fabricius, 1798

Onitis numida Castelnau, 1840

Euoniticellus fulvus (Goeze, 1777)

Euoniticellus pallipes (Fabricius, 1781)

Euoniticellus pallens (Olivier, 1789)

Caccobius schreberi (Linnaeus, 1767)
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Euonthophagus amyntas (Olivier, 1789) 0 1 0 0 0 0 0 0 0 0 0 0
Euonthophagus bedeli (Reitter, 1891) 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Euonthophagus crocatus Mulsant & Godart, 1870 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Onthophagus (Furconthophagus) furcatus

(Fabricius, 1781) 0 1 1 0 0 0 0 0 0 0 0 0
Onthophagus taurus (Schreber, 1759) 1 1 1 1 1 1 0 1 1 1 1 1
Onthophagus (Parentius) nigellus (llliger, 1803) 1 0 0 0 0 0 0 0 0 0 0
Onthophagus (Triconthophagus) maki

(INiger, 1803) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) aerarius

Reitter, 1892 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) coenobita

(Herbst, 1783) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) fracticornis

(Preyssler, 1790) 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 O
Onthophagus (Palaeonthophagus) grossepunctatus

Reitter, 1905 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) joannae

Goljan, 1953 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) lemur

(Fabricius, 1781) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus)

marginalis Gebler, 1817

andalusicus Waltl, 1835 1 1 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 1




Tonelli et al. — Suplementari material

Annex. (Cont.)

Species T Si C Fa Le Mr U A Fi Li Pn Sa St V La Ln Pt M
Onthophagus (Palaeonthophagus) nebulosus

Reiche, 1864 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) nuchicornis

(Linneo, 1758) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) opacicollis

Reitter, 1892 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) ruficapillus

Brullé, 1832 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 O
Onthophagus (Palaeonthophagus) semicornis

(Panzer, 1798) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) similis

(Scriba, 1790) 1 1 1 0 0 0 0 0 0 1 0 1 0 1 0 0 0 O
Onthophagus (Palaeonthophagus) vacca

(Linnaeus, 1767) 0 1 1 1 1 1 0 0 1 0 0 0 0 1 0 0 0 O
Onthophagus (Palaeonthophagus) verticicornis

(Laicharting, 1781) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Colobonthophagus) transcaspicus

Koenig, 1888 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Onthophagus (Palaeonthophagus) trigibber

Reitter, 1893 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O

Onthophagus (Amphionthophagus) numidicus
D'Orbigny, 1808
Onthophagus (s. |.) tripolitanus Heyden, 1890

Acanthobodilus immundus (Creutzer, 1799)
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Acrossus depressus (Kugelann, 1792)
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Acrossus laticollis (Baudi, 1870)

Acrossus luridus (Fabricius, 1775)

Acrossus rufipes (Linnaeus, 1758)

Acrossus siculus (Harold, 1862)

Acrossus siculus buturensis (Dellacasa, G., 1983)

Agoliinus ragusae (Reitter, 1892)

Agrilinus constans (Duftschmid, 1805)

Agrilinus convexus (Erichson, 1848)

Agrilinus ibericus (Harold, 1874)

Agrilinus ater (Degeer, 1774)

Agrilinus jugurtha (Balthasar, 1931)

Alocoderus hydrochaeris (Fabricius, 1798)

Amidorus cribricollis (Lucas, 1846)

Anomius castaneus (llliger, 1803)

Anomius baeticus (Mulsant & Rey, 1869)

Aphodius coniugatus (Panzer, 1795)

Aphodius fimetarius (Linnaeus, 1758)

Aphodius foetidus (Herbst, 1783)

Biralus satellitius (Herbst, 1789)
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Bodilus beduinus (Reitter, 1892)
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Bodiloides ictericus (Laicharting, 1781)

ghardimaouensis (Balthasar, 1929) 1
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Bodilus lugens (Creutzer, 1799) 0

Bodilus longispina (Kuster, 1854) 1
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Bodilus barbarus (Fairmaire, 1860)

Bodilus marani (Balthasar, 1929)

Parabodilus wollastoni (Harold, 1862)

Bodilopsis rufa (Moll, 1782)

Calamosternus granarius (Linnaeus, 1767)

Calamosternus mayeri (Pilleri, 1953)

Calamosternus algiricus (Mariani & Pittino, 1983)

Calamosternus unicolor (Olivier, 1789)

Chilothorax lineolatus (llliger, 1803)

Chilothorax paykulli (Bedel, 1907)

Chilothorax exclamationis (Motschulsky, 1849)

Chilothorax hieroglyphicus (Klug, 1845)

Chilothorax naevuliger (Reitter, 1894)

Chilothorax melanostictus (W. Schmidt, 1840)

Colobopterus erraticus (Linnaeus, 1758)

Erytus aequalis (Schmidt, A., 1907)

Erytus cognatus (Fairmaire, 1860)

Erytus pruinosus (Reitter, 1892)

Erytus opacior Koshantschikov, 1894

Nialosternus sitiphoides (D'Orbigny, 1896)

Esymus merdarius (Fabricius, 1775)

Esymus pusillus (Herbst, 1789)

Esymus finitimus Schmidt, 1916

Esymus sicardi (Reitter, 1892)
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Esymus sesquivittatus (Fairmaire, 1883) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Eudolus quadriguttatus (Herbst, 1783) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Euorodalus paracoenosus
(Balthasar & Hrubant, 1960)
Euorodalus boiteli Thery, 1918
Euorodalus tersus (Erichson, 1848)
Labarrus lividus (Olivier, 1789)

Limarus hirtipennis (Lucas, 1846)

Limarus zenkeri (Germar, 1813)

Liothorax niger (llliger, 1798)

Liothorax plagiatus (Linnaeus, 1767)

Loraphodius suarius (Faldermann, 1836)

Mecynodes angulosus (Harold, 1869)
Mecynodes striatulus (Waltl, 1835)
Mecynodes demoflysi (Baraud, 1977)

Mecynodes leucopterus (Klug, 1845)

Mendidius palmenticola (Karsch, 1881)

Megatelus contractus (Klug, 1945)

Melinopterus pubescens (Sturm, 1800)

Melinopterus consputus (Creutzer, 1799)

Melinopterus prodromus (Brahm, 1790)

Melinopterus reyi Reitter, 1892

Melinopterus sphacelatus (Panzer, 1798)
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Melinopterus stolzi (Reitter, 1906)
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Species T Si C Fa Le Mr U A Fi Li Pn Sa St V La Ln Pt Ml
Melinopterus tingens (Reitter, 1892) 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Nobiellus bonnairei (Reitter, 1892) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Nialus varians (Duftschmid, 1805) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Nimbus contaminatus (Herbst, 1783) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Nimbus obliteratus (Panzer, 1823) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Nimbus affinis dorbignyi (Clouét, 1896) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Otophorus haemorrhoidalis (Linnaeus, 1758) 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 O
Ammoecius elevatus (Olivier, 1789) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Ammoecius numidicus Mulsant, 1851 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ammoecius rugifrons (Aubé, 1850) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Phalacronothus biguttatus (Germar, 1824) 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Phalacronothus quadrimaculatus

quadrimaculatus (Linnaeus, 1761) 0 1 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0 O
Phalacronothus quadrimaculatus diecki

(Harold, 1870) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Plagiogonus arenarius (Olivier, 1879) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Plagiogonus nanus (Fairmaire, 1860) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Plagiogonus esymoides (Reitter, 1893) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Planolinoides borealis (Gyllenhal, 1827) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Pseudacrossus suffertus (Schmidt 1922)

ampliatus (Reitter, 1892) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
Pseudacrossus suffertus (Schmidt 1922) defiorei

Fiori, 1907 0 0 1

Pseudacrossus sharpi (Harold, 1874) 1 0 0
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Amidorus cribricollis (Lucas, 1846)

Pseudacrossus moraguesi (Baraud, 1978)

Pseuderytus chobauti (Clouet, 1896)

Pseudesymus lucidus (Klug, 1845)

Sigorus porcus (Fabricius, 1792)

Subrinus sturmi (Harold, 1870)

Subrinus vitellinus (Klug, 1845)

Volinus melanostictus (Schmidt, 1840)

Sugrames brevitarsis (Reitter, 1894)

Heptaulacus pirazzolii (Fairmaire, 1881)

Teuchestes fossor (Linnaeus, 1758)

Trichonotulus scrofa (Fabricius, 1787)

Euheptaulacus carinatus (Germar, 1824)
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